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Introduction

The topics discussed in this thesis are at the interface of two fields in quantum mechanics: the theory of open
quantum systems and quantum information theory. The first field studies the dynamics of quantum systems
coupled to their environment. The second one investigates how quantum systems can be used to accomplish
information-processing tasks more efficiently than can be done classically, and what kinds of “quantum corre-
lations” are responsible for that. A major role is played in these two subjects by quantum measurements.

Entanglement is one of the most intriguing features of the quantum world. It usually originates from
interactions between the different parts (subsystems) of a composite quantum system. It manifests itself in
particular in the experimentally demonstrated violation of the Bell inequalities. Entanglement of a system with
its environment or with a measuring apparatus also plays a key role in irreversible dynamical processes like
decoherence and the wave packet reduction. For a long time, entanglement has been identified with quantum
correlations, that is, correlations which cannot be described by classical probability theory. This identification
is fully justified for bipartite systems in pure states |¥): then the two subsystems are either entangled or fully
decorrelated, the latter situation occurring when |¥) = |¢)) ® |¢) is a tensor product of two subsystem states |1))
and |¢). In contrast, statistical ensembles of states may exhibit quantum correlations even if the corresponding
mixed state has no entanglement. The quantum discord introduced in 2001 by Ollivier and Zurek [184] and
Henderson and Vedral [120] is believed to be a more general measure of quantum correlations than entanglement.
A full characterization and classification of the different kinds of quantum correlations in bipartite systems is,
however, still lacking, and the situation is even worse in multipartite systems composed of three or more
subsystems. A way to classify quantum correlations is to look them as resources required to accomplish specific
tasks which either cannot be done classically or are less efficiently performed on classical systems. Such tasks
may be related to a computational problem or to communication, for instance, sending encrypted information
in a secure way [180]. Computational tasks are performed on a quantum computer made of qubits, that is,
two-level quantum systems in arbitrary superpositions of |0) and |1) instead of being either in state 0 or 1
as with classical bits. A quantum algorithm is a unitary quantum evolution on a set of qubits followed by a
measurement, the outcomes of which should provide the solution of the problem. It has been recently shown [145]
that in order to offer an exponential speedup over classical computers, a quantum computation using pure states
must necessarily produce multipartite entanglement which is not restricted to blocks of qubits of fixed size as
the problem size increases. In contrast, the so-called quantum computation with one qubit (DCQ1) [147] is
an algorithm using (n 4 1) qubits to compute the trace of a 2™ x 2™ unitary matrix exponentially faster than
all known classical algorithms, in spite of the fact that the amount of entanglement for any bipartition of the
(n 4+ 1) qubits is bounded independently of n [71]. The mixed states appearing in the computation have in
general a non vanishing quantum discord [72].

Unlike classical systems, quantum systems cannot typically be considered as completely isolated from their
environment. This is especially true for large systems, because the energy differences between their nearest levels
can be extremely small (excepted for gaped systems), so that even a very weak coupling with the environment
may induce level transitions. Theoretical tools to study the dynamics of open quantum systems have been
developed in the last century first in nuclear physics and then in quantum optics [65, 46]. As soon as the
particles composing the system have interacted in the past with surrounding particles in their environment,
and are subsequently entangled with them, the system properties cannot be fully understood independently
of the environment [194]. However, one is usually not interested by the environment itself, but only by its
action on the system. One then traces out the environmental degrees of freedom in the system-environment
wave function |Wsg). This leads to a non-negative trace-one operator ps = trg |¥sg)(¥sg| (here trg stands for
the partial trace over the environment E), which can be identified with a density matrix (mixed state) called
the reduced state of S. The necessity to describe the state of an open quantum system by a density matrix
instead of a wave function does not arise from some lack of knowledge on the system state like in classical
statistical physics. Rather, it testifies that S and E are entangled and therefore S has no definite state on its



own. Considering that S and E together form an isolated bipartite system SE, the wave function |¥sg(¢)) of SE
undergoes a unitary evolution. In contrast, the time evolution of the reduced state ps(t) is irreversible because
some information leaks into the environment and is irremediably lost. A widespread theoretical approach to
study this irreversible dynamics is to derive and solve first-order (in time) differential equations for ps(¢), called
master equations [65, 46]. These equations are obtained from the unitary evolution of |¥sg(¢)) under suitable
approximations, in which the system-environment coupling is almost always treated perturbatively. The most
popular master equations are the Lindblad [159] and Bloch-Redfield [201] equations.
The irreversible dynamics of ps(t) is characterized by two kinds of dynamical processes:

(i) Decoherence: depending on the coupling between S and E, certain linear superpositions are transformed
into statistical mixtures of the same states, such that interferences as well as purely quantum effects like
entanglement disappear.

(ii) Relazation: the evolution towards an equilibrium state or an out-of-equilibrium stationary state.

The time scales of these two processes, Tgec and Tqiss, may be very different. The decoherence time 7q.. depends
crucially, in addition to the coupling between S and E, on the initial state of S, that is, on the initial linear
combination of system states. It typically decreases with the distance between these states, in such a way that
Tdee << Tdiss for linear combinations of macroscopically distinguishable states (macroscopic superpositions, also
called “Schrodinger cat states” [211]). However, we will see below that for specific system-environment couplings
this separation of time scales may not occur.

Since entangled states are linear superpositions of product states, decoherence processes usually destroy
entanglement. However, it is possible to engineer artificial environments with the property that the system
evolves towards an entangled stationary state [150]. When the different subsystems are coupled to the same
degrees of freedom of the environment, the environment-mediated effective interaction between these subsystems
may also produce entanglement, even if they are initially disentangled [44].

In this thesis we are interested by the time evolution of the amount of quantum correlations in composite
quantum systems coupled to their environment. The impact of decoherence on these correlations is analyzed
quantitatively in different situations: systems coupled to a macroscopic measuring apparatus, two qubits cou-
pled to independent reservoirs, and cold atomic gases. We also present a general geometrical framework to
quantify entanglement-like or discord-like quantum correlations. In many previous studies, the generation of
entanglement by inter-particle interactions in the unitary dynamics of the system is treated separately from
decoherence processes. In other words, one imagines that the particles first interact between themselves to get
entangled, and then one studies how the resulting entangled state looses its entanglement under the influence of
the environment. In this work, we treat the more realistic situation where both entanglement and decoherence
processes occur simultaneously. Then the amount of quantum correlations in the system typically reaches a
maximum at a certain time, as a result of a competition between the production of quantum correlations by
the unitary dynamics and the decrease of quantum correlations due to decoherence effects.

The manuscript is divided into three parts. The first part is devoted to dynamics and relates our results on
measurement processes and entanglement losses. More specifically, we will discuss:

1) a specific model and the time scales for a quantum measurement (chapter 1);

2) the time evolution of entanglement for quantum trajectories of two qubits coupled to independent reservoirs
(chapter 2);

3) the time evolution of quantum correlations useful for high-precision interferometry in Bose-Josephson
junctions (chapter 3).

The first chapter is a bit longer than the following ones, the reason being that it deals with fundamental issues
in quantum mechanics that I particularly like. In this chapter, we describe a model for a projective quantum
measurement in which the measured system is coupled during a finite time with a measuring apparatus, in
such a way that it becomes entangled with a single degree of freedom of the apparatus (pointer). The pointer
is in turn coupled to infinitely many other degrees of freedom of the macroscopic apparatus, which may be
regarded as the environment. This coupling produces decoherence and occurs simultaneously with the system-
pointer interaction. At the end of the measurement, a disentangled system-pointer state agreeing with the von
Neumann projection postulate is obtained. The entanglement and decoherence times are determined explicitly
in this model. This material is based on a joint work with F. Haake (see (1a)-(1c) in the publication list).

The second chapter presents some results obtained with S. Vogelsberger, who did his Ph.D. at the Institut
Fourier under my co-supervision (2008-2012), his other supervisor being A. Joye. We consider the simplest



bipartite system composed of two qubits (Hilbert space C? @ C? ~ C*), coupled to two independent infinite
reservoirs. We focus on the Markovian dynamics of the qubits when continuous measurements are performed
on the reservoirs. This dynamics consists of a random pure state evolution (quantum trajectory) given by a
quantum jump process or a stochastic Schrodinger equation with classical white noises. We show that the mean
entanglement of the quantum trajectories decreases exponentially, as opposed to the known complete loss of
entanglement after a finite time in the absence of measurements obtained from the master equation for the
density matrix [79, 81, 268]. Furthermore, we identify the measurement schemes on the reservoirs that better
protect entanglement (see (2a) and (2b) in the publication list).

The third chapter summarizes a series of works in the field of cold atoms, which result from a collaboration
with G. Ferrini during her Ph.D. at the LPMMC, with her thesis supervisors A. Minguzzi and F. Hekking,
and, more recently, with K. Pawlowski (see (3a)-(3d) in the publication list). These works are devoted to
Bose-Josephson junctions formed by clouds of ultracold atoms in Bose-Einstein condensates in two different
modes (e.g. two hyperfine energy levels). Because of interactions between atoms, starting from an initial
coherent state the unitary dynamics generates quantum correlated states such as spin squeezed states and
macroscopic superpositions of coherent states. In experiments, decoherence due to noise and atom losses occurs
simultaneously with the formation of these states, thereby limiting the amount of quantum correlations that
can be reached. This research program has been initiated during a “délégation au CNRS” at the LPMMC in
2009 and 2010. The main motivation is to find experimentally realizable conditions under which superpositions
of coherent states could be not too much degraded by decoherence and could be observed. I enjoyed the close
connexion to experiments in this research, which gave me the opportunity to discuss with experimentalists from
the groups of M. Oberthaler in Heidelberg and, more recently, P. Treutlein in Basel.

While we focus in the first part on the physical ideas and main results without entering too much in their
technical derivations, the second part goes much deeper into mathematical details. One may say that the first
part is physically oriented and the second one mathematically oriented. This second part is a (slightly revised
version of a) survey article published recently in J. Math. Phys. (see (4a) in the list of publications). This
explains the length of this part, made of 9 chapters. The material of these chapters is completely self-contained
and independent of the first part. Needless to say, most of the results are not due to the author; the original work
by the author is given in Sec. 12.2. We review some topics in quantum information theory related to quantum
correlations and to the discrimination of non-orthogonal states, without any reference to a particular physical
system and dynamical evolution. The results presented, whose proof are given explicitly, apply to any quantum
system with a finite-dimensional Hilbert space. Chapter 12 is devoted to a geometrical measure of discord-like
quantum correlations based on the Bures distance on the set of quantum states. We show an explicit link of this
measure with a quantum state discrimination problem, pointed out in a joint paper (4c) with M. Orszag. The
other topics covered in this second part include generalized and least square measurements (chapter 5), state
discrimination (chapter 6), quantum relative entropies (chapter 7), the Bures distance (chapter 8), the quantum
Fisher information and the quantum Chernoff bound (chapter 9), bipartite entanglement (chapter 10), and the
quantum discord (chapter 11).

Finally, the third (and shorter) part presents some perspectives of our work.

Some of the works I have done in the last ten years are not included here (see the publication list). The
reason is that they are either too recent or outside the scope of this manuscript.
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Chapter 1

Models for a quantum measurement

Diese Apparate haben zur Folge, daf$ sich die “Phase” des Atoms um prinzipiell, unkontrollierbare Betrdge dndert,

ebenso, wie sich bei einer Bestimmung des Elektronenortes der Impuls dandert [...] Die endgiltige Transformations-

matrix en; [...] nicht mehr durch Zm Cnmdmi gegeben ist, sondern jedes Glied der Summe hat noch einen unbekann-
ten Phasenfaktor. Wir kénnen also nur erwarten, daf$ der Mittelwert von epi€n; tber alle diese eventuellen Phasen-
dnderungen gleich Y, CnmCnmdmiCmi ist." (W. Heisenberg, 1927) [117].

1.1 Motivations

Since the birth of quantum mechanics, physicists and mathematicians have devoted a lot of efforts to under-
stand and describe theoretically measurement processes in quantum systems (see the monographs and survey
articles [253, 258, 40, 102, 194, 277, 210, 6]). The primary motivation of these works was to investigate the
foundations of the quantum theory and its interpretation problems, a subject still under debate. The strong
perturbation of a quantum system by the measuring apparatus makes measurements in quantum mechanics
quite peculiar, this perturbation being related to fundamental principles such as the uncertainty principle and
the statistical nature of the quantum predictions [117]. A renewal of interest for measurement processes came
in the last decades from experiments which have achieved to store, manipulate, and observe single quantum
systems. In these experiments mostly stimulated by applications to quantum information technologies, mea-
surements are performed to monitor the system state. For instance, a single measurement is used to teleport a
state or to entangle two subsystems. Repeated measurements lead to the quantum Zeno effect [94, 235] when
done directly on the system and to quantum trajectories [199] when done on the environment interacting with
it. Beside the possibility to monitor single systems, measurements are crucial in quantum algorithms to get
the result of a quantum computation and in quantum communication to extract classical information out of
transmitted quantum information. In this chapter, we restrict ourselves to von Neumann projective measure-
ments. More general kinds of measurements are obtained by letting the system interact with an ancilla and
performing projective measurements on the latter. These generalized measurements play an important role in
quantum information theory and will be considered in chapters 5 and 6. In particular, we will show that they
can sometimes be useful to distinguish in a more reliable way non-orthogonal states from a given ensemble.
As one learns during a first year course in quantum theory, the effect of a single run of a measurement is
to transform the system state into the projection of this state on an eigenspace of the measured observable,
up to normalization. This state transformation is called the reduction of the wave packet. It was considered
by the founding fathers of quantum mechanics (in particular von Neumann) as a specific postulate of the
theory, completely independent from the “natural” state evolution given by unitary transformations according
to the Schrédinger equation [253, 258]. A fundamental question is to know whether such a postulate is actually
needed, that is, if the reduction of the wave packet could be derived from Schrédinger’s equation applied to the
system and measuring apparatus. A positive answer seems to have emerged over the years, the most convincing
arguments being in our opinion given in a recent work by Allahverdyan, Balian, and Nieuwenhuizen [6, 7]. To
tackle this problem, these authors, as many other authors in the last decades [48, 276, 277, 210, 223, 224],
consider a particular model of a system coupled to a macroscopic apparatus and study the corresponding

L«The consequence of this apparatus is that the ‘phase’ of the atom changes by quantities that are uncontrollable in principle,
just as the impulse was changed in the determination of the electron’s position [...] The final transformation matrix ey; [...] is no
longer given by Y- cnmdmi, and instead each term of the sum will have, in addition, an unknown phase factor. Hence, all we can
expect is for the average value of ey €y, over all eventual phase changes, to be equal to Y- cnmCnmdymiCmi.”



dynamics. A measurement is viewed as a quantum dynamical process originating from some unitary evolution
of the measured system and apparatus.

In this first chapter, we focus on the general features and a specific model of an ideal quantum measurement.
It is neither our purpose here to discuss refinements or alternative interpretations of the Copenhagen formula-
tion of quantum mechanics like the consistent histories approach or Everett’s many-worlds interpretation, nor to
describe non-local hidden variable theories like Bohmian mechanics?. In Sec. 1.2, we elaborate on the physical
meaning of the wave packet collapse, the origin of irreversibility, and the role played by decoherence in mea-
surement processes. We then describe in Sec. 1.3 a particular model proposed by the author and F. Haake (see
(1a)-(1c) in the publication list). Most interestingly, we determine explicitly the various time scales of the
measurement process. To our knowledge, this has not been done before in a realistic process excepted in the
Curie-Weiss model of Refs. [5, 6]. Finally, inspired by the work of Allahverdyan et al., we use in Sec. 1.4 the
statistical ensemble interpretation of quantum states, according to which a wave function does not describe the
state of a single system but of an ensemble of similarly prepared systems, to explain how in our model individual
runs of a measurement yield single outcomes when the value of the pointer macroscopic observable is read by
an observer.

1.2 General features of measurement processes

1.2.1 Macroscopic measuring apparatus

In order to measure the value of an observable of a system S, this system must interact during a finite period of
time tj,¢ with a measuring apparatus M, in such a way that some information on the state of S be transferred to
M. If S is classical, the perturbation of its state resulting from this interaction can be neglected, at least for a
good enough apparatus (which could in principle be constructed via technical improvements). In contrast, it is
never possible to neglect the perturbation made by the apparatus on the state of a quantum system, excepted
when it is initially in an eigenstate of the measured observable. For instance, if one sheds light on a particle
to measure its position, the photons will give small momentum kicks to the particle in arbitrary directions; the
resulting uncertainty Ap in the momentum of the particle satisfies AxzAp > h, where Az is the precision of the
position measurement [118].
In an ideal quantum measurement, the measuring apparatus M must fulfill the following requirements:

1. M is macroscopic and possesses a “pointer” variable X with a quasi-classical behavior, to be used as
readout of the measurement outcomes. At time ¢ = 0 when S starts to interact with M, the value xg of X
is precisely known.

2. After the S-M interaction has been switched off at time t = ti,, the eigenvalues s; of the measured
observable S are perfectly correlated with the values x; of the pointer observable X.

3. At the end of the measurement (time t = tyeas), M should be in one of distinct stable equilibrium states
with expectation value x; of X and X having negligible fluctuations on the macroscopic scale. Moreover,
the x; must be macroscopically distinguishable for distinct eigenvalues s; (registration of the result).

One may think of the pointer observable X as the position of the center of mass of the needle of a meter.
Thanks to conditions 1 and 3, the value of X will not be perturbed noticeably by an observer looking at the
measurement result, so that he does not need to perform a new quantum measurement to obtain it. Further-
more, the measurement outcomes being encoded in stable equilibria of the apparatus, they are registered in a
robust and permanent way. This enable to disregard the observer in the measurement process®. Conditions 2
and 3 mean that the interaction between S and M provokes a macroscopic change in the state of M. For in-
stance, if X is the position of a meter needle, the expectation values z; tied up with distinct eigenvalues s;
should be separated by macroscopic distances at time tpeas. Since S is typically a small system, it can only
perturb M weakly. This small perturbation must be either subsequently amplified, so as to lead to macroscopic
changes of X, or it must provoke a symmetry breaking in the apparatus initially in a metastable state, so as
to drive M into one particular equilibrium. Amplifications of small signals are used e.g. in photo-detectors.
Many measurements actually involve a chain {M,, },=1, . n of apparatus (cascade): only the first apparatus My
(which is not necessarily macroscopic) is in contact with S; each apparatus M,, measures one after the other the

2Two reasons for not discussing these approaches here are: (1) T am not familiar with them (2) the main goal of this chapter is
to study a concrete model of measurement within the framework of the Copenhagen interpretation and using a statistical physics
viewpoint.

3For a discussion about the problem of including the observer in the description a measurement, see e.g. [40].



observable X,,_1 of the previous apparatus; finally, the observer reads the result on the pointer variable X of
the last apparatus My, which satisfies conditions 1-3 above. We will not consider here such complicated chains.
Rather, we restrict our discussion to a single apparatus M, assumed to be initially in a metastable state. As
emphasized in Refs. [4, 5, 6], the relaxation of M towards one among several equilibrium states can be achieved
if M is in a metastable phase of a phase transition. This is the case for instance in a bubble chamber, where a
particle moving in an overheated liquid produces local transitions to a stable gaseous phase along its trajectory.
One may also think of an apparatus cooled below the critical temperature of a second order phase transition.
An example is given by N > 1 interacting spins identically coupled to a single spin, the latter constituting
the measured system (Curie-Weiss model) [5, 6]. Then the pointer observable X is the magnetization of the N
spins, which is the order parameter of the transition. In Sec. 1.3, we will consider instead an apparatus M with
a single degree of freedom pointer, whose position X is initially at the center x = 0 of a symmetric potential
up to small thermal fluctuations. The potential is chosen such that an instability occurs when M is coupled to
the system, so that the latter can easily drive the pointer outside of the central well.

Because the macroscopic apparatus M is made of atoms, it can be described quantum-mechanically, but
statistical physics is required. The initial state of M is given by a density matrix pm(0), associated to a
statistical ensemble of states?. Inasmuch as S and M have not interacted before ¢ = 0, they are not correlated
at that time and the bipartite system SM is initially in the product state

psm(0) = ps(0) ® pm(0) , (1.1)
where ps(0) is the state of the system S just before the measurement. Hereafter, we denote by II; = 3, |ovir) (ot
the eigenprojector with eigenvalue s; of the measured observable S = Y, s;II;, with S|oy) = s;|aq) and

(air|@jm) = 8ij0um (the index [ accounts for spectral degeneracies). The apparatus state tied up with the
eigenvalue s; at time ¢ > ;4 is denoted by pM‘i(t). According to condition 3, each of these states evolve towards
an equilibrium with density matrix pwm|;(tmeas) = pﬁ,ﬁi and expectation value z; = tr(pﬁ,lq‘iX ) of the pointer
observable. Furthermore, the pﬁ,ﬁi are almost orthogonal,

tr (pel\:/(ll‘ipel\:/ﬁj) ~(0 fori4j. (1.2)

1.2.2 Reduction of the wave packet

Within the standard interpretation of quantum mechanics, only the probabilities of the measurement outcomes
can be predicted, even if the initial wave function of S is perfectly known (i.e., S is in a pure state). Probabilities
are introduced as a fundamental ingredient of the theory, unlike in classical statistical physics where they
arise from the impossibility to know in practice the positions and velocities of all particles. It is meaningless
to give definite values to outcomes of unperformed measurements, this would indeed lead to contradictions
with the theory [194]. Local and even some non-local hidden-variable descriptions, which stipulate that the
outcomes depend on pre-existing properties of the system independently of the measurement, have been ruled
out experimentally by the observation of the violation of the Bell and similar inequalities [15, 105].

In ideal measurements, repeated consecutive measurements of the same observable on a single system always
give the same result. For indeed, the signature of imperfect measurements is a nonzero gain of information on
the system when one performs the same measurement a second time. A related property of ideal measurements
is that if one repeats them twice on a single system, its state does not change during the second measurement.
This condition and condition 2 of Sec. 1.2.1 are satisfied if the system-apparatus density matrix is transformed
as follows®

ps(0) @ pm(0) — psm(t) = > pipsi @ puji(t)  for t > tin , (1.3)
K3
with
pips;; = ips(0)IL; ,  p; = tr[IL;ps(0)] . (1.4)
In fact, the state (1.3) encompasses perfect classical correlations® between S and M. If as stated previously,
pmyi(t) relaxes to an equilibrium pﬁ,?li in the absence of system-apparatus interaction, then condition 3 is ful-
filled for tmeas — tint larger than the relaxation time 7). To the expense that psm(¢) can be interpreted as
a statistical ensemble of states psj; ® pm;(t) with probabilities p;, (1.3) is a mathematical formulation of the
measurement postulate, namely:

4Pure states are produced experimentally by measuring a complete set of commuting observables and post-selecting a set of
measurement outcomes. This cannot be done on a macroscopic body, since the number of observables to measure is too large.

5Conversely, the invariance of the system state under repeated measurements implies that this state is transformed as ps(0) —
> i pips|s with p; and ps); given by (1.4) [21].

6See chapter 11 for a definition of classical correlations, as opposed to quantum correlations.



e Born rules: the probability to find at the end of the measurement the outcome ¢ (that is, the expectation
value z; of the pointer observable) is equal to p; = tr[I;ps(0)].

e Reduction of the wave packet: given that the outcome is ¢, the system is at time ¢ = tycas in the
state ps;.

The meaning of the Born rules is as follows: if one runs the measurement many times on identical systems
initially in the same state ps(0), the fraction of outcomes i will be p;. The reduction of the wave packet, on the
contrary, concerns a single run. It can be interpreted in various ways, depending on the physical meaning given
to the collapse

ps(0) ® pm(0) — ps|; ® p,evlq‘i if the measurement outcome is 4. (1.5)

Some authors consider the transformation (1.5) as a proper dynamical process. Instead, we think that (1.5) is
simply due to the gain of information when the pointer value is readout at the end of the measurement. This
point of view is shared for instance by D. Bohm in his 1951 book. Bohm writes that “the sudden replacement of
the statistical ensemble of wave functions by a single wave function represents absolutely no change in the state,
but is analogous to the sudden changes in classical probability functions which accompany an improvement of the
observer’s information” (opus cit. [40], Sec. 22.10)7. In mathematical terms, (1.5) is nothing but a conditioning
given the event X = x; (hence the notation ps|; used for the corresponding post-measurement state). Therefore,
it makes no sense to look for models exhibiting real collapses as in (1.5). The measurement postulate can be
fully established if one is able to

1) show that the dynamical evolution of the density matrix of the system and apparatus is given by (1.3);

2) explain how the final system-apparatus state psm(tmeas) can be interpreted as the state ensemble {ps); ®
eq
PM|Z-;P¢}-

According to the Bohr interpretation of quantum mechanics, one should adopt a minimalist description in
which the state of a given system solely contains the information about this system that we may have access to.
Inasmuch as measurements are the only mean by which one can gain information about a system, a state should
enable us to compute the probabilities of all measurement outcomes, but does not contain any indication on
which precise outcome will occur in a single measurement. Using the language of statistical physics, a state
actually describes a thought ensemble of identical systems, from which one has one randomly chosen copy.
This statistical interpretation of quantum states is a consequence of the minimalist prescription and of the
measurement postulate.

Our contribution concerns the point 1) above. We will indeed present in Sec. 1.3 a physical model of an
apparatus for which the transformation (1.3) is realized. Note that this transformation cannot result from a
unitary evolution, i.e., it cannot be implemented by a unitary operator acting on the system and apparatus.
This is not so surprising because irreversibility (and thus non-unitary dynamics) should be expected from the
macroscopic nature of M. Irreversibility is acknowledged by noting that different initial states (1.1) may be
transformed into the same final state (take for instance ps(0) not commuting with .S and pg(0) = >_, II;ps (0)I1;).
Another confirmation is given by determining the von Neumann entropy production® (AS), N. between t = 0
and t = tpeas. A simple calculation yields

(AS)V.N. = Sv.N.(ZpipSh’) - SV.N.(pS(O)) + ZpiSV.N.(piﬂqli) - SV.N.(pM (0)) . (1-6)

The difference of the two first terms corresponds to the increase of entropy in the decoherence process

ps(0) = ZHiPS(O)Hj — ps(tmeas) = ZHiPS(O)Hi (1.7)
ij i
in which the off-diagonal terms i # j have been erased (see Sec. 1.2.5 below). This sum is strictly positive’

provided that ps(0) does not commute with the projectors IT;. The two last terms in (1.6) quantify the average
increase of entropy due to the relaxation of the initial apparatus state pm(0) towards its stable equilibria

"This point of view was already expressed by Heisenberg in his pioneering paper [117].
8For a definition and properties of the von Neumann and other entropies, see chapter 7.
91n fact, using (1.4) and (1.7) one finds that S, N. (ps (tmeas)) - Sy.N. (ps (O)) is equal to the conditional entropy

Sv.N. (ps(0)]]ps (tmeas)) = tr [ps(0)(1n ps(0) — In ps (tmeas))]

which is known to be strictly positive if ps(0) # ps(tmeas) (see chapter 7).
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pﬁ,ﬁi which have maximal entropies!® SV_N,(p‘:/?'Z.) > SeN.(pm(0)). The positivity of (AS)y.n. means that the
measurement process erases some information in the system and apparatus. However, if the final pointer value
x; is known, the final state being as in (1.5) with probability p;, the entropy balance for the system is negative,

ZPiSV.N.(/)S\i) — Sy (ps(0)) < 0. (1.8)

As it should be the case, the measurement increases our knowledge about the system, in spite of the loss of
information in the system and apparatus in the absence of readout of the pointer value. A rigorous proof of (1.8)
can be found in Ref. [156].

1.2.3 Density matrices and state ensembles

We now come back to the point 2) raised above. It is important here to stress the difference between density
matrices and statistical ensembles of states, i.e., collections of quantum states p; > 0 (with tr p; = 1) to which
one attaches some probabilities p; > 0 (with >, p; = 1). A density matrix is associated to the ensemble {p;, p;}
if p = 3, pipi, that is, the ensemble defines a convex decomposition of p. It is convenient to think of this
decomposition as a (fictitious) state preparation. More precisely, let us imagine that some experimental device
(“black box”) prepares many identical systems with a fraction p; of them in state p;. An observer receives one
of such systems chosen at random. He only knows that he has a chance p; to get a system in state p;. It is
an obvious mathematical fact that a density matrix admits infinitely many convex decompositions (excepted of
course if it is a pure state)!!. This statement has a fundamental physical interpretation in the quantum theory,
which has strong implications and whose importance is disregarded in many textbooks. Indeed, let us consider
two state preparations {p;, p; }", and {0}, g; }§:1 made by two different devices operating on identical systems,
which correspond to the same density matrix p = >, pipi = > ;405 Since p contains all knowledge about
the outcome probabilities of any measurement according to Born’s rules, an observer receiving many copies of
the system has absolutely no way to know from which of the two devices they come from. In other words, the
full information that one can collect on a system via measurements is encoded in p and does not require the
knowledge of the ensemble involved in the state preparation'?. A measurement process including the reduction
of the wave packet must be viewed as a state preparation. More precisely, if the measurement is repeated many
times on identical copies and one selects all runs giving the pointer value x;, one thereby prepares the system
and apparatus in the state psy|; = ps® pﬁ,ﬁi with probability p;. A polarizer transmitting light linearly polarized
along the x direction is an example of such a state post-selection: when a single photon with polarization along
the unit vector n is sent to the polarizer, it is either absorbed with probability (n - e,)? or transmitted with
probability (n - e,)?, and in the latter case it has a polarization e, at the exit of the polarizer.

Therefore, to derive the measurement postulate one has not only to show that the density matrix of the
system and apparatus is transformed according to (1.3), but also to prove that the system-apparatus dynamics
prepares the state ensemble {psm|;, p;} and that the readout of the pointer variable provides us complete
information about this ensemble. In other words, in order to explain that individual runs of a measurement lead
to well-defined outcomes i and to the collapse (1.5) if outcome 4 occurs, the sole knowledge of the density
operator psm(tmeas) is not enough. One has in addition to argue that the measurement process is equivalent
to a preparation of SM in the states psu|; with probabilities p; given by Born’s rules. It is indeed not granted
from (1.3) that if one knows the outcome ¢ of a single run, the corresponding state that emerges should be
psmyi» instead of some state from another ensemble with the same density matrix PsM (tmeas). A related deeper
question is to understand how classical probabilities may emerge from a quantum evolution. We will come back
to these issues in Sec. 1.4.

1.2.4 Origin of the irreversibility of a measurement

As stated in the introduction, macroscopic bodies cannot be considered as isolated from their environment. This
is in particular the case for the macroscopic apparatus M. Hence statistical physics is not only required because
the initial state of M is a statistical mixture, but also because one must take into account the coupling of M

10Tn order to avoid any bias in the measurement, one should in fact require that all equilibria p:/lq‘i have the same entropy.
M Actually, given two orthogonal eigenstates |1) and |1/;) of p with eigenvalues p; and p;, one has
PrlYR) Wk + Pl (Wil = P lo4) (| + p—[9-) (- | with /PE[ds) = Prlvr) £ ¥ v/pilvn)

where ¢ is an arbitrary phase.
12This “quantum ambiguity” explains why meaningful definitions of entanglement based on the entanglement of the pure states
|¥;) in a convex decomposition p = >, p;|¥;)(¥;| must involve a minimization over all such decompositions (see Sec. 2.3).

11



Hi /\\ 4 |
<——> Reservoir
Hy, | S

™

Measured Macroscopic
system pointer
Measuring apparatus

Figure 1.1: Model for a quantum measurement: the system S interacts with the pointer of a measuring apparatus
which is itself coupled to an infinite reservoir formed by the microscopic degrees of freedom of the apparatus.

with its environment. This environment may consist of the inaccessible microscopic degrees of freedom of the
apparatus itself. It is convenient to redefine the apparatus in such a way that it contains only the macroscopic
degrees of freedom, the other ones being included in the environment which acts as an infinite reservoir R
(this separation is of course arbitrary, but the only important point in what follows is that R is infinite; this
is always the case for a macroscopic apparatus in the thermodynamic limit). The irreversible dynamics of the
system and apparatus results from a transfer of information from SM to R caused by the coupling between M
and R. As time evolves, this transferred information is spread over infinitely many degrees of freedom of R
and cannot be retrieved. Therefore, a realistic quantum measurement model must take into account both the
system-apparatus and the apparatus-reservoir couplings. The three-partite system SMR can be assumed to be
isolated, its dynamics being reversible and given by the Schrédinger equation. As it has been recalled in the
introduction, the system-apparatus reduced state is defined as the partial trace over the reservoir of the density
matrix psmr(t) of SMR,

psm(t) = trr[psmr(t)] ,  psmr(t) = e MR pgyp (0) et s (1.9)

The Hamiltonian Hgpg is the sum of the free Hamiltonians Hs, Hy, and Hg of S, M, and R, and of the

system-apparatus and apparatus-reservoir couplings Hlsl‘,l'\t’I and Hi'\r’llf,

Hsyr = Hs @ M @ 1g + 1s @ Hu @ 1r + 15 @ Iy @ Hg + Hop' @ 1 + 1s @ HIE . (1.10)

Hereafter, 15 denotes the identity operator acting on the Hilbert space of the system indicated by the subscript
A (which will not always appear explicitly). For brevity, we will sometimes omit these identity operators when
the Hilbert space is clear from the context, e.g. we identify Hs with Hs ® 1y ® 1gr. The interaction between S
and R does not play an important role in the measurement!'® and can be neglected.

We can now formulate the fourth requirement characterizing ideal measurements [259]:

4. The coupling between S and M commutes with all eigenprojectors of S, that is, for all orthonormal eigen-
basis {|au)} of S, [HM 11 @ 1] = 0 with I = |ay) ().

int »

This condition ensures that if S is initially in an eigenstate |ay) of S, then its state will be unchanged. In
other words, an ideal measurement does not modify the measured observable. In principle, it is necessary that
the whole Hamiltonian (1.10) commutes with the projectors II;;, so that one should also require [Hs, IT;;] = 0.
However, in practice it is sufficient that the time Ts of the evolution of the eigenvectors |a;;) of S under the
dynamics generated by Hs be much larger than the time duration t;,e,s of the measurement. Hence the system
Hamiltonian Hs can be completely disregarded in the measurement process. Under these assumptions, (1.9)
yields psmr(t) = II;; ® pmr(t) whenever psmr(0) = I1; ® pmr(0).
An example of coupling satisfying our fourth condition is
HY =gSe®P, (1.11)

1mn

13 Actually, it turns out that for a system S strongly coupled to M, decoherence caused by a direct coupling of S with the reservoir
R has a much smaller effect than decoherence due to the indirect coupling between S and R mediated by the apparatus M [224].
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where g is a coupling constant and P an observable of the apparatus. For instance, let us consider a spin
one-half, labelled with the index 0, from which one wants to measure the z-component S = aﬁf’) The apparatus

is composed of N > 1 spins one-half labelled from 1 to (Curie-Weiss model). A coupling of the form (1.11)
is HM = —(g/p)os O @ M., where M, uzn 1 o™ is the total magnetization of the apparatus (M, is

int
the pointer observable, see above) and p is the magnetic moment of the spins. Depending on the spin values
sy = +1/2, H3M acts as an external effective magnetic field Beg = FgM, /2 provoking a symmetry breaking
with a spontaneous magnetization in the critical phase [5, 6]. Another example which will be analyzed in
Sec. 1.3, is to define P as the total momentum of the apparatus. Then HM generates translations of the
center-of-mass position X by a distance gs; depending on the eigenvalue s;.

For the coupling (1.11), the Gibbs state associated to the system-apparatus Hamiltonian Hsm = Hm + Hﬁl"t"
with the constraints of fixed energy (micro-canonical ensemble) and fixed values of all observables commutmg
with S is of the form given by the post-measurement state (1.3) [6]. This Gibbs state is defined as pgpy
ZSl\/ll —BHsM=32;Yi with Y; = > m Yitm| i) (i |. Similarly, an easy calculation gives the state of SM at tlme t

in the absence of coupling with the reservoir,

() ) i
PR (2) Zﬂzps S o (0)e T H = Hy + gsiP (1.12)

where we have neglected the system Hamiltonian Hs. The state (1.12) is in general entangled. It differs from the
classical state (1.3) by the presence of the off-diagonal terms ¢ # j in the sum (coherences). To see entanglement
more clearly, let us assume that S has a non-degenerate spectrum and that S and M are initially in pure states
[1(0)) and |u(0)) (as stressed above, the latter assumption is not realistic as far as M is concerned). Then SM
is at time teas in the pure state

1) e e —i(tmeas —tint —itint {9
(WS =D ciladli®) o e = (ail(0)) ,  |uf?) = e tmens T im) it FTy (0)) (1.13)

i

If [¢(0)) is not an eigenstate of S and |©(0)) is not an eigenstate of eitin i’ o=itim Hy for all § and J, then [UgF)
cannot be written as a product state and is thus entangled*.

Under the condition 3 of Sec. 1.2.1, the apparatus states |u;") are macroscopically distinguishable. Hence
(1.13) is a superposition of macroscopically distinct states (“Schrodinger cat state”). Such superpositions are
known to be very fragile under a coupling to an environment, namely, they are transformed after an extremely
short time 7y4e. into a statistical mixture,

(UM (TS| — psm(tmeas) Zlczl Jovi) (il @ [ ) (i - (1.14)

Therefore, thanks to the decoherence process (1.14) we obtain the desired irreversible transformation (1.3) in a
quantum measurement. Note that this process gets rid of the quantum correlations between S and M contained
in the off-diagonal (¢ # j) terms in (1.12).

1.2.5 Decoherence

Before presenting a careful analysis of the dynamics of SM given by (1.9) and (1.10), which will be done in
Sec. 1.3.3, let us explain the decoherence process (1.14) by means of a simplified textbook-like model. In this
model, one keeps only the apparatus-reservoir coupling HMR in the total Hamiltonian (1.10) [276]. We take

N
HYR=X®B , B=N":Y B,, (1.15)
where B, are operators acting on single degrees of freedom!® of R. The initial state of SMR is psur(0) =
[T (T | ® pr, where [WEN) is the system-apparatus entangled state (1.13) and pgr is the reservoir initial
state. We assume for simplicity that (B,)r = tr(B,pr) = 0. For any i, the modulus square |{z|u;?)|? of the
apparatus wave function is assumed to present a sharp peak at the value xz;. The reduced system-apparatus
state at time 7 then reads

psm(T) = trr[psmr(T chc Kij(7)]evi) (e @ |MM|i><N|ev|q\j| (1.16)

14Actually7 under these assumptions the vectors |u;?) are not all collinear and the reduced apparatus state trs [WgH) (W] =
> leil® ) (us] has a non-zero entropy, which means that |WEt) is entangled (see Sec. 2.3).
One may think of By, as self-adjoint linear combinations of creation and annihilation operators of a photon in mode v.
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with the decoherence factor K;;(7) = (e7i7(#:=#i) B\ Since the operators B, act on distinct degrees of freedom,
they commute between themselves and can be considered as independent random variables. The central limit
theorem implies that for N > 1,

7.2

Tdec(xi; 1.]_)2

Ki(t) = exp{ — } y Tdec(Ti, x5) = + (1.17)
(B?)g|wi — ;]

(here (B?)g is the limit of N='Y" (B2)g). Defining the decoherence time Tgec = max;z; Tdec(2i,T;), one

concludes that the system and apparatus are approximately in the statistical mixture given in the right-hand

side of (1.14) at times T 2 Tdec.

The Gaussian decay of K;;(7) is characteristic of the universal short time regime [43] in which Tgec is
much smaller than the time scales of evolution under the respective Hamiltonians of SM and R. It is worth
noting that the decoherence time decreases with the distance d = |z; — x;| separating the components of the
superposition (1.13). This is a generic feature occurring in most decoherence processes, albeit it is not a general
one'. Let us also point out that for more realistic translation invariant apparatus-reservoir couplings'”, the
decoherence time is found to decrease like d=2 at small distances and to saturate to a finite value Tdec(00) >
0 at large distances [97, 126]. However, even in this case, for typical system-reservoir coupling strengths,
Tdec is ridiculously small when d reaches a macroscopic magnitude'®. It thus makes sense when dealing with
macroscopic superpositions to neglect the Hamiltonians Hsy and Hgr, which generate state evolutions on larger
time scales than 74e.. This justifies a posteriori that one can retain only the interaction between SM and R in
the total Hamiltonian [43].

We emphasize that the decoherence factor K;;(7) quantifies in some sense the overlap between the time-
evolved conditional states pr;(7) and pgj;(7) of the reservoir, with pgj;(T) = e~im®iB ppel™iB - This is more
clearly seen when R is initially in a pure state |¢r). In this (unrealistic) case, the three-partite system SMR is
at time 7 in the pure state

[TER(T) = Y cilUsmrii(T)) [ Wsmryi(T) = low)py ) drii (7)) (1.18)

%

with |pg; (7)) = e "B |¢g). Then K;j(t) coincides with the scalar product (¢rj;(7)|¢r|;(7)). Consequently,
decoherence comes from the establishment of perfect correlations between the components of the superposition
(1.13) and nearly orthogonal states pgj;(7) of the reservoir at times 7 2 7qec. This process is analogous to
a measurement in which the state of SM would be measured by the reservoir, as evidenced by the formal
similarity between (1.13) and (1.18) and the almost orthogonality of the pgj;(7) as in (1.2). Such an analogy is
only formal, because the aforementioned orthogonality is due to intricated phases in the large Hilbert space of
R. The states pgj;(7) are not associated to macroscopic distinct behaviors of the reservoir, hence a readout of
the outcome is impossible. Like in a perfect measurement, each component of the superposition is left invariant
by the decoherence process (psm(7) =~ psm(0) if all ¢; but one vanish), meaning that the apparatus states | Mt:/(llli>
are robust against the coupling with R via the Hamiltonian (1.15). Using the analogy between decoherence and
measurements, Zurek [275] has proposed to call “pointer states” the states of an open quantum system which
are weakly affected by the dynamics in the time interval [0, 7gec], whereas in this time interval superpositions
of such states are strongly affected and decohere into statistical mixtures!?.

It is often claimed that the pointer states are determined by the coupling with the reservoir. This statement
is not true in general. For instance, as it has been shown in [233], if one replaces the position operator X by
the momentum P in the Hamiltonian (1.15), the macroscopic superposition |Wgp) evolves at short times to the
same state psm(7) as in (1.16), albeit with a decoherence factor K;;(7) decaying like e~ (/) and a larger
decoherence time 7gec. This comes from the apparatus Hamiltonian Hy, which transforms the off-diagonal
contributions involving states with macroscopically distinct positions into terms involving states with distinct
momenta, the latter being washed out rapidly by the coupling Hi'\r/]'f = gP ® B (the diagonal contributions are
also affected but at longer time scales). Therefore, the pointer states | ,uﬁ,lq‘i) of the apparatus are determined

by the apparatus Hamiltonian Hy rather than by the precise form of the apparatus-bath coupling. This is

16We will see in chapter 3 an example of decoherence process having an impact on a superposition of coherent states which is
independent of the distance between these coherent states.

17Such translation-invariant coupling Hamiltonians can be approximated by (1.15) for distances d smaller than the mean wave-
length of the photons/phonons in the reservoir (dipole approximation).

18 This is due to the factor 4 in the numerator of the expression (1.17) of Tqee, which is here (and in all what follows) set to unity!

19This terminology has an insightful physical meaning but is not mathematically precise and should be used with some care. In
fact, the pointer basis is ambiguously defined when both the system Hamiltonian and the system-reservoir coupling play a role in
the dynamics (i.e., when 7qe. is of the same order of magnitude than the time scale of the free evolution of SM).
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consistent with condition 3 of Sec. 1.2.2, according to which the final states of M should be equilibrium states.
In contrast, in view of (1.16) the system state becomes ps(7) ~ >, |¢i|*|a;){(c;| at time 7 > Tqec, independently
of the system Hamiltonian Hs. The basis in which this state is diagonal is selected by the system-apparatus
coupling Hlsn"t’I satisfying condition 4 above.

Let us point out that the central limit theorem implies a stronger result than the Gaussian decay of the
decoherence factor K;;(7). Namely, the expectation value (e7i7(#:=#:)B0)g also decays like a Gaussian with
the rate T(;ei for any local observable?® O of the three-partite system SMR.

We end this subsection by some comments related to the point 2) raised in Sec. 1.2.2. Although it is
easy to obtain the system-apparatus density matrix psm(tmeas) in the right-hand side of (1.14) from the total
microscopic state psmr(tmeas) by tracing out the microscopic degrees of freedom of the reservoir, it is not
clear how to associate a state ensemble to psm(7). Due to the vanishing of (e~'"(®:=#)BO)g for any local
observable O of SMR; it is impossible in practice to distinguish at times 7 2 74ec the entangled state (1.18)
from an incoherent mixture of the states [Wgmg);(7)) with probabilities |¢;|®. For indeed, the expectation value
of any local observable O will be the same in the two states and measurements of O give no information
about the terms ¢;c}|Wsmri(7))(Ysmry;(T)| for @ # j in the expansion of |WENe (7)) (Veyg(T)|. However, the
identification of psm(7) with a statistical mixture amounts to replace a linear superposition in a much larger
space by classical probabilities, i.e., to ignore quantum correlations that cannot be measured but nevertheless
exist. We thus have to face a much more subtle situation than in classical statistical physics, where one usually
ignores some microscopic degrees of freedom without being obliged to ignore at the same time some fundamental
correlations?!. Even by invoking ignorance about inaccessible quantum correlations, it is not clear how one could
replace them by classical probabilities and say that SM is in one of the states |a;)] M:/ﬁﬁ with probability |¢;|?.

1.2.6 Example: the Stern-Gerlach apparatus

To illustrate the above considerations, it is instructive to consider a simple textbook example of quantum
measurement in which the measured system is the spin degree of freedom of a moving atom with spin one half,
the measured observable S = ¢, /2 is the spin along (Oz), and the pointer variable X is the atomic position [40].
The atom moves on the line y = z = 0 and crosses a magnet with an inhomogeneous magnetic field. This field
is approximated in the vicinity of the atom trajectory by B(z) ~ (B.(0) + 9.B,(0)z) e,. The corresponding
Stern-Gerlach apparatus is represented in Fig. 1.2. The system-apparatus coupling Hamiltonian has the form
(1.11),

HN = 1p0.B.(0)S ® Z , (1.19)

1mn

where Z is the atomic position operator along (Oz) and pp the Bohr magneton. The constant part in B(z)
contributes to the system Hamiltonian Hs = ppB,(0)S, which commutes with S since we ignore the x and
y-components of the magnetic field. In a first approximation, the atom moves freely in the vacuum. The
apparatus Hamiltonian is Hy = P?/(2M), where M is the atomic mass. The reservoir is the screen and
eventually the scatterers in the imperfect vacuum between the magnet and the screen. Even if the apparatus
is just composed of the orbital atomic degree of freedom and is therefore not macroscopic, its positions on the
screen correlated to the spin up and down may be separated by large distances, provided that the distance L
between the magnet and the screen is much larger than the length ¢ of the magnet. If one includes the screen,
a macroscopic apparatus is obtained. Before the entrance in the magnet, the atom is in an arbitrary spin
linear superposition [1(0)) = ¢4+[1) + ¢y |{) of eigenstates of o, and its wave packet |11(0)) has a sharply defined
momentum p(0) = pye, in the x direction. We denote by Ap,, Ap, and Ap, the momentum uncertainties. We
neglect spin-orbit coupling, so that spin and position are initially uncorrelated and the atom is initially in the
state (1.1).
The time spent in the magnet is ¢,y = M¥/p,. The crossing of the magnet entangles the atomic spin and
position,
(er 1)+ el II()) — et g (b)) + oDl () (1.20)

where |pit (ting)) = eF#89:B:(002tm/2),(0)) is a wave packet with sharply defined momentum p+ = pye, +
up0,B,(0)tin €,/2. At the exit of the magnet, the two wave packets |us(t)) separate from each other as

20By local observable we mean here an observable which does not act on a part of R containing infinitely many of degrees of
freedom.

21Let us quote H.D. Zeh in this respect: “Identifying the [system-apparatus] superposition with an ensemble of states (represented
by a statistical operator p) which merely leads to the same expectation values (O) = tr(Op) for an aziomatically limited set of
observables O (such as local ones) would obviously beg the question. This insufficient argument is nonetheless found widely in
the literature (cf Haag 1992). It would be equivalent to a quantum mechanical state space smaller than required by a general
superposition principle.” (opus cit. from [102], chapter 2). See also [277] for a different perspective.
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Figure 1.2: Stern-Gerlach apparatus for measuring the spin 1/2 of an atom.

they propagate. If one assumes a perfect vacuum, the state of the atom just before it hits the screen (time
tmeas = M L/py > ting) is given by (1.13) with |p%!) having mean position z4 = +upd, B, (0)tinttmeas/(2M) =
+d/2. According to conditions 1-3 of Sec. 1.2.1, the distance d between the two wave packet centers should
be macroscopic. Moreover, the position uncertainty Az of the wave packets should be much smaller than d.
Taking into account the spreading of each wave packet, it is easy to show that this is the case when [40]

Ap, < 150 B (0)tims . (1.21)

This condition means that the peaks in momentum of the two wave packets can be resolved at the exit the
magnet. The motion of the centers of the wave packets after the exit of the magnet is well described by classical
mechanics.

The last stage of the measurement is the decoherence process. As a result of the interaction of the atom with
the molecules in the screen (or with any device measuring the position of the atom), all information about the
coherences between the two wave packets is transferred to the screen degrees of freedom and irremediably lost.

The linear superposition |¥gh) is then transformed into the density matrix psm(tmeas) as in (1.3). Let us stress

again that the two states are quite different. For an atom in state |Ug), one could in principle reconstruct
a localized wave packet and the initial spin state [1(0)) by recombining the two beams. For instance, if
e =¢ =1/ V/2 this would lead to an eigenstate of o, with eigenvalue 1. In contrast, for an atom in the
statistical mixture psm(tmeas), the same state would be obtained by recombining the two beams. This state has

a vanishing expectation of o, whatever the values of ¢y and ¢ are.

1.3 Determination of the time scales in a measurement process

1.3.1 Owur model of measuring apparatus

In the dynamical analysis of Secs. 1.2.4-1.2.6, we have made the unrealistic assumption that the system-
apparatus and apparatus-reservoir couplings are switched on and off one after the other. We would like now
to study what happens when both couplings are present simultaneously between times t = 0 and ¢;,¢. In this
situation, the system-apparatus interaction does not produce macroscopic superpositions such as (1.13), because
the superposition is transformed into a statistical mixture simultaneously as it is produced.

We consider a specific model of measuring apparatus M, designed to measure a given observable S with
discrete spectrum of the system S. As in Sec. 1.2.4, we identify M with the pointer, assumed here to have a
single degree of freedom with associated Hilbert space Hm = L?(R). All the other degrees of freedom of the
measuring device are included in the reservoir R, which has Hilbert space Hr = ®)_,H,,, H, being the Hilbert
space associated to the vth degree of freedom. All formulas below are valid in the limit N > 1, taken before
any other limit (such as large time limits) as it is the rule in statistical physics. The pointer observable is the
position X, acting as a multiplication operator in Hym. The pointer Hamiltonian reads

P2

Hy = 5+ V(X) | (1.22)
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A class

Figure 1.3: Pointer potential V(z) (plain line) and effective potential Vog(z) (broken lines) in arbitrary units.
The widths W and Weg of the potential barriers around x = 0 of the two potentials are much larger than the
width A ~ Ay of the density of pointer position density (z|pp(0)|z), represented in green in the figure.

where P is the momentum canonically conjugated to X and M the pointer mass. The potential V(x) is even
and has a local minimum at x = 0, i.e.,, V/(0) = 0 and V"(0) > 0. The height of the two potential barriers
surrounding this minimum is much larger than the thermal energy 7', in such a way that M has a well-defined
rest state at © = 0 (see Fig. 1.3). The system-apparatus coupling is of the form (1.11). It is chosen such
that (i) it does not change the measured observable S (condition 4 of Sec. 1.2.4); (ii) it is capable of shifting
the pointer position by an amount proportional to S, so as to tie up each eigenvalue s; of S with a specific
pointer position; (iii) it involves a large coupling constant g, so that different eigenvalues end up in one-to-one
correspondence with pointer states separated by large distances.

Finally, we choose the apparatus-reservoir coupling?? of the form (1.15), with operators B, acting on the
Hilbert space H, and satisfying tr(B,pr) = 0. The additivity of B in contributions B, acting on single degrees
of freedom will enable us to invoke the quantum central limit theorem (QCLT) [183, 247]. We make no specific
assumption on the reservoir Hamiltonian Hg excepted that there should be no long-range correlations in the
free reservoir Gibbs state pr = Zg 'e PH® (more precisely, tr(B,, B, pr) must decay to zero faster than 1/|u — v/
for |p — v| > 1 [247]). Such long-range correlations would invalidate the QCLT, which basically shows that R
behaves as a collection of harmonic oscillators linearly coupled to M in the limit N — oco. This implies Gaussian
statistics (Wick theorem) for the time-correlation functions associated to B with respect to pr. The 2n-point
correlation functions are then fully determined in terms of the two-point correlator

Kr(t) = (B(t)B)r = tr(B(t)Bpr) , B(t) ="' Be Hrt (1.23)

and the (2n + 1)-point correlation functions vanish.

We shall make use of a few general properties and assumptions on the correlator (1.23). Firstly, Kr(t) and its
real part Re Kr(t) are of positive type, i.e., they have non-negative Fourier transforms. Since Kr(t)* = Kr(—t),
the Fourier transforms m(w) and (m)(w) of the real and imaginary parts of Kgr(t) are even and odd
functions of w, respectively. We assume that these functions admit derivatives of sufficiently high orders, in
such a way that K (t) decays rapidly to zero as t — oco. Furthermore, we suppose that (IEFR)(W) ~ —iyw™ as
w — 0 with m = 1,3, ... a positive odd integer and 7 > 0. By analogy with the case of a reservoir of harmonic
oscillators linearly coupled to M, we speak of Ohmic damping when m = 1 and of super-Ohmic damping when
m > 1 [256]. The small frequency behavior (Re Kg)(w) ~ 27w™1/8 of the Fourier transform of Re Kg(t) can

22For a translation-invariant apparatus, a more physical coupling Hamiltonian would be
MR -1 igX
Hint =N"2 Z e“] ® (Bq + Biq)
q

with ¢ the momentum of the mode ¢ of the reservoir and the operators By acting on this mode transformed as By — Bge!9% under

space translations by distances a. For small separations between the pointer positions, this Hamiltonian can be approximated by the
Hamiltonian (1.15) which is not translation invariant but is easier to handle (see also the discussion in Sec. 1.2.5). Our assumptions
on the apparatus-reservoir interaction are here dictated by technical rather than by fundamental reasons. A straightforward
generalization of the foregoing results to couplings of the form HmtR = X% ® B with a € N* is given in [224].
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be deduced from that of Im Kr(t) thanks to the Kubo-Martin-Schwinger (KMS) relation

— (Im Kg)(w)

(Re KR)(w) = im . (1.24)

The KMS relation holds for all frequencies. It follows from the properties of the Gibbs state pr [42] entering in
the correlator (1.23).
Before going further, it is important to identify the different time scales of the model described above:

(1) the characteristic time Ty for the motion of the pointer under its Hamiltonian Hy, defined as the period
Tw = 27(M/V"(0))'/2 of oscillations around the minimum of the potential V (x);

the characteristic time?3 Ts for the evolution of the measured observable S under the Hamiltonian Hs;
the system-pointer interaction time tjny;
the decoherence time T4e. (to be estimated below);

the reservoir correlation time 7gr, thermal time 3, and characteristic time tg of evolution of B under the
reservoir Hamiltonian Hg. The first and last times are respectively the smallest time such that Kgr(t) ~ 0
for t 2 7r and the largest time such that Kr(t) ~ K(0) for |t| < tr. Note that tr < 8 < 7, with equality
Tr = [ at low enough temperature.

As discussed in Sec. 1.2.4, in an ideal measurement the free dynamics of S remains ineffective on the measured
observable S during the measurement. Furthermore, the pointer time Ty is a classical time, which should be
much larger than all quantum time scales in the model. We thus assume the following separation of time scales

Tdec) tint < TS ) Tdec) tinta ﬁ < TM . (125)

1.3.2 Initial state

We start at time ¢ = 0 with a system-apparatus-reservoir state

psmr(0) = ps(0) ® pmr(0) (1.26)

with no correlations between S and the apparatus and reservoir. In contrast, the two latter are initially correlated
and in a metastable local thermal equilibrium?* pyr(0) = Z,\]ée’ﬁ(HMJFHR*Hm) in which the apparatus is
localized near z = 0. By invoking the high-temperature limit 8 < Ty and the Gaussian statistics of B (as
implied by the QCLT), one finds that the initial reduced density matrix pm(0) = trr[pmr(0)] of the pointer is

given in the position representation by (see below)
(z]pm(0)]2’) oc e B Vet (@) +Ver (2)/2 g =27 (2 =) /X, | (1.27)

where Ay, = 27(8/M )1/ 2 is the thermal de Broglie wavelength. The pointer potential appears renormalized by
the apparatus-reservoir interaction as

0
Vet () = V(z) — y02?, Yo :/ dtIm Kgr(t) > 0. (1.28)

— 00

For local stability of the apparatus, the apparatus-reservoir coupling must be weak enough so that V/;(0) > 0;
we even bound the latter curvature finitely away from zero by, say, V/;(0) > V"(0)/2, i.e.,

1
Yo < ZV”(O) : (1.29)

This makes sure that the initial density of pointer positions

2
x
(@lpm(0)]z) xexp | — 55— ), |2| S Ae (1.30)
20,
23This time is by definition the largest time ¢ such that tr[S©)(t1)... S (¢,)ps(0)] ~ tr[S™ps(0)] for |t1],...,|tn| < t, with

S(O)(t) — elHst ge—iHst
24This formula for pMr(0) should not be taken too seriously. In fact pyr(0) is not a true equilibrium and the Hamiltonian
Hwy + Hg + HMR s unbounded from below.

int
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has a single peak at x = 0 with a renormalized width Acg = (8V/4(0)) /2 of the order of the bare thermal fluc-
tuation A, = (BV"(0))~1/2. By virtue of the inequality o < SKgr(0)/2 (which follows from the KMS relation
(1.24), see [224], Appendix C), one finds that the stability condition (1.29) is fulfilled when A% Kg(0)3% < 1/2.

Let Vo and W = (Vo /V"(0))'/? be the height and width of the two potential barriers of V (z) surrounding the
local minimum at z = 0. If V(z) = o(2?) at large distances |z| = W, the effective potential Veg () is unstable.
The pointer initial state (1.27) is then a metastable local thermal equilibrium. In order to be able to prepare the
apparatus in such a local equilibrium, the height Vj e of the potential barriers of the effective potential Vg ()
around x = 0 must be large compared with the thermal energy?>. Thanks to (1.29), this is the case provided that
the bare potential V() satisfies the same requirement?®, i.e., Vo > $~1. Interestingly, V (x) can be chosen such
that the two potential barriers of Vg () are separated by a mesoscopic distance Weg =~ (Vo et/ e’gf(O))l/ 2> Aoy
which is small compared with the macroscopic readout scale Agass, as illustrated in Fig. 1.3. The system-
apparatus interaction then just has to get the pointer out of the well, leaving the subsequent displacement
growth to the action of the effective potential. The instability of this potential thus provides the amplification
mechanism necessary to fulfill condition 3 of Sec. 1.2.1. For a macroscopic apparatus at high temperature
(8 < Twm), the different length scales are ordered as

)\th < Ath ~ Aeff < Weff < Aclauss . (1'31)

To fix ideas, for Tyy = 1s, M = 1g, and a temperature of 1K one has Ay ~ 102! m and Ay, ~ 10~ m.

1.3.3 Dynamics

We now proceed to determine the time-evolved density matrix (1.9) of the system and apparatus. At time
t <« Ts,Twm, the kernel of this matrix is found to be

(lpsm(®)]e') = S Mips ()T (wi(8) |owa (0) 7 (£)) €~ P (0 Oiseus) =i (1.32)
4,J
with a non-negative decoherence exponent D, given by

Dy(x, 2’584, 85) = %/O dTl/O dmo Re Kr(11 — Tg)(z;(—ﬁ) — SCi(le)) (x;(—Tg) — xi(ng)) >0 (1.33)

and a real phase ¢; irrelevant for decoherence (the non-negativity of D; follows trivially from the non-negativity
of the Fourier transform of Re Kr(t)). The quantities z;(t) and z’;(t) in (1.32) and (1.33) are the shifted pointer
positions

zi(t) =2 —gsit , ai(t) =2 —gs;t. (1.34)
Entanglement and decoherence contribute separately in this remarkably simple system-apparatus state; they
lead respectively to the shifted matrix element and the first exponential in (1.32).

It might come as a surprise that such an explicit formula can be derived for psm(¢) in spite of the complicated
form of the total Hamiltonian (1.10) of the three-partite system SMR. Moreover, unlike in usual approaches
based on master equations, our results (1.32)-(1.33) are not perturbative in the apparatus-reservoir interaction?”.
Their derivation takes advantage of the separation of time scales (1.25), which justifies the use of the following
approximations:

(i) the time-evolution operator e Hsur at time t < Ty, Ts can be replaced by U (t) e~ #*(Hs+Hm)  with
¢
U(t) = it (HRTH +HID) e tHRemIGESOP T oy {—i/ dr(X +¢79) ® B(T)} (1.35)
0

(the last equality is nothing but a Dyson expansion including all orders; in the right-hand side, 7 stands
for time ordering and B(¢) is the reservoir coupling agent in the interaction picture, see (1.23));

25In practice, one may prepare M in some state localized near = = 0 at time ¢ = —tg and then let it interact with R between
t = —tp and ¢t = 0. If the thermalization time 7y}, is small compared with the tunneling escape time Ttun, one may choose to larger
than 7y but much smaller than Tiun, so that M is still within the effective potential well when the measurement starts at ¢t = 0.

261n fact, Vo > B! is equivalent to Ay, < W. If Ay, < W then by (1.29) one has also Ag < vV2A, < W. Substituting V (x)
by V'(0)x2/2 into (1.28), one obtains for any = such that A.g < = < W,

2Wog(z) = V" (0)2? — 2v02% = VG (0)2? > 7!

(we have taken here V(0) = 0). This shows that Vp .g > 8L
27 A simpler derivation of (1.32) and (1.33) can be found in the perturbative regime by using the Redfield master equation, see (1c)
in the publication list.
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(ii) the pointer-reservoir initial state can be replaced when 8 <« Ty by its high-temperature approximation
PR(0) 2 Zygh e 5 @A (HRHID) o= (1.36)

and its evolution under Hy can be neglected, that is, e_iTHMpMR(O)eiTHM ~ pmr(0) for 7 < Ty. The
errors incurred are of the order of 32/T% and 73/T/%, as can be seen from the Baker-Campbell-Haussdorf
formula.

Let us outline the main steps of the derivation of (1.32) (see [224] for more detail). Using the approximations
(i) and (ii), we find after a standard calculation that (1.32) holds if one can prove that

Dy (ealisis) —ide 1 [ _8 _s
(z|pm(0)|2') e~ Pr(@aisisi)g=ie —ZM.%/ dy (zle™ =M |y) (yle™ =M a") Zr o (UL}, (] UL, ), o (1.37)

where Ulx;, t] = 'Texp{fifot drz;(—7)B(7)}. The expectation (-)r,y = tr(-pr,y) is taken with respect to the
thermal state pr, = Zr;;e*ﬁ(HR*yB) of the reservoir coupled to the pointer localized at position y, and Zg,
denotes the corresponding partition function. The formula (1.37) is derived with the help of the bosonic Wick
theorem for the correlation functions (6B(t1)---0B(tn))r,y with 6B(t) = B(t) — (B(t))r,y, as implied by the
QCLT for N > 1 (see Sec. 1.3.2). Actually, it turns out that Wick theorem is equivalent to (see [224],
Appendix D)

<[Texp{—i/0td7‘k(7‘) B(T)HTTeXp{_i/Othz(T)B(T)}>

X exp{ /Ot dny /OT1 dra (k(m1) — U(1)) (k(72) KR* (11 — 72) — U(72) Kr(T1 — TQ))} ) (1.38)

= exp{i/o dT(k’(T) — Z(T)) <B(T)>R7y}

R,y

where k(7) and I(7) are two arbitrary smooth real-valued functions. Note that the exponential in the second line
is independent of y. Using (1.38) for (-)ry = (")r, t = —i8, k(1) = 0, and I() = y, one gets®® Zg, = ZrePv’
By (1.38) again, one finds that the expectation (U[z}, t]'U[z;,t])r,y yields the decoherence factor e~ Dil@.a’isis))
given by (1.33). It can be shown that under the stability condition (1.29), the y-dependent integral in the
first line of (1.38) entails nothing but a correction of relative order (Ayn/Aef)? to the decoherence exponent
D,. Plugging these results into the right-hand side of (1.37) and using the approximation e=#m/2e870X*/2 ~
eP10X?/2e=BHW/2 ~ o=BHert/2 with Hg = P2/(2M) + Veg(X), this right-hand side is found to be equal to the
left-hand side.

Note that the expression (1.27) for the initial pointer state pm(0) also follows from (1.37), in which one uses
the high-temperature approximation?’

(]e™BHu/ —B(V @)+ V() /4= Am*(2—9)* /N, (1.39)

ly) ~e
To get the result, one replaces V (y) by V" (0)y?/2 and neglects terms of the order of (Agn/Awm)?%.

1.3.4 Entanglement time

Let us first look at the reduced pointer state. In view of (1.32) and (1.33), it is given by pm(t) = trs[psm(t)] =
> Pipmyi(t), where p; = tr[Il;ps(0)] is the probability of the measurement outcome i and

T — :C/ 2 t t .
<z|pM|i(t)|z/> = {x — gs;t|pm(0)|2" — gsit) exp {7( 5 ) / dTl/ dro Re Kr(11 — TQ)} e i (1.40)
0 0

The pointer conditional state py;(t) has a kernel shifted by gs;t in position and modulated by an i-independent
decoherence factor and a phase factor. One infers from (1.30) that the density (z|pm(t)|z) of pointer positions
exhibits a succession of narrow peaks of width A.g centered at x = gs;t, associated to each eigenvalue s; with
p; > 0, as represented in Fig. 1.4 in the case of a spin one-half. The peaks associated to distinct eigenvalues s;
and s; begin to be resolved at the entanglement time

Aeff

Tent (i, §j) = —— . (1.41)
glsi — 541
28The fact that the coefficient 7o is given by (1.28) can be established by using the analyticity and KMS properties of Kg(t).
290ne may recognize in this expression the well known short-time behavior of the quantum propagator (z|e™1*fm|z/) for t = —i3/2

(see e.g. [212]).
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Figure 1.4: Wigner function (in arbitrary units) of the pointer reduced state (1.40) at times (a) t = 0 and
(b) t & Tent. Here S is a spin one-half and S = o,. We have set the pointer-reservoir coupling to zero, so that
D, =0.

Let s be the minimum of |s; — s;| over all pairs (s;, s;) of distinct eigenvalues of S present in the initial state
ps(0) (i.e., such that p;p; > 0)3°. We denote by Tent = Aesr/(gds) the maximal entanglement time. At time
t > Tent, neighboring peaks of the pointer density can be resolved. Each eigenvalue s; of the measured observable
S is then uniquely tied up with the pointer position gs;t.

Entanglement between S and M is encoded in the off-diagonal (i # j) contributions in the right-hand side of
(1.32). In the absence of pointer-reservoir coupling (i.e., for Kg(t) = 0) these off-diagonal contributions do
not decay with time for (x,z') = (gs;t, gs;t): in fact, it follows from (1.30) that (x = gs;t|psm(t)|z’ = gs;t)
is approximately equal to II;ps(0)IL; (0|pm|0) at times ¢ > Tene. At large times ¢ > tolass = Actas(gds) ™!, the
system and pointer are in a superposition of states with macroscopically distinct pointer positions, that is, a
Schrodinger cat state similar to (1.13). No classical probabilistic interpretation of the measurement is then
possible. This illustrates again the central role played by the pointer-reservoir coupling in the measurement
process. The fact that the reduced pointer state pm(t) = >, pipwmi(t) is a statistical mixture even in the absence
of coupling to the reservoir does by no means solve this problem?!. Similarly, the system reduced state

oo

ps(t) = > Mips(O)I1, / e (a5 (8) o (0) 5 () €= P (025 Oimire) =i (1.42)
4,7

— 00

is almost diagonal at time ¢ &~ Ay, /(gds), a time much shorter than 7oyt (see (1.31)), because of the form of the
initial pointer kernel (1.27). This is, however, not a relevant issue for the measurement since by disregarding the
pointer, one dismisses the possibly to get some information on S through the readout of the pointer observable.

1.3.5 Decoherence time

For a nonzero pointer-reservoir coupling, we will argue below that the off-diagonal terms in (1.32) disappear
completely after some decoherence time that we now proceed to determine. As (z;(t)|pm(0)|2(t)) almost
vanishes when |x;(t)| > Aeg or [2(t)| > Aesr, one can appreciate the fate of these off-diagonal contributions by

setting x;(t) = 2,(t) = 0 in (1.32). The decoherence factor then reads

200 N2 ft t
e~ D" (51555) :exp{—ig (812 55) / dﬁ/ dra 1172 Re Kr(71 —Tg)} (1.43)
0 0

and reveals irreversible decay as soon as ¢ much exceeds the decoherence time Tgec(s;, s;). We may define that
Dpeak

oo (51 sj)(si,sj) = 1. It is not difficult to prove that Dfeak(si, sj) is a positive increasing

time implicitly as

30Recall that S has a discrete spectrum. We also suppose here that p; = 0 if s; belongs to a part of the spectrum containing
arbitrarily close eigenvalues (that is, near an accumulation point), so that ds > 0.

31For indeed, one could design a new apparatus interacting with SM to measure the coherences of pgy (t); this would contradict
the measurement postulate.
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Figure 1.5: Solid curves: decoherence time Tgec against 7ent/n in a log log scale. Both times are given in
units of 7R = B. The bath correlator is given by (1.46) with tr = w, = 8/5 and m = 5,3,1 (from top to
bottom). Broken curves: approximate expressions (1.47) for 7gec < tR (dashed lines) and 74ec > 7r (dotted

peak
Dt

lines). Inset: decoherence exponent against 7 = t/mr for m = 3.

convex function of time if s; # s;, as is observed in the inset of Fig. 1.5. Because DY (s;,5;) o< (s; — 5;)2,
the maximal decoherence time Taec(si, s5) for all pairs (s;, s;) of distinct eigenvalues present in the initial state
is (not surprisingly) reached when s; = s; + ds. We denote this largest decoherence time by 7gec and write

DPek — pPeak(g, s 4 0s). The decoherence and entanglement times are related by

Tdec K —
<7_ennt> 62/ dTl/ dTQ’Tl’TQ Re ;(R’?O) TQ), (144)

n=ArKr(0)7 <1 (1.45)

is a dimensionless measure of the strength of the apparatus-reservoir coupling®?. The result (1.44) is valid
provided that 74ec is much smaller than both 75 and Ty, a condition that must be checked a posteriori.

Figure 1.5 displays 7qec as a function of 7ent/n for a specific choice of bath correlator Kg(t), given by the
KMS relation (1.24) and a temperature-independent imaginary part,

where

o 2
Im Kr(w) = —iJ(w) , J(w)=7w™exp < ::—2) . w>0 (1.46)
D

(here wp is a Debye cut-off frequency). This choice corresponds to a bath of harmonic oscillators linearly
coupled to the pointer position X with a power spectrum function J(w) [256]. The bath correlation time 7g
is the thermal time, 7R = § > wgl. The three plain curves are obtained by solving numerically the implicit
equation (1.44).

Formula (1.44) explicitly yields the decoherence time in two opposite limits.

(i) Interaction-dominated regime: when ¢ < tg, the dynamics is dominated by the system-pointer and
pointer-reservoir interactions. One may approximate Kg(7) by Kr(0) = (B?)g in (1.43) and (1.44).

(ii) Markov regime: this regime corresponds to the so-called singular coupling limit3? 74 > 7r. Decoher-
ence is then governed by the small-frequency behavior of (Re K)(w).

We present here directly the results in these two limits. The technical justifications can be found in [224].
We first discuss the case of inverse temperatures 5 < tg. Then the decoherence factor reads

2

7Dpcak B t > 'Y} o ('Y) 1 (Tent > v
e 7t =ex — ,  Tdec = (C v 1.47
p{ <Tdec d ( ) b Bn ( )

32More precisely, 7 is the fluctuation of the coupling energy in the uncorrelated state py(0) ® pR, in units of 3~1. The inequality
n < 1 results from our assumption A% Kg(0)32 < 1/2 ensuring the stability condition (1.29).

33Note that this Markovian regime is different from that arising in the van Hove (weak-coupling) limit [73]. The van Hove limit
enforces the separation of time scales 7, Ts <K Tqec justifying a Born-Markov and a rotating-wave approximations. The latter
approximation is inappropriate here due to our restriction (1.25). In contrast, the singular coupling limit 7R < Tgec, 15 is the limit
of delta correlated reservoirs [121, 103, 189]. This limit, which is the one considered here, also yields Markovian evolutions.
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for t, Tgec <K Ts, T, with the exponent v given by

4 if Tgee SR (interaction-dominated regime)
v = 3 if Tgee > TR, m=1 (Markov regime, Ohmic reservoir) (1.48)

2 if Tgee > TR, m >3 (Markov regime, super-Ohmic reservoir)

()

and some constants ¢;,” independent of the strengths of the SM- and MR-couplings,

K 262K
cgs):1 = —0036 R(0) ) 052)>3 =T KR O) . (1.49)
Jo drRe Kg(7) =2 ][, dr TRe KRr(7)|

cgfi):8 ,

By the Cauchy Schwarz inequality one has |Kgr(t)| < Kgr(0), hence ¢® > 38/m and cm>3 > (28/mR)?. For

a reservoir at low temperature®?, i.e., such that 8 > tg = wr, D , the decoherence factor and decoherence time

are still given by (1.47) with v = 4 in the interaction-dominated regime 74ec < tr. In the opposite limit

~

tR K Tdec < B and for correlators with a temperature-independent imaginary part given by (1.46), one has

NDTdec (hﬁ(T;eC) — 0.2114)) if m=1 (Ohmic)
R

(1.50)

Tent =
D Tdec

if m >3 (super-Ohmic),
m—1

where np = AEH‘KR(O)I/2tR is the pointer-reservoir coupling strength in units of 1/tg.

In the interaction-dominated regime, the decoherence time 74o. presents a universal behavior, namely, it
depends on the reservoir through the coupling strength 7 only. The decoherence factor is a stretched exponential
with exponent v = 4, instead of the usual Gaussian for systems coupled to their environment in this regime
(Sec. 1.2.5). This non-gaussian form can be readily explained by remembering that the reservoir acts on the
pointer M, not directly on S, and that it takes time to S to transform the initial state of M into a superposition.
In fact, the correct stretched exponential can be obtained, albeit with a wrong numerical factor cﬁ{), by replacing
the pointer positions x; and z; in (1.17) by z;(t) and z;(t) as given by (1.34). It follows from the consistency
condition 7gee S tr and the stability condition 7 < 1 that Tent < Tdec(tr/8). By the inequality tgr < §, one has
Tent 5 Tdec-

In the Markov regime and at inverse temperatures 8 < tgr, qualitatively different results are obtained for
Ohmic and super-Ohmic reservoirs (non-universal regime). Ohmic reservoirs win in efficiency for decoherence
over super-Ohmic reservoirs, that is, they lead to much smaller decoherence times3®. It is interesting to compare
our result with the known saturation of the decoherence factor to a positive value in open systems coupled to
super-Ohmic baths in the singular coupling limit [188]. In contrast, we see here that, as a consequence of the
indirect coupling of S wvia the pointer, the decoherence factor does not saturate but decays to zero, although
more slowly than for an Ohmic reservoir.

At low temperature and in the Markov regime, the ratio between the decoherence times for super-Ohmic
and Ohmic reservoirs is logarithmic in the large ratio 7qec/tr. Hence an Ohmic reservoir is not dramatically
more efficient than a super—O/hniic one at very low temperature, inversely to the high temperature case.

By invoking (1.43) and (Reh)(w) > 0, it is easy to establish that DP°™ < (t/Td'Y_4) for all times t > 0,

Téec 2 being the decoherence time in the interaction-dominated regime. As a result, the decoherence time 7qec

is bounded from below by Téec ), whatever the value of the ratio 74ec/tg. This is indeed what is seen in Fig. 1.5.

One observes a quite good agreement between the exact and asymptotic behaviors of the decoherence time
for Tgee S tr and 7Tgee 2 7TrR- The plain curves representing Tqee split by increasing 7epnt into distinct branches
corresponding to distinct m’s, as predicted by (1.48). After this splitting, which occurs in the transition region
tr < Tdee S TR, the decoherence time 74ec is larger for larger m'’s.

~

By studying carefully the two above limiting regimes, one can prove the following statements3°

34Strictly speaking, extremely low temperatures have to be proscribed because of our hypothesis 8 <« Ty. However, taking e.g.
T = 1s, 8 < Tiy holds even for temperatures of the order of 10~ degree Kelvin! Furthermore, the stability condition (1.45) has
a better chance to be met at low temperature since A g is temperature decreasing.

35 Actually, the ratio (Té:; 1)/ ("é>3)) is equal to the product of 60(3) (Tchn)>3) by TR/Tdec_ ) Since the last factor must be
small compared with unity for consistency and the first one is < 1 by definition of g, it follows that Tc(lm b < C(l:z>3).

36The first statement can be justified by estimating in these limits the minimum of the decoherence exponent Dy(x,x’; s;, s;)
over all positions « and #’, with ¢, s;, and s; fixed (let us recall that 74ec is the time when this exponent is unity for the speCIﬁc
positions (z,z’) = (gsit, gsﬂt)). The second statement is established by studying the behavior of the decoherence factor in (1.40)
in the asymptotic regimes (for more detail see [225]).
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1) For ¢ # j one has IT;psm(¢)II; ~ 0 at time ¢ >> Tyec, i.e., the off-diagonal contributions in the kernel (1.32)
are vanishingly small for all values of (z,z’).

2) The decoherence factor for the pointer kernel (x|pm;(t)|2") (first exponential in (1.40)) remains close to
unity at time ¢ & 7gec if |2;(t)| and |z}(¢)| are smaller than Aeg.

We may conclude from the first statement that the dynamical process (1.3) is entirely governed in our model by
the two time scales Tent and 7gec. The second statement means that decoherence does away with the off-diagonal
(i # j) terms before the diagonal (i = j) ones change noticeably.

1.3.6 Interaction and measurement times

According to the statement 1) above, the system and pointer are almost in the classical mixed state psm(t)
given by (1.3) at time ¢ 2 Tgec. If moreover ¢ 2 7ent, the pointer is with probability p; in a state pw;(t) with
a well-defined position = = gs;t. As emphasized in Sec. 1.2.1, in order to be able to read the outcomes on the
pointer without perturbing it significantly, these positions should be separated by macroscopic distances at the
end of the measurement (time ¢ = tyeas). This macroscopic separation can be achieved by using the instability
induced by the pointer-reservoir coupling as an amplification mechanism. Actually, let the interaction between
S and M be switched off at time

ting ~ Weg(gds) ™. (1.51)

Then all pointer states py;(t) are outside the central well of the effective potential (save for possibly one
eigenvalue s; = 0). Thanks to (1.31), one has tint > Tent- The “mesoscopic” pointer separation Weg at time
t = tint is subsequently amplified by the effective pointer dynamics, till it reaches a macroscopically resolvable
magnitude Acjass at time t0,s. Then a pointer reading, while still a physical process in principle perturbing M,
surely cannot blur the distinction of the peaks in the pointer density. Furthermore, if the measured observable
is a spin one-half and the effective pointer potential has the triple-well shape represented in Fig. 1.3, then the
pointer ends up at time tyeas in one of the two extremal wells separated by the distance Acjass. Assuming that
these wells have heights much larger than the thermal energy, M is in an equilibrium state and its state will not
subsequently change, thereby ensuring the registration of the result. The time ¢,c.s depends on the shape of the
effective potential. Since we have assumed Weg < Aclass and ting < T, see (1.25), it is clear that iy < tmeas-

1.3.7 Conclusions

Our apparatus with a single-degree-of-freedom macroscopic pointer coupled to the system and reservoir via
the Hamiltonians (1.11) and (1.15) performs a measurement of the system observable S. The precise form
of the pointer-reservoir coupling is not important, save for simplifying calculations. Unlike in the description
of quantum measurements presented in old textbooks, it has not been necessary to postulate the existence
of a new kind of non-unitary dynamics: we have only used the Schrodinger equation and statistical physics
considerations. We have still not fully explained the reduction of the wave packet: we have not shown that
single runs of the measurement lead to definite outcomes and to conditional states taken from the ensemble
{ps;i ® pﬁj‘li, pi}. These issues will be discussed in the next section.

However, the main interest of our model is not that it explains (with the limitations mentioned above)
the von Neumann projection postulate. Many other models in the literature based on the “system-apparatus-
reservoir” approach do so, see e.g. [102, 277, 48, 4, 5, 210]. The interesting point is that, like in Refs. [5, 6],
we have been able to determine explicitly the relevant time scales of the measurement process. Indeed, as
stressed by the authors of Ref. [6], “a full understanding of quantum mechanics requires knowledge of the
time scales involved in measurements” (op. cit. from [6], chapter 1). Four fundamental times characterizing
the measurement have been introduced. The entanglement time Tepn is the time after which pointer positions
corresponding to distinct eigenvalues s; of S begin to be resolved. It is given by 7Tent = Aegr (gés)’l, where g is
the system-pointer coupling constant, s the separation between neighboring eigenvalues, and Asg ~ Aty the
uncertainty in the initial pointer position. The system and apparatus must interact during a time tj,; much
larger than 7ept. Accordingly, 7ent provides a good measure of the efficiency of the system-pointer interaction
(the smaller 7o, the more efficient is the coupling). The second fundamental time of the measurement is the
decoherence time Tqec, that is, the time after which the system-pointer density matrix is almost a statistical
mixture of states psj; ® pmys(t) with ps; = IL;ps(0)I1; and ppj;(t) the pointer state revealing the eigenvalue s;.
The third time is the system-apparatus interaction time ¢, mentioned above. It is much smaller than the time
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b X)) separated

tmeas after which the pointer states py;(f) relax to the equilibria pﬁ,‘i"i with positions z; = tr(leZ

by macroscopic distances. In our model, the four time scales Tent, Tdec, fint, and tmeas Satisfy
Tent K tint K tmeas »  Tents Tdec <K 15,TM , (1'52)

where Ts and Ty are the times associated to the dynamics of the isolated system and pointer. Under this
hypothesis, we have shown that 74ec is given by the implicit equation (1.44) and have derived an explicit
relation (1.47) between Tgee and 7ot in the interaction-dominated and Markov regimes. These times are ordered
as follows:

(i) Interaction-dominated regime: Tent < Tdec(tR/5) < Tdee S tR;

(ii) Markov regime (Tdec > TR): Tent < Tdec fOr a super-Ohmic reservoir with a pointer-reservoir coupling

strength n < B/7r < (cg))l/ 2 where 7 is defined by (1.45); for an Ohmic reservoir this inequality holds

for strong enough system-pointer couplings only, more precisely, when 7oy < c§3) B/n?, where cﬂ ) is given

by (1.49).

Therefore, the only regime with a decoherence faster than resolution of pointer peaks is the Markov regime with
m =1 (Ohmic reservoir).

Before closing this section, it is worthwhile to remark that for a reasonably strong pointer-reservoir coupling
and a not too strong system-pointer coupling, the decoherence time is small enough to ensure that the whole
measurement is performed without producing a Schrédinger cat state as an intermediate step. More precisely, if
Tdee < ting then even the mesoscopic superpositions of pointer states with space separation Weg decay to mixtures
faster than entanglement can create them. As already pointed out above, this comes from the simultaneous
action of the system-pointer and pointer-reservoir interactions. According to (1.47) and (1.51), in the interaction-
dominated and Markov regimes the condition 7ge. < tipt is fulfilled provided that the following inequality holds

y—2

o (A \T( B\ T
> | —— . 1.53
= ¢ (Weﬁ) (Tent) ( )

1.4 Derivation of the measurement postulate from a statistical in-
terpretation

1.4.1 State reduction for sub-ensembles

We have argued so far that the evolution of the system-apparatus density matrix is given by (1.3) under
the influence of the system-apparatus and apparatus-reservoir couplings, thereby justifying from Schrédinger’s
equation the point 1) in Sec. 1.2.2. In order to establish from first principles the reduction of the wave packet, it
remains to clarify the second point 2). Recently, Allahverdyan, Balian and Nieuwenhuizen [6, 7] have derived the
state reduction for single runs of a measurement by relying on the usual statistical interpretation of quantum
states, taken as a basic postulate. The reduced state of the bipartite system SM, as any quantum state, is
interpreted as referring to a thought ensemble of identical systems, in which the real system SM is embedded (see
the discussion in Sec. 1.2.2). The system-apparatus density matrix psm(tmeas) at the end of the measurement is
thus postulated to describe a state ensemble, although one does not know a priori which one (as stressed in
Sec. 1.2.3, many different ensembles are associated to this density matrix). The main idea of the authors
of Refs. [6, 7] is that the system-apparatus dynamics selects the particular ensemble {psm;,pi} among all
ensembles, with psm|; = psj; @ pﬁ,?li the conditional system-apparatus state given outcome 4, see (1.5).

More precisely, Allahverdyan et al. consider arbitrary sub-ensembles extracted from the density matrix
psM(tmeas). Let us recall that a sub-ensemble {p;, p;1}icr from a given state ensemble {p;, p;};; is obtained
by choosing a subset of indices I C {1,...,n} and keeping only the states p; with ¢ € I, to which one attaches
the probabilities p;;; = pi/ ) jerPj- This operation is a conditioning of the original ensemble subsequent to an
updating of information telling us that the identical systems in the ensemble are in fact all in states p; with
¢ € I. This amounts to a filtering (post-selection) among the states produced in the state preparation. The
smaller possible sub-ensemble is composed of a single state p; having probability p;; = 1. Given a density
matrix p, any sub-ensemble of an ensemble forming a convex decomposition of p can be obtained as follows:
one first decomposes p as a sum of two non-negative matrices p*"®) > 0 and p(co™p) > 0, p = psub) 4 plcomp)
and then finds a convex decomposition of p(1P) = 5(uP) / tr(plsub)y,
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The precise statement in Refs. [6, 7] is: for any sub-ensemble of an ensemble forming a convex decomposition
of psm(tmeas), the irreversible system-apparatus dynamics transforms the density matrix associated to this sub-
ensemble into

sub .
pésl\/l )(t) - Z qiPs|i Y pM|z(t) ;U2 tmeas + At s (154)

i=1
after some time At (which depends on the apparatus-reservoir coupling). Here, ¢; > 0 are some probabilities
depending on the sub-ensemble. The formula (1.54) generalizes (1.3), which is recovered by choosing the sub-
ensemble equal to the full ensemble.

1.4.2 Emergence of single outcomes in individual measurements

With the aim to show (1.54) and to understand how single runs of a measurement lead to well-defined outcomes
i and post-measurement states pswy;, let us consider the following model inspired from the ideas of Ref. [6]
applied to our apparatus of Sec. 1.3. Since a single outcome may only arise from the information obtained
upon observing the value of the pointer variable X, the readout process by which one acquires this information
should be taken into account explicitly (Sec. 1.2.2). Note that this process is purely classical by condition 3 of
Sec. 1.2.1. We describe it by imagining an observer measuring the pointer position X at some times tyeas =
to <t; <ty <--- <ty separated by a fixed time interval At, assumed to be larger than the decoherence time
Tdec- E2ach observation increases the observer knowledge about the pointer. It thus corresponds to a selection of
a given sub-ensemble of an ensemble associated to the system-pointer density matrix. Inasmuch as the pointer
behaves classically at time ¢x, the observation process is completely analogous to that used to find the position
of a classical particle distributed according to a probability density f(z). The observation does not disturb
significantly the system-pointer state, apart from the updating of information.

To simplify the discussion, we assume that the measured observable S has a non-degenerate spectrum and
that the apparatus has pure pointer states | u:,lqw (the generalization to mixed states p‘:,?'i is straightforward by
taking spectral decompositions). We denote by {|a;)} the orthonormal eigenbasis of S. The system-apparatus
state at time tg = tmeas just before the observation is

psm(to) Z il |ai) (i © |NM\¢><M§/(|1|Z'| : (1.55)

We denote by psmiz...a), (tr;) the system-apparatus state after k consecutive observations at times tg, t1, ..., tk.
After the first observation, one has

(0)
PsMzo (to) (Z ) > 0 1%, (V| - (1.56)

j€Jo Jj€Jo

no

where psm(to) = 252, qJ |\IISMM><\IISM‘]| is an arbitrary convex decomposition of psm(tp), which may differ

from the decomposition (1.55), and Jy is a subset of {1,...,n9}. The vectors |‘I’é(|)v)|| ) and |O‘i>|ﬂixﬁ¢> of the two
pure state decompositions of psm(to) are related as follows (see Eq. (4.16) in chapter 4)

0
¢ W) Z i) o) gt ) (L57)
where (ug?)) is a unitary matrix with size max{n,n¢}. Due to the coupling with the reservoir, each of the

pure states |\I/ | is transformed by the decoherence process (1.14). By linearity of the evolution, the

SM \j> <\IISM\
system-apparatus state reads at time t; = tg + At, At > Tgec,

0 = 0
PSM|zq tl (Z |Cz 5( )) Z |Ci|2£z'( )|Oéi><04i| 34 |M§/|q|i><ui/|q|i| (158)
=1

with EZ-(O) = ZjGJo |u |2 Repeating this operation m times, we arrive at the system-apparatus state

n m (k)
_ (m) eq eq (m) _ Hk:o &
PSM|zg ... (tm + At) = Z |Ci|2ci |041><O‘z| ® |:U|\/|\i><ﬂ|v||i| ) Ci - m A
=1 S el T, e

(1.59)
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(k)

i

J. € {1,...,n}. Note that the unitarity of U*) implies 0 < fi(k) < 1. The collapse to the state

in which the coefficients EZ-(k) are defined as EZ-(O) but with k-dependent unitary matrices U*) = (u;;”) and subsets

PSM|zg...Tm (tm + At) = |aio><aio| ® |M6|\)/(|:l|10><u:/|q|10| (160)

occurs for large m provided that the unitary matrices U*¥) are such that Ci(m) converges to 04, -
The latter condition is not always fulfilled, as might be expected since we have not yet made any assumption
on the selection of the sub-ensembles. In order to get a unique outcome, this selection must be such that the
observer is certain at time t,, that the pointer value is X = x;,. By (1.55), at time ¢y the pointer density is
m(@,to) = >, |ei* (| uﬁ/ﬁi>|2. This density is modified by the updating of information during each observation
and given by conditioning the classical distribution fu(z,tg) to the observation results. This conditioning should
produce at the end a localized distribution fuja,...z,, (%, tm) = |<z|u:,|q‘i0>|2, otherwise the observer has failed to
identify a specific pointer position. But thanks to (1.59),
‘2

Fottaosn @ tn) = (2] 605 (pSMg..com, (b)) = S L 2™ (i) (1.61)
=1

The aforementioned convergence of the coefficients Ci(k) is thus fulfilled if the readout process has provided
enough information about the pointer position in order to identify in which of the different equilibria | u,ev?‘ ) is

3
the pointer.

1.4.3 Discussion

The emergence of the state (1.60) is due to the robustness of the pointer states | u,evlq‘i) with respect to the coupling
with the reservoir, while linear superpositions of these states rapidly decohere to statistical mixtures. Thus
{Jas) ® | ,qu\/|q‘i>a p; } is the only ensemble associated to the density matrix psm(tmeas) Which is not strongly affected
by the dynamics on the time scale At. Recalling that at time ty0.s the pointer states are macroscopically
distinct, the decoherence time T4e giving the evolution of all other ensembles (which should involve linear
combinations of the |u§,ﬁi)) is extremely short, much shorter than any classical time resolution At in the
readout process. Consequently, the irreversible dynamics of the system and apparatus does not only implement
the state transformation (1.3), it also prepares them in the ensemble {|a;) ® |M:/‘|]‘|Z.>,pi}.

It is remarkable that this ensemble coincides with the ensemble giving the larger entropy balance (1.8),
that is, the largest gain of information on S (equal to S, n.(ps(0)) if S has a non-degenerate spectrum). All
others pure state ensembles {|Wswm|;),¢;} forming a decomposition of psm(fmeas) lead to smaller increases of
information, i.e.,

Sun(ps(0)) = q; Sy (trm(|Tsm;) (Tsmis]) < Svn(ps(0)) - (1.62)

J

The minimum over all such decompositions of the sum in the left-hand side is, by definition, the entanglement
of formation Egor(psm(tmeas)) quantifying the entanglement between S and M (see Sec. 2.3.3 below), which
vanishes since psm(tmeas) is separable. It thus appears that the measurement prepares the bipartite system SM
in the ensemble of separable states realizing the minimum in the definition of Egor(psm(tmeas))-

The above argument is based on a statistical interpretation of the reduced system-apparatus state psm(¢),
henceforth it does not explain the origin of the randomness arising in a quantum measurement. This randomness
should be (at least partly) linked with our incapacity to have full knowledge on the whole set of quantum
correlations and phases of the particles forming the apparatus. Only a few apparatus collective variables (such
as the pointer) can be controlled and reset to their initial value between each run of the measurement. Note,
however, that it would be incorrect to attribute the occurrence of a specific outcome as being controlled by the
initial microscopic state of the apparatus [259, 225].
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Chapter 2

Entanglement evolution for quantum
trajectories

Pour qu’une chose soit intéressante, il suffit de la regarder longtemps (G. Flaubert).

2.1 Motivations

In this chapter we discuss how the amount of entanglement in an initially entangled open bipartite system evolves
with time. A basic property of entanglement is that it cannot be created by means of local operations on each
parties. As a result, the entanglement between non-interacting subsystems cannot increase if each subsystem is
coupled to its own local reservoir, the reservoirs being independent between themselves. In this case, the most
robust states (pointer states) with respect to the interaction with the reservoirs are tensor products of pointer
states for each subsystems. In other words, the density operator of the composite system becomes diagonal in a
product basis at times much larger than the decoherence time. Thus decoherence transforms an entangled pure
state given by a superposition of product states into a statistical mixture of these states, which is by definition
separable, i.e., not entangled. Consequently, the entanglement in the composite system is expected to decay
with time.

In the last decade, a lot of works have been devoted to the quantitative study of the evolution of entanglement
in open bipartite systems AB. Different scenarios have been identified. In the independent reservoir case
discussed above, entanglement disappears after a finite time if AB evolves asymptotically to a steady state
belonging to the interior of the set of separable states, such as a Gibbs equilibrium at positive temperature [93,
234]. This also occurs for certain initial states if the steady state belongs to the boundary of the set of separable
states, for instance, if AB decays to a separable ground state [81, 268, 8]. In the latter situation, one can also
find entangled states with entanglement vanishing only asymptotically in the large time limit. Conversely, when
the two subsystems are coupled to a common bath, entanglement can be created due to an effective interaction
mediated by the bath [44]. Then sudden revivals of entanglement may take place after the state has become
separable [92, 166].

In his Ph.D. thesis, S. Vogelsberger has shown that the decay of entanglement is completely different if
continuous local measurements are performed on the two independent baths coupled to A and B: then, averaging
over the measurement outcomes, the entanglement always decays exponentially (see (2a) in the publication list).
He has determined the measurement scheme that better protects the bipartite system from entanglement losses,
showing that in some cases entanglement can be completely preserved. Like in the vast majority of papers dealing
with entanglement evolution in the absence of measurements®, his analysis is restricted to two-qubit systems.
The main reason is that for higher-dimensional systems it is quite hard to determine whether a state is entangled
or separable (and, a fortiori, to estimate the amount of entanglement). Similar less general results have been
discovered at the same time by E. Mascarenhas, D. Cavalcanti, V. Vedral, and M. Franca Santos [165].

The chapter is organized as follows. A general introduction to pure state random evolutions resulting from
continuous measurements on the environment (quantum trajectories) is given in Sec. 2.2. We briefly review
in Sec. 2.3 the notion of bipartite entanglement for mixed states and the aforementioned scenarios for its time
evolution. The results obtained with Vogelsberger are explained in Sec. 2.4. The last section 2.5 contains
concluding remarks.

IThe number of papers on this problem is huge. We will not even try to cite the most relevant ones.
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Figure 2.1: Fluorescence signal from a trapped Ba™ ion at the wavelength corresponding to the GQP%-GQS%
level transition. This transition is induced by two lasers in resonance with the 62P%—625’% and 62Pé-52D%
transitions. The signal stops at random times when the ion jumps to the metastable level 52D 5 (incoherent
excitation) and is retrieved when it jumps back from this level to the 625 1 level. Taken from [176].

2.2 Quantum trajectories

As stated in the introduction, the dynamics of open quantum systems is often studied with the help of master
equations for the reduced density matrix. Another powerful approach has been developed in the nineties. It bears
several names, introduced by the various physicists and mathematicians who participated to its (re)discovery:
Monte Carlo wave function [69], quantum trajectories [51], quantum state diffusion [101], quantum unravel-
ing [46], or quantum filtering [30, 25], to cite only a few?. It consists in describing the system state by a
random pure state |s(t)), the average of which gives the density operator ps(t) = |¢s(t))(s(t)| solution of
the master equation®. The wave function |¢s(t)) undergoes a stochastic time evolution caused by continuous
measurements on the bath coupled to the system S. This method is now popular in quantum optics, in partic-
ular because it provides an efficient way to compute the density matrix ps(t) numerically*. However, quantum
trajectories are more than simple mathematical or numerical tools: they actually describe the real dynamics
of S when repeated measurements on the environment with which S interacts are performed. Thanks to im-
provements in detection techniques in the last decades, experiments at very low temperature have succeeded
to observe these trajectories. For instance, the electromagnetic microwave field inside the optical cavity in
Haroche’s group is coupled to highly excited Rydberg atoms, which cross one-by-one the cavity [113]. The
states of these atoms, which constitute the “environment” with which the field interacts, are measured at the
exit of the cavity. When the atoms and field are off-resonance, this leads to non-demolition measurements and
random jumps between states with different numbers of photons in the cavity can be observed [109]. Another
older beautiful experiment, in which the role of atom and field are inverted, is the observation shown in Fig. 2.1
of a random succession of dark and bright periods in the fluorescence signal of a single trapped ion. This
telegraphic signal is a direct manifestation of sudden quantum jumps of the ion to a metastable state [176].

2This approach has also been introduced in Ref. [99] with the aim to modify the Schrédinger equation in such a way that it
includes the collapse of the wave packet. As discussed in the previous chapter, we think that this is meaningless, but Ref. [99] was
perhaps the first work in the physics literature giving a detailed account of the quantum trajectory method. The discovery of this
method has, however, to be attributed to the mathematician V.P. Belavkin.

3In mathematical works, the pure state |¥s(t)) is often replaced with more general random mixed states. This generalization
is, however, not so interesting from a numerical viewpoint.

4For a system with a n-dimensional Hilbert space, solving the master equation amounts to solve n X n coupled differential
equations, whereas finding the random wave function requires solving n stochastic differential equations. To estimate the average
density matrix, the computation must be repeated m times with different noise realizations, but m can be smaller than n for
high-dimensional spaces. For a review of the numerical methods in the quantum trajectory approach, see [46], chapter 7.
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2.2.1 Quantum jump model

The stochastic dynamics of the system wave function due to the monitoring by measurements on the reservoir
can be derived from the system-reservoir dynamics and the reduction of the wave packet. Let us consider a
simple model similar to the model of a single atom interacting with the vacuum of the electromagnetic field
discussed in the seminal paper of Dalibard, Castin, and Molmer [69] (for a more general derivation, see the book
of H.-P. Breuer and F. Petruccione [46], chapter 6). A system S with Hamiltonian Hs is coupled to a reservoir
R with Hamiltonian Hr by the interaction

HR =" gm (M @bl + M, @ b)) (2.1)

!, bm are the creation and annihilation
operators for an excitation m in the reservoir. We assume that R is initially in its ground state |0) (zero
temperature) and choose the zero of energy such that Hg|0) = 0. At times ¢, = kdt (with k integer), a detector
measures if R is excited or not. We assume that the detection is instantaneous, i.e., the time duration of each
measurement is much smaller than 0¢t. Furthermore, we suppose that 6t is such that g,,0t is very small but
92,0t = v is of the order of T~ T being the relevant time scale for the dynamics of S. Mathematically, this
corresponds to letting ot — 0 with ~,, fixed.

We denote by |1,,) = bl |0) and |1,,1,/) = binbin,|0> the reservoir states with one excitation m and two
excitations m and m’, respectively. If the bipartite system SR is in a pure product state® [1s(¢))|0) at time ¢,
then this state is at time ¢ + §t:

where g, are coupling constants, M,, are operators acting on S, and b]

Usp(t +8t) = o OUHSHHREHLD |y (£))[0) = [ (1 — i6t Hog)|ths (£))]0) — i68 > gon M 105 (1)) L1n)
ot?
- . gmgmemMmrst(t)>|1m1m,>} (1 + O(gm6t + 0t/ Ts + 5t/TR)) L (2.2)

where Ts and Tr are the typical evolution times under the Hamiltonians Hs and Hr and we have set
i
Hoft = Hs = = > Ym M, My, (2.3)
m
The measurement on the reservoir at time ¢ + 6t causes the wave packet reduction given by the transformation

(1.5). The corresponding conditional states are

(e +00) = S RGN o (4 )0 2.4

if no excitation is detected and

s ® |1m><1m|‘I’SR(t + (%))
[[(Lm |¥sr(t + 62)) |

(WsRm (t + 0t)) = o Mo |95 (t)[1m) (2.5)
if an excitation m is detected. In the latter case, we assume that the excitation is removed from the reservoir
(e.g. the photon disappears in the photo-detector). Equivalently, one may think that the system interacts in each
time interval [ty, tx + 0t] with a different reservoir initially in the state |0) (repeated interaction model). This
situation is realized for instance in Haroche’s experiments, where the cavity field (system) interacts successively
with different atoms (reservoirs) crossing the cavity. Consequently, the final system-reservoir state after a
detection of an excitation m at time t 4+ 6t is M,,|¢s(¢)|0), up to normalization. The probability of this
detection is very small and equal, according to the Born rules, to

0pm(t) = [[{Lim [ s (t + 06)) |17 = o || Mo )5 (£)) || - (2.6)

The probability to detect more than one excitation is negligible in the limit g,,6t < 1. Each measurement
disentangles the system and reservoir, so that SR is in a product state at all times tx. In the limit ¢ — 0, one
can replace the discrete times t; by a continuous time ¢ and write dt as a differential d¢. The system S is then
in a pure state |s(t)) at all times.

The random dynamics of S can be summarized as follows.

5As is common in the physics literature, we omit the symbol ® in tensor products of vectors in Hilbert spaces.
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(i) A quantum jump

[Us(t)) — 08" (¢ +dt)) = m

(2.7)

occurs with probability dp,,(t) between times ¢t and t + dt.

(ii) If no jump occurs between ¢t and ¢ + dt (i.e., no excitation is detected in R), the system wave function

evolves as et (1)
e MHeff 1/}5 t
s (t 4 dt . 2.8
s A = oy )] 25
The probability to have no jump in the finite time interval [to, ] is®
_iH. _ 2
Puj(to, t) = [[e7 o=t ys (20)) || - (2.9)

The above heuristic derivation of the quantum jump model can be made rigorous [18] (see also [16] and [77] for
related derivations of evolutions with quantum noises).

2.2.2 Lindblad master equation for the average state

The density matrix of S is obtained by averaging the rank-one projector on |1s(t)) over the random outcomes
of the measurements on R,

ps(t) = [¢s(t)(¥s(t)] = /dp[ws] s () (¥s(B)] (2.10)

where the overline denotes the mean over all quantum trajectories with distribution dp[is]. Since a measure-
ment without readout performed on R does not change the reduced state of S, ps(t) describes the state evolution
of the system coupled to R in the absence of measurements”. A simple calculation (see e.g. [69]) shows that
ps(t) satisfies the Lindblad Markovian master equation [159)

% = —i[Hs, ps(t)] + va( mps(t) M, — %{MLMm,ps(t)}) ; (2.11)
where {-,-} denotes the anti-commutator. Let us emphasize here that the derivation of the quantum jump
dynamics in the previous subsection also justifies the master equation (2.11) for a zero-temperature reservoir
coupled to S via the Hamiltonian (2.1). This derivation involves a re-initialization of the reservoir state at times
tx, which is a “brute force” manner to obtain a Markovian dynamics (equivalently, one may think of a chain of
reservoirs interacting one after the other with S, as considered in [16, 17]). Physically, the state re-initialization
is due to the relaxation of R to its equilibrium and takes a time larger than the reservoir correlation time 7y
defined in Sec. 1.3.1. Hence one must have 7r < 0t < Ts with g2,6t = ~,, fixed. This limit is the singular
coupling limit discussed in Sec. 1.3.5.

It is worth noting that (2.10) defines a particular convex decomposition of the density matrix ps(t). Since
there are infinitely many such decompositions, it should not come as a surprise that infinitely many different
quantum jump dynamics unravel the same master equation [46]. Each of these unravelings corresponds to a
specific measurement scheme on R and can be viewed as a sequence of state preparations associated to ps(tx)
at times ¢, (Sec. 1.2.2). These state preparations depend upon the type of information on the system dynamics
collected by the measurements. For instance, if one rotates the measurement basis, the jump operators M, are
transformed as

Ym
M,, — M, Upm M,, , 2.12)
Z . ('Yu) (

where (4, ) is a unitary matrix and +, are the jump rates associated to M,. One may check explicitly that
this transformation does not change the master equation. Another transformation with this property is

g
Mm — Mm,iam - Mm iO‘7n 5 Ym — Ym,+am = 77” . (213)
6This is shown by noting that puj(to,t) — pnj(to,t +dt) =>_,, dpm (t)pnj (to,t). Thanks to (2.3) and (2.6), this yields
alnpnj (t07

o ZVmHMmWs(t))llQ 1n||e*1Huff<t 0 |vhs (o )| -

"This general statement can be established by noting that if the measured observable of R has eigenprojectors Il,,, then,
according to (1.3), the post-measurement state pghm‘ =>,,1®ILnpsr 1 ® II, has the same partial trace over R than psg.
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Figure 2.2: In homodyne or heterodyne detections, the signal (e.g. the photons emitted by an atom) is mixed
in a 50% beam splitter (BS) with a classical laser field with amplitude « (local oscillator). Two photo-detectors
count the number of photons in the two output beams.

If the system is an atom emitting photons and M,,, implements jumps provoked by the detection of the emitted
photons by a photon-counting device, the new jump operators M,, +.,, describe homodyne or heterodyne
detection (see Fig. 2.2) used in many experiments in quantum optics [51, 199].

2.2.3 Quantum state diffusion

The homodyne quantum jump dynamics with jump operators M,, +,,, converges for large positive time-
independent laser amplitudes «,, > 1 to a diffusive dynamics given by Wiener processes. More precisely,
after a coarse graining on a time scale At on which many jumps occur but |¢s(t)) does not change noticeably,
the wave function [i)s(t)) converges to the solution of the stochastic Schrodinger equation [261, 46, 222]

|d’t/15> = (—iHeﬂ‘dt + Z’ym (Re <Mm>t M, — %(Re <Mm>t)2)dt + Z M(Mm — Re (Mm)t)dwm) |w5 (t)> ,

(2.14)
where dw,, are the It6 differentials for independent real Wiener processes satisfying the 1t6 rules dw,,dw, =
Imndt. We have set ()¢ = (s(t)| - [ts(t)). The quantum state diffusion dynamics defined by (2.14) is another
unraveling of the master equation (2.10).

In the case of heterodyne detection, the laser amplitudes have oscillating phases and the jump operators
M 1a(tj) = My, £ et depend on the time ¢; of the jth jump [199, 46]. The associated rates are as for
homodyne detection. In the limit a2, > €, /vm > 1 of large laser intensities and rapidly oscillating amplitudes,
with @, > 0, the quantum jump dynamics converges to the solution of [261, 46]

1 " 1
ds) = <1Heﬁ: dt + Zm:%(wm% M,, — §|<Mm>t‘2)dt

+ 32 V(M = 30— 500,346,) Js(0) . (215)

where d¢&,, are the It6 differential for independent complex Wiener processes satisfying the It6 rules d§,,,d§, = 0
and d§,d&: = dppdt. The stochastic Schrodinger equation (2.15) describes the coarse-grained evolution of
[ts(t)) on a time scale At on which |is(t)) does not change significantly and such that many jumps and many
laser amplitude oscillations occur during a lapse of time At. These conditions are satisfied when o2 7., At >
At > 1 and v, At < 1 (see [46] for more detail). Although (2.15) is not exactly the quantum state diffusion
equation introduced originally by Gisin and Percival [101], the solutions of the two equations differ by an
irrelevant randomly fluctuating phase factor [46]. More general equations involving correlated complex noises
satisfying the Ito rules d¢,,d¢, = wmnpdt and d§,,,dES = d,,ndt have been considered in Ref. [262]. They give
back the model of Gisin and Percival when u,,, = 0.

Linear stochastic evolutions can be obtained from the state diffusion and quantum jump dynamics by relaxing
the condition that |1)s(¢)) must be normalized at all times. The corresponding linear equations involve Wiener
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processes for diffusion [25, 99, 222] and Poisson processes for quantum jumps [221, 222]. The average state
(2.10) is the same as for the nonlinear dynamics, thus it is normalized at all times.

Let us also mention that the quantum trajectory approach can be extended to non-Markovian dynamics [47,
80, 267] and that models accounting for imperfect measurements on R can be derived.

2.3 Entanglement decay in bipartite systems

We give in this section a brief introduction to the notion of entangled mixed states, which plays an important
role in the remaining of this chapter. A more detailed exposition can be found in Sec. 4.4 and chapter 10 below.
We then digress on the entanglement evolution when the bipartite system is coupled to its environment.

2.3.1 Bipartite entanglement

Let us recall that a pure state |¥) of a bipartite system AB with Hilbert space Hag = Ha ® Hp is entangled
if it cannot be written as a tensor product of two pure states |¢)) € Ha and |¢) € Hg. This property is not
related to a specific observable. Rather, it reflects the fact that any local observables A ® 1 and 1 ® B acting
respectively on subsystems A and B are uncorrelated, that is, (A ® B)y = (A ® 1)¢ (1l ® B)y. The notion of
entanglement is non trivial when dealing with statistical mixtures because the quantum correlations between
A®1 and 1 ® B must be separated from statistical correlations in the state ensemble, which do not correspond
to any entanglement. Consequently, a mixed state pag may be separable even if it is not a product of two
density operators pa and pg on Ha and Hg.

To see if pag is separable, one must consider all possible state preparations associated to pag and look if there
exists one such preparation formed by pure separable states only. Actually, we want to consider as separable
any state that can be prepared locally, allowing for classical communication between the two parties. More
precisely, the state preparation can be achieved by two observers (called Alice and Bob) allowed to exchange
classical information and separated by a large distance to eliminate interactions between A and B. Alice prepares
identical subsystems A with a fraction p; of them in state |1);) € Ha and, when her state is |¢;), tells Bob to
prepare the corresponding subsystem B in state |¢;) € Hg. The two observers thereby prepare identical systems
AB in product states |¢;}|¢;) with probability p;. In mathematical terms, pag is separable if it admits a pure
state decomposition pag = >, mil1i) (Vi| ® |¢i)(¢i| with 05| = [|¢i]] = 1, i > 0, and Y, m; = 1. If such a
decomposition does not exist, the state is entangled.

The Peres-Horodecki condition gives a simple sufficient criterion for entanglement, which turns out to be
necessary and sufficient if the dimensions na of Ha and ng of Hp satisfy nang < 6. We recall that the partial
transpose pa& of pag in a given product basis {|i)|k)} of Hag is defined as

(il(Klpagl)11) = (il(llpagl5)IK) - (2.16)

The Peres criterion states that if prB has negative eigenvalues (i.e., if prB is not a physical state) then pag is
entangled. When nang > 6, there exists entangled states of AB which do not fulfill this criterion. In general,
finding out whether a given state is entangled or separable is not an easy task: a simple-to-handle necessary
and sufficient condition for bipartite mixed state entanglement is still lacking [130].

In the following, we denote by £(Hag) the set of all quantum states of AB, that is, the convex cone formed
by all non-negative operators on Hag with trace one (we assume here that Hag has finite dimension nang). By
definition, the separable states of AB form a convex subset Sag of £(Hag). We say that a state pag lies on the
boundary 0Sag of Sag when pag is separable and an arbitrarily small perturbation can make it entangled. This
is the case e.g. for pure product states®.

2.3.2 Two-qubit states with maximally mixed marginals

To gain some insight on how the convex set of separable states Sag looks like, let us focus on two qubits A and
B (i.e., Ha ~ Hg ~ C?). An arbitrary trace-one self-adjoint operator on Hag ~ C* can be written as

3
1
p:Z(1A®1B+u-a®1B+1A®V-0+anbaa@)ab), (2.17)
a,b=1

8More precisely, p € OSag if and only if p € Sag and Ve > 0, Ip. € E(Hag) such that tr|p — pe| < € and p: ¢ Sag. To show
that a pure product state p = [1h) ()] ® |¢)(¢| belongs to dSag, let us set |¥e) = (1+2)~V/2(|eh)|¢) + el )|b1)), where |1, ) and
|¢1 ) are orthogonal states to |¢) and |¢). Then p. = |¥:)(¥,| is entangled and tr |p — pe| < 2e.
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Figure 2.3: Tetrahedron giving the location of the vectors ¢ of R? representing two-qubit states with maximally
mixed marginals up to local unitary conjugations. Separable states are located inside the octahedron with
vertices I, J,K,L, M, and N. Among separable states, those belonging to the segments [I, K], [J, L], and
[M, N] (red dashed lines) are classical states with zero quantum discord (see chapter 11), as shown in Ref. [67].

where o = (01,02, 03) is the vector formed by the three Pauli matrices acting on either Ha or Hg. In order
that p be a density operator (i.e., that p > 0), the expectation values u = trfo ® 1p] and v = tr[l ® o p| of
the spins of A and B and the 3 x 3 spin-spin correlation matrix C' = (c¢qp) = (tr[o, @ o3 p]) must fulfill certain
conditions (see e.g. Proposition 2.3.4 in [252]). Given two rotations Ra and Rg of R?, the transformation

u—Rau , v— Rgv , C — R\CRL (2.18)

of the spin vectors and correlation matrix amounts to a local unitary conjugation® p — Us ® Upp UL ® U;;,
which does not change the separability property of p. By a singular value decomposition of C, one may thus
assume that the correlation matrix is diagonal, C' = diag(c1, c2, ¢3).

We now specialize our discussion to the family of two-qubit states p with maximally mixed marginals
trg(p) = tra(p) = 1/2, which are given by (2.17) with u = v = 0 [129]. For diagonal C, one has p > 0 if and
only if

1 1
po = Z(l_cl —ca—c3) >0 |, pg= Z(l—l—cl +eatce3—2¢)>0 , a=1,23. (2.19)
Equivalently, ¢ = (c1, ¢2, ¢3) belongs to the tetrahedron 7 with vertices Fiy = (+1,F1,1), G+ = (£1,+1,-1)
associated to the pure states

S S
V2 V2

see Fig. 2.3. The states (2.20) are the four Bell states, which are maximally entangled (see below)!?. They are
the eigenvectors of p with eigenvalues ps 1 and p3 . Thanks to the Peres-Horodecki criterion, p is separable if
and only if both vectors ¢ and € = (¢, —ca, c3), corresponding respectively to p and p’®, belong to .7. The
convex set of separable Bell diagonal states is thus the octahedron represented in Fig. 2.3.

To illustrate the definition of entangled states given above, let us consider a preparation of two Bell states
|U*) with equal probability p+ = 1/2. Even though |¥*) are maximally entangled, the associated density
matrix p = (|UT)(UH| + |[U~)(¥~|)/2 is separable, since it could also have been obtained by preparing two
equiprobable separable states ||]) and [11).

0%) = —= (M) £ ), [95) == £ 11)) (2.20)

2.3.3 Entanglement measures

A well known measure quantifying the amount of entanglement in bipartite systems AB is the entanglement
of formation Eg.r defined as follows [34]. For a pure state, Eror(|¥)) = S(pa) is equal to the von Neumann

9Ua and Ug are the images of Ry and Rg under the SU (2)-representation of the rotation group.
10These states have been used e.g. in Ref. [15] to demonstrate experimentally the violation of the Bell inequalities for photon
polarization states.
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Figure 2.4: Schematic view of the trajectories ¢ — p(t) in the set of quantum states (cyan region) for a
bipartite system undergoing an irreversible evolution. An entanglement sudden death or revival occurs when
the trajectory crosses the boundary of the set of separable states Sag (yellow region).

entropy of the reduced state'! pa = trg(|¥)(¥|). For a mixed state, Egor(p) is defined as the minimum of the
average entanglement over all ensembles {|¥;),7;} forming a pure state decomposition of p, p = > 1;| ;) (¥;],

g, = min i Eror (| . 2.21
wor() = rin {5 B (90 .21
Note that p is separable if and only if Fgop(p) = 0. The maximal value of Fgop is Inn with n = min{na,ng}.
It is achieved for instance for the two-qubit Bell states (2.20). When na = ng = 2, Wootters has shown that
Eror(p) = h(C(p)), where h : [0,1] — [0,Inn] is a convex increasing function (which is explicitly known, see
Sec. 10.4.3) and C(p) is the concurrence given by [265]

C(p) = max{0, A1 — A2 — A3 — Aa}, (2.22)

A1 > A2 > A3 > )\ being the square roots of the eigenvalues of pos ® o9 JpJ 02 ® 0. Here, J stands for the
anti-unitary operator of complex conjugation in the canonical basis {|k)|l)}xi=+,, of C*> @ C%. For pure states,
the concurrence reads

CW) =le(D)] (V) = (Yloz @ 02J[W) = 2(epyepy — eppeyy)” (2.23)

with cg; = (k|({|¥) for any k,I =1,]. The properties of the entanglement of formation and concurrence will be
discussed in more detail in chapter 10.

2.3.4 Different scenarios for entanglement evolution

Let us discuss the time evolution of entanglement when two initially entangled subsystems A and B are coupled
to independent baths. We assume that A and B do not interact directly, so that the Hamiltonian of AB has the
form

Hpp=Ha®1+1® Hp . (2.24)

We first suppose that AB converges at large times to a unique stationary separable state p. By continuity of
the evolution, we conclude that (see Fig. 2.4):

(1) if poo belongs to the interior of the set of separable states Sag, then so does p(t) at large enough times. Thus
the initial entanglement between A and B disappears completely after a finite time tgsp (entanglement
sudden death) [79, 81, 234];

(2) if poo belongs to the boundary of Sag, then either entanglement disappears after a finite time as in case (1),
or p(t) remains entangled at all times (that is, separability is reached asymptotically). The entanglement
behavior depends on the initial state p(0) and on the coupling with the bath [268, §].

Case (1) is realized for instance if AB relaxes to an equilibrium state peq at positive temperature, and case (2)
occurs at zero temperature when AB decays to a non-degenerate ground state of the Hamiltonian (2.24)'2. For

1 The same result is obtained for the entropy of the reduced state pg = tra(|¥)(¥|) of B, see Sec. 7.1.
12Tndeed, the Gibbs state Peq = Zle=BHnap = z7—1e=BHa @ ¢~PHB s in the interior of Spg, whereas the ground state of (2.24)
is a pure product state and thus belongs to 0Sag, see Sec. 2.3.1.
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instance, let us consider the Jaynes-Cummings model for a pair of two-level atoms A and B coupled resonantly
to independent modes of the electromagnetic field. Entanglement evolution in this model has been considered
at zero temperature in the first paper of Yu and Eberly [268]. After a dipole, weak coupling, and rotating wave
approximations [65, 185], one finds that the dynamics of the atoms is governed by the Lindblad equation (2.11)
with jump operators

MY=01®1g , MB=1p®04 (2.25)

and Hamiltonian (2.24) given by Hy = Hg = w 03 (here w is the atomic Bohr frequency, assumed to be the same
for both atoms, o4 = (01 +1i02)/2 = [1){{], and o_ = ai). If the jump rates satisfy 0 < ¥4 =~8 <+2 =18 an
explicit calculation shows that p(t) converges to the Gibbs state peq at inverse temperature 8 = w='In(y2/+4).
Then disappearance of entanglement at finite time is the rule. Conversely, if 'yﬁ = ’yE = 0, the two atoms decay
to the ground state ||)[J). For the initial state [¥(0)) = e[| + ¢y  $) 1), entanglement disappears at finite
time tpsp = —In(1 — |eyy /err]) /A2 for inverted populations |er4| > |cyy|, while separability is asymptotic for
|et] < leyy] [8, 186].

Although the above steady state argument is trivial, the fact that in case (2) certain initial states exhibit
sudden death of entanglement and other do not has astonished the quantum optics community. The original
papers [79, 81, 268] have been followed by a huge amount of works studying entanglement for two qubits with
various reservoir couplings in the Markovian and non Markovian regimes.

We now discuss what happens when there are infinitely many stationary states [234]. We consider a simple
example of two qubits subject to pure phase dephasing in the interaction picture. The corresponding dynamics
is described by the Lindblad equation (2.11) with Hs = 0 and the two jump operators

MA=0301g , MB=1r®o0;, (2.26)

the associated rates being ya and 7g. If the initial state p(0) is a Bell diagonal state given by (2.17) with u =
v = 0 and C = diag(cy, ca, c3), then it remains of this form at all times ¢, with c1(t) = e™27¢y, ca(t) = e =27y,
and cs3(t) = c3 (we have set v = ya + 78). In the standard basis {|k)|l) } k=1, the two-qubit density matrix
reads

14 c3 0 0 (Cl — 62)6727)5
1 0 1—cs (c1 + cg)e™ 27t 0
p(t) =~ —27t (2.27)
4 0 (c1 4 co)e 7 1—c3 0
(Cl — 62)672'% 0 0 14 c3

This matrix becomes diagonal at large times ¢ > y~! (decoherence). Since c3 is constant in time, there is no
relaxation to an equilibrium and the asymptotic state p,, depends on the initial state. One has po, € ISag if
and only if ¢35 = £1. Therefore, entanglement disappears after a finite time for all initial Bell-diagonal states
with c3 €] — 1, 1], whereas for ¢3 = +1 it disappears asymptotically'3.

We end this brief survey with a few words about non-interacting subsystems coupled to a common bath.
Entanglement between these subsystems may increase with time due to the effective interaction mediated by the
bath, and the stationary state may be entangled [44]. The same occurs in the reverse situation of two interacting
subsystems coupled to independent baths [278]. By continuity of the trajectory, p(t) is then entangled at all
times larger than a given time to. The state p(t) can, however, make an excursion to the separable region before
that time, so that entanglement vanishes at a finite time tggp < tg and then re-appears at later times tgsg < to
(entanglement sudden revivals) [92, 166, 186].

3By the Peres-Horodecki criterion and our definition of the boundary Sag (Sec. 2.3.1), a two-qubit state p is in the interior of
Sag if pT8 > 0. Since pLB = poo is given by (2.27) with ¢1 = ¢ = 0, this condition is satisfied when ¢3 €] — 1,1[. To show that
Poo € OSag if c3 = 1, one may consider the state pe given by choosing ¢c3 =0, ¢c1 = —c2 = ¢, and t =0 in (2.27). For 0 < € < 1, one
checks that pe > 0, pe is entangled, and tr |pso — pe| = € (a similar argument holds for ¢cg = —1). For ¢3 = +1 one has ¢1 = Fea,
see Fig. 2.3. If ¢1 # 0, the states (2.27) are entangled at all times ¢ > 0. In particular, entanglement vanishes asymptotically if the
initial state is a Bell state (2.20).
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2.4 Entanglement decay when information is extracted from the
baths

2.4.1 Main result

We now discuss the time-evolution of entanglement between two non-interacting subsystems A and B coupled
to independent baths in the presence of monitoring by continuous measurements on the baths. For fixed
realizations of the measurement outcomes, the bipartite system AB remains in a pure state |¥(¢)) € Hag, the
evolution of which defines a quantum trajectory t — |¥(t)) (Sec. 2.2). In view of (2.10), the state ensemble
{|¥(¢)),dp[¥]} defines a pure state decomposition of the density matrix p(t) of AB, therefore

Eror(¥(t)) > Egor(p(t)) (2.28)

i.e., the entanglement of formation of p(t) is smaller or equal to the average entanglement of formation of the
state ensemble selected by the measurements on the baths. The latter depends on the way information on AB is
extracted from the reservoirs, that is, on the type of measurements used. As argued in Ref. [178], the quantity
Fror(U(t)), albeit it does not fulfill the quantum information theory axioms for an entanglement measure, can
be promoted to the rank of relevant measure of entanglement when such information is available. This is the
case for instance in Haroche’s experiments.

A natural question is whether Fgor(¥(t)) may vanish at finite times like Egor(p(t)). Two related problems
are

(a) find the measurement scheme which better protects AB against entanglement losses (in other words, find
the unraveling of a given master equation leading to the maximal value of Egor(¥(t)));

(b) find the measurement scheme (if it exists) which selects the state ensemble with the minimal average
entanglement of formation Fror(¥(t)), that is, such that (2.28) holds with equality.

We assume here that the measurements performed on the two baths are local. The jump operators are then of

the form
MAi®1 | 1oME. (2.29)

In that case, for the quantum jump dynamics, if the initial state |¥(0)) is entangled then Egop(¥(t)) > 0 at all
times. The reason is that the trajectory t — |¥,;(¢)) which does not experience any jump remains entangled at
all times. Actually, according to (2.3), (2.24), and (2.29), the non-unitary evolution operator e~ et is a tensor
product of two local operators acting on each subsystem. If |W,;(t)) o< et | ¥(0)) would be separable at a
given time ¢ then, by reversing the dynamics (i.e., by applying el'fit to |W,;(¢))) one would deduce that |¥(0))
is separable. Hence Egror(¥nj(t)) > 01if |¥(0)) is entangled. But the probability to have no jump between times
0 and ¢, given by (2.9), is nonzero for all times ¢ and thus Egop(¥(t)) > 0. Note that this argument does not
apply if the measurements on the baths are non-local.

If A and B are qubits, our main result shows that the mean entanglement of quantum trajectories can be
evaluated exactly if one uses the concurrence instead of the entanglement of formation.

Theorem 2.4.1. Let A and B be two non-interacting qubits coupled to independent baths. If the dynamics of
AB is given either by the quantum jump model of Sec. 2.2.1 with local jump operators (2.29) or by a quantum
state diffusion described by Egs. (2.14) or (2.15) with the same jump operators, then the average concurrence
over all quantum trajectories decays exponentially with a rate k > 0 independent of the initial state |¥(0)),

C(¥(t)) = Coe™ " | (2.30)
where Cy is the initial concurrence.

The decay rate xk depends on the measurement scheme only. Thanks to the Jensen inequality and the
convexity of the function h relating Fror and C' (Sec. 2.3.3), the average entanglement of formation is bounded
from below by

h(Coe™") < Eror(¥(t)) . (2.31)

As a corollary, a negative answer to the problem (b) above can be given in the case where the density matrix
p(t) = |U(t))(¥(t)| exhibits a loss of entanglement at a finite time ¢tggp: then for all local measurement schemes,
Eror(¥(t)) > Eror(p(t)) =0 at times ¢t > tggp. Therefore, a measurement scheme such that (2.28) holds with
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Figure 2.5: Time evolution of the concurrence of a pair of two-level atoms in resonance with the same mode of the
electromagnetic field initially in the vacuum: (1a) C(p(t)) (blue dashed line); (1b) C(¥(t)) for a single trajectory
(black dotted line); (1c) average C(¥(t)) over all trajectories (red line superimposed on the blue line). The initial
state is [W(0)) = (2[t1) + [41))/V5. Inset: (2a,b,c) same for the initial state |¥(0)) = (7ift1) + 2i|}1))/V/53.

equality must necessarily involve measurements of non-local (joint) observables of the two baths. A sort of
positive answer to problem (b) has been given in Refs. [52, 249], where a measurement protocol satisfying
C(T(t)) = C(p(t)) at all times has been found for a specific model. In agreement with the claim above,
this protocol involves non-local jump operators, although the associated Lindblad equation has purely local
dissipative generators'. In Fig. 2.5, we show the concurrences for a model involving a single non-local jump
operator M = 0” ® 14+ 1® 08 and with an Hamiltonian Hag = 0. The jump operator M corresponds to the
detection of a photon emitted spontaneously by either atom A or atom B. Here the two atoms are coupled to a
common bath. The concurrence C(p(t)) of the density matrix displays sudden death and revival of entanglement
(Sec. 2.3.4). An explicit calculation [251] shows that for any initial state containing at most one excitation (i.e.,
such that ¢4 = 0), the average concurrence C(¥(t)) coincides with C(p(t)) at all times. In contrast, in the
opposite case, C'(¥(t)) increases at small times whereas C'(p(t)) decreases, both concurrences converging to the
same asymptotic value Coo = |cy) — ¢j4]?/2 at large times ¢.

2.4.2 Disentanglement rate

In this subsection we prove Theorem 2.4.1 and determine the decay rate k. We first focus on the quantum
jump dynamics. The result for state diffusion will be deduced by using the fact that the stochastic Schrodinger
equations (2.14) and (2.15) arise as limits of quantum jump evolutions (Sec. 2.2.3). To simplify notation, we
write C(t) instead of C'(¥(t)). Let us set

1 . . .
Knp=Ka®1+1®Kg Ki:§Z%1nijM,?n, (2.32)

where 7!, is the rate associated to the jump operator M} , with i = A, B. We will take advantage of the identities

c(t
= (02 ©02 JOL® 1)y = %trA(OA) (2.33)

(O} ® 102 ® 05 JOA ® 1)ypy = c(t) det(O}) ,

<OA &® 1 09 @ 02 J>‘I/(t)

where c(t) = (02 ® 02 J)y() is given by (2.23) and Oa is an arbitrary local operator acting on qubit A. The
same identities hold for operators 1 ® Og acting on qubit B.

1 Such non-local operators may be obtained from local jump operators by the transformation (2.12), which does not change the
Lindblad equation.
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If no jump occurs between ¢t and ¢t 4 d¢, one gets by expanding the exponential in (2.8) and using (2.23)

C(t+dt) = pyj(t, t +dt)~! +O(dt?)] , (2.34)

o(t) +idt(Hlg o0 © 02 T + 02 ® 09 JHerr)y,

where ppi(t,t+ dt) is the no-jump probability in [¢t,¢ 4 dt] and Heg = ), (H; — iK;). With the help of the first
identity in (2.33), one finds

O(t+ dt) puy (£, t + dt) = C(2) (1 - tr(KAB)% + O(dtQ)) . (2.35)

If a jump of type (m,4) occurs in the time interval [¢t,¢ + d¢], by virtue of (2.6), (2.7), and the second identity
n (2.33), the concurrence is

Cjump (t+dt) = RO C(t)|det(M},)] . (2.36)

Collecting (2.35) and (2.36) and using the Markov property of the jump process, one gets C(t + dt) = C(¢)(1 —
kqy dt + O(dt?)) with

KQr = —tr (Kag) Z’y |det(M?) (2.37)

We now let dt go to zero to obtain dC(t)/dt = —rqy C(t). The solution of this differential equation has the
exponential decay claimed in the theorem. One may check that the decay rate kg is non-negative from the
equality

rau = 3 22 ([{HMG 1) — eHon (UMD + (1M, + 2o MEDW) | (2.38)
where 20 is the argument of det(M?,). L
As mentioned above, the exponential decay of C(t) for quantum trajectories given by the stochastic equation
(2.14) (respectively (2.15)) follows from the fact that this equation can be obtained from the quantum jump
dynamics for homodyne (heterodyne) detection in the high laser intensity limit. Thus Theorem 2.4.1 is proven.
Furthermore, the corresponding decay rate rno (respectively kpet) can be derived by making the substitution
(2.13) in formula (2.37) and taking o, — oco. After some steps of calculation that we do not retrace here
(see [251] for more detail), one gets

Kho = %tr(KAB nym<Re{det (Mi)}+ 5 Lt {tres (M, ) (2.39)
Khet = ; (KAB Z’ym‘tr((p MZ )’ (240)

2.4.3 Optimal measurement schemes for entanglement preservation

We can now tackle the problem of finding the best measurements on the baths to protect entanglement (prob-
lem (a) of Sec. 2.4.1). The first results in this direction go back to a paper by Nah and Carmichael [178], who
studied a two-level atom A interacting with a cavity field B, the atom and field being coupled to independent
baths.

(i) Complete preservation of entanglement.

Let us first study the situation where perfect protection of entanglement can be achieved with quantum
jumps, i.e., kqy = 0. In such a case, if the qubits are maximally entangled at time ¢ = 0 (that is, Cy = 1) then
|W(t)) remains maximally entangled at all times t > 0 for all quantum trajectories (that is, C(t) = C(t) = 1)'.
This means that one may keep the qubits maximally entangled by extracting locally information from the
baths. One easily shows from (2.38) that kq; = 0 if and only if M} = X U! with \{, > 0 and U}, a
unitary matrix, for any m and i. Then the mean concurrence does not decay, as it can be understood from the
following argument [53]. A jump (2.7) transforms |¥(t)) into U! |¥(¢)) and thus does not change the amount
of entanglement because U!, are local unitaries. The same holds for the evolution between jumps under the
effective Hamiltonian Heg = Hag —1Kag. For indeed, the damping part Kag is a c-number and Hag is a sum of

15We recall that the concurrence C(t) belongs to [0, 1].
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Figure 2.6: Left panel: concurrences of 2 qubits coupled to independent baths as a function of ~t for a
pure dephasing with jump operators (2.26): (la) density matrix concurrence C(p(t)) for an initial Bell state
|T(0)) = |¥*+) (blue dashed line); (1a’) same for the initial state |¥(0)) = (J¥*) —i|®F))/v/2 (blue dotted-
dashed lines); (1b,1c) C(¥(t)) = C(¥(t)) for a single trajectory (red line). Right panel: same at positive
temperature for the jump operators (2.25) with rates 74 =+~ /2 = v and initial state |¥(0)) = %(HT} —i[ld)):
(2a) C(p(t)) (blue dashed line); (2b) C(¥(¢)) for a single trajectory (black dotted line); (2¢) C(¥(¢)) averaged

over 1500 trajectories and from (2.30) (red lines) ; (2d) C(¥(¢)) for the best measurement scheme with jump
operators (2.42).

two local Hamiltonians, see (2.24) and (2.32). A particular case for which £qy = 0 is when the jump operators
M} ocul, - o' are proportional to local spin operators. The corresponding evolution under the master equation
(2.11) is a pure phase dephasing. Taking for instance the jump operators given by (2.26), the entanglement
in the density matrix p(t) disappears after a finite time for all initial entangled pure states'® |¥(0)) such that
ek = (kl|¥(0)) # 0 for all k,I =1, ], whereas it never vanishes e.g. if ¢4y = ¢4 = 0 or if ¢44 = ¢ = 0. This

is illustrated by the decay of the concurrence C(p(t)) displayed in the left panel of Fig. 2.6. In contrast, the
concurrence C'(¥(t)) of all quantum trajectories do not decay.

(ii) Two-level atoms coupled to the electromagnetic field with a Jaynes-Cummings interaction.

Another physically relevant example is a pair of two-level atoms resonantly coupled to independent modes of
the electromagnetic field. If the jumps are caused by a detection of a photon emitted by one of the atoms, which
can be done in principle by surrounding each atom by photo-detectors, the jump operators are as in (2.25).
Thanks to (2.30) and (2.37), the average concurrence is'” C(t) = Coe~ A3+ 492)1/2 1t 5 compared in the
right panel of Fig. 2.6 with the concurrence of the density matrix, obtained by solving the master equation (2.11).
At positive temperatures, the latter concurrence vanishes after a finite time for all initial states, as a consequence
of the entanglement sudden death (Sec. 2.3.4). We would like to determine the optimal measurement scheme
to protect the entanglement between the two atoms. With this goal, we replace the photon-counting jump
operators M’ = o’ by M/ using the transformation (2.12) with a N x 2 unitary matrix (uim)m:i

for each
p=1,...,N
i = A, B. Note that we do not mix jump operators for different i’s, as this would lead to non-local measurements.
From (2.37), the new entanglement decay rate is found to be

1 - — 2
rar =5 2 (V| = i)
o,

By optimizing over all unitaries and making use of the Cauchy-Schwarz inequality and }, lul, +|> = 1, the
smallest disentanglement rate is reached e.g. for N = 2 and v} | = +ub, = 1/V/2, i.e,,

i A i -1 i i i i Ve -1 i i )
VM =2 2(\/V+U++ 7_0_) s M =2 2(\/V+U+—\/7_U_) (2.42)

16 This follows from similar arguments as in Sec. 2.3.4. In fact, if cx; # 0 then the asymptotic state poo = 2ok lexi| 2| kL) (K| is in
the interior of Sag.

(2.41)

171t is instructive to derive this result directly, without relying on Theorem 2.4.1. One notes that a jump with jump operator
A B
o or o®,

which corresponds to the detection of a photon emitted by atom A or B, disentangles the atoms completely. Actually,

if e.g. a detector surrounding A makes a click, then one is certain that A is in its ground state ||), so that AB is in a product state
(see [251]).
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with ¢ = A, B. It is given by
1 ; —\ 2
KO =5 D (\/vi — \/vi) : (2.43)
i=A,B

Note that na%t = Kkqy at zero temperature (74 = 0) and na%t = 0 (perfect protection) at infinite temperature

(74 = 7-). The decay of C(¥(t)) for the optimal quantum jump dynamics is shown in the right panel of
Fig. 2.6. Based on our result, the authors of Ref. [53] have proposed to engineer an artificial infinite temperature
reservoir for a two-level atom via an adiabatic elimination of a third level populated with a laser pump, and to
use quantum jumps or state diffusion to preserve entanglement.

(iii) Optimal homodyne detection
We now turn to homodyne detection. The corresponding disentanglement rate rpo is given by (2.39).
Unlike kqj, this rate changes when the operators M., acquire a phase factor, M} — e_ieian;l. This arises

for homodyne detection with complex laser amplitudes of = |a?, |, |af | > 1. Minimizing over the laser
phases 07, yields

o 1 i i 1 i V)2 1 i
Rt = 5 tr(Kag) = > i ([det (M) = 7 (brea (M)| + 7 |tre (03| ). (2.44)

m,i

It is easy to convince oneself that
nﬁgt <kqQi , nﬁgt < Khet - (2.45)

The first (respectively second) inequality is strict excepted if the two eigenvalues of M, have the same modulus
(are equal) for all m and ¢. Thus optimal homodyne detection protects entanglement better than - or, if the
aforementioned conditions are fulfilled, as well as - photon counting and heterodyne detection. For the jump
operators given by (2.42), homodyne detection does not do better than quantum jumps, KOQP; = kP, Let us
stress that the optimal measurements (in particular, the laser phases 6!, minimizing the rate ) only depend
on the Lindblad operators M}, in the master equation and are the same for all initial states of the qubits.

2.5 Conclusions

We have found explicit formulas for the mean concurrence of quantum trajectories and have shown that the
monitoring of the two qubits obtained thanks to continuous measurements on the baths may be used to protect
entanglement. These results shed new light on the phenomenon of entanglement sudden death. If the measure-
ments are performed locally on the two independent baths, the mean concurrence C'(¥(t)) is either constant
in time or vanishes exponentially with a rate depending on the measurement scheme only. A constant value
implies a perfect protection of maximally entangled states for all trajectories. In the case of pure dephasing
and for Jaynes-Cumming couplings at infinite temperature, we have found measurement schemes independent
of the initial state leading to such a perfect entanglement protection. Despite obvious analogies, this way to
keep entanglement differs from the strategies based on the quantum Zeno effect!®. A corollary of our result is
that, if the density matrix p(t) suffers from a disappearance of entanglement at finite times, a measurement
scheme which could prepare the two qubits at all times in a state ensemble with a minimal mean entanglement
of formation Egor(¥(t)) = Eror(p(t)) must necessarily involve measurements of non-local observables of the
two baths. In contrast, we have found that if the two qubits are coupled to a common bath, C(¥(¢)) may
coincide with the concurrence C(p(t)) of the density matrix for certain initial states.

Let us point out that generalizing our result to higher-dimensional systems is not straightforward. One could
use the generalized concurrence defined by Eq.(10.4) in chapter 10, but unlike what happens for two qubits,

C(t + dt) does not appear to be a function of C(t) and the behavior of C(t) is more complicated.

18Such a strategy has been proposed in Ref. [166]. In the quantum jump and quantum state diffusion models considered here, the
time interval between consecutive measurements is small but not exactly zero, whereas in [166] a perfect entanglement protection
is reached in the idealized limit yvdt¢ — 0, i.e., when the measurements completely prevent the decay of the superradiant state.
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Chapter 3

Decoherence in Bose-Josephson
junctions

Nous irons droit a l’essentiel, mais pour comprendre l’essentiel il est nécessaire de parler des détails
8 p P p
(journaliste de France Inter).

3.1 Motivations

In this chapter, we investigate a physical model which is more directly related to experiments than in the
other chapters. We are interested by ultracold gases of interacting bosonic atoms in two modes, realized
by coupling two trapped Bose-Einstein condensates (BECs) which may exchange particles. Since the first
experimental observations in 1995 of Bose-Einstein condensation with Rubidium atoms in the group of E. Cornell
and C. Wiemann and with Sodium atoms in the group of W. Ketterle, many laboratories have produced
BECs from metastable vapors of various Alkali atoms at very low temperature (of the order of 10-100nK)
and low densities (of the order of 10'3-10** ¢cm~3). The trapping of the atoms is realized either by applying an
inhomogeneous magnetic field or by means of optical potentials created by counter-propagating off-resonant laser
fields forming standing waves. A so-called external Bose-Josephson junction is obtained when the condensed
atoms are trapped in a double-well potential. The two spatial wave functions localized within each wells
constitute the two modes of the junction. Tunneling between the wells leads to an inter-mode coupling. In
internal Bose-Josephson junctions, the atoms are on the contrary trapped in a single well. The two modes
correspond to two distinct hyperfine internal states, which are coupled by a resonant microwave or radio-
frequency field. The two systems have the same dynamics. They have been realized experimentally with
optically trapped 87Rb atoms [87, 106] in the group of M. Oberthaler in Heidelberg and with magnetically
trapped 87Rb atoms on a chip [39, 202] in the group of P. Treutlein in Basel.

An interesting feature of ultracold trapped atomic gases is the experimental tunability of the physical
parameters governing their dynamics. The shape of the optical potential is controlled by the laser fields creating
it, enabling in particular to design quasi one-dimensional or two-dimensional confinements (anisotropic traps)
and disordered potentials (speckle). Artificial gauge fields can be created by applying additional laser fields [70].
The strength and even the sign of the inter-atomic interactions can be controlled by using Feshbach resonances in
the presence of a uniform magnetic field [89, 91]. For these reasons, BECs have attracted a lot of interest in recent
years, in view of their applications to quantum information technologies and their ability to simulate the ground
state properties and dynamics of many-body solid state systems. In particular, the superfluid Mott-insulator
phase transition has been observed experimentally in a BEC trapped in an optical lattice potential [104].

One of our motivations to study Bose-Josephson junctions (BJJs) is that they generate dynamically macro-
scopic superpositions of coherent states. The first proposal to generate such superpositions with light consisted
of sending photons through a medium presenting a strong Kerr non-linearity [272]. In such media, the dynamical
phases of Fock states are nonlinear in the photon number, thus the phase of an initial coherent state is split.
An alternative way is to use a cavity field coupled to atoms crossing the cavity [113]. In the experiments of
the Haroche group, superpositions of coherent states of the cavity field have been produced, and their progres-
sive transformation into statistical mixtures as time evolves has been observed [76] (see also the circuit QED
experiments in Yale [250]). Superpositions of coherent states for the motional degree of freedom of a single
Bet trapped ion have been also produced in the group of D. Wineland [172]. In gases of ultracold bosonic
atoms, interactions between atoms lead to non-linearities similar to the Kerr non-linearity. Starting from a spin
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coherent state (that is, a product state in which all atoms are in the same superposition of the two modes), the
unitary dynamics builds up superpositions of spin coherent states after a sudden quench to zero of the inter-
mode coupling. The main question is to know whether such superpositions of coherent states can be formed in
a BJJ even in the presence of experimental noises and interaction of the trapped atoms with their environment.
The impact of decoherence on the superpositions has been investigated in Ref. [131] by considering the coupling
of the atoms with the electromagnetic vacuum. However, these decoherence effects seem to be negligible in the
Heidelberg and Basel experiments. In what follows, we study the impact on the superpositions of (i) a phase
noise produced by magnetic fluctuations in internal BJJs and by relative fluctuations of the bottoms of the two
wells in external BJJs (ii) atom losses in the BEC provoked by recombination and collision processes. These two
effects are presumably the main sources of decoherence in the aforementioned experiments. Their impact on
spin squeezed states, which are produced by the unitary dynamics of the BJJ at earlier times than the macro-
scopic superpositions, has been analyzed in detail in Refs. [218, 270, 271]. Unlike macroscopic superpositions,
spin squeezed states have been already observed experimentally [87, 106, 202].

Multipartite-entangled states such as squeezed states and macroscopic superpositions of coherent states are
particularly interesting for high-precision interferometry. Indeed, they can be used to estimate phase shifts
with a resolution below the shot noise limit, that is, better than what can be done with independent atoms.
The highest possible phase sensitivity is smaller than the shot noise value (A¢)sn ~ 1/v/N by a factor 1/v/N,
N being the number of atoms. It is achieved when the input state of the interferometer is a macroscopic
superposition of two coherent states with opposite phases on the Bloch sphere [197]. In order to quantify the
amount of quantum correlations useful for interferometry, we study the time evolution of the quantum Fisher
information. This quantity is related to the Cramér-Rao lower bound on the precision with which an unknown
parameter - the phase shift in interferometry - can be determined via measurements on the output state and
statistical estimators. Important applications of interferometry with entangled states is the enhancement of the
precision of atomic clocks and magnetic field sensors.

The chapter is organized as follows. In Sec. 3.2 we review the dissipation-free dynamics of BJJs after a
sudden quench to zero of the inter-mode coupling. In Sec. 3.3 we study decoherence and phase diffusion due
to a phase noise and to atom losses. The time evolution of the quantum Fisher information in the presence of
atom losses is discussed in Sec. 3.4. Sec. 3.5 addresses the problem of the impact of a single atom loss event
on a macroscopic superposition, leading to qualitative explanations of the results of Sec. 3.4. The last section
presents some conclusive remarks.

3.2 Unitary dynamics of Bose-Josephson junctions

3.2.1 Bose-Hubbard Hamiltonian

We will describe the condensed atoms in external or internal BJJs by the two-mode Bose-Hubbard Hamilto-
nian [168]

Ui
Hy = Z (Eini + ?nz(nl — 1)) + Uianing + K(GIGQ + agal) ; (3.1)
i=1,2

where a;, aj, and n; = alai are the bosonic annihilation, creation, and number operators in mode 7 = 1, 2.

For an external BJJ, the Hamiltonian (3.1) is obtained formally by replacing the field operator J(z) in
the second-quantized many-body Hamiltonian of the N atoms by 1 (x)a1 + 12(x)az, where ©;(x) is the (real)
wave function of an atom localized in the ith well in the lowest energy level E; = [dx(Vi);)?(z)/(2mas) +
[ dz Vi (z);(x)? (here Vi(z) is the single-well potential and m,; the atomic mass). The contact interactions
between the atoms lead to the quadratic terms in n;, with interaction energies U; = (470;/mat) [ da o (z)?,
with ¢; the scattering length in well i. Hereafter, we assume repulsive interactions, i.e., ¢; > 0. Quadratic terms
involving overlap integrals of v (z) and 2 (z) are neglected, so that in particular Uiz = 0 (no interactions
between atoms localized in distinct wells). The last contribution in (3.1) originates from the overlap integrals
in the kinetic and external potential parts of the many-body Hamiltonian. It describes the tunneling between
the two wells, with tunnel energy K. The rigorous derivation of the Bose-Hubbard Hamiltonian (3.1) from the
many-body problem is an interesting open issue (see Part III below). In particular, it would be important to
identify precisely the weak interaction and large inter-well distance limits in which the two-mode approximation
is justified (see [168] for a physical discussion in this respect).

For an internal BJJ, the energy E; in (3.1) is the energy of the hyperfine level i. The interaction energy
U,; for atoms in the same mode i is given by the same formula as above albeit with ;(z) the solution of
the Gross-Pitaevskii equation in the single-well potential. The cross-interaction energy U;s cannot anymore
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be neglected. The tunneling term originates from a resonant microwave or radio-frequency field coupling the
two hyperfine levels, so that K is an experimentally controllable parameter. Even though the validity of the
two-mode approximation is questionable in the experiments of Refs. [106, 202], we will assume here that the
Bose-Hubbard Hamiltonian (3.1) captures qualitatively the important physics.

It is convenient to rewrite this Hamiltonian in terms of the angular momentum operators’

(aJ{ag + agal) . Jy = —i(aj{ag — agal) , Jy= (a{al — a%ag) (3.2)

Jy = >

N | —
N —

(Schwinger representation). If the BJJ has a well-defined fixed total atom number N = nj + ng, the Bose-
Hubbard Hamiltonian takes the form
Hy=xJ? =\, +2KJ,, (3.3)

where terms depending only on N have been dropped out and

Uy + U — 2U Us — U
:—1+22 2o A:E27E1+(N71)722 L

(3.4)
It is worth noting that the Hamiltonian (3.3) also appears in the physics of superconductor-insulator-super-
conductor tunnel junctions (Josephson junctions).

3.2.2 Spin coherent states

When tunneling dominates inter-atomic interactions, the atoms in the BJJ are independent and delocalized in
the two modes, more precisely, they are in a Hartree state with single atom wave function (11 (z) 4+ ¥2(2))/v/2.
This state is an example of SU(2)-coherent state. Let |ni,na) be the Fock states, that is, joint eigenstates of
the number operators in modes 1 and 2 with eigenvalues n; and ny. The SU(2)-coherent states are defined
as [274]

=

= S (N _Gan@/)m
N:0.9)= D ( m ) [+ tan2(6/2)) % I, = N =) (35)

7’7,1:0

It is easy to show that |N;0,¢) o (e™% sin(9/2)al{ + cos(9/2)a£)N|O> (here, |0) is the vacuum state). Hence
|N; 0, ¢) is a product state in which all atoms are in the same superposition of the two modes.

An arbitrary (pure or mixed) state p can be represented by its Husimi distribution on the Bloch sphere of
radius N/2 (the classical phase space in our problem),

1

™

Qn (8, ) (N;0,0|p|N;0,¢). (3.6)
This distribution provides a useful information on the phase content of p. The coherent state (3.5) has a Husimi
distribution with a single peak at (6, ¢) of width ~ 1/v/N, as illustrated in the panel (a) of Fig. 3.1. In analogy
with quantum optics, we represent this state on the Bloch sphere as a disc of diameter v N /2 centered at
N (sin 6 cos ¢, sin @ sin ¢, — cos ) /2 (see Fig. 3.2). The coordinates of the center of the disc are the expectation
values of the angular momentum operators J;, Jy, and J,, whereas its diameter gives the quantum fluctuations
of Jo = J - n in directions n tangential to the sphere. The Fock state |n; = N,ny = 0) is a coherent state with
6 = 7, located at the north pole of the Bloch sphere. The unitary operator e'¢/» performs a rotation by an
angle ¢ around the axis specified by the unit vector n.

3.2.3 Dynamics after a sudden quench to zero of the tunnel amplitude

Let us consider a BJJ with Ny atoms initially in the ground state of the Hamiltonian (3.3) for £y = E» and in
the limit of small interactions with respect to tunneling, i.e., Hy = 2K J, This state is the coherent state

46(0)) = | No 6 = 0) = [No: 0 = 5.6 =0). (3.7)

We are interested in the dynamics of the BJJ driven by interactions after a sudden quench to zero of the
inter-mode coupling K. Going to the rotating frame, we may suppose that A = 0. It is immediate from (3.5)
that the atomic state [(©)(t)) = e~ %7 |1)(0)) displays a periodic evolution with period T' = 27/y if N is
even and T'/2 if Ny is odd. It can be shown that the evolution between ¢ = 0 and ¢ = T first builds up spin

11t is easy to check that Jy, Jy, and J, satisfy the commutation relations of angular momenta.
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Figure 3.1: Husimi distributions in a dissipation-free BJJ at some specific times: (a) ¢ = 0 (coherent state);
(b) t = T'/40 (spin squeezed state) , (c) t = T/6 (3-component superposition of coherent states), (d) t = T'/4

(2-component superposition). Here Uy = Uy = QT“, Uio = F1 = FEy, =0, and Ny = 10.

squeezed states (states with a reduced fluctuation of J, in one direction n and an enhanced fluctuation in the

perpendicular direction)?, the highest squeezing being produced at time ¢ ~ T'N, 2/3 [146]. Later on, when the
Husimi distribution covers the whole equator of the Bloch sphere, interferences and quantum superpositions
should be expected to come into play. Indeed, at the times

T T

=—=— , ¢g=2,3,..., 3.8
Xq 2q (3:8)

q

one finds that the atoms are in superpositions of coherent states® [230, 272]

qg—1

WO (tg)) = ck.q| Nos br.q) (3.9)

k=0

with coefficients ¢ , of equal moduli g~/ and phases § = /2 and ¢y, = ¢o 4 + 27k/q. In particular, the
BJJ is at time ¢ = t5 in the superposition (|No; ¢o.2) — |No; 0.2 + 7))/v/2 of two coherent states located on the
equator of the Bloch sphere at diametrically opposite points. Panels (¢) and (d) of Fig. 3.1 show the Husimi
distributions of the states (3.9) for ¢ = 2 and ¢ = 3.

As stressed above, the observation of Schrédinger cat states such as (3.9) with large atom numbers Ny is
an exciting challenge. Due to the tunability of the interactions and trapping potential and since the sources
of decoherence in BECs are relatively well understood, cold atoms and more specifically BJJs seem to be good
candidates for observing such states?. Note that spin squeezing has been already obtained experimentally in
BJJs [87].

3.2.4 Structure of the atomic state in the Fock basis

The density matrix
PO () = [ O 0) (O (1)) = 7= 1p(0)) ((0) > (3.10)

2This can be understood intuitively as follows. The initial state is represented on the Bloch sphere by a disc centered at
(N/2,0,0) with radius V' N/4 (see above). One may think of the unitary e~ixJ ag a rotation around the z-axis with an angle
txJ.. As the upper (lower) half of the disc rotates in the anticlockwise (clockwise) direction, an elongated ellipse is formed, as
illustrated in panel (b) of Fig. 3.1. This ellipse corresponds to a spin squeezed state.

3Equation (3.9) can be derived by using (3.5) and the Fourier expansions

a—1 ink?/q,—2i k e
ominn?/a _ uy i o™ /ag=2imnik/q if ¢ is even
o Zg;(}) eimk(k+1)/qg—imn1(2k+1)/q  if q is odd
with |u|? = |u/|? = 1/q by the Parseval identity. The phase ¢4 is equal to —No7/q if q is even and (—Np + 1)7/q if ¢ is odd.
4Due to unavoidable atom losses, Ny should, however, be smaller than the hundreds of atoms used so far in the Heidelberg and
Basel experiments [202, 106].
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Figure 3.2: Rotations on the Bloch sphere in the interferometric scheme (see Sec. 3.4.1): the input coherent
state at the north pole (green disk) is rotated around the y-axis by an angle 7/2 (blue disk) and afterward
around the z-axis by the unkown phase ¢ (black disk). The precision A¢ on the estimation of ¢ is larger than
the size VN /2 of the disk, representing the angular momentum fluctuations, divided by the radius N/2 of the
sphere. The last rotation around the y-axis is not represented.

has a simple form in the Fock basis. In all what follows, we set no = Ny — ny and n, = Ny — n. The moduli
of the matrix elements of p(°)(t) are time-independent and behave in the limit Ny > 1 like

1 N 3 N 3 2 (n1 - N0/2)2 + (n' - N0/2)2
0 _ 0 0 1
}<”1,n2|ﬁ'( )(t)|n/1,n/2>| ~ 9No < ) < ’ ) ~ Ny exp{— No } - (3.11)

ny ny

At the time ¢, of formation of the superposition (3.9), it is convenient to decompose the density matrix as a
sum of a “diagonal part” [p(®)(¢,)]a, corresponding to the statistical mixture of the coherent states, and an
“off-diagonal part” [p(®)(t,)]oa describing the coherences between these states, i.e.,

0 0 .
Zpgck),q ) Z e q pkk’ = Ch,qCh g1 N0 Pr.q) (Noi Ok q] - (3.12)
kZk!

These diagonal and off-diagonal parts exhibit remarkable structures in the Fock basis, which enable to read
them easily from the total density matrix®:

(ny,na|[p® (t)]alnt,ns) = 0 if nf # ny modulo g 3.13)
(n1,n2|[p (t)]oalni,nh) = 0 if n} =ny modulo g. .

The off-diagonal part does almost not contribute to the Husimi distribution. The Husimi plots in panels (c)
and (d) of Fig. 3.1 thus essentially show the diagonal parts only. On the other hand, the quantum correlations
are contained in the off-diagonal part.

3.3 Dissipative dynamics of Bose-Josephson junctions
In this section, we consider the same evolution with initial state (3.7) under the Hamiltonian (3.3) with K =

A =0 as in the preceding section, but we add noise or atom losses on top of the unitary dynamics. We study
the effects of decoherence and phase relaxation on the atomic state, in particular the superpositions at time ¢,.

5The first line follows from (3.5) and the identity Zz;é g2ik(n'=n)7/q — g if n = n/ modulo q and 0 otherwise. The second line
is obtained by using [p(%) (tq)]oa = e~ "/2/9| No; ¢ = 0)(No; ¢ = 0[e!™72/7 — [p(O) (t,)]4.
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3.3.1 Decoherence and phase relaxation due to a phase noise

Random time fluctuations of the energies E;.

In the external BJJ of Ref. [87], random changes of the shape of the two lowest potential wells are caused by
fluctuations in the direction of the laser beam producing a sinusoidal optical potential on top of the harmonic trap
(the other wells are not occupied by atoms at the temperature of the experiment). This induces time fluctuations
of the lowest energies E7 and F» of these two wells. Similarly, in the internal BJJs of Refs. [106, 202], the presence
of a randomly fluctuating inhomogeneous magnetic field leads to fluctuations of the hyperfine energy levels FE;.
We account for this noise by considering the Hamiltonian

H(t) = xJ.”> = Mt)J. , (3.14)

where A(t) is a classical stochastic process. We assume here a stationary process with a correlation function

k(t — 1) = MOME) — A0)° (3.15)

independent of the number of atoms Ny (this is justified if one can neglect the fluctuations of the interaction
energies U, see (3.4)). The overline in (3.15) refers to the average over the noise realizations. We set A = A(0) =
A(t). Since [H(t), J.] = 0 at all times, J, is conserved as in the noiseless case. As a consequence, the model can be
solved exactly, without having to rely on a Markov approximation. For a given realization A(¢), the Schrodinger-
evolved state is obtained from the state [1)(°)(¢)) in the absence of noise through a rotation around the z-axis
by a random angle ¢(t) = —fot drA(7), ie., [P(t)) = e M7= |0 (1)). We denote by f(é,t) = 5(b(t) — b)
the distribution of the phase ¢(t). Performing the average over A(t) of the pure state |¢)(¢)) yields the density

matrix® p(t) = |¢(t)) (¥ (t)].
We obtain

o) = [ do (6.0 0 ) (3.16)
where p(9)(t) is the lossless density matrix (3.10). By projecting (3.16) over the Fock basis we get

! p—

(n1,malp(t)|ny mb) = F(ng = ni,t)(na,nalp@ (1)), nb) | (3.17)

o~

where f(m,t) = ™) is the Fourier transform of f(¢,t) (characteristic function) and as before ny = Ny —ny,
nfy = Ny — nj.

To be specific, let us consider a Gaussian noise. Then ]?(m,t) = o= @"(OM?/2o=iMm With a N-independent
variance a?(t) given by

k(0) ¢ if t <t. (small time regime)

¢ ¢
a’(t) :/ dT/ dr'k(r —1') = 00 (3.18)
0 0 2t/ drk(r) if t > 7. (Markov regime).
0

The noise correlation times 7. and t. are defined in analogy with 7 and tg in Sec. 1.3.5. We thus find
1 Y ’
(n1, nalp(t) I, na) = exp{—QGQ(t)(m - n'l)Q}e’M("l_"l)<n1an2|p(0)(t)|n'1,n'z) - (3.19)
The effect of the noise is to suppress the off-diagonal elements of p(t) in the Fock basis (decoherence). At long

times ¢ > ([~ drk(7))™!, p(t) converges to a statistical mixture of Fock states with the same probabilities as
for the initial state (see (3.11)),

No 1 27rd
p(o0) = Z—o N0 ( ]Xf > In1, No — n1)(n1, No — ni| :/0 £|No;¢><No;¢| : (3.20)

The last equality means that the phase ¢ is uniformly distributed on [0,27] at large times t or large noise
intensities fooo drk(7). The spreading of the phase along the equator (phase relaxation) can be seen on the
Husimi distributions shown in Fig. 3.3. In the absence of noise, the distribution is peaked at ¢ = 0 and 7, which
correspond to the two coherent states of the superposition. The peaks are smeared for as ~ 1 and the distribution
reaches a flat profile for az > 1. Equation (3.19) predicts a decay of the visibility v(t) = 2tr(Jyp(t))/No like
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Figure 3.3: Phase relaxation along the equator of the Bloch sphere. Top panels: superposition with ¢ = 4
(time t4 = T/8) and a4 = 0, 0.64, 2.05 (from left to right). Middle panels: superposition with ¢ = 2 (time
ty = T/4) for the same noise intensities [, dr k(7) in the Markov regime (see (3.18)), i.e., ag =0, 0.9, 2.9. The
circle sizes illustrate qualitatively the phase distribution f(¢,t24). For intermediate noise (middle column),
the superposition is closer to the steady state (last column) for ¢ = 4 than for ¢ = 2. Bottom panels: Husimi
distribution (3.6) of [p(t2)]a as a function of ¢ for § = 7/2, for the same values of as and X = 0, Ny = 10.

e=@’®)/2 with respect to the noiseless case. A Gaussian decay is observed experimentally [107], indicating that
the correlation time 7, is much larger than the time of formation of squeezed states (non Markovian regime).

Effect of the phase noise on macroscopic superpositions.

Let us now study the impact of decoherence and phase relaxation on the superposition (3.9) at time t = ¢,
as a function of a; = a(ty). In view of (3.19), both the diagonal and off-diagonal parts of the noiseless density
matrix are multiplied in the Fock basis by the decoherence factor e~ Da(ninl) — g=az(ni—n1)*/2, Using also the
structure (3.13) of this matrix, we infer that

1) [p(tq)]a — p(o0) when ayq > 1 (phase relaxation);
2) [p(tg)]oa — 0 when a, > 1 (decoherence).

As corroborated by Fig. 3.4, in the strong noise limit the diagonal part of p(t) relaxes to the steady state (3.20)
and the off-diagonal part is washed away. Remarkably, the decoherence factor e+ does not depend on the
atom number Ny. This number gives the separation on the Bloch sphere between the coherent states of the
two-component superposition. Also note the different noise scales relevant for decoherence, a4, and for phase
relaxation, aqq. Hence, when increasing the noise intensity, [p(tq)]a approaches p(co) before [p(t4)]oa vanishes.
The higher the number of components ¢ in the superposition, the more pronounced is this effect. In fact,
superpositions with higher ¢ are less affected by decoherence since they are formed at shorter times and a(t)
increases with time. Conversely, phase relaxation has a stronger effect on superpositions with higher ¢ in the
Markov regime’, as illustrated in Fig. 3.3. As a consequence, by increasing the noise intensity the superposition
(3.9) is not transformed into a statistical mixture of coherent states but relaxes directly to the mixture of Fock
states (3.20).

The surprising fact that decoherence is not enhanced by increasing the distance on the Bloch sphere between
the coherent states in the superposition is specific to the noise considered. Indeed, the noise in the Hamiltonian
(3.14) is applied perpendicularly to the equator of the Bloch sphere where the coherent states lay. As a result, it
is insensitive to the separation between these states. The superpositions would be much more affected by a J, or
Jy noise parallel to the equatorial plane, since such noises would “see” the separation between the components.
We also stress that, even though decoherence is not due here to a coupling with a reservoir, exactly the same
dynamics would have been obtained for the reduced density matrix of a BJJ interacting with a bath via a
Hamiltonian of the form (1.15) with X replaced by J..

6This is the analog of tracing out the bath degrees of freedom for systems coupled to quantum baths (chapter 1).

"Indeed, in view of (3.13) and (3.19), the n1 # n) matrix elements of [p(t;)]q are damped in the Markov regime by a factor
equal to or smaller than exp(fa3q2/2) ~ exp[—(mq/x) [y° d7k(7)]. In contrast, in the small-time regime all the g-component
superpositions relax to p(co) at the same noise intensity k(0), since aqq is independent of q.
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Figure 3.4: Top panels: relaxation of the diagonal part of the density matrix (n, Ng —n|[p(t2)]a|m, No —m) in
the Fock basis to the diagonal matrix (3.20) as the noise is increased from as = 0 (left) to az = 0.9 (middle) and
as = 2.9 (right). The time t = t5 is the formation time of the superposition with ¢ = 2 and one has Ny = 10.
Bottom panels: off-diagonal part of the density matrix, whose decay to zero indicates decoherence among the
coherent states of the superposition, for the same noise strengths a, and time t = to.

3.3.2 Dynamics in the presence of atom losses

Master equation and quantum jumps.

Scattering events lead to atom losses in the trap and constitute the main source of decoherence in the
Heidelberg and Basel experiments. In fact, the phase noise considered in the previous subsection can be
decreased by using a spin-echo technique [106]. Three kinds of loss processes may play a role: one-body losses,
due to inelastic collisions between trapped atoms and the background gas; two-body losses, resulting from
scattering of two atoms in the magnetic trap, which changes their spin and gives them enough kinetic energy
to be ejected from the trap; and three-body losses, where a three-body collision event produces a molecule and
ejects a third atom out of the trap.

Let m, 1 and m, 2 be the number of atoms lost in mode 1 and 2 during the vth loss process, with |m,| =
my,1 + my 2 = r for a r-body loss. We introduce the jump operators

M,, =a" ay"? 3.21
v 1 2

and loss rates I'y,, . For external BJJs one has I',,,, = 0 for m, 1m,. 2 > 0 (no inter-mode losses). We account for
the three aforementioned loss processes by considering the Markovian Lindblad master equation [10, 137, 138]

d _

Qb —i[HmP(t)] + Z I (MmpM,L - %{MLMm,p}) ) (3.22)

m€{1,2,3}2,|m|<3

where p(t) is the atomic density matrix®.
Equation (3.22) does not couple sectors with different numbers of atoms N. If the matrix elements of p(t)
between states with different IV vanish initially, this will be the case at all times ¢t > 0. Then

No
pt) =Y on(t) , Pn(t) =wn(t)pn(t) (3.23)
N=0

where p (t) (respectively px(t)) is the unnormalized (normalized) density matrix with a well-defined® number
of atoms NV and wy (t) > 0 is the probability of finding IV atoms at time ¢ (thus >, wn (t) = 1). The conditional

8The loss rates 'y, actually depend on the macroscopic wave function of the condensate [137, 138] and thus on the number of
atoms N in the BJJ. As far as the number of lost atoms at the revival time T remains small with respect to the initial atom number
Np, one may nevertheless assume that I'y, are time-independent in the time interval [0, T7].

9This means that (n1,n2|pn(t)|n},nb) =0 for n1 +n2 # N or n} +nb # N.
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state pn(t) describes the state of the BJJ when one post-selects among many single-run measurements those
yielding a total number of atoms at time ¢ equal to N. In this sense, py(t) contains a more precise physical
information!® than p(t).

When inter-mode losses are absent (like for external BJJs), the master equation (3.22) can be solved in
the Fock basis by exact diagonalization; however, for two- and three-body losses the solution has a quite
complicated form and the computation of expectation values or other quantities depending on p(¢) must be done
numerically'!. Alternatively, quantum trajectories provide a natural and efficient tool to study the conditional
states pn(t). We use here the quantum jump approach (Sec. 2.2.1). Let J be the number of loss events
(jumps) in the time interval [0,t]. We write m = (my,...,my) € {1,2,3}?’ the random sequence of loss types
my = (my,1,my2) and s = (s1,...,s7) the random sequence of loss times 0 < s; < --- < 55 < ¢t. The total
number of atoms ejected from the condensate between times 0 and ¢ is equal to |m| = 21{:1 (my1+myz2). The
random wave function at time t reads

o) = 1O
[ ()l
|1ZJ(t)> _ e*i(t*SJ)HeffMmJe*i(SJ*SJfl)HeffMmJ71 L e*i(Sszl)HeffMmle*islHeff |’l/1(0)> , (324)

where Hegg = Ho —1Y_, T'yy M§ M,,/2 is defined by (2.3). Using (2.6) and (2.9), one finds that the probability
to have J loss events between times 0 and ¢, with the vth event of type m, occurring in the time interval
[sv,8, +ds,], v=1,...,J, reads

ApB(s;J) =Ty Do, HJJ(t)H?dSl .dsy. (3.25)

As pointed out in Sec. 2.2.2, the density matrix solution of the master equation (3.22) is obtained by averaging
the projector on |1 ;(t)) over all quantum trajectories (that is, over the number of jumps J and the jump times
s, and types m,). We thus recover the block structure (3.23) of p(t) with

N

() = 3 S dxaim Do Ty [ dsedsy ()0 1) (3.26)

J=1 m
Conditional state in the subspace with Ny atoms.

We start by determining the unormalized conditional state with the initial number of atoms Ny,

PR (1) = [Jo () (Do) + [Po(t)) = e et | Nos 6 = 0). (3.27)

This corresponds to the contribution of quantum trajectories with no jump in the time interval [0,¢]. In the
Fock basis diagonalizing both the Hamiltonian (3.1) (recall that we set the tunneling amplitude K to zero) and
the damping terms —il',,, M\ M,,,/2 , the conditional state takes the form

(n1, 2| 5501 (1) Iy, ny) = e~ HAvo )T dno D] () g | O (8| mly) (3.28)

where pg\?g(t) is the state (3.10) in the absence of losses, dn,(n1) = >, T'm{ni,na| M}, My, n1,n2)/2, and
ng = No — n1, ny = No — n. We restrict here our attention to symmetric three-body losses'?
and I'y o =T'2 1. Let us set

y i.e., Fgﬁo = Foﬁg

1 3 1
a = §(F210 + Foyg — Fl,l) + (NO — 2)% 5 R = §F310 — 51—‘271 . (329)

If a > 0, the damping factor in (3.28) (exponential factor in the right-hand side) is Gaussian: in fact, then
dny (1) = a(ny —m1)? (3.30)

up to an irrelevant ni-independent constant that can be absorbed in the normalization of the state, with

1
ny = 4— (AI‘l - AFQ + N0(2F072 - Fl,l) + 2N0(N0 - 2)[%) , AFT = FO,T - Fno . (331)
a

10To have access to this information, one must be able to extract samples with a well-defined atom number initially (since we
assumed an initial state with Ny atoms) and after the evolution time ¢. Even though the precise measurement of N is still an
experimental challenge, the precision has increased by orders of magnitude during the last years.

11See the Appendix A of [228] for more detail.

123ee [228] for the study of the asymmetric three-body loss case, for which dn, (n1) is cubic in ny.
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In order to estimate the typical loss rates at which the state (3.28) is affected by the Gaussian damping, we
focus on two particular cases.

(i) Symmetric loss rates, AT', =0, » = 1,2,3. In this case ;3 = Ny/2 and the damping factor in (3.28) is a
Gaussian centered at (ny,n}) = (No/2, No/2). This center coincides with the peak of the matrix elements
in the absence of losses, which have a width /Ny, see (3.11). Thus the effect of the Gaussian damping
begins to set in for times ¢ such that at ~ 1/Ny. In particular, the macroscopic superposition at time ¢,
is noticeably affected by damping for a 2 xq/No.

(ii) Completely asymmetric two-body losses and no three-body losses, I'go = I'17 = k£ = 0. Then 71 =
AT'1/(2T20) + 1/2. The onset of the damping on the g-component superposition is at the loss rate
I'20 = xq /NO3 / 2, which is smaller by a factor of /Ny compared with case (i), except for strongly asymmetric
one-body loss rates satisfying AT'y ~ I'y Ny (in which case this onset occurs when I's g &= x¢/Np as in
(i)). Therefore, when AT is not of the order of I'y Ny, the Gaussian damping affects more strongly the
superpositions than in the symmetric case.

Conditional state in the subspace with N < Ny atoms.

We now proceed to study the contribution to the total density matrix p(t) of quantum trajectories having
J > 1 jumps in the time interval [0, ¢]. Tt is easy to see that each jump (2.7) with jump operator (3.21) transforms
a coherent state |Np; 0, ¢) into a coherent state |[Ng — |m|; 0, ¢). This coherent state is rotated on the Bloch
sphere by the evolution between jumps driven by the effective Hamiltonian Heg. This is due to the non-linearity
of Heg in n; and to the different numbers of atoms in the BJJ in the time intervals [0, s1], [s1, S2], .-, [$J, ],
leading to different interaction energies. More precisely, for three-body loss rates satisfying I';, < (Not) ™2,
|m| = 3, the wave function (3.24) is proportional to

[$s(1)) o e

where 6, (s) and ¢, (s) are random angles depending on the loss types m, and loss times s,. These angles are
given by

No — |ml; Om(s), $m(s)) . (3.32)

Om(s) =2 arctan(exp{f Z %U (51m,,71 + 52ml,,2) }) ,  Om(s) = Z sy(X1My,1 + X2mu 2) | (3.33)

v=1 v=1

where we have introduced the interaction energies
x1=U1—-Uwz , x2=—(U2—"Ui2), (3.34)
and the loss rate differences
61=2020—T11+ (330 —T12)No , 2 =—(2002 —T1,1+ (303 — 2,1)No) . (3.35)

To give an insight on the derivation of these formulas, let us consider the special case of a trajectory t — |11 (t))
having a single loss event of type m = (2,0) at time s € [0, ], for a BJJ subject to two-body losses only'®. We
first determine how an initial Fock state |n,ng) is transformed when two atoms are lost in mode 1 at time s.
Using (3.24), this state becomes /n1(ny — 1)e’i‘bf’5(”1’"2)|n1 —2,n9) at time ¢, where ®; 4(n1,n2) is a complex
dynamical phase. Setting no = Ny — ny and denoting by Heg(n1,n2) the quadratic eigenvalues of Heg, this
phase reads

Py s(n1,n2) = (t—s)Hem(n1 — 2,n2) + sHem(n1, n2)

tHeg(ng —2,n2) + n1g1(s) +ing 1n(tan(elT(S))) +cs (3.36)

where ¢, s is independent of nq and 601 (s), ¢1(s) are given by (3.33) with J =1, m,1 =2, my2 =0,and I, =0
for |m| # 2. The second term in the last line of (3.36) corresponds to the dynamical phase associated to the
change in the atomic interaction energy because of the reduction of particles at time s, and the third term
describes a corresponding change in the damping. Replacing |nq,n9) in the Fock-state expansion (3.5) of the
initial coherent state by the above transformed state, we obtain the formula (3.32).

13See [228] for a more general derivation of (3.32)-(3.35) including also one- and three-body losses and an arbitrary number of
loss events.
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Equation (3.32) means that, apart from damping effects due to the non self-adjoint part in the effective
Hamiltonian Heg, atom losses can be accounted for by external noises rotating the state around the Bloch
sphere. More precisely, the conditional state py(t) is the same state as if there were no atom loss, one had
initially NV atoms, and the BJJ was subject to phase noises in the angles ¢ and 6 described by the random
Hamiltonian (3.14) but with a complex stochastic process A(t) satisfying fot d7A(T) = —¢m(s)—iln(tan(Om(s))/2
and with an additional damping term. This analogy between atom losses and phase noise has been discovered
independently by Sinatra, Dornstetter, and Castin [219]. For a single loss event (J = 1), the noise fluctuations

have magnitude
Z 5im1,i Z XiM1,q

i=1,2 i=1,2

80, ~ %55,”1 s O0bm, = 0Sm, (3.37)

(we assume here 66,,, < 1), where ds,,, is the fluctuation of the loss time s.

The conditional density matrix px (t) with N < Ny atoms can be determined by summing over all trajectories
having J loss events such that [m| = Ny — N, see (3.26). This requires the evaluation of the norm ||¢;(t)||. The
calculation does not present difficulties, but it is maybe the longest one I have made in the last years, because
of the large number of jump operators and rates in the problem. The result is that pn(t) is given in the Fock
basis by

(1, nalpw (£)[n}, mb) = En (1, ) (1, mal ™' (1), mh) (3.38)

where ﬁ{]\?o loss) (t) is the density matrix conditioned to no loss event for an initial coherent state with N atoms,
see (3.28), and En(t;n1,n}) is an envelope depending on time and on the matrix entries n; and n}. For
N = Ny — r and if only r-body losses occur, this envelope is

Eg_jump)(t;n,n’) o~ Z L CNom(t;n,n) (3.39)
m,|m|=r
with
1— e—t[Gml +(81m1,1+d2m1 2)(n+n’ —N)/24+i(x1m1,1+Xx2m1,2)(n—n’)]

CNom, (t;n,n') = . , 3.40
Nom ) Gm, + (61ma11 + dami2)(n+n' — N)/2 +i(ximi,1 + x2mi2)(n —n') ( )

where Gy, is a function of Ny, r, my, and T',,, that we shall not give explicitly here (see [228] for more detail).
If, in addition to the above condition on three-body losses, one assumes that'? the two-body loss rates satisfy
Iy, < t71, |m| = 2, and that the total number Ny — N of atoms lost between times 0 and ¢ is much smaller
than Ny, the envelope in (3.38) takes a simple form in terms of the single jump envelopes,

3
1 s J
Enltin,n') = 3 11 [5§Vloj:mp>(t;n,n’) . (3.41)

Jil ol Js!
J1,J2,J320,J1+2J2+3J3=No—N r=1

3.4 Time evolution of the quantum Fisher information

We introduce in this section the notion of quantum Fisher information and its interpretation in terms of the
best achievable phase sensitivity in interferometry. We then use this Fisher information to quantify the amount
of quantum correlations in the atomic states of a BJJ in the presence of atom losses as a function of time. A
more detailed presentation on the Fisher information and phase estimation will be given in chapter 9 below.

3.4.1 Interferometric sequence

The goal of interferometry is to estimate an unknown phase shift ¢ with the highest possible precision. We
assume here that the reader is familiar with optical Mach Zehnder interferometers (otherwise a quick look to
Sec. 9.2.1 and Fig. 9.1 might be helpful!). In atom interferometry, an input state is first transformed into
a superposition of two modes, analogous to the two arms of an optical interferometer. These modes acquire
distinct phases ¢1 and ¢o during the subsequent quantum evolution. They are finally recombined to read out
interference fringes, from which the phase difference ¢ = ¢1 — ¢5 is inferred. The interferometric sequence can

4 These are not strong restrictions since for large Ny the mean number {N); of atoms at time ¢ when the BJJ is subject to two-
or three-body losses is a function of Ngm‘ilfmt with |m| = 2 or 3, respectively (this follows e.g. from the phenomenological rate
equations, which yield (N), ~ No(I'm Not+1)~! and No (20 N2t + 1)~1/2 for symmetric two- and three-body losses, respectively).
Hence our conditions are still fulfilled if a large fraction (e.g. 50%) of the initial atoms are lost between times 0 and ¢.
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be described by means of rotations generated by the momentum operators (3.2). Let us consider the case where
the two modes correspond to two internal states of the atoms in a trapped BEC (internal BJJ). The N atoms
are initially in the lower energy state (mode ¢ = 1) and the input state is the Fock state |n; = N,ny = 0).
The application of a 7/2 pulse with frequency in resonance with the two internal levels plays the role of a
beam splitter in optical interferometers. It brings the input state onto the coherent state |N;0 = 7/2,¢ = 0).
Then the state is rotated around the z-axis by the free evolution. This rotation implements the different phases
accumulated in the two arms of an optical interferometer [273]. The consecutive rotations on the Bloch sphere
are represented in Fig. 3.2. Finally, the state is rotated again around the y-axis by an angle of —7/2 radians to
recombine the two paths. Since the composition of rotations e'z/ve~1/ze~1%2 /v is equivalent to a rotation by
an angle —¢ around (Ox), the output state of the interferometer reads

Pout (¢) = e—i¢aninei¢Jn ) (342)

where p;, is the input state and the unit vector n = —e, defines the interferometer direction. The rotations
are realized fast enough so that the non-linearity induced by the interactions and atom losses can be neglected
during the whole interferometric sequence [106].

3.4.2 Phase estimation and quantum Fisher information

The phase shift ¢ is determined by means of a statistical estimator depending on the results of measurements
on the output state pout($). As argued in Sec. 9.2 below, the best precision that can be achieved (that is,
optimizing over all possible estimators and measurements) is given by

1
AP pest = ——— | .
(Ad)best T (3.43)

where N is the number of measurements and Fg(p, Jn) is the quantum Fisher information defined by Eq. (8.42)
in chapter 8. The latter quantity thus measures the amount of quantum correlations in p useful for interfer-
ometry. If Fg(pin, Jn) > (N), a better phase sensitivity than the shot noise value (A¢)sn = 1/+4/N (N), which
corresponds to using as input (N) independent atoms (coherent state), is obtained. The highest value of the
Fisher information for Ny atoms is Fg(pin, Jn) = NG. It can be shown that Fg(pin, Jn) > (N) implies that the
atoms are entangled [134] and that high values of Fg(pin, Jn) imply multipartite entanglement between a large
number of atoms [135, 236].

Since Jy, does not couple subspaces with different N’s, it follows from (8.42) and from the block structure
(3.23) of p that

No

Folp,Ju) =Y wnFolpn, Jn) , (3.44)
N=0

where Fq(pn, Jn) is the Fisher information of the conditional state py with N atoms and wy is the corre-
sponding probability.

In order to obtain a measure of quantum correlations independent of the direction n of the interferometer,
we optimize the Fisher information over all unit vectors n and define [133],

Folp) = max Fg(p, Jn) = 4Cax - (3.45)

In]=1

From the expression (8.42) of Fq(p, Jn), one easily sees that Cyax is the largest eigenvalue of the 3 x 3 real
symmetric covariance matrix

1 o 2
Co=1t S P R maak) . ab=123 (3.46)
k,l,pr+pi>0 Pk +Di

where |k) and p; stand for the eigenvectors and eigenvalues of p. For simplicity, we write in the following
Fiot(t) = Fq(p(t)) for the optimized Fisher information of the total atomic density matrix p(t) of the BJJ at
time t. When studying the quantum correlations of the conditional states, we optimize over n independently
in each N-atom subspace and define'® Fn (t) = Fo(pn(1)).

I5Note that Frot(t) is not equal to 3 wn () Fn (t), because the optimal directions may be different in each subspace.
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Figure 3.5: Left panel: Fisher information Fi.(t) during the quenched dynamics of a BJJ with Ny = 100
atoms as a function of time (in units of the revival time T') in the absence of losses. The dashed line represents
the amount of squeezing Fy (t) = No/£(t)? [197]. Right panel: same in the presence of atom losses (time in ms)
for Uy = Uya, Uy — U1z = 18.056 Hz, and (i) asymmetric two-body losses I'g 2 = 0.0127Hz and I'; o = 0 without
one- and three-body losses; (ii) one-, two-, and three-body losses in the second mode with rates I'g ; = 0.4 Hz,
To2 = 0.0127Hz, Tp3 = 1.08 x 1075 Hz, and no losses in the first mode; (iii) symmetric one- and three-body
losses and asymmetric two-body losses, I'1 g = I'p,y = 0.2Hz, I'go = 0.0127Hz, I'y o = 0, and I'3 g = I'g;3 =
0.54 x 1079 Hz. The case (iii) roughly corresponds to the experimental conditions in Refs. [106, 202].

3.4.3 Time evolution of the Fisher information in Bose-Josephson junctions

Let us study the time evolution of the optimized quantum Fisher information (3.45) in the BJJ after a sudden
quench to zero of the inter-mode coupling K. In the absence of losses, the two-component superposition has
the highest possible Fisher information Fg [p(9(t2)] = NZ, which is for Ny > 1 approximately twice larger than

that of the superpositions with ¢ components, 3 < g < Nol/2 [197]. The time evolution of Fiot(t) = Fn,(t) for
an atomic sample with Ny = 100 atoms is represented in the left panel of Fig. 3.5. At ¢t = 0, the BJJ is in the
coherent state (3.7) and Fp,(0) has the shot noise value Ny. The Fisher information first increases, reaches a
plateau with value No(Nog+1)/2 at time ¢ ~ T'/y/Np, and then displays a maximum N§ at the time of formation
t =ty = T/4 of the two-component superposition. It evolves afterward symmetrically back to the initial value
Ny at time T//2, when the atomic state [1/(°)(¢)) coincides with the coherent state |No; ¢ = 7) (see Ref. (3c) in
the publication list).

We now compare this evolution with that obtained for the same sample in the presence of atom losses for
experimentally relevant loss rates extracted from Refs. [218; 202, 271]. The Fisher information is obtained in
this case from an exact diagonalization of the master equation (3.22) and a numerical diagonalization of the
density matrix p(t) [228]. It is displayed in the right panel of Fig. 3.5. When the BJJ is subject to two-body
losses in the mode ¢ = 2 only (upper curve), we observe that the Fisher information exhibits a well pronounced
peak at time t, as in the lossless case, showing that the quantum correlations of the superpositions are well
preserved. This occurs provided that the atomic interaction energies U; are chosen such that Us = Ujs (i.e.,
x2 = 0), in such a way as to suppress the ¢-noise given by (3.33) in the mode losing atoms. A much lower Fisher
information would be obtained if one takes symmetric energies U; = Us, keeping the same value for the revival
time T = 4nw/(Uy + Us — 2U12) (see below). In the Heidelberg and Basel experiments, two-body losses indeed
occur mainly in the upper hyperfine level. When one- and three-body losses, which are also present in these
experiments, are added, the coherences of the superpositions are still preserved provided that all losses occur
in the second mode and one takes as before Us = Ui, as it can be inferred from the still relatively high values
of the Fisher information in the middle curve of Fig. 3.5. However, when symmetric one- or three-body losses
are added, the quantum correlations are destroyed much more rapidly and the peak in the Fisher information
at time to disappears. In the aforementioned experiments, one-body losses are symmetric since they are due to
collisions with atoms from the background gas, which are equally likely for the two internal states. We conclude
from Fig. 3.5 that for Uy = Ujq, these symmetric one-body losses are more detrimental to the macroscopic
superpositions than the two-body losses in the second mode.
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Figure 3.6: Moduli [(n, Ny —n|pn, (t2)|n/, N1 —n')| of the density matrix in the Fock basis at time t2 = T'/4 in
the subspace with N1 = Ny — 2 atoms for increasing two-body loss rates (from left to right). The upper, middle,
and bottom panels correspond to symmetric losses and energies (I's,0 = I'g2 and Uy = Us), asymmetric losses
and symmetric energies (1"072 = 0 and U; = Us), and asymmetric losses and energies (1"270 =0 and Uy = Uja),
respectively. The revival time T = 27/x is the same in all cases. Panels in the same column have the same
total loss rate I's g + I'o,2. White dashed lines are marking the values of (n,n’) for which the matrix elements
of the diagonal part [p(%)(t2)]q of the two-component superposition do not vanish. Only two-body losses in the
same mode are considered, i.e., I'y, =0 for |m| = 1,3 and m = (1,1). The initial number of atoms is Ny = 10.

3.5 Impact of a single loss event on macroscopic superpositions

The quantum Fisher information in Fig. 3.5 gives the amount of quantum correlations in the density matrix
p(t) averaged over all loss events. In this section, we investigate separately the quantum correlations in the
conditional states pn () with given atom numbers N (Sec. 3.3.2). In particular, we would like to answer the
following question: how does a single loss event, occurring at an unknown random time between ¢ = 0 and the
formation time ¢, of a macroscopic superposition, affects the coherences in the superposition? In the case of
photons, it is believed that macroscopic superpositions of coherent states loose their coherence completely after
a single photon loss [113]. This means that the conditional state given that one photon has been lost is close
to a separable mixture of coherent states. In what follows, we study this problem for a BJJ. With this aim, we
determine the Fisher information Fy,—r(tq) in the conditional density matrix pn,—r(tq), where r = 1,2, 3 for
one-, two-, and three-body losses. We find quite different values depending on the degree of asymmetry between
the loss rates and interaction energies in the two modes of the BJJ. This provides a qualitative explanation of
the different behaviors of the total Fisher information in the presence of losses in Fig. 3.5.

3.5.1 Numerical results

Let us first describe the results obtained by my collaborator K. Pawlowski via an exact diagonalization of the
master equation (3.22) and a subsequent numerical evaluation of the optimized Fisher information (3.45). For
concreteness, we restrict ourselves to two-body losses, assuming no one-body, three-body, and inter-mode losses
(i-e., all loss rates vanish save for I's ¢ and 1"072). The density matrix pp, (t2) with Ny = Ny — 2 atoms is shown
in Fig. 3.6 in the Fock basis. If the interaction energies in the two modes are equal, U; = Us, we observe that
PN, (t2) is almost diagonal in this basis for weak symmetric loss rates I's g = T'o2 < x/No (upper left panel).
In contrast, for completely asymmetric rates with I'g 2 = 0, pn, (t2) has non-vanishing off-diagonal elements for
odd values of nf — n; (middle left panel). Moreover, if there is no loss in the first mode and one tunes the
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Figure 3.7: Fisher information optimized in the subspace with (Ny — 2) atoms at time ¢3 as a function of the
two-body loss rate (in units of 77!) for (a) symmetric losses I's g = I'g 2 = 1 with U; = Uz (red solid line) and
U = Uiz (green dashed line); (b) completely asymmetric losses with I'o o = 0 and I's g = 1, for Uy = Uz (red
solid line), Uy = Uiz (green dot dashed line), and Uy = U2 (blue dashed line). The energies U; are chosen in
such a way that the revival time T" = 27/x does not change. Insets: plots of the Husimi distributions for some
specific choices of loss rates (indicated by circles and arrows). Other parameters as in Fig. 3.6.

energies such that Us = Uja, keeping the effective interaction energy x = (Uy + Uz — 2U12)/2 fixed, the density
matrix has the same structure as that of a two-component superposition with N7 atoms (lower left panel). This
is confirmed by looking at the Fisher information Fy, (t2) displayed in Fig. 3.7. If one of the two modes does not
lose atoms and U; = Ujo in the other mode, Fpy, (t2) is approximately equal for small loss rates I',,, < x/Ng to
the Fisher information N? of a two-component superposition (upper curve in the right panel). At stronger loss
rates I';, & x, Fn, (t2) decreases to much lower values. Conversely, for symmetric losses and energies, Fy;, (t2)
starts below the shot-noise limit at weak losses and increases with 'y, to reach a maximum when I'y, ~ x /7
(left panel).

3.5.2 Analytical results for small loss rates

The above numerical observations can be explained by relying on the quantum jump approach. The general
results of Sec. 3.3.2 take a simpler form for small loss rates satisfying

T < Ny ™t | =1,2,3. (3.47)

Then the 6-noise can be neglected since d6,, is much smaller than the quantum fluctuations in the coherent
states forming the components of the superposition (3.9) (the latter are of the order of 1/1/Np). In contrast, due
to large fluctuations ds,, ~ t4 of the loss time, which has an almost flat distribution on [0, ¢,], the fluctuations
of ¢ (s) are quite large. For instance, for symmetric interaction energies Uy = Uz (i.e., x1 = —x2 = X), (3.37)
yields a fluctuation d¢y,, ~ |m1,1 —mi 2|m/q of the order of the phase separation ¢yi1,q — ¢r,q = 27/q between
the coherent states, save for two-body inter-mode losses (m171 =My = 1) for which the phase noise vanishes.

The effect of this phase noise on the conditional density matrix py, (t4) with N1 = Ng — r atoms at time ¢,
is obtained in the Fock basis by multiplying the matrix elements of the superposition pg\?l) (tq) in the absence of
losses by a damping factor D,(n1,n}) and an envelope &, (n1,n}) given by'®

Dyfn ') = exp{ = (dw (n) +dw, ()} 5 Eqrlnn’) = T 3T PuCrimliainn’) . (349)
|m|=r
see (3.28), (3.38), and (3.39). In the small loss limit (3.47), the coefficient G,, in (3.40) can be neglected and
CnN, m(tg;n,n’) can be approximated for symmetric energies U; = Us by
1— exp{—i%(mli —my2)(n — n’)}

C t . / =
m1( q7n’n) iX(le ,m172)(n7n/)

(3.49)

16Recall that we assume here the occurrence of a single r-body loss process in [0, t4]. The factor gx/ in front of the last sum is
put for convenience and disappears in the state normalization.
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We now argue that the behavior of the Fisher information Fy, (t4) shown in Fig. 3.7 comes from the combination
of two effects: a channel effect for U; = U and ¢ = 2,3, and the suppression of phase noise in the ith mode
when U; = Ujs. Before discussing these two effects, we show that the phase noise always induces a complete
phase relaxation when Uy = Us.

(i) Complete phase relazation for Uy = Us.

Let us first study the impact of the phase noise on pn, (t4) for symmetric interaction energies Uy = Uy and
small loss rates satisfying (3.47). We recall that phase noise flattens the Husimi distribution of the superposition
in the ¢ direction (phase relaxation); for strong phase noises the diagonal part of the density matrix relaxes
to a statistical mixture of Fock states with completely undefined phases (Sec. 3.3.1). We find that the loss of
r = 2 atoms in the same mode leads to complete phase relaxation. Actually, from (3.13), (3.28), and (3.38),
the matrix elements of [pw, (tq)]a in the Fock basis vanish for n} # n; modulo ¢. We may thus restrict our
attention to nj = n1 + pq for integer p’s. If p # 0, the envelope (3.48) reads

—iar, =200 for r =1

Tp

Eqr(ni,n1i+pg) = (T for r =2 (3.50)

—i(AT'3 + BAFB,int)% forr=3

with AT'sine = I'12 — I'21. Therefore, for weak two-body losses and I'; ;1 = 0, the diagonal part of pn, (t4)
is equal to a statistical mixture of Fock states, that is, (n1, N1» — n1|[pn, (t4)]a|n), N1 — ni) = 0 for nq # nj.
This is confirmed in the upper and middle left panels of Fig. 3.6, where one observes vanishing matrix elements
along the dashed lines n} = n; £+ 2, nj = ny +4. This also explains the ¢-independent profile of the Husimi
distributions in Fig. 3.7 for x; = —x2 and small I'; o. For one- and three-body losses, complete phase relaxation
occurs for symmetric losses (AT'y = Al's = ATl'gin = 0) only'”. Let us also stress that no phase relaxation
occurs in the inter-mode channel m = (1,1).

(ii) Loss of quantum correlations when Uy = Uy and g = 2 or 3: channels effects.

Phase relaxation does not tell us anything about quantum correlations, which are contained in the off-
diagonal part of the density matrix. We now determine this part, which corresponds to the matrix elements of
PN, (tq) in the Fock basis such that n # n; modulo ¢ (see (3.13)). We still assume symmetric energies Uy = Us
and small losses satisfying (3.47). In view of (3.49), the main effect of phase noise is to multiply the matrix
elements in the absence of noise by a factor of (n; —n})~! (decoherence). This factor decays to zero as one
moves away from the diagonal but does not modify substantially the elements close to the diagonal. Indeed,
non vanishing off-diagonal matrix elements for nj = ny; +1 and n} = ny + 3 are visible in the left middle panel
of Fig. 3.6. This also explains the relatively high value of the Fisher information Fy,_2(t2) for I's g < x/No,
To2 =0, and x1 = —x2 in Fig. 3.7(b). For such loss rates and energies we are in the noise regime of weak
decoherence pointed out in Sec. 3.3.1: phase noise is more efficient in washing out the phase content of each
component of the superposition than in destroying the coherences between them.

However, we observe in Figs. 3.6 and 3.7 that the situation is quite different for symmetric two-body losses
(T2,0 =Tp2 and T'; 1 = 0): then [pn, (t2)]oa vanishes completely and the Fisher information at weak losses is
smaller than Ny. This comes from a cancellation when adding the contributions of the m = (2,0) and m = (0, 2)
loss channels, which occurs only at time t2 and in the absence of inter-mode losses'®. In fact, for such loss rates
Err(n,n') =21, o0, for r = 2,3, thus [pn, (t2)]oa = 0 and the whole density matrix py, (t2) is diagonal in the
Fock basis. As a consequence of this channel effect, the two-component (three-component) superposition suffers
in the absence of inter-mode losses from a complete decoherence in the Ni-atom subspace, for arbitrary small
symmetric two-body (three-body) loss rates'®. Such a channel effect does not occur for completely asymmetric
losses involving only one channel.

We emphasize that complete decoherence does also not occur for symmetric one-body and inter-mode three-
body losses??. As a result, the channel effect is suppressed when one-body losses are also present and one can

17This can be understood intuitively as follows. For weak losses the random phase ¢1,0(s) = sx (#0,1(s) = —sx) produced by the
loss of one atom in the mode ¢ = 1 (i = 2) is uniformly distributed in [0,7/g] ([—7/g,0]). Since the components of the superposition
have a phase separation of 27/q, one needs equal loss probabilities in the two modes to wash out its phase content completely. A
similar argument applies to three-body losses.

18 A similar cancellation occurs at time t3 when the two modes are subject to three-body losses with symmetric rates I's,0 =T9,3
and I'1 2 =T2,1 =0.

19Note that this is not in contradiction with the fact that the total state p(t2) converges to p(9) (t2) when T'y, — 0, since the
probability wp, (t2) converges to zero in this limit and thus py, (t2) does not contribute to the total state.

20For instance, one has &£,1(n,n’) = 2T'1 ¢ sinc[r(n — n')/q] for AT'; = 0.
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have more than one loss event between ¢t = 0 and ¢ = ¢,. A surprising consequence is that by adding one-body
losses to the two-body (three-body) losses, decoherence on the conditional state with No — 2 (No — 3) atoms at
time to (t3) is reduced.

(iil) Protecting macroscopic superpositions by tuning the interaction energies.

Let us now proceed to the case of asymmetric interaction energies Uy # Us. In order to keep the formation
time ¢, = 7/(xq) of the superposition constant, we vary U; and U, while fixing 2x = x1 — x2. We still consider
weak losses satisfying (3.47). Then the phase relaxation described above is incomplete, as well as decoherence
at times to or t3 for symmetric losses. An interesting situation is Uy = Ujp < Uy, ie., x2 = 0 and x; = 2x.
Then ¢o,(s) = 0 by (3.33), thus the second mode is protected against phase noise, whereas the first mode is
subject to a strong noise with fluctuations d¢, ¢ ~ 27r/q. Taking for simplicity vanishing inter-mode rates, one
gets from (3.40) and (3.48)

1- exp{fl%(n —n')}
2imr(n —n')

Eqr(n,n) =To, +qlrp (3.51)

For symmetric rates 'y, = I'y., the off-diagonal matrix elements of py,(t2) in the Fock basis coincide with
those of a two-component superposition up to a factor of the order of one half?!. Loosely speaking, pn, (t2) is a
“half macroscopic superposition”. Such a state has a relatively large Fisher information, as shown in Fig. 3.7(a).
An even larger Fisher information is obtained for completely asymmetric losses, namely, if atoms are lost in
the protected mode ¢ = 2 only (I, o = 0). Then & .(n,n') = 'y, for all (n,n’) and the conditional state
PN, (tq) coincides with a superposition of ¢ coherent states with N; atoms, slightly modified by the damping
factor Dy(nq1,n7). This is in agreement with Fig 3.7(b), where one observes the convergence at weak losses
and asymmetric energies of Fx,_2(t2) to the highest possible value (Ng — 2)2. Two well-pronounced peaks at
¢ = £7/2 are visible in the corresponding Husimi distributions.

In summary, by tuning the atomic interaction energies U, such that x; = 0 or xy2 = 0 one can protect one
mode against phase noise, to the expense of enlarging noise in the other mode, thereby limiting decoherence
effects on the conditional state with N7 atoms. One can similarly switch the phase noise off in the two-body
inter-mode loss channel m = (1,1) by tuning the energies such that yo = —x1 (symmetric energies Uy = Us)
and in the three-body inter-mode loss channels m = (2,1) or (1,2) by taking x2 = —2x1 or x1 = —2x2
(Uy = Uz F 2x/3). We emphasize that it is impossible to suppress the noise in two different loss channels at
the same time. Therefore, the optimal energy tuning for protecting the macroscopic superpositions is to switch
phase noise off in the channel losing more atoms.

Let us remark that, although the result above applies in principle to both internal and external BJJs, for
the latter Ujo = 0 and thus one must tune the interaction energy U; to zero to switch phase noise off in the
well ¢. But the two- and three-body loss rates I';,, depend on U; and this tuning actually decreases these rates
(recall that two- and three-body losses are due to the scattering of atoms in the trap). Therefore, excepted for
one-body losses caused by scattering with the background gas, the protection of the superposition is a trivial
effect in external BJJs.

We now claim that when a large number Ny — N of atoms leave the BJJ (i.e., many loss events occur
between ¢ = 0 and ¢ = t,), this number being much smaller than Ny, one may still protect the superpositions
from decoherence by tuning the energies U;. However, in order to protect the superpositions efficiently in this
way, the loss rates must be strongly asymmetric. This can be understood from the product form (3.41) of the
envelope in (3.38): if the single jump envelopes (3.51) are constant in (n,n’) then so is Ex(t4;n,n'), and thus
the conditional state pn(tq) is close to a macroscopic superposition with N atoms, apart from small damping
effects. In order that the single jump envelope be constant, one must tune the interaction energies such that
U; = Uj2 in the mode 7 losing the atoms. As soon as the number of lost atoms becomes large, this tuning is
inefficient since the probability that all losses occur in the same mode decreases exponentially with the number
of loss events.

Thus, the suppression of the effective phase noise in the mode losing atoms by the energy tuning for strongly
asymmetric loss rates provides a good explanation of the time evolution of the quantum Fisher information seen
in Fig. 3.5.

21More precisely, for all n # n/, £q,r(n,n) = 2Ty and 2, (n,n’)/E2,r(n,n) = 1/2 for r = 2 and 1/2+ (1 — (—1)"*"l )/ (2imr(n—
n')) for r =1, 3.
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3.5.3 Intermediate and strong loss rates

To complete the interpretation of Fig. 3.7, we briefly discuss three effects of atom losses occurring at intermediate
and strong loss rates.

(iv) Increasing the loss rates reduces phase noise.

Surprisingly, in the regime of intermediate loss rates the ¢-noise decreases if one increases I',,. This results
from the decrease of the loss time fluctuations ds,, at increasing I',,, leading to a decrease of the phase fluctu-
ations d¢y, in (3.37). In fact, while for small rates the loss time is uniformly distributed on the interval [0,¢,],
for larger rates the loss has more chance to occur at small times and ds,, gets smaller. It can be shown [228§]

Im|

that this decreasing of the phase noise sets in for I';, ~ XqNO1 ", Therefore, by increasing the loss rates one
22

may protect the conditional state with N; atoms against decoherence”~.

(v) Effect of the 0-noise.

The fact that the peaks of the Husimi distributions in Fig. 3.7(b) at intermediate and strong losses are
centered at values of § smaller than 7/2 is due to the 6-noise. For larger initial atom numbers Ny, the #-noise
is always small, its fluctuations being of the order of 1/Ny when Ny >> 1 (see [228]).

(vi) Damping effects.

Increasing further the rates I'),, the damping due to the effective Hamiltonian begins to play the major role.
The combination of this damping with the reduced phase noise effect described above leads again to different
behaviors of Fn, (t,) as a function of the loss rates for symmetric and asymmetric losses. Let us recall from
™l in the symmetric case and Ty, & XqNép—lm‘ in the
asymmetric case. Since phase noise reduction begins when I';,, ~ XqNO1 7‘m|, there exists for symmetric losses a
small range of rates I';, for which phase noise is reduced by increasing I',,, while the damping is still relatively
small. This explains the increase of Fp, (t2) with I's o seen in Fig. 3.7(a). At the point where Fn, (t2) reaches a
maximum, two peaks are clearly visible in the Husimi distribution, as opposed to the flat distribution observed
at weak losses for x1 = —x2. This nicely illustrates phase noise reduction. In contrast, in the asymmetric
loss case, damping effects counter-balance phase noise reduction and Fy, (t2) decreases with I'; ¢ (even though
some peaks show up in the Husimi plots). For I'; o = I'g2 > x and even initial atom numbers Ny, it can be
argued [228] that pn,—2(t,) converges to a Fock state with (Ng — 2)/2 atoms in each mode, which has a high
Fisher information (Nog — 2)Ny/2. For asymmetric losses, instead, pn,—2(tq) converges to a superposition of
Fock states with n; = 0 or 1 atom in the first mode, and Fy,—2(t2) & Np, as seen in Fig. 3.7(b)?3. Let us stress
that these effects on the conditional state with IV; atoms at strong losses are absent in the total density matrix
p(t), because of the small probability to have a single loss event between ¢ = 0 and ¢t = t,.

Sec. 3.3.2 that the onset of damping is for I'), = XqN&_

3.6 Conclusions

We have shown that the impact of decoherence on superpositions of coherent states in Bose-Josephson junctions
subject to one-, two- and three-body atom loss processes is well described by a strong effective phase noise and
a channel effect. The last effect gives rise to enhanced decoherence on the two-component (three-component)
superposition after summing over the two loss channels when the interaction energies and the two-body (three-
body) loss rates are the same in the two modes and there are no inter-mode losses. Conversely, if all losses occur
mostly in one mode, it is possible to protect the superpositions from decoherence by adjusting the interaction
energies U; of each mode, keeping their sum fixed. For instance, in the absence of inter-mode losses, the effective
phase noise can be suppressed in the mode loosing more atoms by choosing an energy U; in this mode equal to
the inter-mode interaction Uya. For the internal BJJs with Rubidium atoms of the Heidelberg experiment [106],
this can be done by applying a uniform magnetic field and reducing the scattering length ¢; in the mode
i = 1 loosing less atoms thanks to Feshbach resonances. Then, because the scattering lengths 5 and ¢12 are
almost equal, one has Uy ~ Uya, whereas |U; — Upz| can be large. For experimentally relevant loss rates and

22This counter-intuitive effect does not manifest itself in the Fisher information Fiot(t) of the total state p(t) because when
increasing I'2 o, the subspaces contributing to Fiot(t) in (3.44) have less atoms and hence are less quantum correlated, and the
increase of F,_2(t) is counter-balanced by the decrease of the probability wx,—_2(t). As a consequence, Fot(t) is getting smaller.

23Similarly, the comparison of the two first rows in Fig. 3.6 shows that an increase of I'2,0 makes non-vanishing off-diagonal
matrix elements to appear when I's g = I'g,2, as a consequence of phase noise reduction, while for I'g 2 = 0 the same operation
moves the peak in the density matrix towards n1 = n} =0, as a consequence of damping.
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initial atom numbers, we have found that the amount of coherence left at the time of formation of the two-
component superposition can be made in this way substantially higher, provided that the losses are strongly
asymmetric (see Fig. 3.5). This condition is met experimentally for two-body losses but not for one-body losses,
which are symmetric in the two modes. As a consequence, in the range of parameters corresponding to the
experimental situation studied above, we predict that one-body losses lead to much stronger decoherence effects
on macroscopic superpositions than the asymmetric two-body processes.

In the Basel experiment [202], the atoms are trapped by using an inhomogeneous magnetic field and thus a
tuning of the scattering lengths with Feshbach resonances is impossible. One must then imagine other ways to
reduce phase noise in the upper hyperfine level i = 2 suffering from two-body losses. In this experiment, the two
BECs of atoms in hyperfine states ¢ = 1,2 can be split by trapping them in different level-dependent potentials.
This splitting provokes a decrease of the inter-mode interaction energy Ujs. An interesting open problem is
to find the best experimentally realizable strategy to protect in this case the macroscopic superpositions from
decoherence due to losses of atoms.
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Quantum correlations and
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Introduction

The fundamental role played by the theory of information in physics has been demonstrated in the last century
along with the development of statistical physics [22]. More recently, it has been recognized that information is
also at the heart of quantum physics, leading to the emergence of a new field called quantum information. In few
words, quantum information theory is concerned with the use of quantum systems to accomplish information-
processing tasks which are either not feasible classically or are done classically much less efficiently [180].
These tasks can be related to a computational problem or to communication, for instance, sending encrypted
information in a secure way. Computational tasks are performed on a quantum computer made of qubits. Such
qubits are two-level quantum systems in arbitrary superpositions of |0) and |1) instead of being either in state 0
or 1 as with classical bits. A quantum algorithm is a unitary quantum evolution on a set of qubits followed by
a measurement, the outcomes of which should provide the solution of the problem. For example, the celebrated
Shor algorithm factorizes an integer with N digits into prime numbers in a time O(N?In N In(ln N)) [217],
instead of the exponential time required by all known classical algorithms. Quantum computers with a few
qubits have been implemented in physics laboratories. There is still a lot of debate about whether we will be
able in the future to manipulate coherently many qubits and address them locally during a sufficiently long
computational time, and which quantum systems are the most promising [180, 41].

The fact that quantum algorithms and communication protocols can outperform their classical analogs
is usually attributed to quantum correlations. Such correlations in composite quantum systems are at the
origin of the violation of the Bell inequalities, which has been confirmed experimentally [194]. These quantum
correlations are quite different in nature from classical correlations in stochastic processes. For a long time
they have been identified with entanglement. However, there is now increasing evidence that other types of
quantum correlations in mixed states, which may be present even in unentangled states and are captured notably
by the quantum discord [184, 120], might be of relevance in certain quantum algorithms and communication
protocols [72, 152, 190, 163, 54, 108, 68].

In this second part, we review the basic properties of the entanglement measures and quantum discord
and present a geometrical description of these notions based on the Bures distance on the set of quantum
states. In this approach, the quantum discord turns out to be related to the problem of discriminating non-
orthogonal quantum states. Two central questions guide the foregoing discussions and can be formulated as
follows. How well can one distinguish unknown quantum states pertaining to a given ensemble by performing
a measurement on a system? If this system consists of several particles, does the amount of information one
gets from measurements on a single particle tell us something about the way the particles are correlated?
Quantum measurements and entropies obviously come into the game in these two questions. They constitute
the subjects of chapters 5 and 7. Some answers to the first question are given in chapters 6 and 9, devoted
respectively to state discrimination and to related topics called hypothesis testing and parameter estimation.
The Bures distance and Uhlmann fidelity are introduced in chapter 8. A detailed account of their properties
is given there. The remaining chapters (chapters 10, 11, and 12) address the problem of quantifying quantum
correlations and provide answers to the second question. It is neither our purpose to discuss thoroughly the
(huge amount of) quantum correlation measures found in the literature nor to study how these correlations
could explain the quantum efficiencies. Well-documented surveys on quantum entanglement already exist, see
e.g. [130, 110], as well as on the quantum discord and related measures [170]. The precise role of entanglement
as a resource in quantum computing and quantum communication is still not completely understood, in spite
of recent progresses (such as the proof that, in order to offer an exponential speedup over classical algorithms, a
quantum algorithm using pure states must produce entanglement which is not restricted to blocks of qubits of
fixed size as the system size increases [145]). The role played by the discord as a quantum resource is, in turn,
still poorly understood and constitutes a challenging issue (see [170]).

We concentrate in our exposition on the mathematical and fundamental aspects of the theory. In particular,
we will not investigate here the physical implementations and the system-dependent irreversible dynamical
processes destroying (or sometimes producing) quantum correlations, which have been treated in the first
part. We present the detailed proofs of some selected fundamental results, instead of relating all important
achievements obtained so far. Most of these results have been published in physics journals, and are sometimes
explained in the original papers without full mathematical rigor in their derivation. Others have been published
in mathematical journals with full proofs, which are nevertheless given here for completeness. We try to
emphasize how the results are connected between themselves and to stress the similarities in the arguments
used to derive them. This sometimes leads to new proofs.

Quantum information is a rapidly growing field of research and the amount of articles and surveys devoted
to it is already considerable. Researchers who got interested by this subject recently (including the author) may
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fear to have difficulties to form a clear opinion about the most pertinent open questions. Significant contributions
have been made by physicists, mathematicians, and computer scientists, who constitute a broad community
with different viewpoints. I hope that this review-like part of this thesis may be useful to mathematicians, by
providing examples of interesting problems and explaining the mathematical tools used to tackle them. It may
also be of help to physicists wishing to get acquainted with such tools, which could be useful to derive new
results. This work is intended to be complementary to other surveys containing collections of results without
explicit derivations and to more introductory monographs like [180], which do not include the most recent
advances.

Some comments on the structure of the following chapters might be helpful. The contents of chapter 6,
chapter 8, and chapters 10-11 are largely independent. On the other hand, chapter 6 is partly related to
Sec. 5.5, and chapter 9 makes use of the results of chapter 6 and Sec. 8.5. The material of Secs. 7.1 and 7.2 is
relevant for chapters 10 and 11. Chapter 12 needs more or less the knowledge of all previous chapters. The main
definitions and theorems presented in chapters 4 and 5 are used in the whole part. Two appendices contain
textbook issues about operator convex functions and some less standard trace inequalities.

Before closing this introduction, let us warn the reader that we will be exclusively concerned by quantum
systems with finite-dimensional Hilbert spaces. This is motivated for two reasons. Firstly, this is the case of
most systems in quantum information theory. Secondly, in this way one avoids the technical complications of
infinite-dimensional spaces and concentrates oneself on the main ideas and concepts. Some of these concepts
have been originally worked out in the general setting of C*-algebras, but we shall present here simpler proofs
applying to the finite-dimensional case only.
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Chapter 4

Quantum states

Wenn zwei getrennte Kdrper, die einzeln mazximal bekannt sind, in eine Situation kommen, in der sie aufeinande
einwirken, und sich wieder trennen, dann kommt regelmafig das zustande, was ich eben Verschrankung unseres
Wissens um die beiden Kérper nannte." (E. Schrédinger, 1935) [211]

In this chapter we review the basic definitions of pure and mixed states, entangled states, and the pure state
decompositions and purifications of mixed states. Before that, we introduce in Sec. 4.1 some notation and define
a few mathematical objects from the theory of operator algebras, which will be used repeatedly in this article.
In Sec. 4.2 we discuss an extremely useful result from linear algebra, namely, the Schmidt decomposition.

In all what follows, capital letters A, B, etc., refer to quantum systems, Ha, Hg, etc., denote their Hilbert
spaces, and na = dimHa, ng = dim Hg, etc., the dimensions of these spaces. These dimensions are always
assumed to be finite. A bipartite system AB formed by putting together the systems A and B has Hilbert space
given by the tensor product Hag = Ha ® Hp. For instance, if A and B are two qubits with Hilbert spaces
Ha ~ Hg ~ C2, the space of these two qubits is Hag = C2 ® C2 ~ C*. Similarly, Hay..A, = Ha, @+ @ Ha,
is the Hilbert space of the multipartite system formed by putting together the systems Ay, ..., Ax. The tensor
product vectors |1a) @ |¢g) € Has will be denoted either by |[¢)a ® ¢g) or, more often?, by [1a)|¢s).

4.1 Quantum states and observables

A state of a quantum system with Hilbert space H is given by a density matrix p, that is, a non-negative
operator on H with unit trace tr p = 1. We write £(H) the convex cone formed by all states on H. States will
always be denoted by the letters p, o, or 7, with subscripts referring to the corresponding system if necessary.
The extreme points of the cone E(H) are the pure states py = |¢) (|, with |[¢) € H, ||| = 1 (here [¢)(¢)]
designates the rank-one orthogonal projector onto C|¢)). The pure states can be identified with elements of the
projective space PH, that is, the set of equivalence classes of normalized vectors in H modulo a phase factor.
The vectors el?|1)) € H with 0 < @ < 27 are called the representatives of py € PH. We will abusively write
|¢) instead of py, except when this may be a source of confusion. If p is a state of a bipartite system AB
with Hilbert space Hag = Ha ® Hp, the reduced states of A and B are defined by partial tracing p over the
other subsystem. They are denoted by pa = trg(p) € E(Ha) and pp = tra(p) € E(Hp). These reduced states
correspond to the marginals of a joint probability in classical probability theory.

The C*-algebra of bounded linear operators from H to H' is denoted by B(H,H'), and we write B(H) =
B(H,H). In our finite-dimensional setting, B(#,H') is the algebra of all n’ x n finite complex matrices, with
dimH = n and dim H’ = n’. The Hilbert-Schmidt scalar product on B(H,H') is defined by

(X,Y)=tr(X*Y), (4.1)

where X* denotes the adjoint operator of X. The associated norm is || X |2 = [tr(X*X)]2. The set of states
E(H) can be endowed with the distances®

dp(p.0) = |p = oll, = [tr(lp — ol?)]” (4.2)

1“When two separated bodies, which are maximally known individually, come into a situation in which they interact with each
other and are then again separated, a state that I just called entanglement of our knowledge on both bodies regularly arises.”

2As common in the physics literature we do not write the tensor product symbol ® explicitly.

3We shall see in chapter 8 that there are other more natural distances on £(H) from a quantum information point of view.
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with p > 1. Here |X| denotes the non-negative operator |X| = v X*X. When p — oo, || X||, converges to the

operator norm || X || = || X]|| of X, that is, the maximal eigenvalue of | X|. The Holder inequality reads
X, = tr(XY 4.3
X[, =, max | [6(XY) (43)

with p > 1 and ¢ = p/(p—1). This still holds for p = 1 and ¢ = 00, as can be shown by using the Cauchy-Schwarz
inequality for the scalar product (4.1). In that case the maximum is achieved if and only if YU|X|2 = ¢?|X|2
with 6 € [0,27) and U a unitary such that X = U|X| (polar decomposition).

A self-adjoint operator O € B(H) is called an observable. The real vector space of all observables on H is
denoted by B(H)s.a.. If AB is a bipartite system, one says that O € B(Hap)s.a is a local observable if either
O=A®1or O=1® B, with A € B(Ha)s... and B € B(Hp)s.o.- Here and in the following, 1 stands for the
identity operator on Ha, Hg, or another space.

A linear map* M : B(H) — B(H’) is positive if it transforms a non-negative operator into a non-negative
operator. It is completely positive (CP) if the map

MR1: XeBHC™) — i M (X)) ® k)] € B(H @C™) (4.4)
k,l=1

is positive for any integer m > 1.
Given two orthonormal bases {[i)};*; of Ha and {[;j)}72, of Hg, one can identify any operator O : Hg — Ha

with a vector |\Tlo> € Ha ® Hp thanks to the bijection

0= [Wo) =Y (iO)i)]7) - (4.5)

4]

This bijection is an isomorphism between the Hilbert spaces B(Hg, Ha) (endowed with the scalar product
(4.1)) and Hag. Similarly, one can represent the linear map M : B(Hg) — B(Ha) by an operator O acting
on Heg = Hp ® Hpg with values in Hapn = Ha ® Ha. The matrix elements of this operator in the product
bases {|k)[1) }.5_, of Hes and {[)[j)};"4_; of Haa are given by (Oar)ijk = (i(M(|k)(l])|). This representation
is an *-isomorphism between the C*-algebras B(B(Hg), B(Ha)) and B(Hgs, Haa). The so-called reshuffling
operation [31] associates to Oaq the operator OF; € B(Hag) with matrix elements (O%)it.ji = (Or)ijkis
which satisfies B B -

(A B, OF) = (W40 |¥5) = (4, M(B)) (4.6)

for any A € B(Ha) and B € B(Hg). Here J denotes the anti-unitary operator on Hgg defined by (k[(I|J|¥) =
(k[{{|¥) (complex conjugation in the canonical basis) and B = -, , (k|B|l)|k)(l| is the operator associated to
J|U ) via the isomorphism (4.5). With these definitions, M : B(Hg) — B(Ha) is CP if and only if OR, >0,
that is, OZ& has non-negative eigenvalues®.

The left and right multiplications £x and Rx by X € B(#) are the operators from B(H) into itself defined
by®

Lx(Y)=XY |, Rx(Y)=YX VY e€B(H). (4.7)

They are represented on B(H ® H) by local operators X ® 1 and 1 ® X7, respectively, where T’ stands for
the transposition in the basis {|i)}. Given two states p and o € E(H) with p > 0, the Araki relative modular

operator A, is defined by [13]

Ay p(Y)=0Yp ' =L,0R,1(Y) VY €B(H). (4.8)

It is a self-adjoint non-negative operator on the Hilbert space B(#H) (for the scalar product (4.1)).

40perators acting on the vector space of observables B(H)s.a. or on the whole algebra B(H) are always denoted by calligraphic
letters.

SActually, O, > 0 is equivalent to O = A*A for some A € B(Hag), that is, to (OR)ik,ji = (MK =
Zp’q ApqikApg,j for all 4,5 = 1,...,na and k,l = 1,...,ng. Setting Apq = Z'L,k Apq,ik|i)(E|, it follows that OZ& > 0 if and
only if M(X) = 3>, Apg XA}, for all X € B(Hg), which is equivalent to M being CP by the Kraus representation theorem
(Theorem 5.2.3 below).

6In the C*-algebra setting, the map X + Ly is the Gelfand-Neumark-Segal representation of the C*-algebra [42].
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4.2 The Schmidt decomposition
The following standard result is very useful in quantum information theory.

Theorem 4.2.1. (Schmidt decomposition) Any pure state |¥U) € Ha @ Hg of a bipartite system admits a
decomposition

W) =D vila:)|:) (4.9)

where n = min{na,ng}, pi > 0, and {|a;)}P (respectively {|5:)}11) is an orthonormal family of Ha (re-
spectively of Hg). The p; and |a;) (respectively |B;)) are the eigenvalues and eigenvectors of the reduced state
pa = tre(|U)(T|) (respectively pg = tra(|U)(¥|)). Thus, if the eigenvalues p; are non-degenerate then the

decomposition (4.9) is unique.

The non-negative numbers f; are called the Schmidt coefficients of ). They satisfy . u; = || ¥ = 1.

Proof. Let {|i)};2, and {|5)};2; be some fixed orthonormal bases of Ha and Hg. By using the isomorphism
|¥) = Ow =3, (i ®j|V)[i){j| between Hag and the space of na x ng matrices (see Sec. 4.1), we observe that
the decomposition (4.9) corresponds to the singular value decomposition of Oy, that is, Oy = Ua Y, \/1i|7)(i|Ug
with u; the eigenvalues of O} Oy and Ua and Ug unitaries on Ha and Hg. Then Uali) = |ay) and Ugli) = |8F)
are eigenvectors of Oy O3, and O} Oy, respectively. Denoting by J is the complex conjugation in the basis {|5)}
(see above), one has |8;) = J|5F). O

The Schmidt decomposition can be generalized to mixed states by considering p as a vector in the Hilbert
space B(Ha) ® B(Hg). Any p € E(Hag) can be written as

n2
P=> VimXm @Y | (4.10)

m=1

where {X,,,}7A_; and {Y,, }.2_; are orthonormal bases of B(Ha) and B(Hg) for the scalar product (4.1) and gy,
are the eigenvalues of the niz x nx matrix R > 0 defined by

Rijirjr = <p|i><i'| @1, [5H{' e 1p> (4.11)

2
(the R;j; v+ are the matrix elements in the orthonormal basis {|i)( j|}Z§:1 of B(Ha) of the operator playing the
role of the reduced state in Theorem 4.2.1). Note that Y =, = tr(p?) < 1, with equality if and only if p is a
pure state.

Remark 4.2.2. Alternatively, the p,, are the squares of the singular values of p™* € B(Hgs, Haa), where R is
the reshuffling operation (Sec. 4.1), and X,, and Y, are given in terms of the eigenvectors |xm) and |¢m) of
pR(p™)* and (p)*pR by Xon = 32, (0 @ jlxm) i) (G| and Y = 304 ) (k @ Uyhm) [K)(1], respectively.

Proof. Considering p as a vector in B(Ha) ® B(Hg) and introducing two orthonormal bases {A,} of B(Ha) and
{B,} of B(Hg), according to the proof of Theorem 4.2.1, /i, are the singular values of the n3 x ng matrix
((Ap ® By, p))p,q- Denote by {|ap)} and {|B4)} the orthonormal bases of Haa and Hgg associated to {A,} and
{B,} via the isomorphism (4.5). The statement follows by choosing A, = |#)(j| and B, = |k)(l| and using the
identity (a,|p™J|B,) = (A, ® By, p), see (4.6). O

4.3 Purifications and pure state decompositions of mixed states

Definition 4.3.1. Let p be an arbitrary state on H and K be another Hilbert space. A pure state |¥) € H @ K
such that p = tric(|U)(¥]) is called a purification of p on H Q K.

In the language of C*-algebras, a purification is an example of cyclic representation of a state [42]. An
example of purification of p on H ® H is

) = 3" VBRIRIR) . (4.12)
k=1
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where p = 3", pi|k)(k| is a spectral decomposition of p. If |¥) and |®) are two purifications of p on the same
space H ® K, then there exists a unitary operator U acting on K such that |®) = 1 ® U|¥). In fact, one infers
from the Schmidt decomposition that |¥) = >, \/pxlk)|fx) and |®) = >, \/pk|k)|gr), where {|fx)}7_; and
{lgk) } 17—, are two orthonormal families of . Thus |gx) = U|fx) for some unitary U.

We will often be interested in the sequel by families of quantum states of a system S, p; € £(Hs), i = 1,...,m,
to which we attach some probabilities ; > 0, >, 7; = 1. Following the terminology employed by physicists in
statistical physics, we call {p;, 7}, an ensemble of quantum states (or more simply an ensemble). A convex
decomposition of p is an ensemble {p;,7;}7~, such that p =" n;p;. A pure state decomposition of p is a convex
decomposition in terms of finitely many pure states p; = |1;)(¢;], i.e.

m
p= Zm|¢z><¢z| : (4.13)
i=1
If the vectors |1);) are orthogonal, then (4.13) coincides with the spectral decomposition, but we will see that
there are infinitely many other ways to decompose p. Physically, (4.13) describes a state preparation: it means
that the system has been prepared in the pure state |¢;) with probability ;. The non-uniqueness of the
decomposition can be interpreted as follows. If a receiver is given two ensembles {|1;),7;:}7 and {|¢;),&}_,
corresponding to different state preparations of two identical systems in the same state p, then he cannot make
any difference between them if he has no prior knowledge on the state preparation. Indeed, any measurement
performed by him gives rise to the same distribution of outcomes for the two ensembles. In other words, the full
information that the receiver can collect on the system via measurements is encoded in p, and not in the ensemble
involved in the state preparation. This very important fact has consequences that are sometimes disconcerting
to people unfamiliar with the conceptual aspects of quantum mechanics. For instance, if a preparer gives a
maximally mixed state p = 1/n to a receiver, the latter has no way to decide whether this state was prepared
from n equiprobable orthonormal pure states (which are only known by the preparer) or if it was prepared
by another procedure involving more than n states. It is also worth mentioning that the process transforming
the ensemble {p;,7;}/", into the average state p = ). m;p;, which can be viewed as the inverse of a convex
decomposition, corresponds physically to a loss of information about the state preparation.
Given a fixed orthonormal basis {|f;)}}_; of K with p > ran(p) = r, there is a one-to-one correspondence
between pure state decompositions of p containing at most p states and purifications of p on H ® K. Actually,
given the pure state decomposition (4.13),

v) = Zﬁ|¢i>|f¢> (4.14)

defines a purification of p on H ® K (we have set n; = 0 for m < i < p). Reciprocally, let |¥) be a purification
of p on H ® K. Denote as before the eigenvalues and orthonormal eigenvectors of p by pr and |k). As argued
above, one can find a unitary U on K such that

T P

0) =D Veelk)ULSR) = Y0 Y Vol filU L k) fi) = Y il fi) (4.15)

k=1 i=1 k=1 i=1

with /nilvi) = >, /Pe(filU|fr)|k). Hence |¥) has the form (4.14). Taking the partial trace over K, one can
associate to it a unique pure state decomposition, which is given by (4.13).

Since two purifications |¥) and |®) of the same state p are related by a local unitary U acting on the ancilla
space KC, this implies that any two pure state decompositions p = 321", 7i[¢:) (vi] and p = 32_, &;|;)(¢;]| are
related by

max{m.p}

VEiley) = Z wjin/Mil i) (4.16)

i=1
where (uj;) is a unitary matrix with size max{m,p} (if m < i < p we set as before n; = 0).

4.4 Entangled and separable states
Let us consider a bipartite system AB. If this system is in a tensor product state |Usep) = |ta)|¢pg) with

[a) € Ha and |¢pg) € Hp, then the expectation value of the product of two local observables A® 1 and 1 ® B
coincides with the product of the expectations values, i.e.,

GAB(|Wsep>) = <‘I’sep|A ® B|‘I’sep> - <‘I’sep|A ® 1|\I/sep><‘llsep|1 ® B|‘I’sep> =0. (4-17)
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This means that the random outcomes of measurements of the local observables A®1 and 1® B are uncorrelated.
More generally, if one thinks of AB as a pair of particles located far apart (e.g. a photon pair shared by two
observers Alice and Bob), this pair is in a product state if and only if there are no correlations between the
results of arbitrary local measurements performed independently on each particle (for instance, if Alice sends
her photon through a polarizer and then to a photodetector, and Bob does the same with his photon, the clicks
of the two detectors will be uncorrelated whatever the polarizer angles). One says that |Usep) = |ta)|¢B) is a
separable state. If the pure state |U) € Hag is not a product state one says that it is entangled.

By applying the Schmidt decomposition, one sees that |¥) is separable if and only if all its Schmidt coeffi-
cients vanish except one, that is, if and only if its reduced states pa and pg are pure. In the opposite, if either
pa or pg is proportional to the identity matrix (maximally mixed state), we say that |U) is mazimally entangled.
Such states have the form

|Went) = % z: i) |Bi) (4.18)

where {|a;)}?, and {|8;)}7; are orthonormal families in Ha and Hg and n = min{na,ng}. For instance,
denoting by |0) and |1) the canonical basis vectors of C2, the EPR (or Bell) states [®+) = (|0)|0) 4 [1)]1))/v/2
and |¥4) = (|0)]1) # [1)]|0))/+/2 are maximally entangled states of two qubits, and any maximally entangled
two-qubit state is an EPR state, up to a local unitary transformation Ua ® Ug.

For mixed states, entanglement is no longer equivalent to being a product state. The “good” definition of
mixed state entanglement is due to Werner [257].

Definition 4.4.1. A mixed state p of a bipartite system AB is separable if it admits a pure state decomposition

p=> nilti @ ¢:) (i @ il (4.19)

in terms of pure separable states |1p; ® ¢;) € Hag. If such a decomposition does not exist then p is entangled.
The set of all separable states of AB forms a convex subset of E(Hag), which is denoted by Sag.

It follows from the Carathéodory theorem that the number of pure product states in the decomposition
(4.19) can always be chosen to be smaller or equal to (nang)? + 1.

According to this definition, a state is separable if it could have been prepared from pure product states
only. This does not mean that it has actually been prepared using such states. For example, if one prepares
two qubits in the maximally entangled states |®,) and |®_) with equal probabilities, the corresponding state

p= Sl ®@ |+ 12 ) (@] = 1[0)0] @ [0)0] + 3 [1)1] @ [1)1] (4.20)

is separable! This unexpected result is inherent to the ambiguity of the state preparation discussed in the
preceding section. This quantum ambiguity unfortunately obliges us to look for all possible state preparations
of a given mixed state p to decide whether p is entangled or not. This makes this problem highly non-trivial.

An explicit complete characterization of Sag is known for qubit-qubit and qubit-qutrit systems only, that
is, for (na,ng) = (2,2), (2,3), and (3,2). In such a case, the Peres-Horodecki criterion [193, 127, 128] gives
a necessary and sufficient condition for p to be entangled. This criterion is formulated in terms of the partial
transpose. Given two orthonormal bases {|i)} of Ha and {|k)} of Hg, the partial transpose p® of p with respect
to B has matrix elements in the product basis {|i)|k)} given by

(il(Klp™ 1)1t = (il {tlpld)[k) - (4.21)

One defines similarly p™ and note that p™ = (p?8)T. It follows from Definition 4.4.1 that if p is separable then
p™r >0 and pT8 > 0, i.e., pT™ and p’® are states of AB. Thus, if p?* (or, equivalently, p’®) has negative eigenval-
ues then p is necessarily entangled. Since the transpose is a positive but not CP map, such negative eigenvalues
may indeed exist. However, if nang > 6, certain entangled states have non-negative partial transposes [128]. It
is remarkable that this does not happen when nang < 6: then p™ > 0 if and only if p € Sag [127]. Two remarks
should be made at this point. First, states with non-negative partial transposes cannot undergo entanglement
distillation and therefore form an interesting subset of £(Hag) on their own, which contains Sag (see [130] for
more detail). Second, extending the Peres criterion to all positive but not CP linear maps Ag : B(Hg) — B(Ha)
(i.e., asking that 1 ® Ag(p) > 0 for any such map) yields a necessary and sufficient condition for entanglement,
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valid whatever the space dimensions na and ng [127]. Due to the lack of an explicit characterization of such
maps (except for (na,ng) = (2,2) or (3,2))7, this condition is unfortunately not very helpful in general.

Let us also mention another necessary but not sufficient (even for two qubits) condition for entanglement,
which relies on the Schmidt decomposition (4.10) for mixed states. By using the fact that 3 /i, defines a
norm on £(Hag), one can show that if p € Sag then ) \/ftm < 1 [59]. Hence }_ /ity > 1 implies that p is
entangled.

Once a state has been recognized as separable, it may be of relevance to determine its decomposition(s) into
pure product states. This problem has been addressed in [265, 206, 252] for two qubits.

Definition 4.4.1 can be extended straightforwardly to multipartite systems A;...Aj;. Then different kinds
of entanglement can be defined according to the chosen partition of {A1,...,Ag}. In this article we will not
consider multipartite entanglement, which is a challenging subject in its own [110, 130].

“When (na,ng) = (2,2) or (3,2), any positive map A : B(Hg) — B(Ha) can be written as A = M; + M3z o T, where M; and
My are CP and T is the transposition [266]. The fact that the partial transpose criterion is sufficient for entanglement follows from
this characterization [127].
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Chapter 5

(Generalized measurements

Wenn wir experimentell feststellen, daf$ das Atom eben in den Zustand m wirklich tibergegangen sei, so werden
wir thm zur Berechnung alles Folgenden nicht die Funktion Zm CnmSm, sondern eben die Funktion Sy, mit
unbestimmter Phase zuzuordnen haben.' (W. Heisenberg, 1927) [117]

In this chapter we review the notions of quantum operations and generalized measurements and give the
basic theorems, namely, the Stinespring theorem, the Kraus decomposition, and the Neumark extension the-
orem. We then introduce a special type of measurement called the least square measurement and show its
link with approximate reversals of quantum operations. We start by a physical description of a von Neumann
measurement.

5.1 Physical realization of a measurement process

A measurement on a quantum system S is realized by coupling S with a measurement apparatus. This apparatus
consists of a macroscopic pointer P interacting with an environment E playing the role of an infinite bath. One
may think of P as the center of mass of the needle of a meter. The environment E then includes all the other
degrees of freedom of the macroscopic apparatus. The coupling of the measured system S with the pointer
transforms the initially uncorrelated state ) ® |0) of the composite system SP into an entangled state,

[0) @ 10) — [¥S) =D calau) ® i) . (5.1)

il

Our assumption that S and P are initially in pure states is made to simplify the foregoing discussion and can be
easily relaxed. The states |«;;) form an orthonormal basis of the system Hilbert space Hs (measurement basis),
which is the eigenbasis of the measured observable A, i.e., Alay) = a;|ay). The index [ labels if necessary
the different orthogonal eigenstates of A with the same degenerate eigenvalue a,. In ideal measurements ¢;; =
(ai|1). The states |i) are the pointer states of the apparatus. After a sufficiently long coupling time between
S and P, these states are macroscopically distinct and thus nearly orthogonal, (i|j) ~ d;; (hereafter ¢;; stands
for the Kronecker symbol, equal to 1 if ¢ = j and zero otherwise). The transformation (5.1) is a unitary
transformation, i.e., |UE) = Usp|y)|0) where Usp is a unitary evolution operator on Hsp. One usually calls
such a transformation the pre-measurement [102]. This unitary evolution induces quantum correlations between
S and P, such that each eigenprojector II; = ), |aui) (| of A is in one-to-one correspondence with a pointer
state |i). The resulting state (5.1) is a superposition of macroscopically distinct states, sometimes referred to as
a “Schrodinger cat state”. The pointer states are singled out by their robustness against environment-induced
decoherence. More precisely, if the pointer P is initially in the state |¢), its interaction with the environment E
does not entangle P and E. Letting P and E interact during a time ¢ much larger than the decoherence time,
the SP-entangled state |UEgp') is transformed into a statistical mixture in which all the coherences between the
pointer states |i) have disappeared. After tracing out the environment degrees of freedom, the reduced state of
SP is modified according to

(W (WE| — pBa™ = cantarlevir) (| @ [i) (i = D TL; pTL @ [i) il (5.2)
ikl 7

L«If we determine experimentally that the atom has actually acquired the state m, then in the subsequent calculations we shall
have to assign it the function Sy, with an indeterminate phase, instead of 3= cnmSm.”
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p = |¢){(¢] being the initial system state. The final SP-state has no quantum correlations but is classically
correlated: indeed, each pointer state |¢) goes hand in hand with the system state

psii =p; Wiplly , pi=tr(Ilip) . (5.3)

Concrete models for the pointer and its coupling with the system and the environment have been investigated
in [4, 5, 223, 224]; in these works the aforementioned decoherence time and the time duration of the measurement
are estimated in the more realistic situation where the two transformations (5.1) and (5.2) occur simultaneously.
The readout of the pointer (that is, the observation of the position of the needle) cannot significantly alter the
macroscopic state |i). It merely selects one of the measurement outcomes,

outcome i: Pep — pspli = psji @ i) (il (wavepacket reduction). (5.4)

After the measurement yielding the outcome i the measured system is in the conditional state pg;, and this
outcome occurs with probability p; (Born rule). The transformation (5.4) results from the knowledge of the ran-
dom outcome, it should not be regarded as a true dynamical process. It is actually analog to a state preparation
(see Sec. 4.3). In mathematical terms, it corresponds to a convex decomposition of pgp™ = >", pipsp):-

We point out that recent progresses in the understanding of quantum measurement processes via dynamical
models and their interpretation with a statistical physics viewpoint have been made by Allahverdyan, Balian,
and Nieuwenhuizen [6].

5.2 Quantum operations

In the absence of readout of the measurement result, one does not know which state pg|; has been prepared and
the system is after the measurement in the average state

where p is the state before the measurement.

Since {II;} is the spectral measure of the self-adjoint operator A, the II; form a family of projectors in
B(Hs)s.a. satisfying IL;II; = §;;11; and >, II; = 1. We will refer in the sequel to such a family as an orthonormal
family of projectors. Tt is easy to show that the map My is CP (as a sum of CP maps) and trace-preserving.
In quantum information, such maps are called quantum operations.

Definition 5.2.1. A quantum operation M : B(Hs) — B(Hs) is a trace-preserving CP map from B(Hs) into
B(Hs).

A necessary and sufficient condition for a linear map M : B(Hs) — B(Hsg) to be CP is that it satisfies
M@ 1(|Pent)(Pent|) > 0 for the maximally entangled state |Uens) = ns_l/2 >k |k)E) in Hs ® Hs, where {|k)}
is an orthonormal basis of Hs. In fact, M @ 1(|Went)(Went|) coincides with the operator OF; defined in Sec. 4.1
up to a factor 1/ng, and it has been argued above that M is CP if and only if OZ& > 0.

A quantum operation is the quantum analog of a stochastic matrix M2 giving the transition probabilities

q(jli) of a classical Markov process,
P=(p1,....pn) = MTp with (M“*p); = q(ili)p; , q(ili) >0, > q(ili)=1. (5.6)
i=1 j=1

Save for the wavepacket reduction (5.4), all physical dynamical processes on quantum systems are given by
quantum operations®. Let a system S interact with another system E at times ¢ > 0. If S and E are initially in
a product state p(0) ® pe(0) and SE can be considered as an isolated system, so that its dynamics is governed
by the Schrédinger equation, then the reduced state of S at time ¢ reads

p(t) = tre (e~ 5% p(0) @ pe(0) %) (5.7)

2In order to include the transformation (5.4), many authors define a more general notion of quantum operation by relaxing
the trace-preserving condition and replacing it by tr(M(p)) < 1 for any p € £(H). The state transformation is then given by the
non-linear map p — M(p)/ tr(M(p)). Theorems 5.2.2 and 5.2.3 can be easily adapted to this more general definition. In particular,
the Kraus decomposition (5.10) holds, with Kraus operators A; satisfying >, A¥A; < 1.
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Here Hsg = Hs + Hg + AHjy is the Hamiltonian of SE, where Hs and Hg are the Hamiltonians of S and E, Hjys
their coupling Hamiltonian, and A the coupling constant. The time-evolved state (5.7) is related to the initial
state p(0) by a quantum operation My, i.e., p(t) = M;p(0). The Stinespring theorem says that any quantum
operation M can be viewed as a reduced evolution of the system coupled to an auxiliary system (ancilla).

Theorem 5.2.2. (Stinespring [229]) Let M be a quantum operation B(Hs) — B(Hs). Then one can find an
ancilla Hilbert space He, a state |eg) € He, and a unitary operator U on Hsg such that M(p) = tre(Up ®
|€0) (€0l U™).

It is appropriate at this point to review a few well-known facts from the theory of CP maps on C*-algebras.
The adjoint M* with respect to the trace of M : B(Hs) — B(Hs) is the map M™* : B(Hg) — B(Hs) defined by
tr[AM(p)] = tr[M*(A)p] for any A € B(Hg) and p € B(Hs). If M is a quantum operation then M* is also a
CP map and is unity-preserving, M*(1) = 1. According to Stinespring’s theorem, one has

M (X) = (e|U"X @ 1U|eo) (5.8)
for any X € B(H). It follows that M* satisfies the Kadyson-Schwarz inequality

M (X)) < MA(IX?) (5.9)

Theorem 5.2.3. (Kraus [149]) A linear map M from B(Hs) into itself is a quantum operation if and only if it
admits the representation

M(p) =3 AipA7 (5.10)

where {A;} is a countable family of operators on Hs satisfying >, AT A; = 1.

For infinite dimensional Hilbert spaces and in the more general C*-algebra setting, the Kraus decomposition
holds under the additional assumption that M is normal, that is, ultra-weakly continuous. One usually deduces
it from Stinespring’s theorem. In our finite-dimensional setting, however, a simple direct proof of Theorem 5.2.3
exists (see Remark 5.2.4 below). One can then obtain the Stinespring theorem from the Kraus decomposition
as follows. Let {|k)};5, be an orthonormal basis of Hs and Hg be a (possibly infinite-dimensional) Hilbert
space with orthonormal basis {|e;)}. Define the vectors |WUio) = >, A;|k)|e;). Using >, A¥A; = 1, one finds
that these vectors form an orthonormal family in Hsg, which can be completed so as to get an orthonormal
basis {|Ux)}. Then M*(X) = (e|U*X ® 1U|ep) for any X € B(Hs), where the unitary U on Hsg is defined
by Ulk)|e1) = [Vy) for any k and [.

Remark 5.2.4. Any quantum operation B(Hs) — B(Hs) with dim Hs = ns < oo admits a Kraus decomposition
(5.10) with at most ng operators A;. Consequently, one can choose the ancilla space Heg in Theorem 5.2.2 of
dimension dim Heg = n2.

Sketch the proof [180]. To show that M has the form (5.10), consider the operator B = M®1(|Went)(Vent|) with
[Went) = ns_l/Q > i |k) k) € Hss as above. Since M is CP, one has B > 0. Let |®;) be orthogonal eigenvectors
of B, normalized in such a way that nsB =3, |®;)(®;|. Then define the Kraus operators A; as the operators

associated to |®;) by the isomorphism (4.5) between B(Hs) and Hss. O

It is important to realize that the Kraus decomposition is not unique. For indeed, if {4;}7_; is a family of
Kraus operators for M and (u;;){ ;,_; is a unitary matrix of size ¢ > p, then the operators

p
By =Y u;A;i , j=1,...,q, (5.11)
=1

define another family of Kraus operators for M. Conversely, two families {4;}Y_; and {Bj}gzl of Kraus
operators for M with p < ¢ < co are related to each other by (5.11). Actually, let B and |Ue,) be defined as
in the Remark 5.2.4 above. Then B =}, |1;) (1| = >_ [v;)(7;| with

i) =ng ? SOCARDIE) o 155) =ng ? SO (B, IR)IK) - (5.12)

k k
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In view of the link (4.16) between pure state decompositions of a non-negative operator, one has |[v;) = > ;i |fi;)
with (u;;){ ;_; unitary. This implies (5.11).

Given a purification |¥) of p on Hs ® Hgr and a quantum operation M : B(Hs) — B(Hg), it is natural
to ask about purifications of M(p). A slight generalization of Theorem 5.2.2 ensures that there exist a vector

leo) € He and a unitary U : Hs @ Heg — Hg @ He such that M(p) = tre/(Up @ |eo) (e0|U*). Therefore,

[Uat) = IR @UW)|eo) = Y > V/pr(Alk))| fi)|€}) (5.13)

k=11i=1

is a purification of M(p) on H¢ @ Hr®@Hg. In the second equality, {|k)} is an orthonormal eigenbasis of p, {| fx)}
is the orthonormal family of Hg such that |¥) =", \/px|k)|fx), and {|€;)} is an orthonormal basis of H¢ such
that Ulk)|eo) = >, (Ailk))|e;) (see the expression of U in terms of the Kraus operators after Theorem 5.2.3).

5.3 Generalized measurements

For the quantum operation My defined by (5.5), the orthogonal projectors II; form a family of Kraus operators.
One may wonder if more general quantum operations, given by Kraus operators A; which are not necessarily
orthogonal projectors, correspond to some kind of measurements. The answer is yes: such operations can always
be obtained by coupling the system S to an auxiliary system E (the ancilla) and subsequently performing a von
Neumann measurement on E.

Theorem 5.3.1. (Neumark extension theorem) Let {A;}_, be a finite family of operators satisfying Y, AT A; =
1. Then there exist a space He with dimension dim He = p, a pure state |eo) € He, an orthonormal family {nF}
of projectors in B(He), and a unitary operator U on Hsg such that for any density matriz p € E(Hs),

AipAs =tre(1@ 75 Up @ |eo) (e0|U*1 @ wE) | (5.14)

Proof. Use the same arguments as in the above proof of Stinespring’s theorem from Theorem 5.2.3, and define
E
T = |e) (el =

Definition 5.3.2. A generalized measurement is given by a family {M;} of non-negative operators M; satisfying
> M; =1 (positive operator valued measure, abbreviated as POVM) together with a family of operators {A;}
such that M; = A} A;. The conditional state pg|; given outcome i and the probability of this outcome read

psii =i "AipA;, pi = tr(M;p) . (5.15)

According to Theorem 5.3.1, any generalized measurement can be realized by letting the system S interact
with an ancilla E in the state |¢y) and subsequently performing a von Neumann measurement on E, that is,
coupling E to a macroscopic apparatus with pointer P. The interaction between S and E first transforms the
initial state ps ® |eg){€p| into psg = Ups @ |eo){eg|U*, U being a unitary evolution operator on Hsg, and the
subsequent von Neumann measurement leads to the wavepacket reduction for the system SP (compare with
(5.3) and (5.4))

outcome i: PSP — Pspl; = Tl tre(1 @ 7 psel @ 75) @ [i)(i| = p; P Aips AT @ |i) (il (5.16)

where p; = tr(1 ® 7Epsg) = tr(M;ps) is the probability of outcome 4, in agreement with (5.15).

One has A; = UiMil/ 2 (polar decomposition) for some unitary operator U; depending on ¢. The conditional
states ps); are thus characterized by the POVM {M;} up to unitary conjugations, which introduce a freedom in
choosing the output state associated to each measurement outcome. For instance, if M; = |pu;){f;| are of rank
one then A; = |i)(ji;| for some arbitrary normalized vector |7) and the output conditional states are psj; = |4)(i|.
One usually takes the vectors |¢) to form an orthonormal basis (which can be identified to the pointer state
basis of Sec. 5.1), in such a way that the states ps|; be perfectly distinguishable (this happens if the ps); are
orthogonal only, see chapter 6 below). One should keep in mind, however, that the probability p; = (f;|p|i:) of
outcome ¢ is independent of the choice of {|i)}. If one is interested only in functions of the post-measurement
states ps); which are invariant under unitary conjugations (as, for instance, the von Neumann entropy), then
the generalized measurement can be fully specified by the measurement operators M;. Thanks to the Neumark
extension theorem, these operators may be written as

M; = AT A; = (eo|U"1 @ 75U |eo) (5.17)
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As stressed above, in the absence of read-out the state of the system after the measurement is the average of
the conditional states,

M(p) =D _pipsii = D AipA; . (5.18)

in analogy with (5.5). This defines a quantum operation M, the Kraus decomposition of which specifies the
state preparation associated with the wavepacket reduction.
Writing the spectral decomposition of each operator M;, one observes that

M= Y ) el Y0 M= 3 )l = 1 5.19)

k=1

where r; = rank(M;) and |f;,) are unnormalized eigenvectors with norms equal to the square roots of the
corresponding eigenvalues. The last condition in (5.19) implies that either {|i;x)} is an orthonormal basis,
in which case {M;} is an orthonormal family of projectors (von Neumann measurement), or {|f;x)} is a non-
orthogonal family containing more than ns vectors, in which case at least two eigenvalues ||f;;|| are strictly
smaller than one and {M;} is not a von Neumann measurement.

The set of all POVMs is a convex set. Its boundary and extremal points have been studied in [66].

Remark 5.3.3. An alternative version of Theorem 5.3.1 states that if m = Y, r; with r; = rank(M;), then
there exist a space Hg with dimension m —ns + 1, a state |eo) € He, and a von Neumann measurement {II3F}
on Hse such that

M; = (|35 |eg) (5.20)

The interesting point is that the dimension of the ancilla space Hg can be smaller than p in Theorem 5.3.1 (for
instance dim Hg = p — ns + 1 for rank-one operators M; ).

Sketch of the proof [192]. Note that m > ns by the observation above. Define

m—ngs

(Gin) = [Fir)leo) + D cinalddler) (5.21)

=1

m—ns

where |fi;) is as in (5.19), |¢) € Hs is an arbitrary state, and {|)};” ;" is an orthonormal basis of Hg. The
coefficients ¢;;; may be chosen such that {|(;;)} is an orthonormal family of Hsg. To establish this statement,
set ciky = (l[fik) for m —ns <1 < m, with {|[)};2, ., an orthonormal basis of Hs, and let ¢, € C™ be
the vector with components c¢;;. Then ¢; - ¢ = oy for any [,I’ > m — ns, as a result of Y, M; = 1. One
can choose the (m — ng) other vectors ¢; in such a way that (cq,...,cy,) forms a m x m unitary matrix. Then
125 = 3, |Gik) (G| has the desired property. O

5.4 Connections between POV Ms, quantum operations, and state
ensembles

To each POVM one can associate a quantum operation and vice-versa. Similarly, there is a canonical way
to associate to a quantum operation a state ensemble and vice-versa. These correspondences depend on an
orthonormal basis {|i)}", of a fictitious pointer P with m-dimensional space Hp. It has been already seen
above that one can associate to a POVM {M;}™, on S a quantum operation with Kraus operators A; such
that M; = A7A;. This operation implements the state changes in the measurement process in the absence
of readout. If we imagine that S is coupled to P and that the measurement is performed on both S and P,
one may consider the Kraus operators A;, = |k)|i)(fx| such that M; = 3, Af A, where {|k)};2, is an
orthonormal basis of Hs and |fz;;) are the unnormalized eigenvectors of M; in (5.19). Provided that there is no
readout of the measurement on S, one may trace the post-measurement states over Hs. The conditional states
of P are given by pp|; = P trs(AipAL,) = |i)(i| with pix = (fiix|p|fiix), and the corresponding probability
is p; = >, pik = tr(M;p). The state changes in the absence of readout are implemented by the quantum
operation M : B(Hs) — B(Hp) defined by

M(p) = Y uQLpli)il « peE(s) & M)l = Midyy + ij=Lioom. (522

Conversely, if M is a quantum operation B(Hs) — B(Hp) then M;
(actually, M; > 0 by the positivity of M* and >, M; = M*(1) = 1).

M*(|i)(i]) defines a POVM {M;}",
Therefore, for a given orthonormal
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basis {|i)}, of Hp, there is a one-to-one correspondence between POVMs {M;}, on Hs and quantum
operations M : B(Hs) — B(Hp) of the form (5.22).

A similar one-to-one correspondence can be found between state ensembles on Hs with fixed probabilities
{n:}>, and quantum operations B(Hp) — B(Hs) such that M(|é){(j|) = 0 for ¢ # j. This correspondence is
given by

pi=M(DGE) , i=1,...,m. (5.23)

In fact, if M : B(Hp) — B(Hs) is a quantum operation then {p;,n;}7, is clearly an ensemble on Hs. Conversely,
if {ps,mi}i~, is an ensemble of m states, let us write the spectral decompositions p; = >, pir|Vir)(Yir|. Then
the operation with Kraus operators A;i = \/pir|¥ix) (¢| has the required property.

5.5 Transpose operation and least square measurement

5.5.1 Recovery operation in quantum error correction

The notion of transpose operation was introduced by Ohya and Petz in their monograph [183]. It plays the role
of an approximate reversal of a quantum operation, in a sense that will be made more precise below.

Definition 5.5.1. Let M : B(H) — B(H') be a quantum operation and p € E(H) be a state such that M(p) > 0.
The transpose operation of M for p is the quantum operation R, : B(H') — B(H) with Kraus operators R; =

p%AIM(p)’%, where {A;} is a family of Kraus operators for M. It is independent of the Kraus decomposition
of M. Actually, for any o € E(H'),

R p(0) = p2 M*(M(p)~20M(p)"2)p? . (5.24)

One easily checks that ), Rf R; = 1, so that R a4, is indeed a quantum operation, and that Ry, ,0 M (p) = p.
Furthermore, transposing twice amounts to do nothing, that is, the transpose of R, for the state M(p) is
equal to M.

The operation R a4, appears naturally in the context of quantum error correction. The problem of quantum
error correction is to send a state p over a noisy quantum communication channel in such a way that p is resilient
to the effect of the noise in the channel. The state p is encoded via a unitary transformation into a subspace
Hc of the Hilbert space ‘H of the quantum channel. The noise is described by some quantum operation M.

Proposition 5.5.2. Let M be a quantum operation on B(H) with Kraus operators {A;}. Let Ilc denote the
orthogonal projector onto a subspace Ho C H and E¢ : p — g plle be the conditional expectation onto
the space of operators supported on Hco. There exists a recovery quantum operation R on B(H) satisfying
RoMoEes =E¢ if and only if the following condition holds:

Ec (47 4;) = ai;llc (5.25)

where (a;;) is a self-adjoint matriz. If this condition is satisfied then for any p with support ran(p) C Hc, the
transpose operation R, 15 a recovery quantum operation.

We refer the reader to the book of Nielsen and Chuang [180] for a proof of the necessary and sufficient
condition (5.25). Some bibliographic information on this topic can also be found there.

Proof of the second statement. By taking advantage of the non-uniqueness of the Kraus decomposition,
5.25) can be transformed into Ec (B} B;) = p;d;;11c, where the Kraus operators B; are given by (5.11) with
(R} J
(uij)(@i;)(ui;)* the diagonal matrix with entries p;. Together with the polar decomposition, this implies B;Il¢o =
P W; with W; = Vi1l satisfying W*W; = §;;11c, the V; being some unitary operators. Thus the subspaces
ViHc are orthogonal for different j’s and the restriction of ) ;WiWZ to the subspace V = @©;V;Hc equals
the identity. If p = Ec(p) and the restriction of p to Hc is invertible, then M(p) = >, p;W;pW7 and
M(p) Y2 =S . W,p~Y2W?*/ /p;, the last operator being defined on V. A simple calculation then shows that
p §Wip j j g
Rm,po MoEcg =E¢, as stated in the Proposition. O

76



5.5.2 Transpose operation as an approximate reverse operation

Since the condition (5.25) is not always fulfilled, it is natural to ask whether one can find an optimal imperfect
recovery map, which would enable to recover a given ensemble {p;,7;} subject to some noise with a maximal
fidelity. A notion of fidelity has been introduced by Schumacher [213]. Its definition is as follows (for more detail
and motivations from classical information theory, see [180]). Given a state p € £(Hs), consider a purification
|W,) of p on Hs ® Hg, where R is a reference system with Hilbert space Hr ~ Hs. For instance, |¥,) can
be given by (4.12). If p is a mixed state then |¥,) is SR-entangled (Sec. 4.4). The entanglement fidelity of p
quantifies how well this entanglement is preserved when the system S is subject to some noise modelized by a
quantum operation M on B(Hs). It is defined by

Fe(p, M) = <\I]P|M ® 1(|\I/p><‘11p|)|q/p> . (5.26)

Since different purifications of p on Hgsg are related by unitaries acting on Hg, the right-hand side of (5.26) does
not depend on the chosen purification. As a consequence of the positivity and the trace-preserving property of
M, one has 0 < Fo(p, M) < trsg[M @ 1(|¥,)(¥,|)] = tr[M(p)] = 1. Plugging (4.12) and (5.10) into (5.26), a
simple calculation yields

Folp, M) = 3 Jtr(4;0)[ (5.27)

where {A;} is a family of Kraus operators for M. Note that the sum in the right-hand side does not depend
on the choice of Kraus decomposition (this follows from (5.11)), as it should be. For a pure state py = [¢) (¥,
the entanglement fidelity reduces to the input-output fidelity F'(py, M) = (Y| M(|¥)(¢])]¢)). One infers from
(5.27) that F.(p, M) is a convex function of p.

Let us now consider an ensemble of states {p;,n;}™,. The corresponding average entanglement fidelity is
defined by

Fo{pim}, M) =Y m:Fe(pi, M) . (5.28)
This fidelity belongs to the interval [0, 1].
Proposition 5.5.3. (Barnum and Knill [29]) If the states p; commute with p =", n;p;, then

Fe({pia 771'}; RM,p o M) Z Fe({pia 771'}, 7Q/Opt o M)2 B (529)

where R a,, is the transpose operation of M for p and Repy the optimal recovery quantum operation R mawi-

mizing Fo({pi,ni}, R o M).

Hence, if the minimal fidelity error is 1 — Fc({pi, 1 }, Ropt © M) = n, then the fidelity error by using R, am
as the recovery operation is at most twice larger than this minimal error.

Proof. Taking advantage of the non-uniqueness of the Kraus decomposition, one can choose for any fixed ¢ some
families {R;-’pt D1 and {A,(;)} of Kraus operators for R°P* and M satisfying

(R DAV p) =0 |, j#k. (5.30)
Actually, given any families { R%P*} for R°P* and {4} for M, the operators R;’pt © = - ung%’t and A,(j) =
> 55:1) A; have the required property if (ugz%) and (’U](:)) are the unitary matrices in the singular decomposition

of (tr(R2P*A;p;)). Since {R;pt (i)A,(f)} is a Kraus family for R°P'o M, one obtains from (5.27), (5.28), and (5.30)
i o i 4 2
Fe({pini}, R o M) =3 ftr(RPPV AV py)|” (5.31)
2%

We first consider the case ppg = M(p) > 0. Without loss of generality, we may assume that ran(R?pt(i)) C

ran p; C ran p, so that the operators

i _1 ;) 1 1 i _ 1 ) 1 1 i)y 1 ) 1
Xy =nppi AV pip? Vi =nlpiBpip? and (B{) = p iRz, (5.32)
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are well-defined. Since [p;, p] = 0, one finds by using twice the Cauchy-Schwarz inequality

(Z!um;xmf) < (VY)Y (X5 X))

4,9 4]

Fe({pi,ni}, R o M)?

2 N 2
< ) (VYT (X5 X | (5.33)
.5,k i,k
The transpose operation R, o4 has Kraus operators Rgi) = %(A(l)) pM As a result,
Fe({pi,ni}, Rprmo M) Z 3t ( R(z A9 p)) pi)| Z‘tr (X)5Xa)|” (5.34)
0,4,k 0,4,k

The first sum in the last member of (5.33) is equal to Fe({p;,n;}, R°P o B), where B is the CP map defined by
B(o) =3, Bl(cz)a(B,(j))* (note that B does not depend on ). Even if B is not trace-preserving, with the help
of (5.26) this fidelity can be bounded from above by tr[R°P' o B(p)], which equals unity thanks to the identity
B(p) = M(p). This yields the inequality (5.29). If pa4 is not invertible, one approximates M by some quantum
operations M, satisfying M.(p) > 0 for € > 0 and M. — M as ¢ — 0, and obtains the result by continuity. O

5.5.3 Least square measurement

Let us consider an ensemble {p;,n;}7, of states of the system S forming a convex decomposition of pouy =
>; mipi. For any i, we denote by p; = >, pir|Vir) (i | the spectral decomposition of p; and set p; = A; A7, where
A; = /p;iU; is defined up to a unitary U;. Introducing as in Sec. 5.4 an arbitrary orthonormal basis {|k:) st}
of Hs and a fictitious pointer with m-dimensional space Hp and orthonormal basis {|¢)}7,, one can choose

A= S Bl (Gl € BlHse, Hs) (5.35)

We remark that A; is associated to a purification of p; ® |i)(i| on Hsp ® Hs via the isometry (4.5) between
B(Hsp,Hs) and Hsp @ Hs, namely, [V;) = >, \/pix|vir)|i)|k). Moreover, [Wou) = >, /Mi|¥;) is a purification
of pous On the same space.

The least square measurement 3 associated to {p;, n;}™, is given by the Kraus and measurement operators

m *x T3 m sm |2 _1 _1
Ris = mAipout Z V NiDik |k ><w1k|pout ) les = ’Rls ‘ = nipou%npipou%n (536)

for i =1,...,m. One indeed checks that . MZ-lsm =1, so that (5.36) defines a generalized measurement in the
sense of Definition 5.3.2. While the operators M*™ and thus the outcome probabilities ¢; = tr(M*™os) (here
os is the system state) only depend on {p;,7;}, the post-measurement states also depend on the choice of the
basis {|i)}, as highlighted in chapter 5. The conditional and average post-measurement states of the pointer P
are

outcome i: os = opl; = q; trs(RF™Mos(RE™)*) = [i) (i (5.37)

no readout: os + op = M"(gs) Zqu'p‘l Zqz|z><z| (5.38)

For a pure state ensemble {|t);),n; }7,, the least square measurement consists of rank-one measurement opera-
tors M; = [fi;) (| with |f;) = \/Mipout|i). The vectors |fi;) have the following property [125, 83], which
elucidates the name given to the measurement: they minimize the sum of the square norms |[|f;) — /7 |:)]|?
under the constraint ), |f;)(fi;| = 1. If the [¢;) are linearly independent and span Hs, so that m = n, then
{|fi:)} is an orthonormal basis of Hs. In that case { M} is a von Neumann measurement (see Sec. 5.3).

3This measurement bears several names: it was referred to as the “pretty good measurement” in [114] and is also called
“square-root measurement” by many authors.
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Remark 5.5.4. The aforementioned property of a least square measurement can be stated as follows:

Juin, {ZHlm mwz—w?}nsﬂmr(é) with - pout = > mihi) W (5.39)

the minimum being over all families {|f;)}i~, in Hs such that Y, |f:)(f;| = 1. This minimum is achieved if

and only if |f;) = \/Epout %) (up to irrelevant phase factors).

Sketch of the proof. [125, 83] Define A = 3. \/milti)(i| and B = >, |j1;)(i| in analogy with (5.35). Then
observe that the sum to be minimized in (5.39) is equal to ||A* — B*||3 = 1 +ns — 2Re tr(AB*), and use (4.3).
O

As suggested by this result, the least square measurement plays an important role in distinguishing quantum
states drawn from a given ensemble. This point will be discussed in Sec. 6.3 below.

Let us recall from Sec. 5.4 that the relation p; = M(]i)(i]), where {|i)}™, is a fixed orthonormal basis of
Hp, can be used to associate to a quantum operation M : B(Hp) — B(Hs) an ensemble {p;,7;}7, on Hs.
Conversely, if {p;, 7} is an ensemble on Hs, the operation M with Kraus operators A;x = A;|k) = \/Di|War) (i
satisfies this relation (here A; is the operator (5.35)). Similarly, the relation (5.22) establishes a one-to-one
correspondence between POVMs {M;} on Hs and quantum operations R : B(Hs) — B(Hp). It was recognized
by Barnum and Knill [29] that the least square measurement associated to the ensemble {p; = M(|i){i]),n:}
is nothing but the measurement corresponding to the transpose operation R, of M for the state pin =
> mili)(i]. Actually, since M(pin) = pout, according to the Definition 5.5.1,

R; ik — pm zkpout V nip1k| ><w1k|p;u§t (540)

are Kraus operators for R, p;,. Thus
1 _1 . N N
ME™ = 1ipg 2 pipo = > RixRir = Rig . (1) (i) - (5.41)
k

Conversely, it is immediate to verify that R, p,, (0) = Y. Riko Ry = >, tr(MPS™a)|i)(i], hence Ry, is the
operation associated to {M}*™} by the relation (5.22).
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Chapter 6

Quantum state discrimination

Theory determines what we observe (A. Einstein).

The carriers of information in quantum communication and quantum computing are quantum systems, and
the information is encoded in the states of those systems. After processing the information, it is necessary to
perform measurements in order to read out the result of the computation. In other words, one has to determine
the output state of the system. If these possible outputs form a set of orthogonal states, that is, if they are
given by m known density matrices p; with orthogonal supports, then it is easy to devise a measurement which
discriminates them without any error (a von Neumann measurement with projectors II; onto ran(p;) will do
the job). However, when the p; are non-orthogonal a perfect discrimination is impossible. Indeed, if two
non-orthogonal states [11) and |¢2) could be discriminated perfectly then one could duplicate those states by
producing copies of |¢;) if the measurement outcome is i = 1,2, without prior knowledge on which of the two
states one actually possesses. This would contradict the no-cloning theorem!. Consequently, one can extract
less information from an ensemble of non-orthogonal states than from an ensemble of orthogonal ones.

It is of interest to find the best measurement to distinguish non-orthogonal states p; with the smallest possible
failure probability. We study this state discrimination problem in this chapter. This is a quite important issue
in quantum cryptography and in quantum communication in general. As emphasized in the introduction of this
article, we aim at explaining some typical questions, providing examples, and establishing basic general results
that will be used in the next chapters, rather than giving a full account on the subject. We refer the reader
to the review articles [58, 37, 36] for more complete presentations. Measurements for distinguishing quantum
states can also be optimized using other criteria than the minimal probability of equivocation. For instance,
one can try to maximize the mutual information between the initial distribution of the state ensemble and the
distribution of the measurement outcomes. This optimization problem, which plays an important role in the
transmission of information in quantum channels, is briefly discussed at the end of this chapter.

Before entering into the detail of the theory, let us make a philosophical remark concerning the quantum-
classical differences. Let us inquire about the quantum analog of the celebrated experiment in classical probabil-
ity which consists of picking up randomly colored balls contained in an urn. In quantum mechanics, the readout
of the system’s state (the color of the ball in the classical analogy) is performed by a measurement perturbing
the system. If the urn contains an ensemble of non-orthogonal states, we have just seen above that there is
no way to identify with certainty which state from the ensemble has been picked up. Therefore, the starting
assumption that the color of the ball is known once it has been extracted from the urn is not fulfilled in the
quantum world and identifying these colors is already a non-trivial task!

6.1 Discriminating quantum states drawn from a given ensemble

We review in this section two strategies for discriminating non-orthogonal states, known as the ambiguous and
unambiguous state discriminations. Let us consider an ensemble {p;,7;}7, of states p; with prior probabilities
;. For instance, the p; can be some states of the electromagnetic field encoding m symbols of a given alphabet,

INo unitary evolution on a system S initially in state |¢)) and a register R initially in state |¢) can transform |¥) = |¢)|¢) into
[T = |¢)|¢) for any |i) belonging to a set of distinct non-orthogonal states, e.g. |[¢) € {|¥1), |¢2)}. Actually, the scalar products
(U1|W2) = (1|1p2) and (W) |¥h) = (1|p2)? are different if (1]tp2) # 0,1. More generally, the no-cloning theorem tells us that
one cannot duplicate unknown states by using any (not necessarily unitary) quantum evolution, except when these states pertain
to a family of orthogonal states [28].
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the ith symbol occurring with frequency n;. In order to send a message, a sender prepares random states drawn
from the ensemble and gives them to a receiver. To decode the message the latter must identify these states by
performing measurements. He wants to find the measurement that minimizes the failure probability.

A first strategy, called ambiguous (or minimal error) quantum state discrimination, consists in looking for a
generalized measurement with m outcomes yielding the maximal success probability Ps = ), 7:p;|;, pij; being
the probability of the measurement outcome i given that the state is p;. Here, the number of possible outcomes
is chosen to be equal to the number of states in the ensemble. The conditional probability of the outcome j
given the state p; is (see Sec. 5.3)

pjli = tr(M;p:) (6.1)

so that the maximal success probability reads

opt
(o} = s }{Zm tr(Mipi) } : (6.2)
where the maximum is over all POVMs {M;}7 .

A second strategy consists in seeking for a generalized measurement with (m + 1) outcomes enabling to
identify perfectly each state p;, but such that one of the outcomes leads to an inconclusive result. This strategy,
originally proposed by Ivanovic [136] and further investigated by Dieks and Peres [78, 191], is called unambiguous

quantum state discrimination. In other words, if the measurement outcome is j € {1,...,m} then the receiver
is certain that the state is p;, whereas if j = 0 he does not know. This means that p;; = p;;0;; with p;; > 0,
for any i,j = 1,...,m. The probability of occurrence of the inconclusive outcome, Py = >, 1:poj;, must be

minimized. Since pg; = 1—p;);, the success probability is obtained from the same formula (6.2) as for ambiguous
discrimination, but with a maximum over all POVMs {M;}7, such that tr(M;p;) = p;:6;; for j # 0. For pure
states p; = |1/)Z><1/)Z| the rank-one measurement operators M satisfying this condition are

p * .
|<’l/1 rll/ljj>|2|’l/) ><1/}j| o J=1...m, (63>
with the dual normalized vectors [¢7) defined by (17[¢;) = 6i;(¥}[1;). The remaining problem is to find the
values of the probabilities p;; which maximize the success probability (6.2) under the constraint that { M}
is a POVM, that is,

M; =

1—2 g f”] W] > (6.4)

This is a non-trivial problem, which has been solved so far in particular cases only. Upper and lower bounds
on the maximal success probability can be found in terms of the scalar products (;|¢;) (see e.g. [37]).

It is worth noting that unambiguous discrimination is not always possible. For instance, a pure state ensemble
{|%:),n:} with linearly dependent vectors [¢;) cannot be discriminated unambiguously [57]. Indeed, assume
that [1;,) is a linear combination of the other states |1);). Together with the no-error condition p;; = p;j;dij,
which is equivalent to |+;) € ker M; for any j ¢ {0,:}, this means that |+;,) € ker(M;,) and thus p;;, = 0,
in contradiction with the requirement p;;, > 0. The same argument shows that one cannot discriminate
unambiguously an ensemble of mixed states {p;,n;} such that one state p;, has its support ran(p;,) contained
in the sum of the supports of the other states.

Ambiguous and unambiguous quantum state discriminations have many applications. For instance, the
discrimination of two non-orthogonal states plays a central role in the quantum cryptography protocol proposed
by Bennett in 1992 to distribute a secrete key between two parties [32]. We will not elaborate further on these
applications. Let us also mention that other optimization schemes than those discussed above have been worked
out [37, 36]. State discriminations have been implemented experimentally by using polarized photons in pure
states (see [62] and references therein) and, more recently, in mixed states [171].

6.2 Ambiguous and unambiguous discriminations of two states

6.2.1 Ambiguous discrimination

The simplest example of ambiguous discrimination is the case of m = 2 states p; and py. Then the optimal
success probability and measurement are easy to determine [119]. One starts by writing the measurement
operator Ms as 1 — M; in the expression of the success probability,

) 1
P {piymi}) = m te(Mipy) + 12 tr(Maps) = 3 (1 —trA) +tr(MA) (6.5)
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Figure 6.1: Optimal measurement {M*'} in the discrimination of two non-orthogonal pure states [¢;) and
1b2) with equal prior probabilities 7; = 1/2. (a) For ambiguous discrimination, {M®*} is the von Neumann
measurement in the two orthogonal states |¢1) and |¢2) with |(¢;[1;)| = cos(Z —£), that is, it is the least square
measurement associated to {|¢;),n;} (b) For unambiguous discrimination, if the maximal prior probability 7max
is larger than q; = 1/(1+ cos? @), then the von Neumann measurement in the orthonormal basis {|¢1), |¢3)} (if
Nmax = N2 > 1M1 ) or {|wa2), |¥])} (f Nmax = m1 > n2) indicated by the red dashed vectors yields the smallest failure
probability. Failure occurs when the outcome corresponds to the first vector in these two bases (inconclusive
result). If 1 —¢1 < m1 < q1, a smaller failure probability is obtained by using the generalized measurement with
rank-one operators M; indicated schematically by the green vectors.

with A = n1p1 — n2p2. The maximum of tr(M;A) over all M; satisfying 0 < M; < 1 is achieved when M is
the spectral projector II; associated to the positive eigenvalues A; > --- > A, > 0 of the Hermitian matrix A.
Consequently, the maximal success probability is given by the Helstrom formula

1
P ({pirmi}) = 3 (T+tr|A) » A=mpr—m2p2. (6.6)

The optimal measurement is a von Neumann measurement {II;**, 1 — II**} with TI{P* the projector onto the
support of A, = (A + |A|)/2. If A > 0 the optimal measurement is {II{** = 1,TI5** = 0}, meaning that no
measurement can outperform the simple guess that the state is p; (a similar statement holds for py if A < 0).
For pure states p; = |;) (|, (6.6) reduces to

1

Ps(?zt(ﬂ?ﬁi%m}) =3 (1 +v/1- 4771772|<¢1|¢2>|2) (6.7)

and the optimal measurement consists of the rank-one eigenprojectors of A for the positive and negative eigen-
values. When 71 = 12, these are the projections onto the two orthogonal subspaces placed symmetrically with
respect to |11) and |1)9), as represented in Fig. 6.1.

6.2.2 Unambiguous discrimination of two pure states

The power of generalized measurements is illustrated in the unambiguous discrimination of two pure states
|¢1) and [12). Indeed, we will show that such measurements enable to distinguish quantum states better than
von Neumann measurements2. Clearly, the Hilbert space H can be restricted to its two-dimensional subspace
spanned by [¢1) and |1)2). The unambiguity condition implies |¢)1) € ker My and |¢2) € ker My, so that the
measurement operators My and My are of rank one and given by (6.3). We can already observe at this point that
the number of outcomes is larger than the space dimension, so that the unambiguous discrimination strategy
cannot be realized with a von Neumann measurement.
The optimal success probability is given by [139]

opt Ao =2ymme|(le)| il g <m <@
PS,E ({|1/)1>5771}) - {nmax(l _ |<w1|w2>|2) if Nmax > ¢ (68)

2This can be considered as the main physical motivation to introduce generalized measurements [194].
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with Nmax = max{n,m2} and ¢1 = 1/(1 + |(¢1]12)|?). It is instructive to establish this formula by using
the Neumark extension theorem [37]. Thanks to Theorem 5.3.1, one can represent {M;} as a von Neumann
measurement on the larger space H ® Hg, with Hg ~ C3. Let {Aj}?:() be the Kraus operators for the mea-
surement and |ep), U, and 7% be as in this theorem. We may assume that 7> = |j)(j| are of rank one, where
{17)}5=0 is an orthonormal basis of Hg (see the proof of Theorem 5.3.1). One writes

5 = Ula)leo) = Y /Biriles1idld) (6.9)

=0

for i = 1,2, where ,/pjjile;:) = (j|¥;) € H are in general non-orthogonal for distinct j’s and |¢;;|| = 1. By
(5.14) and (5.15) the unnormalized post-measurement states are p;); = (j|W;)(Wilj) = pjjil@;i)(@j)il, hence pj;;
and |p;|;) can be interpreted as the probability of outcome j and the corresponding conditional state for the
input state [1;). Since we require py; = py|2 = 0, the unitarity of U imposes the conditions pg|; = 1 — p;; and
(U1|W5) = /Pojiboz(wo|1l@o2) = (¥1]¥2). The last relation implies that the probabilities pg); satisfy

Poj1Poj2 = Poj1Poj2| (@i |poj2)|® = cos® 6, (6.10)

where we have set cos = |(¢1|12)]. Note that this bound could have been obtained directly from (6.4), which
is easy to solve since we are dealing here with 2 x 2 matrices [37].

In order to maximize the success probability Ps = ), m:p;j; = 1 — >_, niPo|i, we are looking for the smallest
possible pgj; and pgj2. For such pg);’s the inequality (6.10) is an equality. Assuming cosf > 0, this holds
whenever |@g2) = €'°[pg1) with § = arg(i|1b2). Accordingly, the conditional post-measurement state for the
inconclusive outcome is the same irrespective of the input state |¢;). This is physically meaningful since if this
post-measurement state was depending on |¢;) then one could perform a new measurement on it to increase
further the success probability. In summary, for the optimal measurement one has

(W}) = \/Dagsl i) i) + /Dop €

with |(I)O> = |(,00|1>|0> and 61 =0, § = 4.
The failure probability

Do) (6.11)

cos? 6

Po =mpoj1 +n2 (6.12)

0|1
is easy to minimize as a function of pg|;. The minimum is achieved for pgf’l = /12/m1 cosf and is equal to

Py P' — 9 /mmzcosf. This yields the upper expression in (6.8). The restrictions on the values of 1, come
gf’; < 1. When n; < 1 — ¢, the minimum is achieved for pg‘pf =1 and

= sin? §. In such a case only the state [12) can be identified with certainty,

from the conditions pg‘pf < 1andp

opt

_ 2 . opt opt
Poj2 = €08 0,ie.,p

11 2|2
as |11) always produ‘ces an inconc{usive outcome. Strictly speaking this does not correspond to an unambiguous
discrimination. One can nevertheless determine the optimal measurement, characterized by M, Pt — 0 and by
two orthogonal projectors M5P* = |15) (15| and MSP' = [1h1) (11|, see (6.3). A similar statement holds when
11 > q1 by exchanging the indices 1 and 2. The corresponding success probability is given by the lower expression
in (6.8).

These results are summarized in Fig. 6.1. As claimed above, when 1—¢; < 11 < ¢1 generalized measurements,
obtained via a coupling of the system with an ancilla and a measurement on the latter, do better in decoding
the message than a von Neumann measurement performed directly on the system.

=0andp

6.2.3 Unambiguous discrimination of two mixed states

Let us now turn to the case of two mixed states p; and p2. Such states cannot be unambiguously discriminated
when ran p; is contained in ran ps or vice versa. By the unambiguity condition, ran M; C ker po and ran My C
kerp;. A trivial situation is when ker p; L ker p2, in which case the optimal POVM is the von Neumann
measurement with M; and My equal to the projectors on ker po and ker p;, respectively. Then the minimal
failure probability is PyP" = tr[(n1p1 4+ n2p2)o], Iy being the projector onto ran p; Nran ps. One can as before
restrict the Hilbert space so that ranp; + ranps = H. If ranp; and ran po have co-dimension one in H, then
M, and Mj are of rank one and take the form (6.3) with |[¢7) € ker pa, [03) € ker p1, and |(¢}]1);)|? replaced
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by R; = (¢F|pi|)). A simple generalization of (6.8) then yields [204]

MRy +neRe — 2¢/minaRi Ry cos O 9 C(mR1 MRy
— if cos“ 0 < mm{ , }
P ({pismi}) = P& (Riymi) = sin” 0 mele mB) (6.13)
max{m R1,n2Ra} otherwise

with cos@ = |(1§]w3)|. For kernels of dimensions d2 > d; > 1, by a standard linear algebra argument one can
construct two orthonormal bases {[5,)}4-, of ker p; and {|w1k> 92 of ker py such that (¢F, [15,) = 0y cos Oy,
with 0, € [0,7/2]. Let us take M; = >, M, for i = 1,2, with My, = mi|vf,) (¥}, |. Optimizing Ps{,ﬁli} over
the non-negative numbers m;; under the constraint 1 — M; — Ms > 0 reduces to the optimization problem for
rank-one measurement operators studied before (in fact, this constraint is equivalent to 1 — My, — Moy > 0 for
k=1,...,dy and 1 — My > 0 for d; < k < dz). This gives the lower bound [204]

P ({pismi}) = ZPOP Rig,mi)+m Y Rue with Rix = (5 |pil ). (6.14)
di1<k<ds

An upper bound can be obtained in terms of the fidelity between the states p; and p2 defined by F(p1,p2) =
(tr(|y/P1v/p2]))? (see Proposition 6.5.2 and Remark 8.4.4 below) [204],
1= 2/mmF(p1,p2) it F(p1,po) < =i

Opt({planl}) > ' TImax (615)
Nmax(1 — F(p1,p2))  otherwise.

A nice application of two mixed state discrimination is the state comparison problem [27]. Consider two
independent copies of a given system, the state of which is drawn from the pure state ensemble {|1;),1/2};=1 2.
One would like to decide with the help of an appropriate measurement if the two copies are in the same state
or not, without further information on the actual state of each copies. If |¢1) and |i9) are not orthogonal, this
can only be done with a probability of success Ps comp < 1. This amounts to discriminate the two mixed states

b = ltn ® U D]+ S D) (2 @
paif = %|1/11®1/12><1/11®1/)2|+%|1/)2®1/11><1/12®1/)1|- (6.16)

It is shown in [204] that for such mixed states of rank two, the lower and upper bounds in (6.14) and (6.15)
coincide. A simple calculation (see Remark 8.4.4 below) then gives the optimal success probability [27]

PR = 1= (W [v2)] - (6.17)

6.3 Discrimination with least square measurements

How well does the least square measurement (Sec. 5.5.3) in discriminating ambiguously quantum states? More
precisely, let

PER ({pimi}) =D mi tr(pi MP™) (6.18)

be the success probability in discriminating the states p; by performing the least square measurement {Milsm}
associated to {p;,n;}. We would like to compare Pslsm with the optimal success probability.

Let us first observe that if p; = M(]i)(i|), M being a quantum operation on B(#) and {|i)}?; a fixed
orthonormal basis of H, then Ps ,({p:, n:}) is related to the entanglement fidelity defined in Sec. 5.5.2. Recall that
any ensemble {p;,n; }™, with m < n states can be obtained in this way from an operation M : B(H) — B(H)
(since m < n we can identify here the pointer space Hp with a subspace of H, see Sec. 5.4). To establish the
relation with the average fidelity (5.28), consider a POVM {M;} | with m measurement operators and let us
associate to it the quantum operation R on B(H) defined by R*(|i)(j|) = M;d;;. Then

PE (o) thr i) ied = D mi iR o M) i1E) = Fo({]i) mi}. R o M) (6.19)
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thanks to the equality of the entanglement fidelity with the input-output fidelity for pure states. In view of the
one-to-one correspondence between POVMs with m < n operators and quantum operations on B(#) we obtain
the following relation between PS(?I: and the maximal fidelity over all recovery operations R on B(H):

PS(?I:({P@ Nitity) = m%X{FE({|i>a77i}?;1aR oM)} , m<n. (6.20)

Furthermore, the optimal measurement operators are given in terms of the optimal recovery operation R°P* by
M = (ROPY)*(|i)(i|). According to Proposition 5.5.3, taking R to be the transpose operation R, of M
for the state pi, = ), m|i)(i| gives an entanglement fidelity larger than the square of the right-hand side of
(6.20). But the measurement associated to Ry, is the least square measurement, i.e., MS™ = R%, i)(t])
(see Sec. 5.5.3). As a result, Proposition 5.5.3 yields the following inequality.

oin

Corollary 6.3.1. If m <n =dimH, then

1
2

P ({pimidim) < (PER(pimibit) (6.21)

Thus, if the error probability for discriminating {p;,n;} using the least square measurement is small, then
it is at most twice the minimal error probability PP = 1 — Psfgt, up to a small correction of the order of
(Pésg‘f Small error probabilities occur for almost orthogonal states. Therefore, for such states least square
measurements are nearly optimal [114, 29].

It is worth mentioning that least square measurements are also asymptotically optimal for discriminat-
ing ambiguously equiprobable linearly independent pure states [125]. In addition, they optimally discriminate
equiprobable states drawn from a symmetric ensemble, like for instance the states p; = U™ 1py(U1)* re-
lated between themselves through conjugations by powers of a single unitary operator U satisfying U™ = +1
(see [24, 26, 61, 83] and references therein). Necessary and sufficient conditions for the optimality of least square
measurements in state discrimination have been investigated in [86, 207].

6.4 General results on ambiguous discrimination

Let {p;,mi}7, be an ensemble of m states of a system with a n-dimensional Hilbert space H. Hereafter we
assume that n; > 0 for all 4 = 1,...,m, so that m is the actual number of states to discriminate. We denote
by p; = m;p; the unnormalized states with trace equal to the prior probability n;. To shorten notation, the
dependence of the success probability Pg on the ensemble is not written explicitly. The following proposition
contains one of the few results in ambiguous discrimination applying to arbitrary ensembles.

Proposition 6.4.1. [123, 269, 84] The optimal success probability in ambiguous state discrimination is given
by

)

P = it {u(V)} (6.22)

where the infimum is over all self-adjoint operators Y satisfying T > p; for any i = 1,...,m. Moreover, the
POVM {MiOpt ™ is optimal if and only if the operator TP =3, ﬁiMiOpt satisfies the two conditions

(i) YOP' is self-adjoint;
(ii) TPt > p; for anyi=1,...,m.
In such a case, the infimum in the right-hand side of (6.22) is attained for T = Y°PY,

The fact that (ii) is sufficient to ensure the optimality of {M;P} is obvious from the relation
M; opt  ~
PRt — PEY =3 e [(TOPt — ) M) (6.23)
i=1

The necessary and sufficient conditions (i) and (ii) are due to Holevo [123], who derived them by considering
a specific one-parameter family {M;(¢)} of POVMs such that M;(0) = M®" and by exploiting the fact that

8PS{1];41'(8)} /0e =0 for e = 0 (see [119], chapter 4). Yuen, Kennedy, and Lax [269] proposed another derivation
based on a duality argument in vector space optimization. We shall present below the related proof of Eldar,
Megretski and Verghese [84].
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Let us note that (i) and (ii) imply

)

(07 = M = M (TP — ) = 0

K2 K2

m. (6.24)

In fact, since 3, tr[(TPt—5;) M P] = 0 and TPt —p; > 0 by (ii), one deduces that [(YPt—p;)1/2(MP*)1/2|2 = 0
(recall that A > 0 and tr(A) = 0 imply A = 0). One concludes from this equality that (TPt — 5;) MP" = 0. It
is easy to see by eliminating Y°P* that (6.24) is equivalent to

M (p; — p) M =0, dj=1,...,m. (6.25)

The condition (6.25) automatically implies that TPt is self-adjoint. Hence a necessary and sufficient condition
for {M? "'} to be optimal is given by conditions (ii) and (6.25).

Except in special cases such as ensembles of equiprobable states related by a symmetry [24, 26, 83, 61], it is
difficult in practice to obtain the optimal measurement and success probability from the above necessary and
sufficient conditions. Nevertheless, the formulas (6.22) and (6.24) are helpful for computing these quantities
numerically. For indeed, the minimization task in (6.22) is simpler than the maximization in (6.2) and can be
solved efficiently with the help of convex semidefinite programs [84].

Remark 6.4.2. The necessary and sufficient optimality conditions (i) and (ii) of Proposition 6.4.1 are equiv-
alent to the following condition: Re Y°P* > p; for anyi=1,...,m, see [12]].

Proof. The main idea is to show that the minimization problem in (6.22) is dual to the maximization problem
in (6.2). More precisely, there exists a convex set I' C B(H)s.o. such that

P <t(Y) |, V{M;} POVM, VT €T, (6.26)

and the maximum of the left-hand member is equal to the minimum of the right-hand member, i.e., Psogt =
minyer tr(Y). The set T' is defined by

F={YeBM)sa;T>pi,i=1,...,m}. (6.27)

Then tr(T) — Ps{yjawi} = > tr[(¥T — p;)M;] > 0 for any Y € I, so that (6.26) holds true. Let us now define the
following convex subset Q of the real vector space B(H)s.a. x R:

(B,z)€Q <« B=>» Bi—1,z=r—> tr(Bi;) with B; >0 and r> P{P". (6.28)
=1 =1

This space is endowed with the scalar product ((B,z), (C,y)) = tr(BC) 4+ xy. Since Q is convex and does not
contain (0, 0), by the separating hyperplane theorem one can find a non-vanishing vector (Y4, a) € B(H)s.a. X R
such that ((Yg4,a), (B,x)) > 0 for any (B, z) € Q, that is

e[ Ta(3 B - 1)] +a(r— 3 (B) 2 0. (6.29)
i=1 i=1
Taking B; = t|o){(¢| if i = k and zero otherwise, with |¢) € H and ¢ > 0, and letting ¢ — oo, we obtain
(e Yale) — alp|pr|e) = 0. But |¢) and k are arbitrary, hence
Yo >ap; , i=1,...,m. (6.30)
Similarly, taking B; = 0 for all i and r — Pg:", (6.29) yields
aPg®" > tr(Y,) . (6.31)

From the same choice of B; and r — oo one gets a > 0. If a = 0 then T, > 0 and tr(Y,) = 0 by (6.30) and
(6.31). This would imply T, = 0, in contradiction with (T,,a) # (0,0). Thus a > 0. The self-adjoint operator
TOoPt = T, /a satisfies TOP* > p; for all i (i.e., T°P* € T') and tr(YT°Pt) < Psfgt, see (6.30) and (6.31). The
converse of the last inequality follows from (6.26). Whence Pscjgt = tr(YT°P") = minyer tr(Y), as claimed in the
proposition. This identity implies 3, tr[(T°Pt — 5;) M"] = 0 if {M P} is an optimal POVM. But all traces in
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the sum are non-negative, thus they vanish and (6.24) is satisfied by the arguments given above to derive this
equation. Tt results from (6.24) that TPt = >~ 5, MP" = 3" MP'p;. This concludes the proof. O

Let us consider the success probability

m
PN ({piymi}) = ?ﬁai({z i tr(HiPi)} ; (6.32)
Iz

where the maximum is over all von Neumann measurements {II;}7,. A natural question is whether this
probability may be equal to Ps(jgt, i.e., whether the states p; may be discriminated optimally with a von
Neumann measurement. We have already argued above that this is not always the case, even for pure states.
A simple consequence of Proposition 6.4.1 is that the equality holds for linearly independent states. The
states p; are called linearly independent if their eigenvectors |(;;) with non-zero eigenvalues form a linearly
independent family {|§”>}f:11;l in H (here r; is the rank of p;). We say that they span the Hilbert space H
if H = span{|§U>}f;1;; Without loss of generality one can restrict H to a subspace H' spanned by the p;.
Corollary 6.4.3. [84] Let {|¢s),n:}7, be an ensemble of pure states spanning H. Then the optimal mea-
surement operators prt i ambiguous state discrimination are of rank one. More generally, for any en-
semble {p;,n; Y1, spanning H, the optimal measurement operators have ranks rank(M? ') < rank(p;) for all
t=1,...,m.

Corollary 6.4.4. [85] Let {p;,n; }1 be an ensemble of linearly independent states spanning H. Then an optimal
measurement in ambiguous state discrimination s a von Neumann measurement with orthogonal projectors
MPPY =TI of rank r; = vank(p;). In particular, the probabilities (6.2) and (6.32) are equal.

Proof. Let us set NP = T°P* — 5, The relation (6.24) implies ran M®" C ker Ny®*, hence rank(M®") <
dim(ker N} P%). Since the rank of the sum of two matrices is smaller or equal to the sum of their ranks,
rank(Y°Pt) < rank(N;.P*) +r; and thus dim(ker NP*) < dim(ker Y°P*) + r;. But ker TP C [ran(p;)]* for all i
according to the condition (ii) of Proposition 6.4.1. Consequently, if the states p; span H then ker T°P* = {0}.
This shows that rank(M;?") < r;. If furthermore the p; are linearly independent, then Y. 7; = n = dimH.
Introducing the spectral decomposition M * = 3, |fi) (fiix| with unnormalized vectors |fi), k = 1,...,74,
and noting that the sum ., |fix) (itix| = 1 contains at most n terms, it follows that {|f)} is an orthonormal

basis of #. Thus M; P* are orthogonal projectors of rank r;. O

6.5 Bounds on the maximal success probability

We now establish some inequalities satisfied by PSOpt for any number m of states to discriminate. A review
of various upper bounds for ambiguous discrimination can be found in [200] (see also [237, 238] for upper and
lower bounds of the same spirit as in (6.21)). We only discuss here the bounds involving the fidelity

F(p,0) = Vvl = (tl(vapv/a) 1)

The properties of this fidelity will be analyzed in the forthcoming chapter 8. Let us only mention here that
F(p,o) is symmetric under the exchange of p and o (actually, \/op\/o and v/Po+/p have the same non-zero
eigenvalues) and reduces for pure states py = [1)(¢¥| and o4 = |P)(¢| to the square modulus of the scalar
product (YY), i.e., F(py,04) = |(1)|¢)|*. More generally, F(p, o) can be seen as a measure of non-orthogonality
of p and o.

The following lower and upper bounds on the maximum success probability Pscjgt for ambiguous state
discrimination are taken from Refs. [29] and [173], respectively?.

2

(6.33)

Proposition 6.5.1. (Barnum and Knill [29], Montanaro [173]). For any ensemble {p;,n;}™,, one has

L= "\ /miniF(pi, pj) < PSP ({pinni}) < 1= miniFlpi, p;) - (6.34)
i>j i>j

3The upper bound is established in [29] (and is often reported in subsequent works) with an unnecessary extra factor of two in
front of the sum (after correcting the obvious misprints in this reference).
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The inequalities (6.34) make quantitative the intuitive fact that the more pairwise orthogonal are the states
pi, the larger is the success probability to discriminate them, and conversely.

Proof. Let p; = A;Af, the operators A; being, for instance, given by (5.35). Given a POVM {M;} with Kraus
operators R; (i.e., M; = RR;), we set

Sij = ViiRiA; . Bij = ATA; - (6:35)

We view S = (Si;)7%=; and B = (Bj;){%—; as m x m matrices with values in B(#), which are related by
S*S = B > 0 (this follows from ), RfR; = 1). Observe that

M;
PS{,a = Zn]tr iPi) _1_antrMpJ —1_Z||SUH2 (6.36)
1#] i#]
and
i F(pi pg) = ninjllVpiv/pillt = nini U Voin/piUs I} = 1Byl (6.37)
where || - ||1,2 are the trace and Hilbert Schmidt norms. We have used in (6.37) the polar decomposition

A; = \/piU; and the unitary invariance of these norms. The main idea to prove the first inequality in (6.34) is

to bound from below the optimal success probability Psogt by the success probability PSIS’;[1 for discriminating
the states with the least square measurement [29]. For the latter, the matrix S in (6.35) is the square root of

B (in fact, according to (5.36), Szl-gm =, /ninjA;‘pout/ Aj so that S > 0, and it has been argued above that
|S|2 = B). For instance, if the p; are pure states |¢;), B and S™™ can be identified with the scalar product

matrices ((1;|1;))7% = and ({fzi]1;))7—1, respectively, with |¢;) = \/ni[);) and |1z;) = \/ﬁp;ultﬂwi), the latter
being the vectors describing the least square measurement (Sec. 5.5.3). The identity S™™ = V/B then becomes
evident from the definition of a POVM®. Therefore, in view of (6.36), PgY" > P&™ =1 -, ||(VB);l3.
The lower bound in (6.34) comes from the following norm inequality proven in Appendix B: for any fixed

j=1,...,m,
Z || z]H2 =5 Z 1Bijl1 (6.38)

(A (A

where the last sum is related to the fidelities by (6.37).
It remains to establish the upper bound. With the notation above, this bound takes the form

1
3 SIBGIT <D 1S5 - (6.39)
i#5 i+

Fixing j again and introducing the notation || - |1/, as in (4.2) (note that this is not a norm), if one can show

that
|3 188l < 3 (1l 1s013) (6.40)

1,177 1,977

then the required inequality (6.39) will be proven. Actually, by the inverse Minkowski inequality (1) in Ap-
pendix B one finds Y, [|B;[|T = X, 1| Bij*[l1/2 < || X2 1Bij[?]l1/2- In order to show (6.40), let us introduce the
following (m — 1) x (m — 1) matrices with values in B(H):

ci = STSpreli , DY = Sy
. ii] . _ (6.41)
ED = S 3 (Suyreliyk . FO = 3 Sy ekl
i£j k#j k.k#j

(here |i) (k| stands for the matrix with vanishing entries except in the ith raw and kth column, which has a unit
entry). An explicit calculation leads to

|cV DD+ EOFOT= |3 1Byl leDN= > 08y IEDl5= 37 ISl3.  (642)

LiF] (A k,k#j

4This remarkable identity has been singled out for pure states in [115]. The authors of this reference suggest to use it as a
definition of the least square measurement.
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Furthermore,

OO + D3+ D+ PO = 3 Sl = o) = 1. 643
j k
We can now take advantage of the norm inequality (4) of Appendix B. Because of (6.43), this gives
|CW D) 4 E(j)p(j)\ﬁ < HCmH; + HF(ﬁHi _ (6.44)
We plug the equalities (6.42) into this result to obtain (6.40). This concludes the proof. O

Let us now turn to unambiguous discrimination. The following easy-to-derive bound generalizes the upper
line in (6.15).

Proposition 6.5.2. [90] The maximum success probability for unambiguous state discrimination is bounded by

PSP ({pirmi}) <1 - <% ZninjF(Pi;Pj)) " (6.45)

i>j
Proof. The failure probability Py = 1 — Ps , satisfies

m 2
Py = <Z i tY(MOPz')> > m— Zﬁﬂb tr(Mop;) tr(Mop;) =
=1 1#] Z#J

Wy‘tr U\/EMO\/E” , (6.46)

where U;; are arbitrary unitary operators and the first and second bounds follow from the Cauchy-Schwarz
inequality. Expressing Mo as 1 — ), M; and using ran M; C ker p; for i # j, one gets tr(Uij\/piMoy/pj) =

tr(Usj\/piy/Pj). Using the formula F(p;, pj) = maxy | tr(U/pi\/p;)|* and maximizing over all unitaries U;;, one
obtains (6.45). O

One infers from the last two propositions and the Cauchy-Schwarz inequality that

Corollary 6.5.3. The minimal failure probabilities Pe‘r)?ta =1- Psozt and POOpt for discriminating m states

ambiguously and unambiguously satisfy Py > 2P9R" /(m —1).

In particular, as noted in [37], for two states POOpt is at least twice larger than PoPt.

6.6 The Holevo bound

Let us come back to the issue of encoding an input message A in an ensemble {p;,n;} of quantum states and
transmitting it to a receiver. From an information point of view, it makes sense to optimize the measurement
in such a way as to maximize the mutual information between the input message A and the output message
B reconstructed by the receiver (that is, B is the set of measurement outcomes). This mutual information is
defined as [215]

Iap=H(A)+ H(B)— H(A,B), (6.47)

where H(A) = — 37, n; Inn; is the Shannon entropy of the input message, H(B) = —>_, pj Inp; is the Shannon

entropy of the measurement outcomes B with probabilities p; = >, n; tr(M;p;), and H(A, B) = — Zi’j pij lnpyj

is the Shannon entropy of the joint process (A, B) with probabilities p;; = nip;; = n; tr(M;p;), see (6.1). One

can show from the concavity of the logarithm that I4.5 > 0 and I4.p = 0 if and only if A and B are independent.
The conditional Shannon entropies are defined by

B|A an Zpg\z 1np]|z ; A|B ij an\] hlm\] ) (648)

where p;; = tr(M;p;) is the conditional probability of the measurement outcome j given the state p; and 7;);
the conditional (a posteriori) probability that the state is p; given the outcome j. The latter is given by the
Bayes rule 1;; = 1:p;ji/p;- The conditional entropy H(A|B) represents the lack of knowledge of the receiver
on the state of the ensemble that was sent to him, after he has performed the measurement. In general the
measurement producing the lowest value of H(A|B) is not a von Neumann measurement [74]. Thanks to the
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well-known relation H(A, B) = H(A) + H(B|A) = H(B) + H(A|B), the mutual information can be expressed
in terms of these conditional entropies as [215],

Iap = H(A) — H(A|B) = H(B) — H(B|A) . (6.49)

As H(A|B) > 0 one has I4.p < H(A), with equality if and only if B is a function of A. This means that if
I4.p is maximal, i.e., Io.p = H(A), the receiver can reconstruct without any error the message A from his
measurement outcomes. As stressed at the beginning of this chapter, this is never the case if A is encoded using
non-orthogonal states p;. Hence 14,5 < H(A) for non-orthogonal states. The maximum

Ia. 6.50
PO\%{a?Mi}{ A'B} ( )

measures the maximal amount of information accessible to the receiver, that is, how well can he reconstruct
the message. The determination of the optimal measurement maximizing 4.5 appears to be a more difficult
task than the minimization of the probability of error in state discrimination. However, one can place an upper
bound on the maximal information (6.50) by means of the Holevo inequality

Lip < Xuolevo = S(p) = Y _mS(ps)  p=Y mipi, (6.51)

where S(p) = —tr(plnp) is the von Neumann entropy of p. The proof of this important result relies on the
monotonicity of the quantum mutual information under certain quantum operations (see Remark 11.3.3 below).
The positive number Xpolevo is called the Holevo quantity. We will show below that xmolevo < H({n:}) with

equality if and only if the p; have orthogonal supports (see (7.8)). We thus recover the aforementioned fact
that for non-orthogonal states p; the maximum (6.50) is smaller than the entropy H(A) of the input message.
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Chapter 7

Quantum entropies

Un certain désordre favorise la synthése (M. Serres).

In this Chapter we give the definitions and main properties of the von Neumann entropy, the corresponding
relative entropy, and the quantum Rényi relative entropies. For classical systems these entropies reduce to the
Shannon entropy, the Kullback-Leibler divergence, and the Rényi divergences, respectively, which are central
objects in classical information theory. To begin with we recall in Sec. 7.1 the standard properties of the von
Neumann entropy. The most important result for our purpose is the monotonicity of the corresponding relative
entropy with respect to quantum operations and the characterization of pairs of states which have the same
relative entropy than their transformed states under a given operation. The proof of this result, which will
be used later in chapter 11, is given in Sec. 7.2. We finally present in Sec. 7.3 the quantum version of the
Rényi divergences introduced recently in [175, 260, 95]. This quantum version contains as special cases the von
Neumann relative entropy and the logarithm of the fidelity (6.33). The fidelity and the closely related Bures
distance will be the subject of chapter 8. Together with the von Neumann relative entropy, it plays a major
role in our geometrical approach of quantum correlations (chapter 12). The generalization of this approach to
the whole family formed by the relative Rényi entropies constitutes an interesting open problem that will not
be deeply explored in this article. The reader may thus skip Sec. 7.3 in a first reading.

7.1 The von Neumann entropy

The entropy H ({pr}) = — > px Inpy, introduced by Shannon in his two celebrated 1948 papers [215] quantifies
the amount of information at our disposal on the state of a classical system. It vanishes when the state is
perfectly known and takes its maximum value (equal to Inn if the system has n distinct possible states) when
one has no information on this state at all, that is, if all possible states are equiprobable. The quantum analog
of the Shannon entropy is the von Neumann entropy

S(p) = —tr(plnp). (7.1)

This is a unitary invariant quantity, i.e., S(UpU*) = S(p) for U unitary. Moreover, S is additive for composite
systems, i.e., S(pa ® pg) = S(pa) + S(ps) for any states pa and pg of the systems A and B. Another important
property of S is its strictly concavity!, i.e., for any states pg, p1 and 0 < n < 1 it holds S((1 —n)po + np1) >
(1 —n)S(po) +nS(p1), with equality if and only if pg = p; or n € {0,1}.

A much less trivial property of importance in quantum information theory is the so-called strong subaddi-
tivity

S(pas) + S(pec) — S(pasc) — S(ps) >0, (7.2)

where papc is a state of ABC with marginals pag = trc(pasc), pec = tra(pasc), and pg = trac(pasc). The
inequality (7.2) was first proven by Lieb and Ruskai [154] by using a former work of Lieb [153] on the concavity
of the map p — tr(K*p' TP Kp=P) for —1 < B < 0 (see Lemma 7.3.2 below). Alternatively, (7.2) is a direct
consequence of the monotonicity of the relative entropy (Theorem 7.2.1 below), which can be established by
other means than Lieb’s concavity theorem. Choosing Hg = C, the strong subadditivity (7.2) implies that S is
subadditive, i.e., S(pac) < S(pa) + S(pc)-

IThis comes from the strict convexity of f(z) = zlnz. Actually, it is not hard to prove that if f is strictly convex then the map
p € E(H) — tr[f(p)] is strictly convex [50].
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As is well know in statistical physics, the von Neumann entropy S(p) is the Legendre transform of the free
energy ®(8, H) = —3 ' Intr(e ). More precisely, one has (see [50], Theorem 2.13)

S(p) = Heggg)s_a_{ﬂ tr(Hp) — B®(8, H)} , ®(B,H)= peig(gi){tr(ﬂp) —B871S(p)}, (7.3)

and the last infimum is attained if and only if p is the Gibbs state pg = e 73 /tr(e 7). The free energy is a
concave function of the energy observable H.
The following identity will be used repeatedly in chapters 10 and 11:

S(pa) = S(ps) if pa and pg are the reduced states of the pure state |Uag) of AB. (7.4)

It is a consequence of Theorem 4.2.1, since if |¥ag) has Schmidt coefficients p; then S(pa) = S(ps) =

=D i ln gy
A last identity worthwhile mentioning here is

S(p)= min H({n;}) = min }{—Zm lnm} , (7.5)

{Ii)mi} {1%).m:

where the minimum is over all pure state decompositions of p. Furthermore, a decomposition minimizes H({n;})
if and only if it is a spectral decomposition of p. These statements can be justified as follows?. Let {|k), px}i_;
be a spectral decomposition of p, with r = ran(p). An arbitrary pure state decomposition {|¢;),n;}, of p
has the form \/n;|vi) = >, wik/Pk|k), where (u;;) is a m x m unitary matrix and m > r (see (4.16)). Setting
pr =0 for 7 < k < m one gets 7, = >_, |uwir|*px. Since f(x) = zInz is strictly convex, one finds

—H({n:}) = Zm Inn; < Z |wir|*pr Inpy, = Zpk Inp = —=S(p) , (7.6)
=1 k=1

ik=1

so that S(p) < H({n;}). By strict convexity, the inequality in (7.6) is an equality if and only if for any ¢, there
exists some k; € {1,...,7+ 1} such that u;z, =0 when k ¢ I, ={k=1,...,m;px = pg, . Thus S(p) = H({n:})
if and only if

Vi) = /e > wiklk) (7.7)

kel;

are eigenvectors of p with eigenvalue n; = pg, (if pr, # 0). It remains to check that (i;|¢;) = 0 when
Pk, = Pk; 7 0. This comes from the unitarity of (u;x). This yields the desired result. The inequality (7.6) can
be easily generalized to get?

S(p) < H({m}) + st(pi) (7.8)

for any ensemble {p;,7;} forming a convex decomposition of p. Moreover, one has equality if and only if the p;
have orthogonal supports.

7.2 Relative entropy

A related quantity to the von Neumann entropy is the relative entropy introduced by Umegaki [244] and later
extended by Araki [12] in the von Neumann algebra setting,

S(ollo) = {tr(p(lnp —Ino)) if ker(o) C ker(p) (7.9)

+00 otherwise.

Note that by taking o = 1/n proportional to the identity operator, S(p||1/n) = Inn — S(p) is the difference
between the maximal and the von Neumann entropy of p. The relative entropy has the following properties:

(i) S(p||o) > 0 with equality if and only if p = o;

(ii) unitary invariance S(UpU*||UcU*) = S(p||o) for any unitary U;

2An alternative proof can be found in [180].
3This follows from (7.5) by writing the spectral decompositions of the p; (see [180], Sec. 11.3).
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(iii) additivity for composite systems: S(pa ® pglloa ® o) = S(palloa) + S(psllos);
(iv) joint convexity: if 0 < n <1 then S((1 —n)po + np1||(1 —n)oo +no1) < (1 —n)S(polloo) +nS(pillo1).

The first property (i) follows from Klein’s inequality, which states that if f is continuous and strictly convex,
then tr[f(A) — f(B)— (A—B)f'(B)] > 0, with equality if and only if A = B. Its proof can be found for instance
in the excellent lecture notes of E.A. Carlen [50]. The properties (ii) and (iii) are immediate consequences of
the cyclicity of the trace and the relation In(pa ® pg) = Inpa ® 1+ 1 ® In pg, as in the case of the von Neumann
entropy. The last property (iv) can be deduced from the strong subadditivity (7.2) [157, 158]. It will be proven
in Sec. 7.3. Let us point out that (i) implies the aforementioned subadditivity S(pac) < S(pa) + S(pc) of the
von Neumann entropy, with equality if and only if pac = pa ® pc is a product state (in fact, S(pac||pa ® pc) =
S(pa) + S(pc) — S(pac))-

Another fundamental property of S(p||o) is its monotonicity with respect to CP trace-preserving mappings.
This monotonicity means that if one performs the same measurement on two states without readout of the
outcomes, the pair of post-measurement states has a lower relative entropy than the pair of states before the
measurement. This fact was first proven by Lindblad [158] (see also [12] and [241]). Notice that unlike the
relative entropy, the von Neumann entropy is not monotonous with respect to non-projective measurements
(see [180], Exercise 11.15). The following theorem provides a necessary and sufficient condition on the two
states such that the monotonicity of the relative entropy is satisfied with equality. It is due to Petz [196].

Theorem 7.2.1. (Monotonicity of the relative entropy [196, 116]) For any quantum operation M : B(H) —
B(H') one has S(p||o) > S(M(p)||M(0)) for all states p, o € E(H). The inequality is an equality if and only
if there exists a quantum operation R : B(H') — B(H) such that R o M(c) = o and R o M(p) = p. This
quantum operation is the transpose operation R = R, defined in (5.24).

Let us recall from Sec. 5.5.1 that the transpose operation Ra4,, is the quantum operation with Kraus
operators

Ri = Vo A: M(0)~/2 (7.10)

where {A;} are some Kraus operators for M. The conditions R o M(0) = o and R o M(p) = p, which mean
that p and o can be recovered respectively from M(p) and M(o) by means of the same quantum operation R,
is clearly sufficient to ensure the equality S(p||o) = S(M(p)||M (o)) if monotonicity holds true. It is remarkable
that this is also a necessary condition, with R = R ,» the approximate reversal of M introduced in the context
of quantum error correction (Sec. 5.5).

We present below the derivation of this result given by Petz in Ref. [196], which also provides a nice and
simple proof of the monotonicity. A completely different proof of the monotonicity, based on Lieb’s concavity
theorem as in Ref. [158, 50, 95], will be given in Sec. 7.3 in the more general setting of the Rényi entropies. It is
noteworthy that Petz’s derivation does neither rely on the Stinespring theorem nor on the Kraus decomposition
(albeit it takes advantage of one of its consequence, namely, the Kadison-Schwarz inequality). It makes use of
the theory of operator convex functions and of Araki’s relative modular operators [13]. Let M be a quantum
operation B(H) — B(H') and p and o be two states of £(H) such that p and M(p) are invertible. One can
define two relative modular operators by (see chapter 4)

Aa‘p(B) = O’Bp_1 , AM(U”M(p)(Bl) = M(O’)BIM(p)_l 5 B € B(H) 5 BI € B(HI) . (711)

Proof. Let us set ppg = M(p) and oy = M(o) and assume that p, o, par, and o are invertible. In the whole
proof these states are fixed, so to simplify notation we write A instead of A, and A instead of A We

1
set £ = pz and Euq = piq- One can view these two operators as unit vectors in B(H) and B(H'), respectively,
for the Hilbert-Schmidt scalar product (-,-). The first observation is that

olp omlom:

S(plle) = 6. (mp~Ine)e) = 6. m@)) = [t (€. @+07) - 0T). (@12)

The third equality can be established, for instance, with the help of the first identity in (2) (see Appendix A).
Therefore, in order to prove that S(p||o) > S(pam||lom), it suffices to show that for any ¢ > 0,

(Em, (Am ) renm) < (€ (A +1)71E) (7.13)
To this end, let us consider the operator Cpq defined by
Cm(B'épm) = M*(B¢ , BeB(H). (7.14)
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Since {B'ép; B' € B(H')} is equal to* B(H') by the invertibility of pay, (7.15) defines an operator Caq from
B(H') to B(H). Then
CiACA < Ay . (7.15)

Actually, thanks to the Kadison-Schwarz inequality (5.9) and the relation (M*(B’*))* = M*(B’), one has

(CaB'En), ACm(B'Er) = t(IM(B")0)

tr (M (B'B")o) = (B'éat, AmB'én) (7.16)

IN

One shows similarly that ||Cam(B'Eam)|l2 < || B'Eml|2 for any B € B(H'), hence ||[Cam]] < 1.

We now use the fact that the function f(z) = (z+t)~! is operator monotone-decreasing and operator convex.
The definitions of operator monotone and operator convex functions are given in Appendix A. Together with
the bound (7.15), this implies®

(Ap+ )P < (CACMm +t) <A+ Cum+t7H(1 = CiiCum) - (7.17)

The last inequality follows by applying the Jensen-type inequality (4) for the operator convex function g(z) =
(x +t)~t — ¢! satisfying g(0) = 0 and the contraction Cpaq. Since Caq(éaq) = € by (7.14) and M*(1) = 1, the
inequality (7.17) entails

(Em, (Ap+0) 7 em) < (& (A+ )71+t (tr(pm) — tx(p)) - (7.18)

The term proportional to ¢t~! vanishes because M is trace preserving, hence one obtains the desired bound
(7.13). We have thus proven the monotonicity of the relative entropy.

In addition to its simplicity, the above proof offers the advantage that it easily yields a necessary and
sufficient condition for having S(p||o) = S(pm||lorm). Actually, this equality holds if and only if (7.13) is an
equality, i.e.

(Ems Am+ 71 8m) = (Ems (CUA+ )T Cu+ 1711 = ClCr))ém) (7.19)

for all t > 0. But for any operators X, Y, and Z with Z invertible and X <Y, (Z,XZ) = (Z,Y Z) implies
XZ =Y Z. Hence we can infer from (7.17) and (7.19) that

A+t Hepu=Cu(a+t)yre | t>0, (7.20)

where we have used the identity C},Cat(ém) = Em (in fact, the scalar product (Caq(B'Ea), Carém) is equal
to (B'€xm, Eam) for any B’ € B(H')). Therefore,

Ca (A + 1)Ll = ((Apa + ) 726, Epn) = (Cag(A + )72, 604) = |[(A +0) 725, (7.2

where the second equality is obtained by differentiating (7.20) with respect to t. Now, the identity ||C*(X)|2 =
| X |2 for C a contraction implies that CC*(X) = X (in fact, then the Cauchy-Schwarz inequality (X ,CC*(X)) <
| X|l2llCC*(X)|l2 < || X||3 is an equality, so that CC*(X) must be proportional to X). We conclude that

—_
~—

Crm(Apm +8) e =CrCi(A+8) e = (A+1)7 ¢ (7.22)
for any ¢t > 0. By means of the functional calculus, one deduces from this identity that
CrAZE = AFE . (7.23)

1
In view of the definitions (7.11) and (7.14) and as p > 0, the last formula gives M* (0,2 ém) = o2 By
multiplying by the adjoint and using the Kadison-Schwarz inequality, we arrive at

1 1
ocTipoe S M (oA PMONL) (7.24)

that is, p < Rame(pm) with Raqe defined in (5.24). But tr[p] = trjpm] = tr[Ram,0(pam)], whence p =
R, (pm). The other equality ¢ = R a0 (0a1) is obvious. Reciprocally, as stressed above, these two identities

4In the theory of C*-algebras, if this equality is true upon completion of {B’€r; B’ € B’} for the Hilbert-Schmidt norm one
says that (B’ € B’ — Lps,£x) defines a cyclic representation of the algebra B’ on the Hilbert space B(H') [42].

5Tn [196] the last term in the right-hand side is omitted. This is a not correct as the Jensen-type inequality (4) cannot be applied
for the function f(z) = (x 4 t)~!, because it does not satisfy the condition f(0) < 0. Fortunately, this term disappears in (7.13)
due to the trace-preserving property of M and the proof goes through.
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imply S(p|lo) = S(pmlloam) thanks to the monotonicity of the relative entropy and the fact that Ra, is a
quantum operation. O

Let us end this section by pointing out that the strong subadditivity of the von Neumann entropy, the joint
convexity of the relative entropy, and its monotonicity can be deduced from each other. For instance, the strong
subadditivity (7.2) is a simple consequence of the monotonicity. Actually, one checks that

S(pas) + S(pec) — S(pasc) — S(ps) = S(pasc|lpa @ pec) — S(Mc(pasc)[Mc(pa @ pac)) (7.25)

with Mc : p — trc(p). It is easy to show that Mc is a CP and trace-preserving map B(Hagc) — B(Hag),
therefore (7.2) follows from Theorem 7.2.1. With the help of this theorem it is also possible to characterize all
states pagc such that (7.2) becomes an equality [116].

Conversely, Lindblad [157, 158] proves the monotonicity inequality from the strong subadditivity. The basic
idea is to show that the strong subadditivity of the von Neumann entropy or the closely related Lieb concavity
theorem imply the joint convexity (iv) of the relative entropy. The corresponding arguments are given in
Sec. 7.3.2 below. One can then deduce the monotonicity of the relative entropy from its joint convexity (iv)
with the help of Stinespring’s theorem as follows [239, 263, 95]. Recall that if p g is the normalized Haar measure
on the group U(n) of n x n unitary matrices, then [dug(U)UBU* = n~'tr(B) for any B € B(H) (in fact, all
diagonal matrix elements of the left-hand side in an arbitrary basis are equal, as follows from the left-invariance
dpg(VU) = dug(U) for V € U(n); as a result, this left-hand side is proportional to the identity matrix). We
infer from Stinespring theorem 5.2.2 that

Mw®ww=ﬁ(ﬁmwm®%Mmmmwm®@> (7.26)

with U unitary on Hsg. Thanks to the additivity (iii), the joint convexity convexity (iv), and the unitary
invariance (ii), we get

S(M(p)|IM(0)) = S(M(p) @ (1/ng)|[M(0) @ (1/ng))

</U( )duH(UE)S((1®UE)Up®|eo><eo|U*(1®UE)H(1®UE)UU®|eo><eo|U*(1®UE))

— [ duu(UeS(ello) = Siollo). (7.27)
U(ne)
By the same argument, one can show a slightly more general result.

Proposition 7.2.2. Let f : E(H) x E(H) — R be a unitary-invariant jointly convexr function for any finite
Hilbert space M, which satisfies f(p ® 1,0 @ 7) = f(p,0) for all p,o € E(H) and T € E(H'). Then f is

monotonous with respect to quantum operations.

7.3 Quantum relative Rényi entropies

7.3.1 Definitions

In the classical theory of information, other entropies than the Shannon entropy play a role when ergodicity
breaks down or outside the asymptotic regime. The Rényi entropy depending on a parameter o > 0 unifies
these different entropies. In the quantum setting, it is defined as

Sa(p) = (1 —a) ntr(p®) . (7.28)

It is easy to show that S,(p) converges to the von Neumann entropy S(p) when o — 1 and that S,(p) is a
non-increasing function of a.
A first definition of the quantum relative Réyni entropy is

SM(pllo) = ( — 1) n(tr[p®e' ) , a>0,a#1. (7.29)

This entropy appears naturally in the context of the quantum hypothesis testing (Sec. 9.1 below). We shall
discuss here a symmetrized version proposed recently by Miiller-Lennert et al. [175] and by Wilde, Winter, and
Yang [260]. It is given by

Sa(pllo) = (a—1)" 1ntr[(015_aap01;_aa)a] (7.30)
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if & € (0,1) and tr(op) > 0 or if & > 1 and kero C kerp (if none of these conditions are satisfied, one sets
Sa(p|lo) = +00). This relative entropy has been used in Ref. [260] to solve an important open problem related
to the transmission of information in noisy quantum channels. It seems likely that much more applications in
quantum information theory will be encountered in the future. The entropies S, appeared recently as central
objects in a very different context, namely, the quantum fluctuation relations in out-of-equilibrium statistical
physics [141, 142]. A nice feature of the family {S, }4>0 is that it contains the von Neumann relative entropy, the
fidelity entropy, and the max-entropy as special cases. Furthermore, S, depends continuously and monotonously
on a. The fidelity-entropy is obtained for o = 1/2. It is given by S} /5(p||o) = —In F(p, o), where F(p, o) is the
fidelity (6.33). The max-entropy is defined by

. 11
Seo(pllo) = lim Sa(pllo) =Inllo™zpo~ 2], (7.31)
where || - || is the operator norm. The second equality follows from ||A|l« — ||A] as @ — oo (see Sec. 4.1).

Finally, one recovers the von Neumann relative entropy (7.9) by letting o — 1,

S(pllo) = lim Sa(pllo) (7.32)

To justify this statement, let us set A(a) = ol pUIZ;aa. Explicit calculations show that

% = tr[A(a)” lnA(a)]—i—atr{A(a)o‘*l%}
% - —%(m(U)A(a)—i—A(a)ln(a)). (7.33)

Consequently, So(pllo) = (dIntr[A(a)*]/da)a=1 = tr(plnp—plno) as o — 1. Note that a similar result holds
for the unsymmetrized Rényi entropy (7.29), i.e., S(p|lo) = limq_y1 S&n)(pHO'). Let us also emphasize that

Sa(pllo) < SE(pllo) (7.34)

by the Lieb-Thirring trace inequality (3).
For commuting matrices p = > pi|k)(k| and o = >, qr|k)(k|, both S, (p||o) and S&n)(pHo) reduce to the
classical Réyni divergence

S (plla) = (@~ 1)~ (Y pre ™) (7.35)
k=1

which is non-negative for o > 0 by the Holder inequality.

7.3.2 Main properties

It is shown in this subsection that the Rényi relative entropy S, (p||o) satisfies the same properties (i-iv) as the
von Neumann relative entropy in Sec. 7.2 for any a € [1/2,1]. For 0 < a < co we define the a-fidelity by

l1—«

Fulpllo) = 10202 |30 = 0% po 2 |0 = e #5207 with = (7.36)

o
Here, we have used the notation ||All2a = (tr[(A*A)*])2« even if this does not correspond to a norm when
0<a<l1/2
Theorem 7.3.1. For any o > 0, one has
(i) Sa(pllo) = 0 with equality if and only if p = o;
(ii) Sa(pllo) is unitary invariant;
(iii) Sa(pllo) is additive for composite systems;

(iv) Fo(pllo)® is jointly concave for a € [1/2,1) and jointly convex for o > 1. In particular, So(p||o) is jointly
convex for a € [1/2,1];

(v) if a > 1/2 then So(pllo) > Sa(M(p)||IM(0)) for any quantum operation M on B(H).
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The statements (i-iii), as well as (iv-v) for a restricted range of a, namely « € (1, 2], have been established
in [175, 260]. The justification of (iv-v) in full generality is due to Frank and Lieb [95].

Proof. The unitary invariance (ii) and additivity (iii) are evident and also hold for the a-fidelity. We now argue
that the non-negativity (i) and the monotonicity (iv) can be deduced from the convexity /concavity property (iv).
Thanks to Proposition 7.2.2, (iv) implies that if & € [1/2,1) then F,(M(p)||M(c)) > Fu(pl|o) for any quantum
operation M, and the reverse inequality holds true if @ > 1. The monotonicity of S, for a > 1/2 then follows
immediately (the case o = 1 is obtained by continuity, see (7.32)). Let {|k)} be an orthonormal basis of H
and My be the quantum operation (5.5) associated to the von Neumann measurement {II; = |k)(k|}. The
monotonicity entails

Sa(plle) > Sa(Mn(p)llMn(0) = S5 (plla) , (7.37)

where p and q are the vectors with components pr, = (k|p|k) and ¢ = (k|o|k). Since the classical Rényi
divergence (7.35) is non-negative and vanishes if and only if p = q, we deduce from (7.37) that S, (p|lo) > 0,
with equality if and only if (k|p|k) = (k|o|k) for all k. The orthonormal basis {|k)} being arbitrary, this justifies
the assertion (i) for aw > 1/2. To show this assertion for a € (0,1/2), we argue as in [175] that

Sa(pllo) = Sa(Mu(p)llo) = S5*(plla) (7.38)

with 0 < a < 1, My being as before associated with the von Neumann {II; = |k)(k|} but with {|k)} an

orthonormal eigenbasis of o. Actually, let a € (0,1) and let us set A(5) = U%pag with 8 = a~! — 1. By virtue
of the Jensen type inequality (8) of Appendix A, one has

(Mu(A(B)))" > Mu(A(B)*) (7.39)

due to the operator concavity of f(x) = x®*. Hence, by the trace-preserving property of My and the identity
8 8
o2 Mu(p)oz = Mu(A(B)),

Salplle) = (a=1)""Intr[Mp(A(B)Y)]

> (0= 1) ntr[(Ma(A5))°] = Sa(Muo)][o) (7.40)
This proves (7.38) and thus the non-negativity of S, for @ € (0,1). Observe that S,(p||o) = Sa(Mmu(p)||o) if
and only if (7.39) holds with equality, that is, (k|A(B)|k)* = (k|A(B)|k) for all k. By the strict concavity of
f(z) = z%, {|k)} must then be an eigenbasis of A(f3), and thereby also of p. Thus p and o commute and S, (p||o)
coincides with the classical Rényi divergence S$'*(p||q). By the aforementioned properties of S#%(p||q), it

follows from (7.38) that S, (p||c) = 0 implies p = q and thus p = o.
It remains to show the statement (iv) of the theorem. Following [95], we obtain (iv) with the help of a
duality formula for F,(p, o) and of Lieb’s concavity and Ando’s convexity theorems. We omit here the proof

of these two important theorems, which can be found in [50] (see also [180] for the Lieb theorem). The duality
formula will be shown at the end this subsection.

Lemma 7.3.2. (Lieb’s concavity and Ando’s convexity theorem [9, 153]) For any K € B(H) and any 8 € [—1,1],
the function (R,S) + tr(K*RIKS™P) on B(H)y x B(H)4 is jointly concave in (R,S) if —1 < 8 < 0 and
0<q<1+4p and is jointly convex in (R,S) if 0 < <1landl+p8<qg<2.

Lemma 7.3.3. (Duality formula for the a-fidelity [95]) If o € (0,1) (that is, 3 =a~! —1>0) then
Fu(p,0)* = glgfo{a tr(Hp) + (1 — o) tr[(\/ﬁd‘ﬁx/ﬁ)fﬁ]} : (7.41)
If a > 1 (that is, —1 < § < 0), the same identity holds but with the infimum replaced by a supremum.
Given Lemma 7.3.3, if one can show that, for a fixed operator B € B(#), the function
g8.5(0) = tr[(B*0~B) 7] (7.42)
is concave in ¢ when —1 < 8 < 1, 8 # 0, it will follow that F,(p||o)* is jointly concave for o € [1/2,1) (i.e.,

0 < 8 < 1) and jointly convex for a > 1 (i.e., —1 < 8 < 0), thereby proving Theorem 7.3.1. We first assume
—1 < B < 0. For any operator Y > 0, let us set

hy (X) = tr(Y X'P) — (1 + ) tr(X) (7.43)

97



with X € B(H)+. Given two self-adjoint matrices Y and Z, it is known that (see [38], Problem I11.6.14)

Zyn,izi <tr(YZ) < Z%Zz , (7.44)
i=1 i=1
where y1 > yo > -+ > y, and 21 > z3 > --- > z, are the eigenvalues of Y and Z in non-increasing order.
Therefore,
n n a1 |
)S(l];%{hy(X)} = mgx{Z(yixfB —(1+ 5)%)} = —BZyi P =-Btr(Y"7), (7.45)
2 i=1 i=1

the maximum in the second member being over all vectors x € R’}. Similarly, it follows from (7.44) that if
0 < B <1 then infxso{hy(X)} =—p tr(Y_%). Plugging Y = B*0~? B into these identities, one finds

g5.5(0) = )s(li%{—ﬂ*l(tr(B*a*ﬁBXW’) -1+ ﬂ)tr(X))} , —1<B<0or 0<p<I. (7.46)

Let us introduce the 2 x 2 block matrices
0 0 c 0
k= (00) s=(0 %) )

tr(B*o P BX'P) = tryge: (K*S'TPKS™P) . (7.48)

A simple calculation gives

By Lemma 7.3.2, the right-hand side of (7.48) is concave (respectively convex) in S when —1 < 5 < 0 (respec-
tively 0 < 8 < 1). As a result, the left-hand side is jointly concave (convex) in (o, X). But the maximum over
X of a jointly concave function f(o,X) is concave in o. Thanks to (7.46), we may conclude that gp g(o) is
concave in o for all 8 € [—1,1], 8 # 0. The proof of Theorem 7.3.1 is now complete. O

Let us come back to the duality formula (7.41). We observe in passing that this formula bears some similarity
with the variational formula (7.3) for the von Neumann entropy.
Proof of lemma 7.3.3. Since o~ % Ho~% has the same non-zero eigenvalues as vV Ho #v/H, the quantity inside
the infimum in (7.41) is equal to

1

g(H) = atr(Hp) + (1 —a)tr[(c"FHo %) %] . (7.49)

Differentiating the right-hand side with respect to the matrix elements of H in the some orthonormal basis {|i)}
and using the relation d tr[f(B)]/0B;; = f'(B);; with f(z) a C'-function, we get

H
—agl({ij) = a(p — J_g(o_gHo_g)_%_la_g)ﬁ . (7.50)
Hence g(H) has an extremum if and only if H = H= Ug(agpog)a_lag > 0. But
7y 8 L\ o
g(H) = tr[(0? po?)°] = Fu(pllo)* . (7.51)

As B € B(H)4 + tr(BP) is convex for p > 1 or p < 0, g(H) is convex if a € (0,1) (i.e., =3~ < 0) and concave
if > 1 (i.e,, =871 > 1). It follows that g(H) is a minimum for a € (0,1) and a maximum for a > 1. O

Let us point out that it follows from Lemma 7.3.2 that the normal-ordered Rényi entropy (7.29) is also
jointly convex for o € (0,1). Taking o« — 1 and recalling that S&n)(pHo) — S(pl|o), this gives a direct proof
the joint convexity of the relative von Neumann entropy S(p||o) from the Lieb concavity theorem, as noted by
Lindblad [157, 158]. Combined with Proposition 7.2.2, this leads to a completely different justification of the
monotonicity of S(p|lo) in Theorem 7.2.1 than that presented in Sec. 7.2. It would be interesting to look for a
generalization of the arguments of Petz in Sec. 7.2 to the case of the a-entropies.

7.3.3 Monotonicity in «

As stated above, a very nice feature of the a-entropy (7.30) is that, like the classical Rényi divergence, it is
monotonous in «. This leads in particular to some bound between the relative von Neumann entropy and the
fidelity (see (8.32) below).
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Proposition 7.3.4. [175] For any p,0 € E(H), Sa(pllo) is a non-decreasing function of a on (0, c0).

Proof. One first derive the following identity similar to (7.46):

1
o

(gByfa—l(O')) = HB*Jl/O‘BHa = sup tr(B*Jl/O‘BTlfl/a) , a>1. (7.52)

72>0,tr(7)=1

If 0 < a < 1 the supremum has to be replaced by an infimum. When a > 1 this identity is nothing but a
rewriting of the Holder’s inequality (4.3). The derivation for a € (0,1) relies on (7.44) and follows the same
lines as for the derivation of (7.46) (apart from the fact that we substituted 8 by —1/«), but one must introduce
a Lagrange multiplier to account for the constraint tr(7) = 1. Applying the relation (7.52) for B = o_%p% and
plugging the identity Hogpog la = lp2o?pz||o into (7.36), we are led to

Sa(pllo) = :g&){—ﬁ_llnFa(PHU;T)} L Falpllosm) = te(pro’p2r7) = (¢, Al &), (7.53)

for any a > 0, @ # 1. In the last identity & = p% and we have introduced the relative modular operator, see
(4.8). For any fixed 7 € £(H), one finds

d 1
ds B2Fu(pllos7)
The Jensen inequality applied to the convex function f(z) = lnx implies that the quantity inside the paren-

thesis in the right-hand side is non-negative. Thus —37'F,(p||o;T) is a non-increasing function of 3. This is
true for any density matrix 7, thus one infers from (7.53) that a — S, (p||o) is non-decreasing. O

(=87 i Falplloim)) = (6, AL m(AZ 0 — (€. AL OIle, A% ) . (7.54)

99



Chapter 8

The Bures distance and Uhlmann
fidelity

As time goes on, it becomes increasingly evident that the rules which the mathematician
finds interesting are the same as those which Nature has chosen (P.A. Dirac, 1939).

In this chapter we study the Bures distance on the set of quantum states £(H). This distance is Riemannian
and monotonous with respect to quantum operations. It is a simple function of the fidelity (6.33). Its metric
coincides with the quantum Fisher information quantifying the best achievable precision in the parameter
estimation problem discussed in Sec. 9.2. The material of this chapter (as well as of chapter 9) is completely
independent from that of chapters 10 and 11, so it is possible at this point to proceed directly to chapter 10. The
reading of Secs. 8.1-8.4 is, however, recommended before going through chapter 12 devoted to the geometrical
measures of quantum correlations, where the Bures distance plays the key role. The chapter is organized as
follows. Sec. 8.1 contains a short discussion on contractive (i.e., monotonous) distances. It is argued there that
the distances induced by the || - ||,-norm are not contractive save for p = 1. The definition and main properties
of the Bures distance are given in Secs. 8.2-8.4. The Bures metric is determined in Sec.8.5. Finally, Sec. 8.6
contains the proof of an important result of Petz on the characterization of all Riemannian contractive metrics
on E(H) for finite-dimensional Hilbert spaces H.

8.1 Contractive and convex distances

In order to quantify how far are two states p and o it is necessary to define a distance on the set £(H) of
quantum states. One has a priori the choice between many distances. The most common ones are the LP-
distances defined by (4.2). In quantum information theory it seems, however, natural to impose the following
requirement.

Definition 8.1.1. A distance d on the sets of quantum states is contractive if for any finite Hilbert spaces H
and H', any quantum operation M : B(H) — B(H'), and any p, o € E(H), it holds

d(M(p), M(0)) < d(p,0) . (8.1)
A contractive distance is in particular invariant under unitary conjugations, i.e.
d(UpU*,UcU*) =d(p,o) if U is unitary (8.2)

(in fact, p — UpU* is an invertible quantum operation on B(H)). For such a distance, if a generalized
measurement is performed on a system, two states are closer from each other after the measurement than before
it, and if the system is subject to a unitary evolution the distance between the time-evolved states remains
unchanged.

For p > 1, the distances d,, (in particular, the Hilbert-Schmidt distance d2) are not contractive. A counter-
example for two qubits is obtained [187] by taking M(p) = A1pA; + AapAj with

1 1
Ail=0,®1 |, Ay=o040_-®1 |, p:§®a+a_ , 0:§®0_0+ (8.3)
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here o, = |1)(0] is the raising operator and o_ = o¢%). Then ||[M(p) — M(o = 2U/P is larger than
+ ) g + P P g
lp—ollp =22/771.

Proposition 8.1.2. [205] The trace distance dy is contractive.

Proof. : Let R=p—0 =Ry — R_ with Ry = (|R| &+ R)/2 = +RPy > 0 the positive and negative parts of R
(here Py and P-_ are the spectral projectors of R on [0,00) and (—00,0)). Then ||R||; = tr(R++R-) = 2tr(R4)
because tr(R) = tr(R4) — tr(R_) = 0. Since M is trace preserving and CP, one has || M(R)|1 = 2tr[M(R)]
and M(R); = (M(R+) - M(R_)); < M(R.). Thus |M(R)]s < 2ux[M(R+)] = 2[Ry = | R]]. 0

A distance d on E(H) is jointly convex if for any state ensembles {p;, p;} and {o;, p;} with the same proba-

bilities p;,
d(ZPiPi, me) < Zpid(Pi;Ui) : (8.4)

Since they are associated to a norm, the distances d, are jointly convex for any p > 1.

8.2 The Bures distance

We now introduce the Bures distance dg. This distance is contractive like d;. It was first considered by Bures
in the context of infinite products of von Neumann algebras [49] (see also [11]) and was later studied in a series
of papers by Uhlmann [240, 242, 243]. Uhlmann used it to define parallel transport and related it to the fidelity
generalizing the usual fidelity |(1)|$)|? between pure states. Indeed, dp is a extension to mixed states of the
Fubini-Study distance on the projective space PH of pure states,

N

des(pynos) = inf [0~ o)) = (2 - 20(wla))* (55)

where the infimum in the second member is over all representatives |) of py € PH and |¢) of o4 € PH (i.e.,
py = [)(¢] and o4 = |@)(¢|). Observe that the third member is independent of these representatives. For two
mixed states p and o in £(H), one can define analogously [242, 132]

where the infimum is over all Hilbert-Schmidt matrices A and B satisfying AA* = p and BB* = o¢. Such
matrices are given by A = ,/pV and B = /oW for some unitaries V and W (polar decompositions). If p = py
and o = oy, are pure states, then A = [¢){(u| and B = |¢)(v| with [|u|| = ||v|| = 1, so that (8.6) reduces to the
Fubini-Study distance (8.5).

For mixed states p and o, the right-hand side of (8.6) is given by

=

(2- 2sgp Re tr(U+/p\/0)) (8.7)

with a supremum over all unitaries U = WV*. This supremum is equal to |\/py/c||1 and is attained if and

only if UU0|\//_)\/E|% = |\/ﬁ\/5|%7 where Up is such that \/p\/o = Upl\/p/0o| (see Sec. 4.1). Equivalently, the
infimum in (8.6) is attained if and only if the parallel transport condition A*B > 0 holds. We obtain the

following equivalent definition of dp.
Definition 8.2.1. For any states p,o € E(H),
1
dB(p,O’) = (272 F(pva))2 (88)
where the Uhlmann fidelity is defined by

2

F(p,0) = Vvl = (r[(vVorva)}])
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,0) and belongs to the interval [0, 1]. It is clearly a generalization of
|(x]¢)|*. If o is pure, then

Fp,04) = (¢lplo) (8.10)

The fidelity F(p, o) is symmetric in (p
the usual pure state fidelity F(|v)), |¢)) =

for any p € E(H).

It is immediate on (8.6) that dp is positive and symmetric, and dg(p,o) = 0 if and only if p = 0. The
triangle inequality is more difficult to show. It can be established with the help of the following astonishing
theorem.

Theorem 8.2.2. (Uhlmann [240]) Let p, 0 € E(H) and |V) be a purification of p on the space H @ IC, with
dim K > dimH. Then
F(p.o) = max |(v]0)] (s.11)

where the mazimum is over all purifications |®) of o on H ® K.

Proof. We give here a simple proof due to Josza [144]. Let us first assume K ~ H. Let |¥) and |®) be
purifications of p and o on H®H, respectively. As it has been noticed in Sec. 4.3, by the Schmidt decomposition
these purifications can always be written as

=D VERIRIf) 19y =D VaR(UIR)|gx) (8.12)
k=1 k=1

where p =", pk|k><k| and o =), qxU|k)(k|U* are spectral decompositions of p and ¢, U is a unitary operator
on H, and {|fx) -, and {|gr)}I~, are two orthonormal bases of H. Defining the unitaries V' and W on H by
|fx) = V]k) and |gk) Wk) for any k =1,...,n, we have

W) =paV[E) , [&)=VoUeW[S) with [)=>|k)k). (8.13)
k=1
The vector |X) is the vector associated to the identity operator on B(#) by the isomorphism (4.5). For any
X,Y € B(H), one obtains by setting O = X7 ® Y in (4.6) and noting that tr(O®) = tr(XY) that
tr(XY) = (X[ X7 @Y%) (8.14)
(here X7 is the transpose of X in the basis {|k)}). Introducing the unitary Uy = V*WUT, this gives

sup (@¥)] = up (S0 V7B & W V1) = sup | x(V7va U5 = VAVl (8.15)

The last equality comes from (4.3). This proves the desired result. The supremum is achieved by choosing |®)
as in (8.12) with U = U (W*)TVT, Uy being a unitary in the polar decomposition of \/py/a.
If K has a dimension m larger than n, we extend p and o to a space H' ~ K by adding to them new

orthonormal eigenvectors |k) and U |k) with zero eigenvalues py, = g = 0, k = n+1, ..., m. This does not change
the fidelity F(p,0), thus F(p,0) = max|en [(¥'|®’)|?, where |¥') is a purification of p’ = 37", pk|k)(k| = p on
H' @ H', and similarly for |®'). But |¥’) and |®’) have the form (8.12), hence they belong to H ® K. O

Let p, o, and 7 be three states of £(H) and |¥) be a purification of p on H®H. According to Theorem 8.2.2,
there exists a purification |®) of o on H ® H such that F(p,o) = |(¥|®)|2. One can choose the arbitrary phase
factor of |®) in such a Way that (U|®) > 0, whence \/F(p,0) = (¥|®). Similarly, there exists a purification |y)

of 7 such that \/F(o,7) = (®|x) > 0. In view of (8.8) and (8.11),

ds(pr) < (2-2(T)))*
< (2=2Re(T)])2 = [|[[¥) — X))
< W) — (@] + 19 — )| = (2= 20|@)])* + (2— 2(@]))? (8.16)

showing that dp satisfies the triangle inequality dg(p,7) < dp(p, o) + dg(o, 7).
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Corollary 8.2.3. The map (p,0) — dg(p,o) defines a distance dg on quantum states, with values in [0,/2].
This distance is contractive. Moreover, d3 is jointly convez.

Note that dp is not jointly convex. One gets a counter-example by choosing po = o9 = [0)(0], p1 = |1)(1],
o1 = [2)(2|, and po = p1 = 1/2, {]0),]1),]2)} being an orthonormal family in #.

It is clear on (8.9) that F'(p,o) = 0 if and only if p and o have orthogonal supports, ran p L rano. Therefore,
two states p and o have a maximal distance dg(p, o) = 1 if they are orthogonal and thus perfectly distinguishable.

Proof. We have already established above that dp satisfies all the axioms of a distance. To show the contractivity,
it is enough to check that for any quantum operation M : B(H) — B(#H') and any states p,o € E(H),

F(M(p), M(0)) = F(p, o) . (8.17)

This property of the fidelity is a consequence of the contractivity of the relative Rényi entropy for @ = 1/2
(Theorem 7.3.1(v)). It is, however, instructive to re-derive this result from Theorem 8.2.2. According to this
theorem, there exist some purifications |¥) and |®) of p and o on H ® K such that F(p,0) = [(¥|®)|2. Now,
thanks to (5.13) one obtains some purifications |V ) = 1 ® U|P)|eg) of M(p) and |Paq) = 1 @ U|P)|eg) of
M(o) on K@ H' @ Hg, with |eg) € He and U : H @ He — H' ® Hf unitary. Thus

F(M(p), M(0)) = (T m|®r)]* = (T|@)* = F(p,0) . (8.18)

The joint convexity of dg is a consequence of the bound!

\/F(Zpipi,zt]im) > Z VPiai/ F(pi,0i) (8.19)

where {p;,p;} and {o0;,¢;} are arbitrary ensembles in £(H). Note that the statement (8.19) is slightly more
general than the joint concavity of \/F(p, o) proven in Sec. 7.3 (Theorem 7.3.1(iv)). To show that (8.19) is true,
we introduce as before some purifications |¥;) of p; and |®;) of o; on H ® H such that \/F(p;,0;) = (¥;|D;).

Let us define the vectors
W) =S VEe) () =Y VBl (8.20)

in H®H ® He, where Hg is an auxiliary Hilbert space and {|¢;)} is an orthonormal basis of Hg. Then |¥) and
|®) are purifications of p = >, pip; and 0 = ). q;0;, respectively. One infers from Theorem 8.2.2 that

%F@m)ZK%¢H:§:¢EE@A®>:§:¢EE¢F@mm% (8.21)

This complete the proof of the corollary. O

Remark 8.2.4. A consequence of (5.26) and (8.10) and of the monotonicity of the fidelity F with respect to
partial trace operations (see (8.17)) is that the entanglement fidelity Fo(p, M) of a state p with respect to a
quantum operation M satisfies

Fe(p, M) < F(p, M(p)) - (822)

Remark 8.2.5. As the fidelity satisfies F(p® p',0 ® ¢') = F(p,0)F(p’,0’), the Bures distance increases by
taking tensor products, dp(p ® p',o ® o’) > dp(p,o) for any p,o € E(H), p',0’ € E(H'), with equality if and
only if p' = o’'. This has to be contrasted with the trace distance, which does not enjoy this property.

In the two following sections we collect some important properties of the Bures distance. We refer the reader
to the monographs [31, 180] for a list of names to which these properties should be attached.

INote that one cannot replace vF by F in this inequality, that is, F(p,o) is not jointly concave (one can take the same
counter-example as that given above for dg). However, by a slight modification of the proof of Corollary 8.2.3 one can show that
p+— F(p,0) and o — F(p, o) are concave. In their book [180], Nielsen and Chuang define the fidelity as the square root of (8.9).
This must be kept in mind when comparing the results in this monograph with those of this article.
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8.3 Bures distance and statistical distance in classical probability

The restriction of a distance d on E£(H) to all density matrices commuting with a given state py defines a
distance on the simplex Ec1as = {p € R%; Y, pi = 1} of classical probabilities on the finite space {1,2,...,n}.
In particular, if p and o are two commuting states with spectral decompositions p = >, pi|k)(k| and 0 =
21, @ |k) (K], then

di(p,0) = di"™*(p,q) = > Ipr — k|
k=1

is the ¢!-distance, and

(o) = di(,0) = (L (v - vir?) = (2-23 V) (5.23)

k=1 k=1

is the Hellinger distance. A distance closely related to dfllas is the so-called statistical distance © 1% (p,q) =
arccos(1 — dg®(p,q)?/2), i.e., the angle between the vectors x = (,/pr)?_, and y = (,/qr)7_, on the unit
sphere. Given two non-commuting states p and o, one can consider the distance d “'(p, q) between the outcome
probabilities p and q of a measurement performed on the system in states p and o, respectively. It is natural
to ask whether there is a relation between d(p, o) and the supremum of d'*(p, q) over all measurements.

Proposition 8.3.1. For any p,0 € E(H),
di(p,0) = sup di"**(p,q) , dg(p,0) = sup d*(p,q) (8:24)
{M;} {M:}
where the suprema are over all POVMs {M;} and p; = tr(M;p) (respectively q; = tr(M;o)) is the probability
of the measurement outcome i in the state p (respectively o). Moreover, the suprema are achieved for von
Neumann measurements with rank-one projectors M; = |i)(i].

Proof. We leave the justification of the first identity to the reader. It can be obtained by following similar
arguments as in the proof of Proposition 8.1.2 (see [180]). Let us show the second identity. Given a POVM
{M;}, by taking advantage of the definition (8.9) of the fidelity, the polar decomposition \/p\/o = U|\/p\/7],
and the identity ), M; = 1, one gets

VE(pa) = > aU" VoV MNG) < 3 Vi - (8.25)

The upper bound comes from the Cauchy-Schwarz inequality. It remains to show that this bound can be
attained for an appropriate choice of POVM. The Cauchy-Schwarz inequality holds with equality if and only
if /Mi\/pU = \iv/Mi/o with \; € C. Assuming o > 0 and observing that \/pU = o~ 2|,/p\/a|, this identity
can be recast as

VMi(R—X)=0 with R=o0"3[\/p\/olo % . (8.26)
Let R =), r;i)(i| be a spectral projection of the non-negative matrix R. Taking M; to be the von Neumann
projector M; = |i)(i] and \; = r;, we find that (8.26) is satisfied for all i. Thus y/F(p,0) is equal to the right-
hand side of (8.25). If o is not invertible it can be approached by invertible density matrices o, = (1 —¢)o + ¢,
€ > 0, and the result follows by continuity. a

Much as for the quantum relative Rényi entropies (Sec. 7.3), one may define another distance on £(H) which

also reduces to the Hellinger distance dg® for commuting matrices, by setting

dn(p. ) = (/5 V/7) = (2= 2, [FPoll0)) (3.27)

where Fo(tn)(p||a) is the fidelity associated to the normal-ordered a-entropy (7.29), namely,

() (i o 1—al\F _ —BS® (olle) _l-o
F (pllo) = (te[pa'=]) " =e b= (8.28)

This distance is sometimes called the quantum Hellinger distance. Thanks to Lieb’s concavity theorem (Lem-
ma 7.3.2), Fo(én)(p”a)o‘ is jointly concave in (p, o) for all a € (0,1). Consequently, the square Hellinger distance
du(p,o)? is jointly convex, just as dg(p,o)?. From Proposition 7.2.2 one then deduces that dy is contractive. It
is worth noting that di does not coincide with the Fubini-study distance (8.5) for pure states (in fact, one finds

Fl(;];(pwﬂa(b) = [{(p|#)|*). For any p,o € E(H), one finds by comparing (8.6) and (8.27) that dg(p, o) < du(p, o).
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8.4 Comparison of the Bures and trace distances

The next result shows that the Bures and trace distances dg and d; are equivalent and gives optimal bounds of
dy in terms of dg.

Proposition 8.4.1. For any p,o € E(H), one has

1

dis(p,0)? < di(p, o) < 2{1 - (1 - %dB(p,U)2)2}2 . (8.29)

The lower bound has been first proven by Araki [11] in the C*-algebra setting. We shall justify it from
Proposition 8.3.1 as in Ref. [180]. The upper bound is saturated for pure states, as shown in the proof below.
Note that this bound implies that di(p, o) < 2dg(p, o).

Proof. We first argue that if py = [¢)(¢| and o4 = |¢)(#| are pure states, then di(py,04) = 24/1 — F(py,04)
and thus the upper bound in (8.29) is an equality. Actually, let |¢) = cos 8])) + €' sin §|yp1), where 0,5 € [0, 27)
and [i)1) is a unit vector orthogonal to |¢). Since py — 04 has non-vanishing eigenvalues +sinf, one has
di(py,0p) = 2|sinf|. But F(py,04) = cos?6, hence the aforementioned statement is true. It then follows
from Theorem 8.2.2 and from the contractivity of the trace distance with respect to partial trace operations
(Proposition 8.1.2) that for arbitrary p and o € £(H),

di(p,0) <2+/1—F(p,0). (8.30)

To bound d;(p, o) from below, we use Proposition 8.3.1 and consider a generalized measurement {M;} such
that \/F(p,0) = >, /Piqi With p; = tr(pM;) and g; = tr(cM;). This yields

dB(p,U)QZZ(\/}?_i*\/E)2 §Z|pz‘*qz'| <di(p,0), (8.31)

i
where the last inequality comes from Proposition 8.3.1 again. O

The following bound on the relative entropy can be obtained from (7.36), (7.32), and Proposition 7.3.4

S(plle) > —21n(1 - %dB(p, 0)2) > —1n(1 - idl (p,o)2) . (8.32)

Remark 8.4.2. By taking advantage of the inequality F(p,o) > tr(po), which follows from (8.9) and the norm
inequality ||A|l1 > ||A||2, one can establish another bound on S(p||o) in terms of the fidelity, which reads [231]

S(pllo) = =S(p) =InF(p,0) . (8.33)

Remark 8.4.3. The formula

F(p,0)= ilgr;fo{ tr(Hp) +tr(H_10)}2 = Ii}1>f0{tr(Hp) tr(H 'o)} (8.34)

can be easily proven with the help of Lemma 7.3.3 and Theorem 8.2.2. The last expression is due to Alberti [2].

Remark 8.4.4. We are now in position to show without much effort several results of Sec. 6.2.

(a) The upper bound (6.15) on the optimal success probability Pscjﬁt in unambiguous discrimination of two
mixed states can be established from Uhlmann’s theorem, formula (6.8), and the fact that Pscjﬁt({pi, ni}) <
Pscjﬁt({|\lli>,77i}), where |U;) is a purification of p; for any ¢ [204].

(b) It is instructive to derive in the special case of m = 2 states the lower bound on Pscjgt given in Propo-
sition 6.5.1 by using the Helstrom formula (6.6), the fact that tr(JA]) > >, [(¢|A]é)| for any orthonormal
basis {|#)}, and Proposition 8.3.1 [37].

(¢) The Uhlmann theorem gives an efficient way to calculate the fidelity between the two states (6.16) (the
result is F(peq, paist) = [(¢1[12)]?).
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8.5 Bures and quantum Hellinger metrics, quantum Fisher infor-
mation

Recall that a Riemannian metric on £(H) is a map g which associates to each p € £(H) a scalar product g,
on the tangent space to £(H) at p. For any state p on H, this tangent space can be identified with the (real)
vector space B(H)s.a. of self-adjoint operators on H. A metric g defines a Riemannian distance d, which is such
that the square distance ds? = d(p, p + dp)? between two infinitesimally close states p and p + dp is given by

ds® = g,(dp,dp) . (8.35)

The Hilbert-Schmidt distance ds is obviously Riemannian: its metric is constant and given by the scalar product
(4.1). In contrast, the trace distance d; is not Riemannian.

Let us show that the Bures distance dp is Riemannian and determine its metric gg. It is convenient to
introduce a small parameter ¢ € R. According to Definition 8.2.1 one has

dn(p,p+tdp)? =2 —20(A@)) , A(t) = (/A(p+tdp)y/5)? | (3.36)
The scalar product (gs), will be given in terms of the eigenvectors |k) and eigenvalues py of p in the spectral

decomposition p = 3=, pi|k)(k|. Using the notation A(t) = dA/dt, A(t) = d2A/dt?, and the identity A(t)> =
VP(p +tdp)y/p, one finds

A0)A(0) + AO)A(0) = Vpdpyp
A(0)A(0) + 2A(0)A(0) + A(0)A0) = 0 (8.37)
The first equation yields '
(pr + p) (k[AQ0)[1) = /prpi(k|dpll) - (8.38)

Since tr(dp) = 0, it follows that tr[A(0)] = 0. Assume that A(0) = p is invertible. Multiplying the second
equation in (8.37) by A(0)~! and taking the trace, one verifies that

n

. . B |(k|dp|0)]
tr[A(0)] = — tr[A(0)2A( " pi I A©)) Z pil¢ |+p| . (8.39)
k=1 k=1 (pr + p1)

Thus, going back to (8.36) we arrive at

di(p, p + tdp)® = — tr[A(0)]t? + O(t%) = (g8),(dp, dp)t* + O(t?) (8.40)
with [132]
|(k[A[D)*
(95 klzl o AEB(a p>0. (8.41)

The last formula defines a scalar product on B(H)s... by polarization, hence dp is Riemannian with metric gg.
One readily obtains from this metric the infinitesimal volume element. The volume of £(#) and the area of its
boundary are determined in [220].

Definition 8.5.1. Given a state p € E(H) and an observable H € B(H)s.a., the non-negative number
. . Pk
Falo, H) = 4(ow), (<ilH, ol —ilH ) =2 Y PP (8.42)
k,l,pr+pi>0 Pk T Pi
is called the quantum Fisher information of p with respect to H.

The quantity Fq(p, H) has been introduced by Braunstein and Caves [45] as a quantum analog of the Fisher
information in statistics. Similarly to the definition of the Bures distance in Sec. 8.2, these authors related it
to the metric — called the “distinguishability metric” by Wootters [264] — extending the Fubini-Study metric to
mixed states. For a pure state py = |¥)(¥|, the quantum Fisher information reduces to the square quantum
fluctuation of H, namely,

Folpw, H) = 4(AH)?)y = 4((W[H|0) — ([H[T)?) . (8.43)
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In general, \/Fq(p, H) gives the speed at which a given state p separates from its time-evolved state p(t) =
e 1 pelt yunder the dynamics specified by the Hamiltonian H. In fact, by plugging dp/dt = —i[H, p] into
(8.40) one checks that
d2 T ddp
H) = (25 du(p, p(t))?| ~ V2R 8.44
Falp ) = (24 o] )~ V25! (8.44)

We postpone the discussion on the statistical interpretation of Fg(p, H) to Sec. 9.2 below. It will be argued
there that Fg(p, H) measures the amount of quantum correlations in the state p that can be used for improving
precision in quantum metrology.

Let us now turn to the quantum Hellinger distance (8.27). We proceed to determine the metric g, associated
to the normal-ordered relative Rényi entropy (7.29), from which the quantum Hellinger metric gy is obtained
by setting « = 1/2. We demonstrate that the largest metric g, for a € (0,1) is achieved for & = 1/2 and is
equal to gi/2, a result that will be needed later on (Sec. 9.1). The metric g, is defined by

S (p+tdpllp) = (1—a) (1= FM(p+tdpllp)*) + O(*)
= t*(1—a) " (ga)p(dp,dp) + O(t?) (8.45)

where F{") is the a-fidelity, see (8.28). To determine g, for all « € (0,1), we use (1) in Appendix A to write

i o0 1 1
Pa—(P—l-tdp)a:M/ dxwa< — )
0

i x+p+tdp x+p

i > ¢ 1 t2 1 1
= PO e (- b a0 (s
™ 0 r+p x+p T+p T+p T+p

Ba(t)

Introducing as before the spectral decomposition p = >, px|k)(k| and using known integrals, one finds

1—FM(p+tdpllp)* = tx[Ba(t)p' ]
= —ta ) (kldolk) + £ Z pk I pl)\<k|d P +o@®) . (847)
k=1 k,l=1

Because tr(dp) = 0, the linear term in ¢ vanishes as it should be. Plugging (8.47) into (8.45) one gets

- P~ =" )" —¢*)
(9o ca(Pe> D) IKIAID? , calp,q) = (8.48)
g::l 2(p — q)?
It is easy to show that c.(p,q) < ¢1/2(p, q) for any p,q > 0, hence
- |(k|A|1)|?
max (ga)p(4,4) = (93) (A, A) = Y _kIADE , A€B(H)sa , (8.49)

aeg(0,1) = 2(\/pr + /11)?
as claimed above. Furthermore, in view of (8.27) we deduce that the quantum Hellinger distance dy is Rieman-
nian and has a metric gg = 2g /2.

8.6 Characterization of the Riemannian contractive distances

The complete characterization of Riemannian contractive distances on £(#) for finite Hilbert spaces H has been
given by Petz [195], following a work by Morozova and Chentsov [174]. Such distances are induced by metrics
g satisfying

IM(p) (M(A)aM(A)) < gp(Aa A) , A€ B(H)s.a. ) (8-50)

for any p € £(H) and any quantum operation M : B(H) — B(H').

In the classical setting, it is remarkable that the contractivity condition leads to a unique metric (up to a
multiplicative constant). Quantum operations correspond classically to Markov mappings p + M¢3p on the
probability simplex Euas = {p € R7; Y, p; = 1}, see (5.6), with stochastic matrices M# having non-negative
elements /\/ld‘15 such that ), /\/ldas = 1 for any j = 1,...,n. The contractive distances d°'® on E..s satisfy
das(Melasp /\/ldas q) < d*(p, q) for any such matrices. According to a result of Cencov [55], a Riemannian
distance on E.1.s with metric g°'® is contractive if and only if gClas (a,a) = ¢, a2 /py for any a € R" and some
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¢ > 0, that is, the infinitesimal distance between a probability vector p and a neighboring vector p + dp is
proportional to

n dp2
ds%‘isher = Z k . (851)
w1 Pk

The associated metric is known as the Fisher metric and plays an important role in statistics. It induces the
Hellinger distance (8.23) up to a factor of one fourth.

Let us come back to the quantum case. Although g, is in principle defined on the real vector space B(H)s.a.
(the tangent space of £(H)), one can extend it as a scalar product on the complex Hilbert space B(H). Without
loss of generality, one may require that this scalar product satisfies

9p(A,B) = g,(B*,A") =g,(A*,B*) , A/BeB(H). (8.52)

(for instance, this is the case for the Hilbert-Schmidt product (4.1)). We first note that one can associate to g a
family {KC,; p € E(H)} of positive operators on the Hilbert space B(H) endowed with the scalar product (4.1),
by setting
9p(A,B) = (A,K;'(B)) , ABeB(H). (8.53)
Let us write ppg = M(p). The monotonicity condition (8.50) reads M*K,! M < K;', which means that
IC,l)/ 2./\/1"F1ijj\1/1 ./\/llC,l/ % is a contraction. This is equivalent to K, ,il/ QMICPM*IC;/}A/ ? being a contraction. Therefore
g is contractive if and only if
ME,M* < K (8.54)

for any p and M.

Lemma 8.6.1. [195] The contractivity condition (8.54) is fulfilled by the positive operators
1 1
K, = REF(ARE (8.55)

where R, stands for the right multiplication by p (see (4.7)), A, = A, is the modular operator defined in
(4.8), and f : Ry — R is an operator monotone-increasing function with values in R .

Proof. Let us recall that the modular operators A, and A,,, on B(H) are (self-adjoint and) positive. In
analogy with the proof of Theorem 7.2.1, we introduce the contraction Cxq defined by (7.14). It has been
observed in this proof that C},A,Caq < A,,,. Since asking that a continuous function f : Ry — R be operator
monotone-increasing and non-negative is the same as asking that f be operator concave (see Appendix A and
[38], Theorem V.2.5), it follows from the Jensen-type inequality (4) and the monotonicity of f that

Cj\/lf(Ap)CM < f(ApM) . (8.56)
Multiplying both sides by B’ pi/l and taking the scalar product by the same vector, this is equivalent to

(B", MREf(Ap)RFM™(B')) < (B', Rju f(Dp )R (B)) (8.57)
for any B’ € B(#H'). Thus the operator IC, defined in (8.55) satisfies the contractivity condition (8.54). O

Formulas (8.53) and (8.55) yield a family of monotonous metrics, in one-to-one correspondence with non-
1

negative operator monotone functions f, given by g,(A,B) = (Ap~ 2, f(Ap)_l(Bp_%» for any A, B € B(H).
More explicitly, for any p with spectral decomposition p = 3", pr|k)(k| one finds

n

gp(A,A) = Z c(pe pOlKIAIP A€ B(H)s.a. &%)
k=1
where ¢(p, g) is given by fla/p) +af(p/q)
_rflg/p)+af(p/q
A0 = e F o) (al) -
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and satisfies c(tp,tq) = t~'c(p, q) for any t € R, ¢ # 0, and c(p,p) = f(1)"'p~". By using A,(B*) = (A, (B))*,

it is easy to see that the condition (8.52) is satisfied if and only if f(z) = 2f(x~!). In particular, by choosing
the following operator monotone functions (see Appendix A) :

2z r—1 (1++/x)? r+1
rm (%) = < = < =—— < = 8.60
ftam (2) P frm(z) = 7— fu 1 fe(z) 5 (8.60)
one is led to
p+q Inp—Ing 4 2
CHarm(P,¢) = H5— 2 kM, @)= ———— =2 @) =7—F7—=35 = cpqeg=—. (861
a ( ) 2pq ( ) p—q ( ) (\/}_7+\/a)2 ( ) p+q ( )

In view of (8.41) and (8.49), the last choice fp gives the Bures metrics and fi gives the Hellinger metric up
to a factor of one fourth. The second choice corresponds to the so-called Kubo-Mori (or Bogoliubov) metric,
which is associated to the relative von Neumann entropy. Actually, by substituting (8.48) into (8.45) and taking
« — 1 one obtains

1< 2 1
S(p+dpllp) = B E CKM(Pk,Pl)|<k|dP|l>| = §9KM(d/)a dp) . (8.62)
k=1

According to the formula S(p + tdp) = S(p) — ttr(dplnp) — S(p + tdp||p), one also gets

_ d*S(p+tdp)

de? =0

gxm(dp,dp) = (8.63)
S being the von Neumann entropy (since S is concave, the second derivative in the right-hand side is non-
positive and defines a scalar product on B(H)). As stressed by Balian, Alhassid and Reinhardt [20], this makes
the Kubo-Mori metric quite natural from a physical viewpoint. Its properties have been investigated in [23].
A result due to Kubo and Ando [151] states that there is a one-to-one correspondence between operator

monotone functions f and operator means, that is, maps m : (R, L) € B(H)y x B(H)y — m(R,L) € B(H)
satisfying

(a) f 0<R<Tand 0 <L < N then m(R, L) < m(T,N) (monotonicity);
(b) C*m(R,L)C < m(C*RC,C*LC).
This correspondence is given by the formula
ms(R,L) = R? f(R"*LR™%)R? . (8.64)

By taking fuarm and fg as in (8.60) one obtains the harmonic mean Mmyarm (R, L) = (R/2)~! + (L/2)~! and
the arithmetic mean mgp(R, L) = (R + L)/2, respectively, and for f(z) = \/z one gets the so-called geometric
mean (for more detail see e.g. [50]). The positive operators (8.55) can be written as

K, =ms(Rp, L,) . (8.65)

The theory of Kubo and Ando shows that the harmonic mean my.,.,m and arithmetic mean mpg are respectively
the smallest and largest symmetric operator means. Thus the Bures metric gg is the smallest monotone metric
among the family of metrics given by (8.53) and (8.55) with the normalization g,(1,1) = tr(p~'). It turns out
that this family contains all contractive metrics, that is, all such metrics have the form (8.58).

Theorem 8.6.2. (Petz [195]) The distances with metrics g given by (8.58) are contractive for any non-negative
operator monotone-increasing function f(x) satisfying f(z) = xf(xz~'). Conversely, any continuous metric
g:p— gy, on E(H) may be obtained from (8.58) by a choice of a suitable function f with these properties.
In particular, there is a one-to-one correspondence between continuous contractive metrics satisfying g,(1,1) =
tr(p~!) and operator means. The Bures distance is the smallest of all contractive Riemannian distances with
metrics satisfying this normalization condition.

This theorem is of fundamental importance in geometrical approaches to quantum information.
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Proof. The first statement has been proven above. Conversely, let g be a continuous contractive metric on £(H)
and let us show that there exists an operator monotone function f : Ry — Ry such that for any p € £(H),
gp is given by (8.53) and (8.55) or, equivalently, by (8.58) and (8.59). We first note that g being contractive it
is in particular unitary invariant, i.e., gu-,v(U*AU,U*BU) = g,(A, B) for any unitary U (see Sec.8.1). More
generally, if the quantum operations M and 7T are such that p, A, and B are invariant under 7 o M, then
IM(p)(M(A), M(B)) = g,(A, B). The main idea of the proof is to combine this invariance property with the
uniqueness of the contractive classical distance. Denoting by (g,)ijx = 9,(]2) (4], |k)(l|) the matrix elements of
the scalar product g, in an orthonormal eigenbasis {|k)} of p, we need to prove that

(9p)ij, k1 = 0irbj1 ¢(pi, Dj) (8.66)

where ¢;;, is the Kronecker symbol. To show that the matrix elements of g, vanish for ¢ # j and (k,1) # (3, j),
it suffices to establish that

9o (1)1 + slk) (U [8) ] + slR) () = g (1) (Gl = slR) U 1) G| = slk) () (8.67)

for s =1 and s =1 (the result then follows by polarization). If one of the indices 4, j, k, and [ is different from
the three others, say i ¢ {4, k,l}, this comes from the invariance of g under the unitary U =", ug)|k:) (k|

with ug) = —11if k =7 and 1 otherwise. Hence (g,)ij,xt = 0 when i # j and (4, j) # (k,1), (I,k). Similarly, by
choosing ug) =1iif ¢ = k and 1 otherwise, this is also true for ¢ # j and (¢,j) = (I, k). The only non-vanishing
matrix elements of g, are thus (g, )k and (g,)qj,:; for i # j.

To determine (g, ),k We observe that the restriction of g, to the space of matrices commuting with p induces
a contractive metric on the probability simplex Ecas, defined by g&*(a,b) = g,(>_, ax|k)(k], >, br|k)(k|) for
any a,b € E..s. Indeed, one can associate a quantum operation M to a stochastic matrix M2 by defining
MIE)I]) = 6k 3= MSE=[5) (G| (M has the Kraus form (5.10) as M5 > 0 and Y, M5 = 1 for any k). Then
M(p) =35 (Me125p);|5) (4| where p is the vector of eigenvalues of p, and (8.50) implies that g°!# is contractive

under M According to the uniqueness of the contractive classical metrics, one has

(90t = 957 (65,60) = ¢ 2 (5.65)
Pk
with ¢ > 0 and §; = (51'1)?:1.

We now turn to the matrix elements (g,):j; for ¢ # j. By unitary invariance, it is enough to determine
(gp)12712. To this end, we consider the quantum operations M from the space B(H) of n X n matrices to the
space B(C3) of 3 x 3 matrices and T : B(C3) — B(H) with Kraus operators {4;}" , and {B;}" ,, respectively,
given by

Ay =By = 1)1+ 2)(2] , A; =3 , B;= Lh)(iﬂ , 1=3,...,n. (8.69)
1—p1—p2
A simple calculation yields 7 o M(p) = p. As stressed above, one can deduce from the contractivity of g,
that (g,)12,12 = (9a(p))12,12, thereby showing that this matrix element depends on p; and py only. By unitary
invariance, (g,)ij,;; only depends on p; and p; and one can set (g,)ij,i; = c(pi,p;) for i # j, ¢(p,q) being
independent of p. This complete the proof of (8.66), excepted that it remains to justify that ¢(p,p) = ¢/p.

We proceed by showing that ¢(q, p) is given by (8.59) with f having the desired properties. Thanks to (8.52),
we know that ¢(p, ¢) is real and symmetric. One verifies that ¢(p,p) = ¢/p by the following argument. Let us
assume that p has a degenerate eigenvalue, say p; = p2. Then p = UpU™ for any unitary U acting trivially
on span{([3), ..., |n}}. By unitary invaxiance, g,(15) (], [6) (6]) = (g,)11.11 = ¢/py for any [5) € span{|1), [2}}.
Taking e.g. [¢) = (|1) +2))/Vv/2 and using (8.66), we get (g,)12,12 = c(p1,p1) = ¢/p1. In order to establish that
¢(p, q) is homogeneous we consider the quantum operations M : B(H) — B(H®He) and T : B(HQHe) — B(H)
defined by M(p) = p® 1/ng and T (p) = tre(p) (here ng is the dimension of Hg). Clearly, T o M = 1, thus by
similar arguments as above and by taking advantage of (8.66), one finds

e(pisp5) = (9035 = (o) (MR G1), MUiNG1)) = mg e 2, 22Y (8.70)

As this is true for any positive integer ng and any state p, one concludes that c(tp,tq) = t~1lc(p,q) for all
p,q € [0,1] and all rationals t with ¢p, tq € [0,1]. This is the point where we need the continuity of the metric
to make sure that c(p,q) is continuous. Then the equality holds for all real ¢. Setting f(z) = 1/c(z,1) and

110



using the symmetry of ¢(p, q), one easily derives the identities (8.59) and f(x~!) = 2z~ f(x). Furthermore,
f() P =c(1,1) =c

To complete the proof, we have to show that f is operator concave. With this aim, let us consider the
inequality (8.54) which is equivalent to g, being contractive. We choose M in this inequality to be the partial
trace operation T : p +— trez(p) ® 1/2 on B(H @ C?) and p = (po ® [0)(0] + p1 ® |1)(1])/2. From (8.54) we find
that for any A € B(H),

(THA®1), ;T (A1) < (A1, Krp(A® 1)) . (8.71)
But £5(A® 1) = (K, (4) @ [0)(0] + K,, (A) @ [1)(1])/2. Accordingly, (8.71) reduces to
1
§<A, (Kpo + ICP1>A> < <A’ ’C(po+p1)/2A> ) (8.72)
thereby showing that the map
p—=K,=f(L,R,R, (8.73)

is mid-point concave. By a standard argument based on a dyadic decomposition, it follows that this map
is concave [50]. Using the x-isomorphism between the C*-algebras B(B(H)) and B(H ® H) (Sec.4.1), this is
equivalent to say that the map

A f(A® (A7) 1@ AT (8.74)

is concave. One easily deduces from this that the map (A4, B) — f(A® (BT)’l) 1® BT is jointly concave. In
particular, A — f(A) is concave. This shows that f is operator concave. ]
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Chapter 9

State discrimination and parameter
estimation in large systems

A force de savoir tant sur si peu de choses, il finira par savoir tout sur rien (anonymous).

In this chapter we examine two problems related to the state discrimination task discussed in chapter 6,
namely, the quantum hypothesis testing and parameter estimation. In the first problem, one wants to determine
asymptotically the probability of error in discriminating two states when one has N independent copies of those
states, for N — oo. In the second problem, the goal is to estimate as precisely as possible a real parameter
from measurements performed on a large number of particles in a state depending smoothly on this parameter.

9.1 Quantum hypothesis testing: discriminating two states from
many identical copies

An important issue in classical information theory is to discriminate two probability measures p; and ps on a
measurable space (€2, F), given the outcomes of N independent identically distributed (i.i.d.) random variables,
whose law is either p; or ps. Since one has to decide among two hypothesis — the first (second) one being that
the observed data is distributed according to p; (p2) — this discrimination task bears the name of “hypothesis
testing”. For a given test function, i.e., a random variable M, with values in [0, 1], the probability of error is
Py N = mpgN)(MclaS) + ngpéN)(l — Me1as), where pEN) = pl®N is the N-fold product measure and 7; the prior
probability attached to p;. It is easy to convince oneself that the minimal error is achieved for the maximum
likelihood test function defined by!

M =

1 1
clas = Hmapi™ —m1p{™) >0} (9-1)

pEN) = dpl(-N)/du(N) being the density of p

corresponding error is

(V)

%

with respect to the measure p\) = pgN) + péN) = pu®N. The

Pe(;f,tN({pz('N)a 771'}) = min dlj'(N) (nlpgN)Mclas + 772pgN)(1 - Mclas))
0<Mearas<1 | Jon
= /Q dp™ min{nip™, mapl™} . (9:2)

One is typically interested in the limit of a large number of tests, i.e., N — oo. One can show that the error
probability decays exponentially like P, ~ e~ N&(P1:P2) ywith an exponent given by the Chernoff bound [60]

€

1 o : o l-a
£(p1,p2) = — lim NlnPerffN({pEN),m})Z— inf {hﬂ(/gduplpé )} (9.3)

— 1l
N—o0 ae(0,1)

where we have set p; = pz(-l). One recognizes in the infimum in the right-hand side the classical Rényi divergence

(7.35) multiplied by (o — 1).

IHere 14 stands for the indicator function on A C Q, i.e., 14(w) =1 if w € A and 0 otherwise.
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In quantum mechanics, the hypothesis testing can be rephrased as the discrimination of two N-fold tensor
product states p?N and p?N . The corresponding minimal error probability is given by the Helstrom formula
(6.6),

. 1
P (o™ i) = 5 (L=tr|Anl)  Anv =mpf™ —mpd™ (9.4)

and the optimal measurement consists of the orthogonal projectors Mipt on the supports of the positive and
negative parts of Ay. Note that if p; and p; commute then M°P" can be identified with the maximum likelihood
test function and one recovers the classical formula (9.2) from (9.4). Surprisingly, the generalization of the
Chernoff bound (9.3) to the quantum setting has been settled out only recently. It has been highlighted in
Sec. 7.3 that the Rényi divergences appearing in this bound have several natural quantum extensions, according
to the choice of operator ordering. It was proven by Audenaert et al. [19] and by Nussbaum and Szkola [181]

that the right extension is the normal-ordered relative Rényi entropy S&n)(pHJ) defined in (7.29).

Proposition 9.1.1. (Quantum Chernoff bound [19, 181]) One has

1
— lim —InP°" =— inf {1 CpiT) b = 1—a)sS®™ . .
i T P ) == inf {n(ulotoi )} = swp {1-asPllea)}. 09

This limit defines a jointly convex function £g(p1, p2) with values in Ry U {+oo}, which is contractive under
quantum operations. Moreover, g induces the quantum Hellinger metric up to a factor of one half, that is, if
p and p+ dp are infinitesimally close then {q(p + dp, p) = gu(dp,dp)/2 is given by (8.49).

The infimum in (9.5) is attained for a unique o € (0, 1) satisfying tr(p$ps~*(In p; —In ps)) = 0 [19]. Actually,
for any fixed p and o, the function « M (p|lo)® = tr[p®o!=?] is convex (this is a simple consequence of the

convexity of o — p®¢l=¢ for p,q > 0) and F{"(p||o) < Fénl (p|le) = 1 by the Holder inequality (4.3). Before
entering into the proof, let us also mention that {g(p, o) < oo whenever p and o do not have orthogonal supports.
If p = |¢)(¥)] is pure, the quantum Chernoff bound is related to the fidelity by g(p,0) = —InF(p,0) =

—In(y|o|y) (in fact, then Y (pllo)* = (Y|ot=2[1p) is minimum for o = 0).

Proof. To shorten notation we write P2 when referring to P2 ({p®V,n,o®N,1 — n}). The fact that

err,N
1%nj;10p N In PP —&o(p,0) = aei%fl){ln(tr[paol_a])} (9.6)

follows from (9.4) and the trace inequality

1

5 (60(4) + 6x(B) — 1A — B|) < (A" B2, (9.7)
where A and B are non-negative operators and « € [0, 1]. This inequality has been first established in [19]. A
simple proof due to N. Ozawa is reported in Appendix B. The reverse inequality to (9.6) is a consequence of the
classical Chernoff bound. This can be justified as follows [181]. Let us observe that the optimal measurement is
a von Neumann measurement {II°P* 1 — I1°P*} with TI°P' a projector, so that

Paty =1=PJ% = (1 =T)p%N) + (1 - n) tr (TP o)
2 2
= 3 (el (@ul1 = TP ) * + (1 = ma|(weIPt |2y ) | (9.8)
kL

where {|¥;)} and {|®;)} are orthonormal eigenbases of p®Y and o®¥, respectively, and py and ¢, are the

corresponding eigenvalues. We may without loss of generality assume that n < 1/2. By using the inequality
la? 4+ |b|? > |a + b|?/2 one gets

Pec;ftN Z 772 min{py, ¢} (P V) | . (9.9)
kil

But p®V corresponds to N independent copies of the state p = >, pi|tr)(¥x|, hence its eigenvalues p; and
eigenvectors |Wy) are products of N eigenvalues pr, and N eigenvectors |iy) of p, respectively, and similarly
for o® with the eigenvalues ¢; and eigenvectors |¢;) of 0. This means that pg|(®;|¥)|? can be viewed as the
N-fold product of the probability 71 on {1,...,n}* defined by (m1)x = pr|{¢1|k)|?. Analogously, q|(®;|¥)|>
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is the N-fold product of my with (mw2) = q|{¢i|vk)|?. Consequently, the sum in (9.9) is the minimal error
probability P, e‘;ftN({ﬂ'EN), 1/2}) for discriminating 7y and mo with equal prior probabilities (see (9.2)). One

then deduces from the classical Chernoff bound (9.3) that

lim inf % In PoPY > inf {111( Z (ﬂl)?l(ﬂg)lld_a>} =—¢o(p, o). (9.10)

N—oo a€(0,1) o1

Together with (9.6) this proves the quantum Chernoff bound.
It is nevertheless instructive to show (9.10) directly from (9.9), without relying on the classical result, by

using the theory of large deviations for sums of i.i.d. random variables and the relative modular operator A/,

(see chapter 4), which appears here quite naturally [140]. Indeed, let us set & = p% and note that for any real
function f : (0,00) = R, according to (4.8) and by the functional calculus, it holds

€ a8 = Y pif (50 )6l (9.11)
k=1
In particular, (£, In(A,|,)§) = tr[p(Ino — Inp)] = —S(p||o), as already observed in Sec. 7.2. Let m,, be the

spectral measure of —InA, |, with respect to the vector . This is a probability measure (§ is normalized),
which is related to the relative entropy by S(p|lo) = [ dm,,(t)t. Taking f(x) = min{z,1} = g(—Inx) with
g(t) = min{e~* 1} in (9.11), one finds

n

> min{pg, ai}|{@fvr)* = (€, g(=InA,,) &) = /Rdmam(t)g(t) > my,(R-). (9.12)

k=1

A similar inequality holds for the sum in the right-hand side of (9.9): it suffices to substitute A

alp
= A?II/;[ . The spectral measure of —In A?g is a product measure mg]‘\;) and thus —In A?IJ/;[ can be interpreted

by AU®N‘p®N

as a sum of i.i.d. random variables — In A((Tl"/)) with law m The large deviation principle ensures that if

alp:
€,,(0) <0 <eg,(1) then [82]
1 ™) (N A
. N v _ _

ngnoo N 1n<m0|p < ;ln Ay, < 9N)> = ail[lor,)u{ae eqlp(a)} (9.13)
is up to a minus sign the Legendre transform of

eolpla) = 1n</ dmap(t)em) In((¢, Ag, €)) =In(tr[p'~*0?]) . (9.14)

R

If p # o then e (0) = —S(pllo) < 0 and e, (1) = S(o|p) > 0 (the second identity follows from the first one

by symmetry e, |,(1 a) = ep|s(a)). Thus the large deviation bound (9.13) holds for § = 0. Taking advantage
of (9.9) and (9.12) one is led to

1 1
1}\1}21;15 N In Pe(;ftN > l}\gx;lglof —In (Z min{p, ql}’ ;| Ty) ’ ) (9.15)
_ (N) ) _ _
> ng%o N In (mgp ( VZ:lln Ag‘p <0) )= ag[lof {esp(a)} = —&q(p,0)

in agreement with (9.10). Note that these arguments justify in particular that the second member in the classical
Chernoff bound (9.3) is bounded from above by the third one, as a consequence of the large deviation principle.
Applying (9.6) for commuting matrices p and o, this gives a full proof of this classical bound.

The joint convexity of {g(p, o) mentioned in the proposition results from the joint convexity of the relative

entropies S&n)(pHa) for o € (0,1), which follows from the Lieb concavity theorem, see Sec. 7.3. One then gets
the contractivity of £g with respect to quantum operations from Proposition 7.2.2. This concludes the proof.
O
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Remark 9.1.2. The quantum Chernoff bound (9.5) can be generalized to the case where the two states p; N €
E(H®N) to discriminate are not product states (i.e., for dependent copies).

Actually, the large deviation principle used in the proof is not restricted to sums of i.i.d. random variables.
It must be assumed that the limit e(a) = limy oo N~ 1In tr[p‘f‘,Npé_A?‘] exists, is continuous in « on [0, 1] and
differentiable on (0,1), and its right derivative €’(0) is smaller than its left derivative ¢’(1) (see [140]).

Remark 9.1.3. In asymmetric hypothesis testing one is interested by the minimal error probability of identifying
the second state under the constraint that the error on the identification of the first state is smaller than €,
asym . N N
PN e = min {0[Mp3™]; tr[(1 = M)pP™] < e} (9.16)

The quantum Stein’s lemma [122, 182] shows that this probability decays exponentially with a rate given by the
relative von Neumann entropy, i.e.

) 1
— lim < I PIR = S(oullpe) (9.17)
The limit one gets by replacing the fived parameter € > 0 by e~ (that is, asking for an exponentially decaying
error on the identification of p1) is, in turn, given by the Hoeffding bound (see e.g. [140] for more detail).

An interesting link between the quantum hypothesis testing and fluctuation theorems in quantum statistical
physics has been found by Jaksi¢ et al. [140]. They have shown that the quantum Chernoff bound for
discriminating the forward and backward time-evolved states pir/o as T' — oo appears in the large deviation
principle for the full counting statistics of measurements of the energy/entropy flow over the time interval [0, T'.

9.2 Parameter estimation in quantum metrology

The parameter estimation problem is a kind of continuous version of quantum state discrimination, in which
the system state p(f) depends on a continuous parameter . One aims at estimating this unknown parameter
with the highest possible precision Af by performing measurements on p(#). This precision is limited by our
ability to distinguish the states p() for values of 8 differing by A6.

9.2.1 Phase estimation in Mach-Zehnder interferometers

An important example is phase estimation in the Mach-Zehnder interferometer represented in Fig. 9.1. An
input photon passes through a beam splitter [41] which transforms its state into a superposition of two modes
propagating along different paths. These two modes acquire distinct phases 67 and 6» during the propagation
and are finally recombined in a second beam splitter to read out interference fringes, from which the phase
difference @ = 0, — 65 is inferred. The interferometric sequence can be described by means of rotation matrices
acting on the two-mode photon state. We shall assume at this point that the reader is familiar with second
quantization®. The generators of the aforementioned rotations are the angular momentum operators J,, Jy,
and J, related to the bosonic annihilation and creation operators b; and b} of a photon in mode j = 1,2 by
Jp = (bjbe + b3b1)/2, J, = —i(bjbs — b5b1)/2, and J, = (bjb1 — b5b2)/2 (Schwinger representation). These
operators act on the bosonic Fock space F},(C?) associated to the single photon space H ~ C2. The output
state of the interferometer is given in terms of the input state pi, by [273]

Pout(0) = €717 p e (9.18)

where 6 is the phase to be estimated and J, = n,J; + nyJy + n.J, the angular momentum in the direction
specified by the unit vector n € R3.

One can also realize a Mach-Zehnder interferometer with ultracold atoms forming a Bose-Einstein condensate
in an optical trap, instead of photons. Then the two modes correspond to two distinct atomic energy levels
and the total number of atoms N, = N; 4+ N, in these modes is fixed. In such a case the Hilbert space of
the system has finite dimension N, + 1 (one deals here with indistinguishable particles). Atom interferometry
in Bose-Einstein condensates is very promising due to the tunable interactions between atoms, which make it

2A good mathematical introduction to this formalism can be found in [42].
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Pin

BS1

Figure 9.1: In a Mach-Zehnder interferometer, the light entering in one of the two input modes is split into
two beams by a beam splitter (represented by the rectangle BS1 inclined by 45°). The photons in the first and
second beams acquire some phase shifts 6; and 05, respectively, before going through a second beam splitter
(rectangle BS2) and into the detectors D1 and D2, which count the number of photons in the two output modes.

possible to generate dynamically entangled states involving a large number of particles®. We will see below
that using such entangled states as inputs leads to smaller errors Af in the phase estimation than for separable
inputs. For independent (i.e., separable) particles the precision is of the order of (Af)sn ~ 1/,/Ny (shot
noise limit). Higher precisions than (Af)gn have been reported experimentally [106, 202]. Important potential
applications of these ultra-precise interferometers include atomic clocks and magnetic sensors with enhanced
sensitivities [254, 209].

9.2.2 Quantum Cramér-Rao bound

In the more general setting, the problem of estimating an unknown parameter 6 from a 6-dependent state
evolution and measurements on the output states can be described as follows. For simplicity we assume that
the evolution is given by a self-adjoint operator H (equal to Jy, in the above Mach-Zehnder interferometer), i.e.

p(0) = e M pe (9.19)

where p = p(0) = piy is the input state. One performs generalized measurements given by a POVM {M;}™,
on the output state p(f) = poutr. The probability to get the outcome i is p;jg = tr[M;p(0)] (Sec. 5.3). After N
independent measurements?® on copies of p(f) yielding the outcomes i1, iz, ..., iy, the parameter @ is estimated
by using a statistical estimator depending on these outcomes, that is, a function st (i1, @2, . . ., ix). The precision
of the estimation is defined by the variance

Af = <<’%’_19m - 9>2>j , (9.20)

where (-)g denotes the average for the product probability measure {p;, |9 ... piy|o}ir.. . iy=1 Of the independent
outcomes. The factor [0{fest)e/00| ! is put in front of s to remove some possible differences in physical
units between 6 and its estimator fes (see [45]). We restrict our attention to unbiased estimators satisfying
|0{0est)0/00) ™ (Best )9 = 6. For a given input state p, one looks for the smallest error Af that can be achieved.
This involves two different optimization steps, associated to the optimization over (i) all possible estimators G
and (ii) all possible measurements. The step (i) relies on a classical result in statistics known as the Cramér-Rao
bound,

) 1 D{Best )\ 2
((Abest)?), > Nf({pim})( = 0) , (9.21)
where Aeest = 965t — <965t>9 and
m a l 2
F({pio}) = Z pie( 29'9) (9.22)

3In contrast, because of the absence of direct interactions between photons it is difficult to generate large numbers of photons
having multipartite entanglement.

4In practice the experiment is repeated N times, starting from the same initial state p and in similar conditions, so that the
quantum evolution can be considered to be the same at each run.
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is the Fisher information. The inequality (9.21) is saturated asymptotically for N — oo by the maximum-
likelihood estimator. The second optimization step (ii) has been solved in Ref. [45], leading to the following
important statement. Recall that the quantum Fisher information is defined as (see Sec. 8.5)

Falp, H) = 4(g8),(—i[H, p], =i[H, p]) = 4ds(p, p + dp) , (9.23)

where gp is the Bures metric and dp = (9p/060)d0 = —i[H, p|dé.

Proposition 9.2.1. (Braunstein and Caves [45]) The smallest error A6 that can be achieved in the parameter
estimation s

1
VN Falp, H)

where N is the number of measurements and Fq(p, H) is the quantum Fisher information. Thus A8 > (AQ)pest
and the equality A0 = (AQ)pest can be reached asymptotically as N — oo.

(AO)best = (9.24)

It is worth noting that (9.24) can be interpreted as a generalized uncertainty principle [45]. In fact, if
p = |¥)(¥|is a pure state, in view of the relation (8.43) between F¢(p, H) and the square fluctuation ((AH)?)y
of H, the bound Af > (Af)pest can be written as

1
> —.
T 2v/N

In this uncertainty relation H plays the role of the variable conjugated to the parameter 6.

(9.25)

[SIM

A ((AH)?)

Proof. We present here a direct proof of (9.24) based on the results of chapter 8 (see [45] for an independent
proof). Before that, let us explain how the classical Cramér-Rao bound is derived. By differentiating with
respect to 6 the identity

0=(Abest)o = > Pirjo---Pin|oAest (i1, ..., in) (9.26)
Tlyeney IN
one obtains N
Olnp;, g ) ) 0(0...
O: Z p“'e...pingZTAeest(’Ll,.../LN)—%;t%g . (927)
e in v=1

Then the Cramér-Rao bound (9.21) readily follows from the Cauchy-Schwarz inequality. Of course, the inter-
esting point is that equality can be achieved in the limit N — oo, but we will not dwell into that. Going back
to the quantum problem, we rearrange (9.21) as

(d9)2 < (A9)2 i M (9.28)

with dp(0) = (9p/00)dl. Now, by using Proposition 8.3.1 and performing an expansion up to the second order
in dp, one finds
~ (tr[Midp(0)])
Folp(0), H)(d0)? = sup{ b (9.29)
¢ (M} ; tr[M;p(6)]
Here, the supremum is over all POVMs {M;} and we have used ), tr[M;dp(0)] = tr[dp(d)] = 0. But
Fo(p(0),H) = Fo(p, H) as a consequence of (8.42), since p(f) and p are related by a unitary evolution gener-

ated by H. Comparing (9.28) and (9.29), we conclude that inf{y;,3 A > (Af)pest, with equality as N — oo for
the maximum likelihood estimator, as stated in the proposition. O

Before proceeding to derive upper bounds on Fg(p, H), let us observe that the monotonicity of the Bures

metric gg implies [96]:

Corollary 9.2.2. The quantum Fisher information Fo(p, H) is convex in p.

Proof. Given two states pg and p; on H and 19,1 > 0, o + 11 = 1, we introduce the state p = ngpo ® |0)(0] +
mp1 @ |1)(1] on H ® C? as in the proof of Theorem 8.6.2. From the expression of Fq in the right-hand side of
(8.42) one deduces that

Fo(p, H @ 1) = noFq(po, H) +mFq(pr, H) . (9.30)
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Let 7 : G + trc2(0) denote the partial trace on C2. Then T (p) = p = nopo + mp1 and T([H ® 1,p]) = [H, p].
As T is a quantum operation, it results from the contractivity of the Bures metric that

(gB)ﬁ(il[H & 17//)\]5 71[H 02y 17//)\]) Z (gB)p(ii[Hv p]a 71[H7 p]) . (931)
Collecting together (9.30) and (9.31) yields Fo(p, H) < noFg(po, H) + mFo(p1, H). O

9.2.3 Interferometer precision and inter-particle entanglement

We now show by relying on Proposition 9.2.1 that if the input state has IV, particles in a maximally entangled
state, the precision (Af)pest is smaller by a factor 1/ \/N_p with respect to the precision obtained with separable
input states. The Hilbert space of the particles is HPDe) =H, @ ® Hn,, Ho being the Hilbert space of the
vth particle. Assuming that the particles do not interact between themselves, the Hamiltonian reads

NP
H=> 10 ®H,® a1, (9.32)
v=1

where H, acts on H,. To simplify the discussion we suppose that the single particle Hamiltonians H, have
the same highest eigenvalue Ay ax and the same lowest eigenvalue A\pi,. This is the case for instance if H is the
angular momentum Jy, in the interferometer of Sec. 9.2.1 (then H, = (ny04y + nyoy, + n,0,,)/2 with |n| =1
and 0., 0y, and o, the three Pauli matrices acting on H, ~ C?, so that Apax = —Amin = 1/2). Let us
recall that the quantum Fisher information Fq(|¥), H) of a pure state |¥) is given by the square fluctuation
(AH)?)y = (V|H?|¥) — (U|H|¥)? up to a factor of four (see Sec. 8.5). We first observe that the maximum
of ((AH,)?)y, over all pure states |¢,) € H, is equal to (Ah)? = (Amax — Amin)?/4, the maximum being
attained when [¢¥,) = (|¢vmax) + |q§y7min>)/\/§, where |y max) and |@, min) are the eigenvectors of H, with
eigenvalues Apax and Amin, respectively. Let the N, particles be in a separable state psep and let {|U;),n;}
be a decomposition of psep into pure product states |W;) = [¢;1) ® --- @ [in,) € HNe) . A simple calculation
gives [100]

NP
Fo( i), H) = 4((AH)?), =4 ((AH,)%)y, < 4(AR)N, . (9-33)
v=1
By applying Corollary 9.2.2 we get
psep Separable = Fo(psep, H) < 4(AR)%N, . (9.34)

According to Proposition 9.2.1 the phase precision of the interferometer satisfies for separable inputs

AO > (AO)sn (9.35)

1

- 2Ah,/NN,
This means that separable input states cannot do better than IV, independent particles sent one-by-one through
the interferometer, henceforth producing an error of the order of 1//N,,. Note that (9.34) provides a sufficient
condition Fg(p, H) > 4(Ah)?N,, for entanglement of p [197]. There are, however, entangled states which do
not satisfy this criterion [197]. Such entangled states are not useful for interferometry, in the sense that they
produce phase errors larger than the shot noise value (Af)gn.

We now argue that much higher Fisher informations, of the order of Np2, can be achieved for entangled
states. By the same observation as above, ((AH)?)y has a maximum given by the square of the half difference
of the maximal and minimal eigenvalues of H. For the Hamiltonian (9.32), one immediately finds

Fo(|¥), H) < 4(Ah)*N] . (9.36)

This upper bound is often called the Heisenberg bound in the literature. It is saturated for the entangled
states [100]

1
928) = 75 (101max) B2max) 163 ) £ |1} B2min) - 63, min)) - (9.37)

For large IV, such states deserve the name of macroscopic superpositions, as they are formed by a superposition
of two macroscopically distinct states in which each particle is in the highest energy eigenstate of the single
particle Hamiltonian (for the first component of the superposition) or in the lowest energy eigenstate (for
the second component). If one uses these superpositions as input states of the interferometer, an error of
A9 = 1/(2ARVNN,) = (Af)sn/+/Np can be achieved asymptotically for N — oo on the unknown phase.
According to (9.24) and (9.36), this is the best possible precision.
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Chapter 10

Measures of entanglement in bipartite
systems

Mazximale Kenntnis von einem Gesamtsystem schliefit nicht notwendig mazimale Kenntnis aller seiner Teile ein,
auch dann nicht, wenn dieselben vollig voneinander abgetrennt sind und einander zur Zeit gar nicht beeinflussen.'

(E. Schrodinger 1935) [211]

Even if it would be better for many computational and communication tasks to work with maximally
entangled pure states, in practice the coupling of the system with its environment transforms such states into
non-maximally entangled mixed states because of the induced decoherence processes [46, 102, 113]. It is thus
important to quantify the amount of entanglement in an arbitrary quantum state. Unfortunately, this amount
of entanglement is not a directly measurable quantity. It is quantified by an entanglement measure, which
vanishes if and only if the state is separable and cannot increase under local operations on each subsystems and
classical communication (entanglement monotonicity). All measures satisfying these two requirements are not
equivalent, i.e., a state p can be more entangled than a state o for one measure and less entangled for the other.
In this chapter, we investigate the properties of entanglement measures, give their general form for pure states,
and study more especially two of the most popular ones, the entanglement of formation and the concurrence.
We restrict our attention to bipartite entanglement (see [110, 130] for generalizations to entanglement in systems
with more than two parties).

10.1 Entanglement as correlations between local measurements

Let |¥) be a pure state of a bipartite system AB. In view of the discussion in Sec. 4.4, it seems natural
physically to characterize the entanglement in |¥) by maximizing the correlator Gap(]¥)) in (4.17) over all
local observables A € B(Ha)s.o. and B € B(Hp)s... and to define

G(v)=,  max o pomax {[Gas(9)]} (10.1)
One must face with some arbitrariness on the choice of the norm used to bound A4 = A — (A ® 1)y and
AB = B — (1 ® B)y. In order to obtain an entanglement measure with the required properties, we take the
U-dependent norm ||AA|o v = max; ; |(a;|AA|a;)|, where {|a;)} is an orthonormal eigenbasis of the reduced
state [pw]a, and similarly for [|AB||eo,w with the eigenbasis {|8k)} of [pw]s. These norms correspond to the
infinity norms of the vectors in Haa and Hpg associated to AA and AB via the isometry (4.5). By using the
Schmidt decomposition (4.9) and setting A;; = (a;|Ala;) and B;; = (5;|B|B;), one finds

Gap(|9) = (AA® AB)y =Y 1i(AA)i(AB)ii + > /liafi; Aij Bij - (10.2)

i=1 i£]
The Cauchy-Schwarz inequality immediately yields
G(|¥)) = max 1{ (Aa)? } + C(|W)) , (10.3)

[Aafleo<

IMaximal knowledge on a total system does not necessarily include maximal knowledge on all its parts, even if these are
completely separated from each other and for now cannot affect each other.
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where the overline stands for the average with respect to the Schmidt coefficients p; (e.g. @ = >, pia;),
Aa=a—awitha=(A,...,Awm), |Aallec = max; [(Aa);|, and

n 2
c(w) =3 viam = (a(Vipaln)) 1. (10.4)
1#]
Thus C(]¥)) = 0 (similarly, G(]¥)) = 0) is equivalent to u; = 0 save for one index 4, that is, to |¥) being
separable. Furthermore, C'(|¥)) < n — 1 with equality if and only if p; = 1/n for all 4, that is, if and only
if |¥) is maximally entangled (Sec. 4.4)2. Finally, we note that G and C' are invariant under local unitaries,
ie, G(Ua ® Up|¥)) = G(|¥)) for any unitaries U4 and Up on Ha and Hg. For two qubits one obtains

G(|¥)) = fimmax — 1+ C(1¥)) . C(1)) = 2\/opm (10.5)

with pmax = max{po, n1}. It is easy to show that C(|¥)) = |(¥|o, ® 0, J|¥)|, where o, = i(J0)(1]| —|1)(0]) is the
y-Pauli matrix and J the complex conjugation in the canonical basis. This quantity has been first introduced
by Wootters [265] and is known as the concurrence.

One may wonder how the correlator Gap could be generalized for mixed states. The first guess would be
to replace the expectation value (-)g by (-), = tr(p-), but one easily sees that then G(p) can be non-zero even
for separable mixed states, because this correlator contains both the quantum and classical (i.e., statistical)
correlations in the density matrix p. Noting that

Can(l®) = 5((A(A@ 1118 B)), - (MA@ D)), ~5((d0@B)?),, (106

it is tempting to define a correlator for p in terms of the quantum Fisher information (8.42), i.e., of the Bures
metric gg,

Gap(p) = é(fQ(P,A®1+1®B)—fQ(p,A®1)—fQ(pa1®B))
= Re{(gn)o(-i[A®1,p],-i1®@ B, p])} .

By inspection on (8.43), Gap(p) reduces for pure states to the previous correlator. However, the maximum of
|Gap(p)| over all A and B does not fulfill the axioms of an entanglement measure. We will see in Sec. 10.4
another way to define the concurrence C' for mixed states, by using on a convex roof construction.

10.2 LOCC operations

The main physical postulate on entanglement measures is that they must be monotonous with respect to certain
state transformations. Such transformations that cannot increase entanglement are called Local Operations and
Classical Communication (LOCC) and can be described as follows [34, 130]. Let us consider an entangled
state p shared by two observers Alice and Bob. Alice and Bob can perform any quantum operations Ma :
B(Ha) — B(H)) and Mg : B(Hg) — B(Hg) on their respective subsystems A and B. Here, the final spaces 1/,
and Hg may include local ancillae, or may be some subspaces of Ha and Hg, respectively. The corresponding
transformations on the system AB are called local quantum operations. They are of the form M, = Ma R Mp
and are given by families {A; ® B;} of Kraus operators, where A; and B; are local observables on A and
B. Local operations are performed physically by coupling each subsystem to a local ancilla and by making
joint unitary evolutions and von Neumann measurements on the subsystem and its ancilla (see Sec. 5.2). Such
processes can clearly not increase the amount of entanglement between A and B. In addition to performing
local generalized measurements, Alice and Bob can communicate their measurement outcomes to each other via
a classical communication channel (two-way communication). No transfer of quantum systems between them
is allowed. Thanks to classical communication, the observers can increase the classical correlations between
A and B, but not the AB-entanglement. A LOCC operation is a quantum operation on B(Hag) obtained
through a succession of the aforementioned actions of Alice and Bob, taken in arbitrary order. For example, if
Alice performs a measurement on A and Bob a measurement on B depending on Alice’s outcome ¢ (one way
communication), the post-measurement state in the absence of readout is

Mi_ay(p) = 3 10 MY (4 ® 1pA; 0 1) . (10.7)
7
2This last property is not true if one uses the operator norm instead of || - || s, in (10.1), except in the two-qubit case n = 2.
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This defines a LOCC operation with Kraus operators A; ® Bj(-i), where >, ATA; =3, (Bj(.i))*Bj(.i) =1.
Any LOCC operation can be obtained by composing local operations M)y, with the maps

Miocc(p) =Y (Ai@1pAi @ 1) @[r)(kil , MPocclp) =Y (1©B;pl®B;) ®le){e],  (10.8)

T J

where } , AYA; = >, BjB; = 1 and {|x;)} (respectively {|e;)}) is an orthonormal basis for Bob’s ancilla
(respectively Alice’s ancilla) [130]. A strictly larger but much simpler class of transformations, known as the
separable quantum operations [246], is the set of all operations with Kraus operators A; ® B;, i.e.

Meep(p) = > A; ® BipA} ® B} (10.9)

K2

with A; € B(Ha, Hy), Bi € B(Hg, Hg), and Y, A¥A; ® Bf B; = 1. The local operations and maps (10.8) being
separable, any LOCC operation is separable. A result from Ref. [35] shows, however, that certain separable
operations are not LOCCs.

It is clear that the set Sag of separable states is invariant under separable operations. It is also true that
every separable state can be converted into any other separable state by a separable operation. Actually, any
separable state can be obtained from the classical state peias = 5 pjk|7) (7| ® [k) (k| by such an operation (take
Aijr = Mili)(j| and By = |¢q) (k| with 0, [1;), and |¢;) as in (4.19)). Furthermore, an arbitrary state p
can be transformed into a classical state pclas by a measurement in the product basis {|j)|k)}, which is a local
operation.

When one restricts LOCC transformations to pure states, a great simplification comes from the following ob-
servation. If the space dimensions of A and B are such that na > ng, any measurement by Bob can be simulated
by a measurement by Alice followed by a unitary transformation by Bob conditioned to Alice’s outcome (such
a conditioning is allowed as Alice and Bob can communicate classically). In fact, let {|a;)}i, and {|8:)}12,
be orthonormal eigenbasis of the reduced states [pw]a and [pw]s, and let B; be the Kraus operators describing
Bob’s measurement. Consider the measurement done by Alice with Kraus operators 4; = >, ,(Bi)ij|cu){(ayl,
where (B;);; = (6:/B;|5;). The unnormalized post-measurement states

18) = 10 BW) = 3 VI (Byla)B) . 18) = A @ 1) = 3 V5 (Bi)ylan) ;) (10.10)
Jil gl

have the same Schmidt coefficients because trg(|®;)(®;|) and trA(ﬁ);) <<f);|) are related by an isometry Ha — Hg.
Thus |<f);> =U;® VZ|<T>Z> for some local unitaries U; on Ha and V; on Hg. Consequently, Bob performing the
measurement {B;} is equivalent to Alice performing the measurement {UA;} and Bob performing the unitary
transformation V;* when Alice gets the outcome 7. Applying this result to all Bob’s measurements, we conclude
that a LOCC acting on a pure state |¥) may always be simulated by a one-way communication protocol
involving only three steps: (1) Alice first performs a generalized measurement on subsystem A; (2) she sends
her measurement result to Bob; (3) Bob performs a unitary evolution on B conditional to Alice’s result.
Based on this observation, we say that a pure state |¥) € Hag can be transformed by a LOCC into the pure
state |®) € Hag if there are families of Kraus operators {A;} on Ha and unitaries {V;} on Hg such that all
unnormalized conditional states A; ® V;|¥) are proportional to |®), irrespective of the measurement outcome
i. Note that this is equivalent to Mprocc(|¥)(¥|) being equal to |®)(P|, with Myocc the LOCC operation
with Kraus family {A; ® V;}. One defines in this way an order relation on the set of pure states. Nielsen [179]
discovered a nice relation between this order and the theory of majorization for n-dimensional vectors [38].
Let x = (21,...,2,) and y = (y1,...,¥yn) be two vectors in R”. We denote by x* the vector formed by the
components of x in decreasing order, and similarly for y*. One says that x is majorized by y and write x <y
if Zle xf < Zle yzi for any k =1,...,n, with equality instead of inequality for k = n.
Proposition 10.2.1. (Nielsen [179]) A pure state |¥) of the bipartite system AB can be transformed into
another pure state |®) of AB by a LOCC if and only if pg < pg, where pyg and pg are the vectors formed by
the Schmidt coefficients of |U) and |®), respectively.

A detailed proof of this result can be found in [180] (Sect. 12.5), so we omit it here. This proof relies on
the following theorem: if Ay and Ag are vectors formed by the eigenvalues of two Hermitian matrices H and
K, respectively, then Ay < Ak if and only if H =Y, n,U; KU;* with {n;} a set of probabilities and U; some
unitary matrices.
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Remark 10.2.2. Even if |¥) cannot be transformed into |®) by a LOCC, it may still happen that |¥) ® |k) can
be transformed into |®)®|k) by a LOCC (here the state of the ancilla does not change during the transformation,
i.e., it acts as catalysts in chemical reactions) [143].

10.3 Axioms on entanglement measures
We are now in position to formulate the physical postulates on entanglement measures [34, 246, 248)].

Definition 10.3.1. An entanglement measure of a bipartite system AB is a function E : E(Hag) — R such
that

(i) E(p) =0 if and only if p is separable;
(ii) E is convex;
(iii) E cannot increase under LOCCs, i.e., if Myocc is a LOCC operation then E(Myocc(p)) < E(p).

As any two separable states can be transformed one into each other by means of a LOCC operation, the
monotonicity (iii) implies that E is constant on the set of separable states Sag. Taking this constant equal to
zero yields p € Sag = F(p) = 0, so that only the reverse implication is needed in (i). Furthermore, any state p
can be converted into a separable state by a LOCC, thus F(p) is minimum for separable states and E(p) > 0.
The convexity condition (ii) is motivated by the following observation [248]. Assume that Alice and Bob share
m pairs of particles in the states p1,..., pm. By classical communication, they can agree to keep the ith pair
with probability 7;, thus preparing the ensemble {p;,n;}7,. By erasing the information about which state p;
was kept, the state becomes p =" n;p; (see Sec. 4.3). The inequality E(p) <. n,E(p;) means that this local
loss of information does not increase the average entanglement.

It results from the monotonicity (iii) that entanglement measures are invariant under conjugations by local
unitaries, i.e., E(Ua® Ug pUf @ U§) = E(p). For pure states |¥), this implies that E(|¥)) only depends on the
Schmidt coefficients p; of |¥). Consequently, E(]¥)) = f([pw]a) is a unitary-invariant function of the reduced
state [py]a = trg(JP)(¥]) (or, equivalently, of [py]g = tra(|¥)(¥|)). Given that a pure state is separable if and
only if it has a single non-vanishing Schmidt coefficient, one deduces from axiom (i) that f(pa) vanishes if and
only if pa is of rank one. The result below due to Vidal [248] characterizes all entanglement measures on pure
states satisfying a slightly stronger condition than (iii). This shows in particular that there are many measures
of entanglement fulfilling the three physical requirements (i-iii) of Definition 10.3.1, given by concave functions

I

Proposition 10.3.2. (Vidal [248]) Let f : E(Ha) — R be concave, unitary invariant, and such that f(pa) =0
if and only if pa is a pure state. Then

Er(19)) = f([pw]a) (10.11)

defines an entanglement measure on the set of pure states of AB, which satisfies the monotonicity condition

(iii’) . piE(|®,)) < E(|%)), where p; = |A; ® Bi|W)||2 and |;) = p; "> A; @ Bi|W) and the probabilities and

conditional states of a separable measurement with Kraus operators A; @ B;.

Conversely, any entanglement measure on pure states fulfilling (iii’) is given by (10.11) for some function f
satisfying the above assumptions.

It should be noted that asking E(|®;)) < E(|¥)) for all outcomes i would put a too strong condition on E.
Indeed, local measurements can in principle create entanglement on some conditional states, but not on average
(see below).

Proof. Let f be like in the proposition. We have already argued above that Ej fulfills axiom (i), and (ii) is
empty because of the restriction to pure states. Recall that for such states any measurement on B can be
simulated by a measurement on A followed by a unitary operation on B conditioned to the measurement result.
Hence it suffices to show the monotonicity (iii’) for B; = V; unitary. Let us set pg|; = tra(|®:)(®;|). Then
{Vi*pe|iVi,pi} is a pure state decomposition of [py]g, i.e., >, piV;"pg;iVi = [pw]s. This can be interpreted
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by saying that a local measurement on A does not modify the state of B when B has no information on the
measurement outcomes®. The concavity and unitary invariance of f imply

ZpiEf(|(I) sz (Vi*peiVi) < f(lpwls) = Ef(19)) . (10.12)

This shows (iii’). Thus Ey is an entanglement measure.

Reciprocally, let E be an entanglement measure on pure states satisfying (iii’). From the discussion before
the proposition we know that E(|¥)) = f([pw]a) = f([pw]s) for some unitary-invariant function f vanishing on
pure states only. It remains to show that f is concave. We may assume that the space dimensions of A and B
are such that na < ng (otherwise one can exchange the role of A and B in the arguments below). Let pa be an
arbitrary state of A and ng), Op (%) he such that PA = P10, (1) +p20( ) with p1+p2 = 1. As na < ng, one may find
a purification |¥) of pa on Hag (Sec. 4.3). If one can exhibit a measurement on B with outcome probabilities
p; and conditional states |®;) having marginals trg(|®;)(®;|) = O‘A) for i = 1,2, then the concavity of f can be
deduced from (iii’) thanks to the bound

F(pa) = B(10) > p1E(|®1)) + p2E(|®2)) = p1f(05)) + p2f (o)) . (10.13)

The measurement we are 1ook1ng for is just the square root measurement associated to {O‘A ,pi} (Sec. 5.5.3).
Indeed, let {|a;)}72; and {|B)};2, be eigenbases of [py]a and [py]s and MB™, i = 1,2, be the operators on
‘Hg with matrix clements given by (compare with (5.36))

(i) -3 o
m (o o « ifj,l=1,...,n
<ﬂj|“4i1s |ﬂl> p< l|pA A pA | j> J . A (10'14)
0 otherwise.

If ng > na we add a third measurement operator, equal to the projector onto span{|S8;);na < k < ng}. Then
M+ MP™ 4+ ME™ = 1. With the help of the Schmidt decomposition (4.9) one finds that (V|1 @ MS™|¥)

equals p; for ¢ = 1,2 and zero for ¢ = 3, and the conditional state |®;) = p;l/Ql ® /M™|¥) has marginal
trg (|P;)(P;]) = O‘A) for i = 1,2. This concludes the proof.

Proposition 10.3.2 can be partially justified with the help of Proposition 10.2.1. More precisely, the latter
implies that Ey(|V)) > Ef(|®)) if [®)(®| = Mrocc(|¥)(¥]), that is, if there exists a LOCC measurement
on |¥) with all conditional states |®;) equal to |®). This comes from the fact that, by unitary invariance,
f([pw]a) is a symmetric function of the eigenvalues (pg )1, ..., (Lw)n of [pw]a. But concave symmetric functions
f:R™ = R are Schur-concave, i.e., x <y = f(x) > f(y) (see [38], Theorem II.3.3).

Many entanglement measures satisfying the axioms (i-iii) of Definition 10.3.1 have been defined in the
literature. Their restrictions to pure states are all given by (10.11) for specific concave functions f. We present
in the next section a few of these measures, namely, the entanglement of formation, the concurrence, and the
Schmidt number. An integer-valued entanglement measure has been introduced in [208] by using a symplectic
geometry approach, but this goes beyond the scope of this article.

10.4 Entanglement of formation

10.4.1 Entanglement of formation for pure states

A natural choice for the function f is the von Neumann entropy. We set

Eror(|¥)) = S([pw]a) = S([puls) = — Zui In p; . (10.15)

Then Epor(|¥)) = 0 if and only if |¥) is separable and Egor(|¥)) is maximum (and equal to Inn with
n = min{na,ng}) if and only if |¥) is maximally entangled. Since the von Neumann entropy is concave,
Proposition 10.3.2 ensures that Egor is an entanglement measure on pure states.

An important result due to Bennett et al. [33] relates Eror(|¥)) to entanglement distillation and entangle-
ment cost, which consist in the following problems. The EPR two-qubit state |®,) = (|0)]0) + [1)]1))/v/2 € C*
corresponds to an e-bit of information shared by Alice and Bob. One such e-bit is required, for instance, if Alice

31f this would not be true, information could be sent faster than light in contradiction with Einstein’s principle of relativity [194].
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wants to teleport an unknown quantum state to Bob [180]. Entanglement distillation is the transformation of
N copies of |¥) onto M < N copies of |, ). It was demonstrated by Bennett et al. that in the large N limit,
FEror(]¥)) is equal to the maximal rate of distillation M/N, the maximum being over all LOCC operations.
Stated differently, Eror(|¥)) is the highest number of e-bits per input copy of |¥) that can be distilled from
|¥) via LOCCs. Conversely, Eror(|¥)) is the smallest number of e-bits per unit copy of |¥) from which |¥)
may be obtained via LOCCs. The precise mathematical statement is given in the proposition below.

Proposition 10.4.1. (Bennett et al. [33])

E o \IJ . . r r
Eli(2| g SUP{“ J&TOO(ng [ M (IWEN Y BEN]) — 0TV (9P NlHl) = 0} (10.16)
= inf{r ; ]\}gnoo(Llon(g H|\I]®N><\I/®N| _ gé)CC(M)%TN)((I)%TNDHl) -0 } ) (10-17)

Let us stress that these identities are no longer valid for mixed states: then the right-hand sides of (10.16) and
(10.17) are, in general, not equal. They define two measures of entanglement called the distillable entanglement
and the entanglement cost (see [130] and references therein). The fact that these quantities coincide with
Egor(|U)) for pure states basically indicates that, among all the possible entanglement measures, only one
(namely Fror(|¥))) becomes relevant asymptotically when dealing with many copies of | ).

Proof. A simple and illuminating proof due to Nielsen [179] is based on Proposition 10.2.1 and the Shannon
equipartition theorem. It runs as follows. Let p; be the Schmidt coefficients of |¥). Consider N i.i.d. random
variables with distribution {y;} and values in I = {1,...,n}. The joint probabilities of these random variables
are p(i) = iy ... iy With i = (ig,...,ix) € IV. Given e > 0, the “most likely set” Ay. C IV is by
definition the set of all i € IV such that 2= NH+e) < p(3) < 2=NWH=2) [ being the Shannon entropy of
{pi}, which is defined here by using the binary logarithm (in our case, H = Egor(|¥))/In2). The Shannon
equipartition theorem [215] tells us that Ay . has probability Py . > 1 — ¢ and cardinality | Ay .| satisfying
(1 —e)2NWH=2) < | Ay .| < 2NUH+e) for sufficiently large N. The idea of Nielsen’s proof is to approximate

|\P®N> = Z VD |a11 . |O‘1N Y |ﬂll> s |/8’LN>

iclN

|(I)Na = Z VvV q |CY7,1 . |OézN ®|ﬁ11>|611\r> (1018)

1€AN, e

12

with q(i) = p(i)/Pn. and |;), |8;) as in Theorem 4.2.1. Observe that the fidelity [(V®V|®y )|? = Py is
almost one for small e. For any A C |Ap |, one has

1 —¢)|A|272Ne _ A|22Ne
T LS T e
The second inequality implies that q = (q(2))icAy.. < (=M ..., 27M 0,... 0) with
=Iny(|Anc|(1 —€)) — 2Ne. (10.20)
By Proposition 10.2.1, this means that |®y ) can be transformed by a LOCC into the M-qubit state
|oFM) = Z 27 1) . i) @ 1) - L) - (10.21)

le{o 1}1%

We conclude that for N sufficiently large there exists a LOCC operation Mgg)é)c from B(HYS') into B(C®2M)
such that

N,
[ MG (IO Y (WEN]) — ey (@M |||,

IN

1SN @OV | — @) (@el]],

2(1 - [(TON By ))? < 24 (10.22)

IN

(we have used Propositions 8.1.2 and 8.4.1 to get the first and second inequalities, respectively). In addition,
the distillation rate M/N is bounded from below by H — 3¢ + 2N~'In(1 — ). Taking e.g. ¢ = 1/v/N, this
proves that Fror(|P)) < Ep(|P)), where Ep(|¥)) denotes the right-hand side of (10.16).
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Similarly, the first inequality in (10.19) implies that |®y ) can be obtained asymptotically by transforming
M’ copies of |®4) with LOCCs, more precisely it shows the existence of a LOCC operation MLOCC such that

N, ’ / /
[N @OV | — MG (18T ) @M ||, < 2vE (10.23)
for N large enough, with
M’ =1Ins(JAne|/(1 —€)) + 2Ne . (10.24)

The production rate M’/N is bounded from above by H +3¢— N ~!In(1—¢). This establishes that Egor(|¥)) >
Ec(|P)), where Ec(]¥)) denotes the right-hand side of (10.17). But Ep(|¥)) < Ec(|¥)), as otherwise one
could transform asymptotically by a LOCC 7' N e-bits into rN e-bits with 7’ < r, which is impossible. Hence
Eror(|¥) = Ep(|¥)) = Ec(|¥)). o

10.4.2 Convex roof constructions

The extension of Fgor to mixed states is done via a convex roof construction [34].

Definition 10.4.2. The entanglement of formation of a mized state p € E(Hag) is

Eror(p) = m1n {ZnEEF |q/>)} (10.25)

{1¥s)
where the minimum is over all pure state decompositions p =", 1;|¥;)(¥;| of p.

Proposition 10.4.3. (Vidal [248]) Eror(p) is an entanglement measure with values in the interval [0,Inn]. It
satisfies the monotonicity condition (which is stronger than (iii))

(111”) lezEEOF(pflMl(;?s(p)) < Egor(p) with p; = tr[./\/ll(é (p)], for any family of CP local maps ./\/l1 oo With
Kraus operators {A;; @ Bix}j . such that Zm.yk Aj;Aij @ By B, = 1.
Note that the maps /\/lloC are not required to be trace preserving (but tr[Mloc( )] < 1). Modulo a state
normalization, they describe wavepacket reduction processes, see (5.16).

Proof. One has clearly 0 < Egor(p) < Inn. We now argue that Eg.r satisfies all the axioms (i-iii) of an
entanglement measure. In fact, Fgop is convex by construction. Moreover, it follows from the aforementioned
properties of Fror(]¥)) and the definition of mixed state entanglement (Sec. 4.4) that Eg.r(p) = 0 if and
only if p € Sag. Finally, the monotonicity with respect to LOCC operations is a consequence of the convexity
and can be shown as follows. Let p = > 7;|¥;)(¥;| be the pure state decomposition minimizing the average
entanglement in the right-hand side of (10.25). Let M be a separable operation with Kraus operators A; ® B;.
We denote by n;; = ||A;® B;|¥;)||? the probability of outcome j given that the state is |¥;). From the convexity
of Fgror and its monotonicity (iii’) for pure states (which holds by Proposition 10.3.2) one finds

Eror (M(p)) < ZmEEoF (M(|‘I/z><‘lfz|)) < ZninjHEEoF (Uj_H%Aj ® Bj|‘1’z'>)

< ZmEEoF(|‘I/z><‘I/z|) = Egor(p) - (10.26)

Thus Egor is an entanglement measure. A similar reasoning shows that Fror satisfies (iii”). O

More generally, one can construct entanglement measures by extending to mixed states any entanglement
measure on pure states via a convex roof construction analog to (10.25). One gets in this way a family of
measures F'¢y depending on the choice of the function f in Proposition 10.3.2. Conversely, any entanglement
measure E satisfying the axiom (iii”) above coincides with E; on pure states for some function f fulfilling the
assumptions of Proposition 10.3.2 [248]. In particular, this suggests to define the concurrence for mixed states

B C(p) :“gun {Zn (@) } (10.27)
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where C(|¥;)) is given by (10.4). It is known that pa — |[pall1/2 = (tr[p/l\/Q])2 is concave (see (1) in Appendix B),

whence C(p) is an entanglement measure. Another measure of entanglement of common use for pure states is
the Schmidt number obtained by choosing f(pa) = 1/ tr(p3) in Proposition 10.3.2.

As stated above, (iii”) means that separable measurements cannot increase the average entanglement, but
entanglement can increase if one considers conditional expectations over subgroups of outcomes, i.e., one may
have Egor(p; L@ (p)) > Eror(p) for some i. An example is given by the qutrit-qutrit system in the state

loc
1
V2

Assume that Alice and Bob perform each a von Neumann measurement with projectors Iy onto span{|0), |1)}
and ITp onto C|2). The conditional states pagji1 = |®4)(®+| and pagj22 = [2)(2] ® |2)(2| have entanglement of
formations In 2 and 0, respectively. The first value is larger than Fgor(p), which is equal to In2/2 according to
the following result.

p= %|@+><<I>+| + %|2><2| ®2)(2] , [|®4)=——=(]0)[0) +[1)[1)) . (10.28)

Corollary 10.4.4. Let p1 and ps be two states on Hag with bi-orthogonal supports ran p; C ViA ® VZB, where
VA C Ha and VB C Hp are such that V) = (VM) and VE = (VB)L. Let p = mip1 + napa with n; > 0,
m +ne = 1. Then Eror(p) = mEror(p1) + n2LEror (p2)-

Proof. The inequality Egor(p) < m Egor(p1) + n2Fror(p2) follows from convexity. The reverse inequality is a
consequence of the monotonicity property (iii”) applied to the maps

M (p)=mt@npriere,i=1,2 , M(3)(p) =M pnt @ +Th @ pry @7y, (10.29)

loc loc

where 2 and 72 are the projectors onto VA and VE

1

respectively. O

It is worth realizing the link between Egr(p) and the classical mutual information Ix.y, where X = {n;}
is associated to a pure state decomposition {|¥;),n;} of p and Y to the outcomes of a local measurement on A
(Sec. 6.6). Indeed, the maximum of Ix.y over all pure state decompositions and all POVMs on A is bounded
by
max IX:Y S S(pA) — EEoF(p) . (1030)
{I‘I’i>7m}7{Mf}{ }

This inequality is a direct consequence of the Holevo bound (6.51) and the definition (10.25) of Eror(p).

10.4.3 The Wootters formula for two qubits

The main problem with the convex-roof construction (10.25) is that finding the pure state decomposition
minimizing the average entanglement is a non-trivial task. Nevertheless, an astonishing formula enabling to
evaluate Epor(p) explicitly for two qubits was found by Wootters [265]. It reads

Egor(p) = h(C(p)) (10.31)

where C(p) is given by (10.27) and h : [0,1] — [0,1Inn] is the convex increasing function

1+V1-C2 /14+4/1-C%2\ 1-V1-0C2_ /1-/1-C2
N )

me) = 2 2

(10.32)

The main point is that C(p) can be calculated explicitly as follows. Let Ay > Ay > A3 > A4 be the square roots
of the eigenvalues of po, ® o, Doy, ® oy (here oy, is the y-Pauli matrix and p = JpJ the complex conjugate of p
in the canonical basis). Then

C(p) = max{(), )\1 — )\2 — )\3 - )\4} . (1033)

For pure states this yields C(|¥)) = [(¥|oy, ® 0, J|¥)|?, in agreement with the result of Sec. 10.1. The proof of
(10.31) is somehow tricky but relies on simple linear algebra arguments (see [265]).
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10.5 Maximally entangled states

One may expect intuitively that the most entangled states are extremal states in £(Hag), that is, they are the
pure maximally entangled states described in Sec. 4.4. If one uses as a criterion for being mostly entangled the
property of having the highest entanglement of formation, this is indeed correct when the dimensions of Ha and
‘Hg are such that na/2 < ng < 2na. When ng > 2na, convex combinations of pure maximally entangled states
with reduced B-states living on orthogonal subspaces of Hg are also maximally entangled (a similar statement
holds of course by exchanging A and B).

Proposition 10.5.1. Assume that n = na <ng and let r = 1,2, ... be such that rnp < ng < (r + 1)na. Then
the states p € E(Hag) having a mazimal entanglement of formation Egor(p) = Inn are convex combinations of
the r orthogonal maximally entangled states

k) =n"2> o) 2 8") |, k=1,...r, (10.34)

=1

with (@M [a\™) = 5,5 and (8718 = 64045

Proof. Let p be a state with Fror(p) = Inn. According to Definition 10.4.2 and given that Egor(|?)) < Inn with
equality if and only if |¥) is maximally entangled, this means that any pure state decomposition of p is made of
maximally entangled states. This is the case in particular for the spectral decomposition p =", pi|k)(k|, from
which one can obtain all other pure state decompositions {|¥;),n;} by the formula \/n;|V;) = >, win/Dk|k)
with 7; = Y, |uik|*pr (see (4.16)). Let us set Dy = trg(|k)(l]). We would like to show that Dy = n='6y if
pepr # 0. We already know that Dy = 1/n if px # 0, since |k) is maximally entangled. By plugging the above
expression of \/n;|¥;) into trg(|¥;)(¥;|) = 1/n, one is led to

Z VPePiUik Ui D = 0 . (10.35)

k,lk£L

This equality holds for any ¢ and any unitary matrix (u;), hence /prpi Dy = 0 if k # I and the above claim is
true. One deduces from Dy = 1/n that the eigenvectors |k) with eigenvalues pj, > 0 have Schmidt decomposi-

tions given by (10.34). For k # I, Dy, = 0 is then equivalent to Vék)LVél) with Vék) = span{|6i(k)> », C Hs.
If ng < (r 4+ 1)n then at most r subspaces Vék) may be pairwise orthogonal. Thus at most r eigenvalues py are
non-zero. O

127



Chapter 11

The quantum discord

Wer Krach sdiht, schaft fir deifels Schiir [Qui séme la discorde, travaille pour la grange du diable]
(proverbe alsacien).

The quantum discord was introduced by Ollivier and Zurek [184] and Henderson and Vedral [120] as an
indicator of the “degree of quantumness” of mixed states. For pure states it coincides with the entanglement
of formation. Certain separable mixed states have, however, a non-zero discord. These states are obtained
by preparing locally mixtures of non-orthogonal states, which cannot be perfectly discriminated by local mea-
surements. Such separable states cannot be classified as “classical” and actually contain quantum correlations
that are not captured by the entanglement measures reviewed in chapter 10. Apart from this observation, a
motivation for the quantum discord came out in the last decade from the claim that it could play the role of a
resource in certain quantum algorithms and quantum communication protocols [72, 152, 190, 163, 108, 68]. In
particular, it has been suggested [72, 152, 190] that the discord might capture the quantum correlations at the
origin of the quantum speedup in the deterministic quantum computation with one qubit (DQC1) of Knill and
Laflamme [147]. The DQCT1 algorithm computes the trace of a 2V x 2V unitary matrix exponentially faster
than all known classical algorithms. The entanglement produced during the computation with (N + 1) qubits is
bounded independently of N, for any bipartition of the (N 4 1) qubits [71]. This means that the total amount of
bipartite entanglement is a negligible fraction of the maximal entanglement possible. However, a non-vanishing
quantum discord between the control qubit and the N target qubits appears during the computation [72], save
for particular unitaries [67]. The DCQ1 algorithm is singled out by the fact that it uses mixed states, the N
target qubits being initially in a Gibbs state at infinite temperature. In contrast, for quantum computations
using pure states, Jozsa and Linden [145] have shown that in order to offer an exponential speedup over classical
computers, the computation must produce entanglement which is not restricted to qubit blocks of fixed size as
the problem size increases.

The definition of the quantum discord dp is given in Sec. 11.1. We then characterize the states with vanishing
discord in Sec. 11.2 and exhibit some important properties of a in Sec. 11.3. The so-called monogamy relation
linking the discord and the entanglement of formation in tripartite systems is stated and proven in Sec. 11.4.

11.1 Definition of the quantum discord

Let us first consider some classical discrete random variables A and B with joint probabilities p;; and marginals
pa(i) = >, pij and pp(j) = >, pij. The correlations between A and B are measured by the mutual information
Is.p=H(A)+ H(B) — H(A, B). We recall from Sec. 6.6 that

Inp = H(B) — H(B|A) | (11.1)

where H(B|A) = ) . pa(i)H(BJi) is the conditional entropy, see (6.48). This conditional entropy gives the
amount of information on B left after the value A = i has been measured, averaged over all possible outcomes 1.

In the quantum setting, the analog of the random variables A and B is a bipartite quantum system AB in
a state p. The marginals are the reduced states pa = trg(p) and pg = tra(p). The generalization of the mutual
information reads

Ing(p) = S(pa) + S(os) = S(p) . (11.2)

where S(+) is the von Neumann entropy (7.1). Similarly to the classical case, one has Ia.g(p) > 0 and Ia.g(p) =0
if and only if p is a product state, i.e., p = pa ® pg (this is nothing but the subadditivity property of S, see
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Sec. 7.1). It is easy to verify that Ia.g(p) is related to the relative entropy (7.9) by

Ing(p) = S(pllpa ® pB) - (11.3)

By the monotonicity of the relative entropy (Theorem 7.2.1), Ia.z8(Mioc(p)) < Ia.(p) for any local operation
Mioe = Ma ® Mg, where the operations Ma : B(Ha) — B(H}) and Mg : B(Hg) — B(Hg) may have different
initial and final spaces (for instance, Ma can be the partial trace over a part of A).

However, there is no quantum analog of the identity (11.1). Let us define a conditional entropy of B given
a von Neumann measurement {72} on A by Sga(p[{m2*}) = 3=, 7:5(pg|;), where

peii =1 tra(mt ®@1p) , mi=tr(nf@1p). (11.4)

Here 7; is the probability of the measurement outcome 7 and pg|; = trA(pAB‘i) is the corresponding conditional
state of B (see chapter 5). The ensemble {pg);,7;} defines a convex decomposition of pg (i.e., pg = >, mipB|i)
describing a state preparation of subsystem B realized by the measurement on A. The quantum version of the
right-hand side of (11.1) is the maximal reduction of entropy of B due to a von Neumann measurement on A,

Jeia (p) =S mm{Zm (P8l } (11.5)

the minimum being over all orthonormal families of projectors on Ha. This quantity represents the classical
correlations between A and B (see the discussion after Proposition 11.1.2 below). Note that Jgi, N-(p) places an
upper bound on the classical mutual information between the ensemble {pg|;,7;} and the outcome probabilities
when performing measurements on B to discriminate the states pg|; (Sec. 6.6). Actually, Jé"g (p) coincides with
the corresponding Holevo quantity (6.51). By concavity of the von Neumann entropy, one has Jg"f'(p) > 0.
Furthermore, (7.8) entails Jg"f'(p) < max gy H({m:}).

It also follows from the concavity of S that the minimum in (11.5) is achieved for rank-one projectors.
In fact, by decomposing each projector 74 of rank r; as a sum of r; rank-one projectors W;'A}C, one finds that
peli = Y (Mik/Mi)peik is a convex combination of the states pgj;, = ni tra(mh, @ 1p) if g = 32, mx > 0.
Thereby >, 1:S(pgji) = D55 MikS(PBJik)-

Ollivier and Zurek [184] and Henderson and Vedral [120] proposed in two independent works published in
2001 to characterize the amount of non-classicality in the state p by forming the difference between the total
correlations given by Ia.g(p) and the classical correlations given by Jgif'(p).

Definition 11.1.1. The quantum discord of the bipartite system AB in state p is

53 (p) = Ine(p) = JEN (o) = S(pa) — S(p) + mm{Zm (e } - (11.6)

In [120], the minimization is done over generalized measurements given by POVMs { M2} on Ha, instead of
von Neumann measurements. The conditional states and outcome probabilities are then (chapter 5)

pBli = 77;1 ter(]MZA ®1lp) , m= tlr(]WzA ®1p). (11.7)

We denote the corresponding discord by da(p). As in the case of von Neumann measurements, the minimum
is achieved for rank-one measurement operators M. In general, the inequality da(p) < 5 N-(p) is strict!.
Nevertheless, by the Neumark extension theorem, da coincides with d5'N* up to an enlargement of the space
Ha. More precisely, by plugging M2 = (eo|TIAE|eg) (see Remark 5.3.3) into (11.7) and using the additivity of S
under tensor products, a simple calculation gives

a(p) = xe" (p @ |eo)(eal) (11.8)

the right-hand side being independent of the ancilla state |eg) € He.

The discords 05N (p) and 6a(p) thus measure the amount of total correlations between A and B which cannot
be accessed by local measurements on the subsystem A. Note that they are asymmetric under the exchange
A < B. One can define similarly the discords 6§N:(p) and dg(p) by performing the measurements on the
subsystem B.

1See e.g. [111, 98] for a comparison of the von Neumann and POVM discords for two qubits.
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For pure states py = |¥)(¥|, the mutual information Ia.g(pw) is equal to 25([pw]s), see (7.4), and the
measurement minimizing the conditional entropy of B is the measurement in the eigenbasis {|a;)} of the reduced
state [py]a. In fact, according to (4.9) the corresponding post-measurement states pg|; = |3;)(f;| are pure and
thus have zero entropy. Then (11.5) yields Jgja(pw) = S([pw]s). As a result, the discords coincide for pure
states with the entanglement of formation,

Oa(l®)) = o3 ™ (1)) = 0 (|¥)) = 5™ (|¥)) = Eror (V) - (11.9)
For mixed states, it was pointed out in [184] that if the measurement operators M/ are of rank one then
D miS(peyi) = S(Ma@1(p)) — S((Ma® 1(p)]a) = —Tas(Ma @ 1(p)) + S(ps) , (11.10)

where M, is the quantum operation on A associated to the measurement. Actually, consider the family of
Kraus operators for Ma given by {A; = |i)(i:|}, where |fi;) are unnormalized vectors such that M = |1;) (i |
and {|i)} is an orthonormal basis of a pointer space Hp. Then Ma ® 1(p) = >, n:]i)(i| ® pg|; and the reduced
state [Ma @ 1(p)]a = >, mili)(i| has entropy — >, m;lnn;. A simple calculation yields the first equality in
(11.10). The second equality is clear once one notices that [Ma ® 1(p)]s = ps-

Therefore, by combining (11.5), (11.6), and (11.3) one obtains the following result.

Proposition 11.1.2. [162] The discord §(p) = Ia.(p) — Jp|a(p) is the minimal difference of mutual information
of AB before and after a measurement on A, i.e.

Jejalp) = ?Ilb?ﬁ{IA:B(MA ®1(p))} . (11.11)

where the mazimum is over all POVMs on A with rank-one operators MZ-A and Map is the associated quantum
operation on B(Ha). As a result,

dalp) = {Iﬁi_}{l}{S(pllpA ® pp) — S(Ma @ 1(p)|[[Ma(pa) ® ps))} : (11.12)

Similarly, Jé"'g'(p) is given by mazximizing Ipn.s(Ms ® 1(p)) over all von Neumann measurements M a on A
of the form (5.5) with rank-one projectors wh.

Observing that a measurement on A with no readout removes the quantum correlations between A and
B, the right-hand side of (11.11) can be interpreted as the amount of classical correlations between the two
subsystems. These subsystems are not correlated classically, i.e., Jgja(p) = 0, if and only if p = pa ® ps is
a product state. This result holds for Jé"'g'(p) as well. Actually, by (11.11), Jgja(p) = 0 is equivalent to

Ma ® 1(p) being a product state for any collection of operators M2 = |fi;)(fi;| forming a POVM. This implies
nipsli = (Milplis) = nips for all i (see the discussion before Proposition 11.1.2). Choosing the |fi;) to be the
eigenvectors of the observable A, one obtains that (A ® B), = (A®1),(1® B), for any A € B(Ha)s.a. and
B € B(Hg)s.a., with (-), = tr(-p).

Let us emphasize that finding the optimal measurement which maximizes the post-measurement mutual
information, and hence calculating the discords 65N(p) and da(p), is a difficult problem in general. Even for
two qubits, this problem has been solved so far for a restricted family of states only, namely, the states p with
maximally mixed marginals po = pg = 1/2 [161]. In other cases® the discords must be evaluated numerically
(however, da(p) can be determined analytically for low-rank density matrices with the help of the monogamy
relation, see Sec. 11.4 and [170]).

11.2 The A-classical states

The monotonicity property of the relative entropy and formula (11.12) imply that da(p) is non-negative. The
states with vanishing discord can be determined with the help of Theorem 7.2.1, leading to the following result®.

2 An incorrect work [3] claiming to extend the result of Ref. [161] to the larger family of the so-called X-states has generated a
profusion of articles. Comparing with numerical evaluations, the result of [3] apparently gives good approximations of the discord
for randomly chosen X-states (see the discussion in [170]).

3In Ref. [184], the authors argue that the non-negativity of 6§"N-(p) is a direct consequence of (11.10) and the concavity
of S(p) — S(pa) with respect to p. I do not see how such a claim could be justified and believe that the simplest proof of
Proposition 11.2.1 is to rely on Theorem 7.2.1. Alternatively, the non-negativity of the discord can be justified with the help of the
strong subadditivity of the von Neumann entropy (which is closely related to Theorem 7.2.1, see Sec. 7.2), as shown in Ref. [164].
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Proposition 11.2.1. The quantum discord is non-negative and éa(c) = 0 if and only if

na
o= qlei) il @ opyi , (11.13)
=1

where {|pi)}i4, is an orthonormal basis of Ha, og); are some (arbitrary) states of B depending on the index i,

and q; > 0 are some probabilities, >, q; = 1.

The non-negativity of da(p) means that one cannot gain more information on a bipartite system AB by
performing a measurement on the subsystem A than the entropy of A, namely, S(pag) — >_7:S(pagji) < S(pa)
for any pag € E(Hag). The important point is that if pag is not of the form (11.13), then any measurement on
A gives less information on AB than S(pa). Stated differently, one can not retrieve all the information on A by
a local measurement, because of the presence of quantum correlations between A and B.

Proof. It remains to show the second affirmation. It is easy to convince oneself that the states (11.13) have
a vanishing discord. In fact, one finds Iag(c) = S(oB) — > ; ¢iS(og)i) < JB|A (o) (the inequality follows
by noting that og|; and ¢; are the conditional state and outcome probability for a measurement on A in the
basis {|¢;)}). Hence da(c) = d5xN(0) = 0 as a consequence of the non-negativity of da. Reciprocally, let
o € E(Has) be such that 55N(0) = 0. As we shall see below it is enough to work with the von Neumann
discord, the result for da will then follow from (11.8). According to (11.12) and Theorem 7.2. 1 SN-(o) =0 if
and only if there exists a von Neumann measurement Ma on A with rank-one projectors 72 |gaz><g01| such
that 0 = RaMa®1(0), where Ra = Ra,01,0, 1S the transpose operation of Ma ®1 for the state o9 = oa Q 0g.
Without loss of generality we may assume 1; = {p;|oale;) > 0 for all . Thanks to (7.10) and to the identity

Ma®1(00) = >, ni|ei) (pi| ® o, the transpose operation Ra has Kraus operators R; = 77;1/2‘/UA|%><%| ®1.
We now argue that this implies that 0 = Ma ® 1(0) with Ma the von Neumann measurement with projectors
7 onto the subspaces span{|¢;);i € I}, where {I1,...,I;} is a partition of {1,...,na}. Actually, the condition
0 =RaMa ® 1(0) reads

S01|0-|S0J an UA zl AV UA)lj <S0[|0'|S01> 3 Za] = 13 ceey A (1114)

with (/oa)i; = (@il\/Oalp;) € R. Let us set og); = 771-_1(<pi|0|<pi> and n; = |(v/oa)ir|?/ni. This defines
respectively a state on Hg and a probability distribution for any fixed . With this notation, (11.14) can be
rewritten for ¢ = j as

na
ogli =Y miosy . i=1,....na. (11.15)

1=1
Let I; = {j;0); = 0gji} C {1 ...,na}. Clearly, the sets I; are either equal or disjoint. Hence one can extract

from them a partition {I;,, Ii,,..., [;, } of {1,...,na}. We claim that (11.15) implies 7;; = 0 for [ ¢ I;. This is
a consequence of the following lemma.

Lemma 11.2.2. Let x = (x1,...,24) be a vector of X% with distinct components ., where X is a real vector
space, and {fk\m}g:1 be some probability distributions such that §ijm = 0 & &y, = 0 and the components of x
have convex decompositions

d
xm:Z§k|mzk Vm=1,...,d. (11.16)
k=1

Then &yjm = Opm for any k,m =1,...,d.

We postpone the proof of this result to the next paragraph. By rewriting (11.15) as

d
OBli,, = memUBuk with & = [, | 7! Z Myi » (11.17)
k=1

(l,i)e]ik x 1,

one concludes from Lemma 11.2.2 that &, = 0 for k& # m, i.e., my; = (\/oa)a = 0 for any (4,1) such that I ¢ I;.
One then obtains from (11.14)

d

0= Z Z Voa)i(Voa)ilei) (il ® ogp = Z Z on)ijlei) (@il @ oy, - (11.18)

i,J=11lel;NI; k=11,j€l;,
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This gives
d

o= ThoATL ®ops, , Th= Y lei)ail. (11.19)

k=1 i€l;,
The last expression is of the form (11.13) (note that the vectors |¢;) in the latter formula are the eigenvectors of
TpoaTR, so that they are in general linear combinations of the vectors |p;) defined above). To get the result for
the discord da we take advantage of (11.8). From the foregoing result, da(c) = 0 is equivalent to o ®|eg) (€o| being
of the form (11.13) for some orthonormal basis {|p2E)} of Hag. This straightforwardly implies |¢2E) = ;i) |eo)

with {|p;)} an orthonormal basis of Ha. O

Proof of Lemma 11.2.2. One proceeds by induction on d. The result is trivial for d = 2. Let us assume that it
holds true for d > 2 and that one can find a vector x € X%*+! and some probabilities {§k‘m}2i% like in the lemma
such that &k, < 1 for some ko € {1,...,d + 1}. We are going to show that this leads to a contradiction. By
plugging xy, = (1—€k0|k0)_1 Zk;éko &k|ko Tk into the p other convex decompositions, one gets ,, = Zk;ﬂ% Ch|mTk
for k # ko, with Cpjm = Egpm + (1 — §k0|k0)_1£ko‘m§k|ko. As {Cjm }rko i a probability distribution satisfying
Cejm = 0 < G = 0, by the induction hypothesis one has (yjmm = Ogm for any k,m € {1,...,d + 1} \ {ko}.
Now &gk, > 0 for some index mg # ko (because & x, < 1). One deduces from the above identities and the
hypothesis on |, that the only non-vanishing probabilities are {gymgs Emo|kos and Egjrys kK =1,...,p+ 1. The

problem then reduces to the case p = 2. Thus g, jk, = &me|me = 1, in contradiction with our assumption. O

Definition 11.2.3. The zero-discord states of the form (11.13) are called the A-classical states. We denote
by Ca the set of all A-classical states. Similarly, Cg is the set of all B-classical states, namely, the states with
vanishing B-discord. A classical state is a state which is both A- and B-classical. We write Cag = Ca NCp.

Our terminology can be justified by noting that if AB is in a state of the form (11.13) then the subsystem
A is in one of the orthogonal states |p;) with probability ¢;, whence A behaves as a classical system being in
state ¢ with probability ¢;. Alternatively, a state o is A-classical if and only if there exists a von Neumann
measurement on A with rank-one projectors 72 = |¢;){(¢;| which does not perturb it in the absence of readout,
Le,o=Mgn® 1(o). The unfortunate name “classical-quantum states” has become popular in the literature
to refer to the A-classical states, the B-classical states being called “quantum-classical”. Using the spectral
decompositions of the og;’s, any A-classical state oao—c1 € Ca can be decomposed as

nap N

OA—cl = Z Zqz‘j|<ﬁz‘><<ﬁz‘| ® X100 (X504 > (11.20)

i=1 j=1

where g;; > 0, 32, ;gi; = 1 and, for any 4, {|x;;)}}2, is an orthonormal basis of Hg (note that the [x;;) need
not be orthogonal for distinct i’s). A classical state gcias € Ca N Cp possesses an eigenbasis {[p;) @ [x;) }it) 5=,
of product vectors. It is fully classical, in the sense that any quantum system in this state can be “simulated”
by a classical apparatus being in the state (¢, ) with probability ¢;;.

Let us point out that Ca, Cg, and Cag are not convex. Their convex hull is the set Sag of separable states.
It is also important to realize that for pure states, A-classical, B-classical, classical, and separable states all
coincide. Actually, according to (11.20) the pure A-classical (and, similarly, the pure B-classical) states are
product states. In contrast, one can find mixed separable states which are not A-classical. An example for two
qubits is

p = (Y H ® 10101+ [-){=1 @ [1)1] +10){0] © |-}~ + 11| @ |4 (+]) (11.21)

with |£) = (|0) £ |1))/v/2. Tt is clear that p € Sag, but p is neither A-classical nor B-classical. A schematic
picture of the sets Sag, Ca, Cg, and Cag for a general bipartite system AB is displayed in Fig. 11.1.

11.3 Properties of the quantum discord

11.3.1 Invariance and monotonicity properties

Unlike entanglement measures, the quantum discord is not monotonous with respect to LOCCs. In particular,
local operations on the measured subsystem A can create discord. For instance, consider the classical state

o= %(I0><0|®|O><0|+|1><1|®|1)<1|) (11.22)
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of two qubits. One can transform this state by a local operation Ma on A into
1
p=Ma®1(0) = 3 (10)0] @ [0)(0] + [+) (+] @ [1)(11) (11.23)

where M has Kraus operators Ag = [0)(0] and A; = |+)(1]. The final state p has less total correlations
than o, its mutual information Ia.g(p) = —plnp — (1 — p)In(1 — p) being smaller than Ia.g(c) = In2 (here
p = 1/2 4+ /2/4). However, it has a positive discord da(p) > da(c) = 0. This means that the loss of classical
correlations Jgja(0) — Jpja(p) is larger than the loss of total correlations Ia.g(0) — Ia:8(p)-

In contrast, as far as local operations on B are concerned everything goes as expected, as shown by the
following result.

Proposition 11.3.1. The quantum discord da and classical correlations Jgia(p) are invariant with respect to
unitary conjugations Ua : pa — UapaUx on A and monotonous with respect to quantum operations Mg on B,
namely,

Jeaa @ 1(p)) = Jgalp) , Jea(l®@ Me(p)) < Jgalp) '

and similarly for 55N and Jé"'g'.

Proof. The unitary invariance is trivial. The monotonicity of Jgja(p) with respect to operations on B comes
from the monotonicity of the relative entropy and the formula

Jeialp) = F]lﬁi{; mS(PBuHPB)} ; (11.25)

which is a consequence of the definition (11.5) and of pg = ", nipg|i- A simple justification of the monotonicity
of dp with respect to operations on B uses the following reasoning [198]. Let us consider a generalized mea-
surement {MZA} on A with associated quantum operation Mpa. By invoking the Stinespring theorem, one can
represent Ma as Ma ® 1(p) = tre(oase) with oage = Uaep @ |€o){(€o|UAg pertaining to an enlarged space Hage
and Upg a unitary on Hag. Thanks to the additivity and unitary invariance of the von Neumann entropy and
to the relation trag(case) = ps, one finds

Ing(p) = Ines(oaBe) , IaB(Ma®1(p)) = Ia:g(oaB) - (11.26)

Plugging these expressions into (11.12) gives the following expression of da(p) in terms of the conditional mutual
informations
1) = min { Iag.g(0 — Ia(o = min { Iag.e(0 — Ing(o . 11.27
A(p) {M?}{ ae:(0ase) — Ias(oaB) } {M?}{ ng:e(0aBe) — IaE(0AE) } ( )

The monotonicity of da then follows from the monotonicity of the mutual information with respect to local
operations (Sec. 11.1). O

11.3.2 States with the highest discord

As stated at the beginning of this chapter, the quantum discord da(p) is an indicator of the degree of quantumness
of p. Tt is thus natural to ask whether the “ most quantum” states having the highest discord are the maximally
entangled states characterized in Proposition 10.5.1. The answer is affirmative when na < ng.

Proposition 11.3.2. For any state p of the bipartite system AB, one has
a(p) < 53N (p) < S(pa) <Inna . (11.28)
If na < ng then the mazimal value of a(p) over all states p € E(Hag) is equal to Inna and oa(p) = Inna if and

only if p has highest entanglement of formation. Thus, the states peny with highest discord are the maximally
entangled states given by Proposition 10.5.1, which satisfy

5A(pent> = 5X'N'(pent) = EEOF(ﬂent) =1In na . (1129)

The statements in this proposition are probably well known in the literature, although I have not found an
explicit reference.
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Proof. Let p = 3, pr|k)(k| be the spectral decomposition of p and r = rank(p). As mentioned earlier, the
von Neumann measurement minimizing the conditional entropy ), 7:S(pg|;) consists of rank-one projectors
78 = |i){@i]. The conditional states (11.4) take the form

g . Pri|k
peli = 3 Puiiléki) (nil - with  pg; = ——°  and  /ielowi) = (@ilk) € He | (11.30)
k=1

K2
where 7, = ||(¢i|k)||? is the probability of outcome i given the state |k) and py; is the “a posteriori” prob-
ability that the state is |k) given the measurement outcome i (Bayes rules). Since {|¢x:), pxji} is a pure state
decomposition of pg|;, the formula (7.5) yields

> miS(oei) < D niH ({pwi}) (11.31)

The right-hand side is the classical conditional entropy given the measurement outcomes, see (6.48). By the
non-negativity of the classical mutual information, it is bounded from above by the Shannon entropy H ({px}) =
— > pelnpr = S(p). Hence 05N (p) < S(pa) by (11.6). But S(pa) < Inna, thus we have proven (11.28).

Let us assume that da(p) = S(pa). We know from Sec. 7.1 that a necessary and sufficient condition for (11.31)
to be an equality is that {|¢ri), prj;} be a spectral decomposition of pg;, for any i. Setting Dy = trg(|k)(l|)
as in the proof of Proposition 10.5.1, one gets |/MiiMix(Puildki) = (il Dralpi) = 0 if k # 1 and pgipys > 0.
Since da(p) = S(pa), (11.31) holds with equality for any orthonormal basis {|p;)} and thus Dy = 0 for such
k and {. In addition, the conditional entropy in the right-hand side of (11.31) is equal to its upper bound
H({px}) = S(p). This can happen only if py; = pk, i.e., mijr = (@il Drrlpi) = ms, for all i and & (indeed,
the mutual information vanishes for independent random variables only). Hence da(p) = S(pa) if and only
if Dy is independent of k and Dy; = 0 when k # [ and pgp; > 0. Suppose now that da(p) = Inna. Then
da(p) = S(pa) = Inna and the foregoing conditions on Dy, are fulfilled. In addition, pa = Y. prDrr = 1/na,
whence Dy, = 1/na for all k with p; > 0. One concludes that the eigenvectors |k) are as in Proposition 10.5.1
by following the same steps as in the proof of this proposition. O

Note that when na > ng, da(p) is strictly smaller than Inna for any p € E(Hag). In fact, in that case
rank(Dgx) < ng < na by the Schmidt decomposition (4.9), and the necessary condition Dy, = 1/na for having
da(p) =Inna cannot be fulfilled.

11.3.3 Monotonicity when disregarding a part of the measured subsystem

We close this review of the properties of the discord by a simple remark concerning tripartite systems ABC. If
such a system is in the state pagc, it is easy to show that

Jeiac(pasc) = Jeja(pas) - (11.32)

This means that if B is coupled to both A and C, the gain of information on B from joint measurements on A
and C is larger than the gain of information by measuring A only and ignoring C, as this sounds reasonable.
A similar bound exists for the total correlations: by (11.3) and the monotonicity of the relative entropy (or,
equivalently, the strong subadditivity of .5),

Inc(pasc) = Ias(paB) - (11.33)

Remark 11.3.3. The Holevo bound (6.51) can be derived by using the monotonicity of the quantum mutual
information under operations acting on one subsystem (Sec. 11.1) and the property (11.33).

Sketch of the proof [180]. Given an ensemble {p;,7;}/2; of states on Ha and a family {A;}7_, of Kraus
operators describing the measurement on A, consider the state parp = >, mipi @ |v3)(vi| ® [0)(0] on Harp,
where R and P are auxiliary systems with orthonormal bases {|v;)}™, and {|j) ?;3. These systems represent
a register of the state preparation and a pointer for the measurement, respectively. Let Map be the quantum
operation on B(Hap) with Kraus operators A; ® U;, U; being the unitary on Hp defined by U;|l) = |l + j) for
any [ =0,...,p — 1 (the addition is modulo p). It is an easy exercise to show that the Holevo bound (6.51) is
equivalent to Ir.p([Map ® 1(parp)]rr) < Iap:r(PARP)-
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CA B

Figure 11.1: Schematic view of the set of quantum states Eag = £(Hap) of a bipartite system AB. The subset
Cag of classical states (in magenta) is the intersection of the subsets Ca and Cg of A- and B-classical states (in
red and blue). The convex hull of Cp (or Cg) is the subset Sag of separable states (gray square). All these
subsets intersect the border of Eag (pure states of AB) at the pure product states, represented by the four
vertices of the square. The maximally mixed state pag = 1/(nang) lies at the center (cross). The two points at
the left and right extremities of the ellipse represent the maximally entangled pure states, which are the most
distant states from Sag (and also from Ca, Cg, and Cag). The closest distances of a state p to Sag (black line)
and of p to Ca (red line) define the square roots of the geometric measure of entanglement Ep,(p) and of the
geometric discord Da(p), respectively. Note that this picture is for illustrative purposes and does not reflect all
geometrical aspects (in particular, Ca, Cg, and Cap typically have a lower dimensionality than Eag and Sag).

11.4 Monogamy relation

Consider a tripartite system ABC in a pure state |Uagc). If B and C are entangled, is there a limit on the
amount of entanglement B can have with A? In other words, can entanglement be freely shared between
different subsystems? A negative answer to the last question has been highlighted in [64], where it is shown
that when A, B, and C are qubits, the sum C(pag)? + C(psc)? of the square concurrences is smaller or equal
to 4det(pg). It is instructive to consider the limiting case where B and C are maximally entangled. Then,
if one also assumes that rng < nc < (r + 1)ng with 1 < r < na, A and B cannot be entangled and even
have vanishing discords da(pag) = 0s(pag) = 0. In fact, the state of BC being maximally entangled, one has
pec = Y., pi|k) (k| for some orthogonal maximally entangled states |k) satisfying Dy = trc(|k)(l]) = ng'du
(see Proposition 10.5.1). Hence the pure state of ABC is |Uagc) = >, /Pk|ow)|k) with {|ax)} an orthonormal
family of Ha (Sec. 4.3). Consequently, pag = (>, pi|ak){ak|) ® (1/ng) is a product state and thus a classical
state.

The proposition below exhibits an astonishing bound, called the monogamy relation, between the entangle-
ment of formation of pgc and the POVM-discord of pag measuring A.

Proposition 11.4.1. (Koashi and Winter [148]) Let ABC be a tripartite system in the state pagc. Let pag =
trc(pasc) and psc = tra(pasc) denote the reduced states of the bipartite systems AB and BC, respectively. Then

Eror(pec) < S(pe) — Jpialpas) = da(pae) + S(pas) — S(pa) - (11.34)
Moreover, the inequality is an equality if pasc is a pure state.

The inequality (11.34) tells us that the more classically correlated are A and B, the less B can be entangled to
a third system C. If ng < nc and B and C are maximally entangled, i.e., Fror(psc) = In(ng), then this inequality
entails Jgja(pas) = 0 (since S(pg) < In(ng)). Thus A and B are not correlated classically, in agreement with
the above statement that pag is a product state.

The entropy difference Sgja(pas) = S(pas) — S(pa) in the right-hand side of (11.34) is called the conditional
von Neumann entropy. It is known that Sgja(pas) > 0 if pap is separable [129, 56]. Thanks to the subadditivity
of S one has —S(pg) < Sgja(pas) < S(ps) (the first inequality is obtained by considering a purification of pag
on Hagc and using the subadditivity for pgc together with the identities S(pgc) = S(pa) and S(pc) = S(pas)).
The quantity —Sgja(pas) is the coherent information introduced by Schumacher and Nielsen in the context of
the quantum channel capacity [214].
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Two consequences of the claim that (11.34) is an equality for tripartite systems ABC in pure states deserve
further comments. First, one easily deduces from this claim and the identity (7.4) that [88]

Eror(pag) + Eror(pec) = a(pas) + dc(pac) - (11.35)

Hence the sum of all entanglement of formations describing the bipartite entanglement shared by B is equal
to the sum of the corresponding quantum discords with measurements on the other subsystems. Second, if B
is a qubit and pag is of rank two, then pagp admits a purification |¥agc) on Hag ® C? (see (4.12)) and the
entanglement of formation of the two-qubit state pgc can be computed with the help of the Wootters formula
(10.31). One may in this way determine da(pag) via (11.34).

Proof. We first assume that ABC is in a pure state |¥apc). Let {Mg>'} be an optimal measurement on A

maximizing the gain of information on B, that is, such that Jga(pag) = S(ps) — >, n;™"S (pgﬁ’:), where 79
and p;ﬁ’; are the outcome probabilities and conditional states of B for this measurement. Without loss of
generality one may assume that My = [P")(5i;P"| are of rank one (see the discussion after (11.5)). Since
pag = trc(|Pasc)(Pasc|), one has 77°p = tr(pABMXIit ®1)= ||<~°pt|\IIABC>H2. Moreover, the post-measurement
conditional state of BC is the pure state
1,
[Wecyi) = (17") 72 (5" W asc) (11.36)

and the conditional state of B is p;ﬁ’; = trc(|Wpci)(¥pcps|). The ensemble {|Wgc);), niP'} gives a pure state

decomposition of pgc. Actually, let us consider the post-measurement state of ABC in the absence of readout,
Page = MP' @ 1(|¥asc)(Papc|). The measurement being performed on A, it does not change the state of BC,
ie.
PBC = P = Zn?pt|‘I’BC|i><‘I’Bcu| : (11.37)
i

From the definition (10.25) of the entanglement of formation one has

Egor (pBc) <Z77°pt (nti) = S(pe) — Jejalpas) - (11.38)

Conversely, let {|¥gc;),7:} be a pure state decomposition of pgc which achieves the minimum in the definition
of the entanglement of formation. Let us show that there exists a generalized measurement {M/\} on A such
that 7, is the probability of outcome ¢ and |¥Ugc ;) the corresponding conditional state of BC, i.e.

tra(M2 @ 1|Uasc)(Pasc|) = 7i|¥ac.i) (Ve - (11.39)

In fact, let us observe that [Whgce) = D2, /il ¥Bc,i)|¢:) is a purification of pgc on Hapce for some ancilla E,
where {|¢Z>} is an orthonormal family of Hag. Given an arbitrary state |eg) € He, |Pasc)|€o) is also a purification
of pgc on the same space. As a result, there is a unitary Uag on Hag such that [U)gce) = 1 ® Uag|¥asc)|€o)
(see Sec. 4.3). Define

MP = (eo|Uag|6i) (di|Uneleo) (11.40)

(note the analogy with (5.20)). Then (11.39) is satisfied. Let pg|; = trc(|¥sc,i)(¥sc,:|) be the post-measurement
states of B, so that Egor(|¥sc,i)) = S(pgjs). Since by assumption Egor(psc) = D, niEEor (|¥ec,i)), one infers
from the definition (11.5) of the classical correlations that

Jgia(pas) > S(ps) an (peji) = S(pB) — Eror(pBC) - (11.41)

Together with (11.38) this proves that

Exor(pec) = S(ps) — Jeja(pas) - (11.42)

Let us now turn to the case of a tripartite system ABC in a mixed state pagc. Consider a purification |¥agcg) of
pagc in the Hilbert space Hapc ® He. Thanks to (11.32) one then has Jgja(pas) < Jgjae(pase). The inequality
(11.34) then follows by applying (11.42) with A — AE. O
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Chapter 12

Distance and entropic measures of
quantum correlations

Explicar un hecho es unirlo a otro' (J.L. Borges).

In this chapter we study the measures of entanglement and quantum correlations based on the Bures distance
and the relative entropies. First, we introduce in Sec. 12.1 the geometric measure of entanglement, defined as
the minimal square distance between the state p and a separable state, as well as similar measures obtained by
replacing the square distance by relative entropies. We define analogously in Sec. 12.2 the geometric discord as
the minimal square distance between p and an A-classical state. We show there that this discord is related to a
quantum state discrimination task and determine the closest A-classical states to p in terms of the corresponding
optimal measurements.

12.1 Geometric and relative-entropy measures of entanglement

12.1.1 Definition and main properties

From a geometrical point of view, it is natural to quantify the amount of entanglement in a state p of a bipartite
system AB by the distance d(p, Sag) of p to the subset Sag C £(Hag) of separable states (see Fig 11.1). As it will
become clear below, in order to obtain an entanglement monotone measure the distance d must be contractive.
Choosing the Bures distance, it is easy to verify that

Epu(p) = dp(p,Sae)? = min {dp(p,osep)’} (12.1)

Tsep €SB

satisfies all the axioms of an entanglement measure in Definition 10.3.1. Actually, the axiom (i) holds because
dp is a distance on £(Hag). The convexity property (ii) is a consequence of the convexity of Sag and the
joint convexity of the square Bures distance? (Corollary 8.2.3). Finally, the monotonicity (iii) is shown in the
following way. Let o, € Sag be a closest separable state to p, i.e., Egu(p) = dg(p,0,)?. Let us recall from
Sec. 10.3 that any LOCC is a separable quantum operation and can be written as M(p) = ", A; ® B;pA; @ B}.
Furthermore, one has M(Sag) C Sag. One can then use the contractivity of dg to obtain

Eru(p) > dn(M(p), M(0,))* > Enu(M(p)) . (12.2)

This shows that Ep, is monotonous with respect to separable operations and, in particular, to LOCCs. The
entanglement measure Ep, has been first introduced by Vedral and Plenio [246]. Another measure was consid-
ered in [245, 246] by replacing the square distance in (12.1) by the relative entropy S(p||osep). More generally,
we can define

Eo(p) = min {Sa(pHUsep)}v (12.3)

Osep ESAB

where S, is the quantum relative Rényi entropy (Sec. 7.3). For 1/2 < « < 1, this defines an entanglement
measure by the same arguments as above, because S, is jointly convex and contractive (see Theorem 7.3.1; the

1 “Explaining a fact is linking it to another”.
2This justifies the square in our definition (12.1).
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property (i) in this theorem ensures that E,(p) > 0 with equality if and only if p € Sag). One establishes the
following result by invoking the fact that S, is non-decreasing in « (Proposition 7.3.4) and by using (8.8) and
the relation (7.36) between S /5(p[|o) and the fidelity F(p, o).

Corollary 12.1.1. {E4}1/2<a<1 constitutes a non-decreasing family of entanglement measures and

E <a<l. (12.4)

=

()= —2m(1- 20y < g L

The measure E; associated to the relative entropy (7.9) is less geometrical than Ep, (it is not associated to
a distance) but has the following interesting property.

Proposition 12.1.2. (Vedral and Plenio [246]) The entanglement measure Ey coincides with the entanglement
of formation Egor for pure states, and for mized states p € E(Hpag) it is bounded from above by FEgor,

Er(p) < Epor(p) - (12.5)

Proof. We refer the reader to [246] for a detailed proof of the first statement. It is based on the observation that
for a pure state with Schmidt decomposition [¥) = 3.\ /pi|c;)|3;), the minimum in (12.3) is achieved when
Osep 18 the classical state

Oy = Zﬂi|ai><ai| ®|B:){Bil - (12.6)

Since S(pw|lox) = —(¥|Ino|V) = — ", pi In p;, the equality E1(]¥)) = Egor(|¥)) follows once one has proven
that S(pw||osep) > S(pwl|ox) for all ogep € Sag. This is done in Ref. [246] by showing that for any ogep € Sag,

df\I/ (t7 Usep)

‘ =1 —/ dt tr((ox +t) ' pulow + 1) ogep) > 0 (12.7)
dt t=0 0

with fu(t,0) = S(pw||(1 — t)ox + to). Indeed, assume that S(pw||osep) < S(pwl||os) for some osp € Sag. By
taking advantage of the right convexity of the relative entropy, one then finds for any ¢ € (0, 1]

f\II (t7 Usep) - f‘ll(oa Usep)
t

< =S(pwllow) + S(pwllosep) <0, (12.8)

in contradiction with (12.7). Note that it suffices to prove the non-negativity in (12.7) for the pure product
states gsep = | @ X) (@ ® x|, because of the linearity in ogep of the trace in the right-hand side.

The second statement in the proposition is a consequence of the first one and of the convexity of E1. Actually,
if {|®;),n;} is a pure state decomposition of p minimizing the average entanglement, then

Bror(p) = 3 milor(10:)) = Dl (10:)) > By (3 ml i) {Wi]) = Ea(p) - (129)

d

Note that the inequality (12.5) can be strict. Examples of two-qubit states p for which E1(p) < Egror(p)
are given in [245]. Thanks to (12.4) and (12.5), one can place an upper bound on Epy(p) by a function of
the entanglement of formation Eg,r. Such a bound does not seem to be known in the literature, but it is not
optimal for pure states as a consequence of the next proposition.

Remark 12.1.3. As shown in [246], E1 fulfills the stronger monotonicity condition (iii”) of Sec. 10.4.2.

12.1.2 Geometric measure of entanglement and convex roof constructions

Let F(p,Sag) denote the maximal fidelity between p and a separable state,

F(p,Sag) = max {F(p,0sp)]} - (12.10)

Osep ESAB
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Proposition 12.1.4. (Streltsov, Kampermann, and Brufl [231]) The geometric measure of entanglement is
given for pure states by

Biu(|9)) = 2 — 2/}, Spp) = 2(1 — y/Fimas) (12.1)
where pmax = max{p;} is the largest Schmidt coefficient of |V). For mized states, F(p,Sag) is obtained via a
maximization over the pure state decompositions of p,

F(p,Sag) = max {Zm (%) SAB} (12.12)

{lznw

The nice relation (12.12) is intimately related to Uhlmann’s theorem (Sec. 8.2) and to the convexity of Sag.
Note that the relative-entropy measure E; does not fulfill a similar property (compare with Proposition 12.1.2).
Even though Ep, is not a convex roof, it is a simple function of another entanglement measure Eg defined via
a convex-roof construction like in (10.25) and from its expression

Bo([W) =1~ max {|(@]0)*) (12.13)

for pure states [216, 255]. Actually, we will see that a pure state always admits a pure product state as
closest separable state, hence the maximum in (12.13) coincides with F(|¥),Sag) and Fg(p) = 1 — F(p, Sa)
by the proposition above. According to (12.11), Eg(]¥)) = 1 — fimax is of the form (10.11) with fe(pa) =
1 — ||pal| satisfying all hypothesis of Proposition 10.3.2. Therefore, by a similar reasoning as in the proof of
Proposition 10.4.3, Eq is an entanglement measure which fulfills the strong monotonicity property (iii”). In
contrast, Epy(|¥)) = fu([pw]a) = 2(1—+/||[pw]all) but fBu is not concave, whence Proposition 10.3.2 indicates
that Ep, does not fulfill (iii’). We should not be bothered too much about that, the two measures Ep, and Eg
being equivalent (that is, they define the same order of entanglement) and simply related to each other.

Proof. For a pure state py = |U)(¥|, the fidelity reads F(pw, 0sep) = (¥|0sep|¥). Writing the decomposition of
separable states into pure product states, osep = >, &l @ Xi) (@i @ xi|, we get

Flow, Sap) = | max {Zg (or @ xil ) } o e @x iy (12.14)

where we have used ), & = 1. For any normalized vectors |¢) € Ha and |x) € Hp, one derives from the
Schmidt decomposition (4.9) and the Cauchy-Schwarz inequality that

(e xW)l < 3 Vimslplas) (xI8;)] < Vimax D_[{wlag) (x18;)]

j=1
1/2

M(; |<<P|04j>|2>1/2 (; ) < Vi (12.15)

All bounds are saturated for |¢) = |ey,...) and |X) = |Bj,...), Where jmax is the index for which p; is maximum.
Thus F(pw,SAB) = [ijmax = Hmax and the formula (12.11) is proven. It is of interest to note that the pure
product state |aj,...)|Bjme) 1S & closest separable state to |¥) (a characterization of all these closest separable
states will be given in Proposition 12.2.2 below).

We now proceed to show (12.12). Consider a fixed separable state ogep = Y 5, &|®;)(P;] with |®;) € Sag
and & > 0. Without loss of generality one may assume p = (nang)?+1 (see the discussion after Definition 4.4.1).
Let {|f;)}’_, be an orthonormal basis of an ancilla space K and |®) = >, \/&;|®;)|f;) be a purification of oeep
on H® IC Thanks to Theorem 8.2.2, F(p, 0sep) is the maximum over all purifications |¥) of p on H ® K of
the transition probability [(¥|®)?. Writing |¥) in the form (4.15) and using the one-to-one correspondence
between pure state decompositions and purifications (see Sec. 4.3), one can equivalently maximize over all pure
state decompositions {|¥;),n;} of p. Moreover, the maximization of F(p, osp) over the separable states ogep
leads to a maximization over the pure state ensembles {|®;),&;} in Sag. This yields

IN

F(p,Spg) = max  max { ni&i{

{1®a),&: 3 {IWa),mi}

} : (12.16)

But, using once more the Cauchy-Schwarz inequality and ). & = 1, one has

DV m€i(i|@;) } Zm max {|(¥;|®)]*} . (12.17)

max {
{I®:),&:} i— P)eSas
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It has been argued above that the maximal fidelity between |¥;) and a separable state is attained for pure
product states, thus F(|¥;), Sag) = max|eyes, [(¥Vs|P)|?. Substituting this expression into (12.17) and (12.16),
we arrive at the required relation (12.12). O

According to (12.11), Epy(|¥)) = 0 if and only if |¥) is a product state, in agreement with the fact that
separable pure states are product states. Another consequence of (12.11) and of the bound fimax > 1/n (which
follows from . p; = 1) is F(|¥),Sag) > 1/n, with n = min{na,ng}. Furthermore, F(|¥),Sag) = 1/n if and
only if |¥) is maximally entangled (Sec. 4.4). One deduces from (12.12) that

2
Epu(p) <2— — . 12.18
Bu(p) < NG (12.18)
By the same arguments as in the proof of Proposition 10.5.1, this bound is saturated if and only if p has maximal
entanglement of formation Egor(p) = Inn. This means that Ep, and Egor capture the same maximally
entangled states.

12.1.3 Geometric measure of entanglement for two qubits

In the case of two qubits, a closed formula for Fp,(p) can be obtained with the help of Proposition 12.1.4 and
of Wootters’s result on the concurrence (Sec. 10.4.3). It reads [231]

1

Epu(p) =2 —V2(1+/1-C(p)?)? (12.19)
with C(p) given by (10.33). Actually, for pure states one finds by comparing C(|¥)) = 2,/mop1 and (12.11) that
F(JT),Sag) = g(C(|¥))) with g(C) = (1 + V1 —C?)/2. As g is decreasing and concave, (10.27) and (12.12)
yield F(p,Sag) < g(C(p)). But it is shown in [265] that there is an optimal pure state decomposition {|¥;),n;}
of p such that C(p) = C(|¥;)) for any i. Thus

9(C(p)) = F(p,Sn) > Zm (1%5), Sag) ng —g(Clp) , (12.20)

which justifies (12.19).

12.2 Geometric quantum discord

12.2.1 Discord-like measures of quantum correlations

In the same spirit as for the geometric measure of entanglement, one defines the geometric quantum discord as

DA(p) = dB(p7 CA)2 = 2(1 - F(p, CA)) ) F(paCA) = aAljljé(CA{F(p’ UA—CI)} ’ (12'21)

where Cp is the (non-convex) set of A-classical states (see Definition 11.2.3). One can introduce similarly the
relative-entropy discords
D/ga) (p) = min_{S.(plloa-a)} - (12.22)
oa—c1€ECA
As in Corollary 12.1.1 one has DY/? (p) = —2In(1 — Da(p)/2) < D\ (p) for any o € [1/2,1].

An analog of the geometric discord Da based on the Hilbert-Schmidt distance ds has been first introduced by
Dakié¢, Vedral, and Brukner [67]. We hope to have convinced the reader in chapter 8 that the Bures distance is a
more natural choice in quantum information. We will see that the discord (12.21) shares many of the properties
of the quantum discord da of chapter 11, while its analog with the ds-distance has unpleasant features. In
particular, like da the Bures geometric discord is invariant under conjugations by local unitaries and contractive
with respect to quantum operations Mg on B. For indeed, the set of A-classical states is invariant under such
transformations (see (11.13)), whence

Da(Ua @ Us pUg @ Ug) = Dalp) » Da(1@ Ma(p)) < DA( ) (12.23)

by unitary invariance and contractivity of dg. These properties also hold for D , 1/2 < a < 1, because the
relative Rényi entropy is also contractive (Theorem 7.3.1). This should be contrasted with the non-monotonicity
with respect to operations on B of the Hilbert-Schmidt geometric discord, which is due to the lack of monotonicity
of d2 (Sec. 8.1). An explicit counter-example is given in [198]. We now precise the axioms on discord-like
correlation measures.
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Definition 12.2.1. A measure of quantum correlations of a bipartite system AB with respect to subsystem A is
a function Dp : E(Hag) — [0,00) satisfying

(i) Da(p) =0 if and only if p is A-classical;

(ii) Da is invariant under local unitary transformations and contractive under quantum operations on B, that
is, (12.23) holds true;

(iii) Da coincides with an entanglement measure for pure states.

This definition is at the time of writing of this article believed to capture all relevant physical requirements
for quantifying the amount of quantum correlations in AB given that one can access to subsystem A only [203].
The axioms (i-iii) are in particular satisfied by the quantum discord da (Propositions 11.2.1 and 11.3.1). This
is also true for the geometric discord Da. Actually, we have just shown above that Da satisfies (ii), and (i)
is trivial. Since the closest separable state to a pure state is a pure product state, which is A-classical, Da
coincides with the geometric measure of entanglement Fp, for pure states (see (12.26) below). Hence Dy is a
measure of quantum correlations. Similarly, the relative-entropy based discord D,&l) is a measure of quantum
correlations. The property (iii) follows in this case from the fact that if py is a pure state then a separable state
Osep Minimizing S(pw||osep) is the classical state given by (12.6) (see the proof of Proposition 12.1.2), so that

Dgl)(p\p) coincides with the entanglement measure F1(py) defined in (12.3). It is an open problem to show that
DY) satisfies (iii) when o # 1,2, 1.
The B-discords Dg and Dl(ga) are defined by exchanging A and B in (12.21) and (12.22). As for the quantum

discord of chapter 11, in general Da # Dg. Symmetric measures of quantum correlations are obtained by
considering the square distance to the set of classical states Cag = Ca N Cag,

Das(p) = 2(1 ~ max {VFlp, odas)}) . D@(p)= min {S(p|ocis)} - (12.24)
Tclas €ECaB Oclas €CaB

Let us mention that a similar symmetric information-based discord can be defined by modifying the maximiza-

tion procedure in (11.12) so as to involve projectors 72 @ 7 (or generalized measurement operators MA@ ME),

instead of MiA ® 1. Tt is called the measurement-induced disturbance [160]. The relative-entropy symmetric

discord D(AlB) has been studied in [169], together with other quantities characterizing quantum and classical
correlations. We will not elaborate further here on the numerous discord-like measures defined in the literature
and their operational interpretations (see e.g. [170]).

We emphasize that since Cag C Ca C Sag (see Fig. 11.1), the geometric measures are ordered as

Egu(p) < Da(p) < Das(p) - (12.25)

This ordering is a nice feature of the geometrical approach. It also holds for the relative-entropy measures. In
contrast, depending on p the entanglement of formation Eg.r(p) can be larger or smaller than the quantum
discord da(p).

Before going on to general results, let us say few words about explicit calculations of the discords. In
the special case of two-qubit states p with maximally mixed marginals pa = pg = 1/2, the relative-entropy
measure D/(xls) (p) coincides with the usual discord d5:(p) [169, 167]. For the same states, a closed formula for
Da(p) has been found in [1, 227] and the closest A-classical states to p have been determined explicitly®. The
Hilbert-Schmidt geometric discord is much easier to calculate. A simple formula for arbitrary 2-qubit states is
derived in [67] and has been later on extended to higher dimensions. The geometric discord defined with the
trace distance d; has been determined recently for certain families of two-qubit states (the so-called X-states,
containing in particular the states with maximally mixed marginals, and the B-classical states) [63, 177]. Note
that since dy is contractive, this geometric discord fulfills the axiom (ii) of Definition 12.2.1.

12.2.2 Geometric discord for pure states

We now proceed to determine the geometric discord Da for pure states. It has been seen in the proof of
Proposition 12.1.4 that the family of closest separable states of a pure state |¥) contains a pure product state,
which is a classical state. By inspection of (12.11) and (12.25), one gets

Da([¥)) = De(|9)) = Das(|¥)) = Eu(|¥)) = 2(1 = V/Hmax) - (12.26)

3This is done in [227] with the help of Corollary 12.2.6 below.
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One deduces from the bound pimax > 1/n (which follows from 2?21 i = 1) that

Da(l0)) < 2(1 - %) . n=min{na,ng} . (12.27)
This bound is saturated when p; = 1/n for any i, that is, for the maximally entangled states. We will see below
that this statement is still true for mixed states provided that na < ng.

The identities (12.26) are analogous to the equality between the entanglement of formation Eg.r and the
discord da for pure states (Sec. 11.1). As said before, they reflect the existence of a pure product state which
is closer or at the same distance from |¥) than any other separable state. It is of interest to find all the closest
A-classical states to |¥). This is done in the next proposition.

Proposition 12.2.2. (Spehner and Orszag [226]) Let py = |¥)(U| be a pure state of AB with largest Schmidt
coefficient pimax. If fimax s non-degenerate, then the closest A-classical (respectively classical, separable) state
to py for the Bures distance is unique. It is given by the pure product state |max)|Bmax), where |amax) and
|Bmax) are eigenvectors with eigenvalue fimax of [pw]a and [py|s, respectively. If pmax is r-fold degenerate, say
Mmax = 41 =« = by > [l 1, .., [, then infinitely many A-classical (respectively classical, separable) states
o minimize dg(pw, o). These closest states are convex combinations of the pure product states |¢;1)|xi1) with

o) = walas) . i)=Y wlf) , l=1,...,r, (12.28)
=1 =1

where {|a;)}i_q and {|5;)}_, are orthonormal families of Schmidt vectors associated to [imax in the Schmidt
decomposition (4.9), and (uq)},_, is an arbitrary r X r unitary matriz.

It should be noticed that when .y is degenerate, the vectors (12.28) provide together with |a;), |5;),
i=r+1,...,n, a Schmidt decomposition of |¥) (in that case this decomposition is not unique, see Sec. 4.2).
Conversely, disregarding the degeneracies of the other eigenvalues p; < fmax, all Schmidt decompositions of
|W) are of this form for some unitary matrix (u;);,_;. Thus, the existence of an infinite family of closest
A-classical states to |¥) is related to the non—uniquéness of the Schmidt vectors associated to pmax, and this
family contains the products |@;)|x;) of these vectors and convex combinations thereof. This shows in particular
that the maximally entangled pure states are the pure states with the largest family of closest states?.

Proof. An arbitrary A-classical state o can be decomposed as o = >, ¢ijl9i) (pil ® X)) (x;j)i|- In much the
same way as in the proof of Proposition 12.1.4, F(|¥),Ca) = ttmax and the closest A-classical states to p fulfill

ax  {[{(¢ ® x|¥)[*} = timax  when g;; > 0. (12.29)

(i ®Xj|i|‘1’>|2 = m
lell=lIxll=1

We have thus to determine all |¢) € Ha and |x) € Hg such that [{(¢ ® x|¥)|? = fimax. This occurs if all
inequalities in (12.15) are equalities. Let us first assume that g1 = pimax > H2,. .., tn. After a close look to
(12.15) one immediately finds that |(p ® x|¥)|? = pmax if and only if |p) = |a1) and |x) = |81) up to irrelevant
phase factors. Hence (12.29) is satisfied for a single pair (i, 7). Therefore, all the ¢;; vanish except one and the
closest A-classical state to |¥) is the pure product state |aq)|51).

We now proceed to the degenerate case p11 = ... = [ty = fmax > Mr+1, - - -, lbn. Let us establish the necessary
and sufficient conditions for the inequalities in (12.15) to be equalities. For the first inequality, the condition
is arg((play)(x|B;)) = 6 with 6 independent of j. For the second one, the condition is that |¢) belongs to
Vinax = span{|a;)}i_; or [x) belongs to Wiax = span{|8;)}j_;. The Cauchy-Schwarz inequality in (12.15) is
saturated if and only if | (¢|a;)| = A|(x|B;)| for all j, with A > 0. Finally, the last inequality holds with equality if
and only if |¢) € span{|a;)}%_; and |x) € span{|3;)}7_,. Putting all conditions together, we obtain |¢) € Viyax,
IX) € Wiax, and (x|8;) = €(a;|p) for j = 1,...,r. Therefore, from any orthonormal family {|¢;)}i_, of
Vinax One can construct r orthogonal vectors |¢; ® x;) satisfying [{@; @ xi|¥)|? = pmax for all [ = 1,... 7, with
(x118;) = (aj|¢r). The probabilities {g;;} are then given by ¢;; = ¢; if i = j < r and zero otherwise, {¢;}]_;
being an arbitrary probability distribution. The corresponding A-classical states ¢ maximizing the fidelity
F(pw, o) are the classical states

o= aqlo® B ® B . (12.30)
=1

O

4This family forms a (n? +n — 2) real-parameter sub-manifold of £(Hag)-
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12.2.3 Geometric discord for mixed states and quantum state discrimination

As for all other measures of entanglement and quantum correlations, determining Da(p) is harder for mixed
states than for pure states. Interestingly, this problem is related to an ambiguous quantum state discrimination
task.

Proposition 12.2.3. (Spehner and Orszag [226]) For any state p of the bipartite system AB, the mazimal
fidelity between p and an A-classical state reads

F(p,Ca) = max { P2PYVN-(Lp; n; = max max{ i tr (T s }, 12.31
(0.Cn) = e (P (i) = s a5 s t(TL (1231)

where the mazima are over all orthonormal bases {|p;)}:, of Ha and all von Neumann measurements given by

orthonormal families {I1;};*, of projectors of Hag with rank ng. Here, PSthV'N'({pi, 1;}) s the mazimal success
probability in discriminating ambiguously by such measurements the states p; with probabilities n; defined by

ni = (pilpales) » pi=n; Vole)leil ®1yp , i=1,...,na (12.32)

(if i = 0 then p; is not defined but does not contribute to the sum in (12.81)). Furthermore, the closest
A-classical states to p are given by

o, Zhaopt oPt| @ (0P| /B IIP /B %Pt | (12.33)

where {|pP) Y and {TIP'} are any orthonormal basis of Ha and von Newmann measurement mazimizing the
right-hand side of (12.51).

The p; are quantum states if 7; > 0 because p; > 0 and #; is chosen such that tr(p;) = 1. Moreover, {n;}:4,
is a probability distribution (since n; > 0 and >, 7; = tr(p) = 1) and the ensemble {p;,n;};%, is a convex
decomposition of p, i.e., p =Y. nip;.

Corollary 12.2.4. If p is invertible then one can substitute Psfgt VN

probability Psogt({pi,m}) over all POVMs, given by (6.2).

{pi,ni}) in (12.81) by the mazimal success

Proof. This is a simple consequence of Corollary 6.4.4. Actually, if p > 0 then the states p; defined in (12.32) are
linearly independent, thus the optimal measurement to discriminate them is a von Neumann measurement with
projectors of rank r; = rank(p;). The linear independence can be justified as follows. Let us first notice that p;
has rank r; = ng (for indeed, it has the same rank as 1;,071/2p; = |p;)(p:| ® 1,/p). A necessary and sufficient
condition for |&;;) to be an eigenvector of p; with eigenvalue Ai; > 0 is [£5;) = (Ai;mi) " /Ples) ® [Cij), where
|Cij) € Hg is an eigenvector of R; = (p;|p|e:) with eigenvalue Aijni > 0. For any i, the Hermitian 1nvertib1e
matrix R; admits an orthonormal eigenbasis {|(;;)}72,. Thanks to the invertibility of /p, {|€;;)}i=, 7% is a
basis of Hag and thus the states p; are linearly 1ndependent and span Hap. O

Before going into the proof of the proposition, let us discuss the state discrimination problems when p is
pure or A-classical. Of course, the values of Da(p) are already known in these cases, being given by (12.26)
and by Da(p) = 0, respectively, but it is instructive to recover that from Proposition 12.2.3. If p = pg is pure
then all states p; with 7; > 0 are identical and equal to pg, so that PSOZW No— = maxy,} {>_; 7 (V|| W)} =
Nmax- One gets F(py,Ca) = fimax by optimization over the basis {|¢;)}. If p is an A-classical state, i.e., if it
can be decomposed as in (11.13), then the optimal basis {|pP")} coincides with the basis appearing in this
decomposition. With this choice one obtains 7; = ¢; and p; = |@;)(@s| ® og; for all i such that ¢; > 0. The
states p; are orthogonal and can thus be perfectly discriminated by von Neumann measurements. This yields
F(p,Ca) =1 and Da(p) = 0 as it should be. Reciprocally, if F(p,Ca) =1 then Pscjgtv'N'({pi,m}) =1 for some
basis {|p;)} and the corresponding p; must be orthogonal (chapter 6). Hence one can find an orthonormal
family {II;} of projectors with rank ng such that p; = II;p;II; for any ¢ with 7, > 0. It is an easy exercise to
show that this implies that II; = [¢;)(pi| ® 1 if p|m, 5 is invertible. Thus p = >, n;p; is A-classical, in agreement
with the fact (following directly from the definition) that Da(p) = 0 if and only if p is A-classical.

The above discussion provides a clear interpretation of the result of Proposition 12.2.3: the states p with non-
zero discord are characterized by ensembles {p;,7;} of non-orthogonal states, which thereby are not perfectly
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distinguishable, for any orthonormal basis {|p;)} of Ha. The less distinguishable are the p;’s, the most distant
is p from the set of zero-discord states.

We will establish Proposition 12.2.3 by relying on the slightly more general statement summarized in the
following lemma.

Lemma 12.2.5. For a fized family {oa;}7—, of states oa;; € E(HA) having orthogonal supports and spanning
Ha, with 1 < n < na, let us define

Cal{oai}) = {a = ZQiaAli ® ogli ; {4, 08)i}ie1 15 @ state ensemble on Hp } ) (12.34)
i=1
Then
F(p,Ca({oa;i})) = max F(p,o); = rnax W (U , 12.35
(r-Callonad)) = _gmax  {Flp.o {Z Wi} (12:35)

where the last maximum is over all unitaries U on Hag and

Wi(U) = tra(y/oa; © 1/pU) . (12.36)

Moreover, there exists a unitary Uopy achieving the mazimum in (12.85) which is such that W;(Uept) > 0. The
states oopy satisfying F(p,oopt) = F(p,Ca({oaji})) are given in terms of this unitary by

1
Got = ———— N s @ Wi(Uae)? . 12.37
pt F(p,Ca({on)i})) ; Al Uopt)* ( )

Proof. Using the spectral decompositions of the states og|;, any o € CA({UA“}) can be written as
n ng
o= 3 4oai ® ) (Gl with gy, >0, Y g =1, (12.38)
ij

i=1 j=1

where {|x;:)}2, is an orthonormal basis of Hg for any i (compare with (11.20)). By assumption, if i # ¢’ then
ranop; L ranop);, so that /o = Z” V@i TAl @ X)) (X;ji|- We start by evaluating the trace norm in the
definition (8.9) of the fidelity by means of the formula ||O||; = maxy | tr(UO)| to obtain

F(p.Calfoaid) = max  max{|u@*vpva)|’}

o€Ca({on)i})

- mgx{ max ‘;@<Xj|i|wi(U)*|xji>2}. (12.39)

{ai; b AIxg0}

The square modulus can be bounded by invoking twice the Cauchy-Schwarz inequality and ), i qij =1,

11| Wi (U)" [x;10)

IN

Z| O Wa(U) " g >‘
ZHW ) ;1) ZHW IER (12.40)

i

IN

The foregoing inequalities are equalities if the following conditions are satisfied:
(1) Wi(U) =wi(U)* = 0;
(2) @iy = Ol W) Ixg102 /s 01 Wi (U)1x1));

(3) {Ixj1i)}72, is an eigenbasis of W;(U) for any 1.
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Therefore, (12.35) holds true provided that there is a unitary U on Hap satisfying (1). For a given U, let

us define Uypy = U, 7' @ V;*, where 7/t is the projector onto ranoa; and V; a unitary on Hg such that

W;(U) = [Wi(U)*|V; (polar decomposition). Then U,y is unitary since by hypothesis 7275 = &7 and

;™ =1, and one readily shows that W;(Uspt) = Wi(U)V;* > 0. As Y, [[Wi(U)||13 = X, IWi(Uopt)||3, the

identity (12.35) follows from (12.39) and (12.40). From condition (3) one has Wi(Uops) XS] ) = wilx),) with

i w}; = F(p,Ca({oaji})), see (12.40). Condition (2) entails

opt __ opt|. opt opt| __ 1 opt

ogl; = Qi G )X = 57— 12.41

o = 2N = 7 o) -

which together with (12.38) leads to (12.37). O

Proof of Proposition 12.2.3.  Let {|p;)};%, be an orthonormal basis of Ha. Applying Lemma 12.2.5 with
oali = lpi) (il one gets

F(p,Cal{l¢i)})) max {Ztr[U|<Pz‘><<Pi| @ 1U*\/plei){pi| ®1 \/ﬁ]} ;

= max {Ztr[mmm«oA @1 m} = P (pimi) (12.42)

The last maximum is over all orthonormal families {II;};*, of projectors of rank ng and the success probability

Ps(jgtv'N'({pi,m}) is given by (6.32). Since the fidelity F(p,Ca) is the maximum of F(p,Ca({|¢:)})) over all
bases {|p;)}, this leads to (12.31) and (12.33). O

12.2.4 The qubit case

It has been emphasized in chapter 6 that the optimal success probability and measurement for discriminating
ambiguously more than two states are not known explicitly in general. Nonetheless, if the subsystem A is a
qubit, the ensemble {p;,n;} in Proposition 12.2.3 contains only na = 2 states and the optimal probability and
measurement are easily determined. Following the steps yielding to (6.6) we find

(o) A% 1 B
PSRN ({pimiy) = 5 (1 —trA) + > A, (12.43)
1 2 1=1
where Ay > --- > \,, are the npg largest eigenvalues of A = nopo — m1p1. The optimal von Neumann

measurement is formed by the spectral projector ngt of A for these np eigenvalues and its complement
I5P* = 1 — TIgP*. For the states p; associated to the orthonormal basis {|¢;)}L_, of C? via formula (12.32),
one has A = /p (|¢o){@o| — |¢1)(p1]) ® 1\/p. The operator inside the parenthesis in the last identity is equal

t0 Ou = 30 _ UmTy for some unit vector u € R? depending on {|¢;)} (here 01, o2, and o3 are the Pauli
matrices). Conversely, one can associate to any unit vector u € R? the eigenbasis {|¢;)}._, of ou. According
to Proposition 12.2.3, F(p,Ca) is obtained by maximizing the right-hand side of (12.43) over all Hermitian
matrices

Au)=/pou®1/p (12.44)

with u € R3, |u| = 1. The following corollary of Proposition 12.2.3 is a refinement of a result in [227].

Corollary 12.2.6. Let A be a qubit, i.e., na = 2. The fidelity between p and the set of A-classical states is
given by

1
Fp,Ca) = 5 Hrlrlllfr}l{l + A} (12.45)
where A(u) is the 2np x 2npg matriz (12.44). The closest A-classical states to p are given by (12.33) where

ngt is the spectral projector associated to the ng largest eigenvalues of A(u°P) and u°P' € R3 is a unit vector
achieving the mazimum in (12.45).
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Proof. Let A\;(u) be the eigenvalues of A(u) in non-increasing order. We claim that

—%tr(A(u)) +Y Ni(u) = % Ar(u) — % > M) = %tr|A(u)| : (12.46)
=1 =1 l=ng+1

To prove this claim it suffices to show that A(u) has at most ng positive eigenvalues A;(u) > 0 and at most ng
negative eigenvalues \;(u) < 0, counting multiplicities. As ker p C ker A(u) one may without loss of generality
restrict A(u) to the subspace IIHag, with IT the projector onto ran(p). A standard linear algebra argument
shows that if S is a finite invertible matrix and ¥ a self-adjoint matrix, then the number of positive (respectively
negative) eigenvalues of ¥ is equal to the number of positive (respectively negative) eigenvalues of S*¥S. Let
PEi be the spectral projectors of ¥ = Iloy ® 111 on Ry \ {0}. Since /p : IHag — IIHap is invertible, in
order to prove (12.46) it is thus enough to verify that rank(PZ) < ng. This is evident if rank(IT) < ng. If
rank(II) > ng, then =(¥|oy ® 1|¥) = +(U|X|T) > 0 for any |¥) € Pg/HAB C ITHag. This implies that
rank(PZ) < rank(Paji ©1) = B, as otherwise one could find a non-vanishing vector |¥) € PEHag belonging to
the ng-dimensional eigenspace of o ® 1 with eigenvalue F1, in contraction with the foregoing inequality. This
establishes (12.46). Then (12.45) follows from (12.43) and Proposition 12.2.3. O

12.2.5 States with the highest geometric discord

The geometric discord Da, as the quantum discord da, quantifies the degree of quantumness of a state. Let us
recall from Sec. 11.3.2 that when the space dimensions of A and B are such that na < ng, the “most quantum”
states p having the highest discord da(p) are the maximally entangled states, i.e., the states with the highest
entanglement of formation Egor(p) = lnna. It is comforting that a similar result holds for the geometric
discord.

Corollary 12.2.7. If na < ng, the highest value of Da(p) on E(Hag) is equal to 2 — 2/ /na. The most distant
states p from the set of A-classical states, which are such that Da(p) = 2—2/\/na, are the mazimally entangled
states given by Proposition 10.5.1.

Comparing with the results of Sec. 12.1.2, we see that when na < ng the most distant states from Ca are
also the most distant from the set of separable states Sag. If na < ng < 2na, these most distant states are
maximally entangled pure states, as illustrated in Fig. 11.1.

Proof. This is again a corollary of Proposition 12.2.3. The success probability Ps(fgt vN-ig clearly larger or equal
to the highest prior probability® nmax = max;{n;}. In view of Proposition 12.2.3 and nmax > 1/na, we get

1

F(paCA) Z
na

(12.47)

for any state p. When n = na < ng this bound is optimal, the value 1/n being achieved for the maximally
entangled pure states (Sec. 12.2.2). This proves the first statement. Let p be a state such that F(p,Ca) = 1/n.
According to (12.31) and since it has been argued above that PS(EW'N' > Nmax > 1/n, this implies that

PSCthV'N'({pZ-, n;}) = 1/n whatever the orthonormal basis {|@;)}. It is intuitively clear® that this can happen
only if the receiver gets a collection of identical states p; with equal prior probabilities n; = 1/n. From (12.32)
and p = > n;p; one obtains pp = 1/n and p; = p for any ¢ and {|p;)}. Plugging the spectral decomposition
p = > .pklk)(k| into (12.32), the second equality yields Dy = trg(|k)(l]) = n~ 'k for all k and ! such that
prpi # 0. One concludes that p has maximal entanglement of formation by following the same steps as in the
proof of Proposition 10.5.1. |

One may wonder if Corollary 12.2.7 could also hold for na > ng (modulo the exchange na <> ng), as what
happens for the geometric measure of entanglement (see Sec. 12.1.2). However, unlike Ep,(p) the geometric
discord is not symmetric under the exchange of the two subsystems. The problem of determining its highest
value and the corresponding “most quantum” states is still open for na > ng. For such space dimensions the
bound (12.47) is still correct but it is not optimal, that is, there are no states p with fidelity F(p,Ca) = 1/na.

5A receiver would obtain Ps o = Nmax by simply guessing that his state is p;,,., with 7;,,,.. = 7max, whatever the measure-
ment outcomes. A better strategy is of course to perform the von Neumann measurement {II;} such that II; _ projects onto a
ng-dimensional subspace containing ran(p;,,,.). This range has a dimension rank(p;,,,.) < ng by a similar reasoning as in the
proof of Corollary 12.2.4.

6 An explicit proof of this fact can be found in [226].
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(convex roof)

classical correlations

= convex roof

Entanglement of Quantum discord Geometric Geometric discord
formation entanglement
AB in a pure state Bror (1) = 0a0¥) = H({/)) Ea(1¥) = DA)) = 201 — /ftune)
Da(p) =2(1—
Egor(p) = min Salp) = Ia(p)— Egu(p) =2(1-
; max{y/F(p,on—
AB in a mixed state {Zz nZEEOF(|\IIl>)} max{Ia.5(Ma ® 1(p))} max{\/ F(p,0sep)}) { (p-oa-a)})
[ —

= max. success proba.
in state discrimination

Vanishes iff

p is separable

p is A-classical

p is separable

p is A-classical

Maximal iff

p is max. entangled

]

Egpor: true V na g

p is max. entangled

} Egy: true V nap

with maximal value Inn da: true if np < ng 2(1 —1/4/n) Da: true if np < ng
Local unit. invariance v v v v
Monotonicity w.r.t. LOCCs operations on B LOCCs operations on B
Convexity v no v no
Ordering o Fou(p) < Dalp)

ABC in a pure state

Eror (pBc) = da(pa) + S(pas) — S(pa)

?

Table 12.1: Summary of the definitions and properties of the entanglement of formation (chapter 10), quantum
discord (chapter 11), geometric measure of entanglement (Sec. 12.1), and geometric discord (Sec. 12.2). Here
na and ng are the space dimensions of the subsystems A and B, n = min{na,ng}, and p; are the Schmidt
coefficients in (4.9).

Indeed, one can show as in the proof above that if F'(p,Ca) = 1/na then the eigenvectors |k) of p with eigenvalues
pr > 0 have maximally mixed marginals Dy = (|k)(k|)a = 1/na. But this is impossible since rank(Dyy) < ng
by (4.9).

Remark 12.2.8. One can place a lower bound on F(p,Ca) for na > ng by invoking the inequality [226]

F(p,c) > Il 1= lioline =3,

B na ng

(12.48)

where §, = 0 if rank(p) < ng and 1 otherwise.

Table 12.1 presents a comparison of the properties of the entanglement of formation, the quantum discord,
and their geometrical analogs based on the Bures distance.

12.2.6 Geometric discord and least square measurements

The ensemble {p;,7;} in the discrimination task associated to the geometric discord in Proposition 12.2.3 turns
out to be related to the transpose operation of the von Neumann measurement in the basis {|¢;)}. In fact, let
us denote by Mpa the measurement on A with rank-one orthonormal projectors 72 = |;)(;|. Let

ni = (pilpalpi) (12.49)

pagli =15 i) (il ® (@il ples)

be the corresponding probabilities and post-measurement conditional states when the initial state is p. The
transpose operation of M for p is (see (5.24))

na
_1 _1
Ratan(@) =D /plei) (il ® (@ilples) = (pilolei) (@ilple:) 2 /b - (12.50)
i=1
We observe that
Pi :RMA,p(pAB\i) 5 1= 1,...,71/_\ . (1251)

Comparing (5.23) and (12.51), one expects from the discussion in Sec. 5.5.3 that the least square measure-
ment {M}*™} for the state ensemble {p;,7;} is associated to the transpose operation of R, , for Ma(p) =
> nipagji- But this two-fold transpose operation coincides with Ma, hence {Milsm} is nothing but the von
Neumann measurement on A in the basis {|p;)}. This can be readily checked: since {p;,n;} is a convex decom-
position of p, (5.36) leads to

M,L_lsm

=nip V2pip 2 =at 1. (12.52)
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Ma RMap,p

p alp) — 20 p
{PAB\u ni} {Pia i}
Figure 12.1: State changes under the von Neumann measurement M with rank-one projectors 72 = |¢;) (¢

followed by its transpose operation R 4,,,. The upper line corresponds to a measurement without readout and
the other lines to the different measurement outcomes.

One can bound POIDtV N-({pi,ni}) from below by the success probability obtained by discriminating the p; with
{M}™}, and from ‘above by the square root of this probability, see (6.21). By Proposition 12.2.3, this yields

max{ZtrB (pil\/Ple:) ]} < F(p,Ca) < maX{ZtrB (pil\/Plpi) ]} . (12.53)

{lpi)} {lei)}
The left- and right-hand sides become nearly equal when F'(p,Ca) is almost one, that is, if p is close to Ca. Other

inequalities on F'(p,Ca) can be obtained in terms of the fidelities F'(p;, p;) with the help of Proposition 6.5.1.
The aforementioned observations are summarized by Fig. 12.1.
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PERSPECTIVES FROM PART I: DYNAMICS

La question ne se pose pas. Elle en est absolument incapable : il y a trop de vent (B. Vian).

1) Quantum measurement processes

A deeper understanding of the implications of the recent results of Allahverdyan, Balian, and Nieuwen-
huizen [6] discussed in chapter 1 is desirable. Revisiting the principles of quantum mechanics is fascinating
and I plan to keep thinking in the next years about these fundamental issues, in parallel with solving more
concrete problems. The model presented in chapter 1 describes ideal von Neumann projective measure-
ments. Non-ideal measurements are also discussed in [6]. In quantum information theory, one is interested
in extracting as much information as possible from a system with some given experimental constraints.
The work presented in chapter 1 could be pursued in the following directions:

(a)

Weak measurements.

Weak measurements are measurements in which the system weakly interacts with the measuring
apparatus, so that the eigenvalues of the measured observable are not fully correlated with the
pointer values at the end of the measurement. This means that the system-apparatus interaction
time tip is smaller than the system-apparatus entanglement time 7on (see Sec. 1.3.4), as opposed
to the strong measurement case considered in chapter 1. Weak measurements combined with an
appropriate post-selection of the measurement outcomes may be used to amplify small signals thanks
to the weak value amplification protocol of Y. Aharonov, D.Z. Albert, and L. Vaidman [Phys. Rev.
Lett. 60, 1351 (1988)]. It would be of interest to change the model of Sec. 1.3 in such a way that
the apparatus performs a weak measurement, and to determine the corresponding time scales. A
related issue, which is also connected to chapter 3, is the use of weak measurements in parameter
estimation (such as quantum interferometry). The practical advantage of such measurements has
been pointed out, and a protocol to saturate the quantum Cramér-Rao bound (Sec. 9.2.2) with
weak measurements has been proposed recently [G. Bié Alves et al., Weak value amplification as an
optimal metrological protocol, arXiv:1410.7415].

Time-evolution of correlations during a measurement process.

It would be interesting to determine the time evolution of entanglement and quantum discord between
the system and pointer during the measurement process of Sec. 1.3. As far as classical correlations
are concerned, Cornelio et al. argue that they are either time-independent or reach a constant value
after a finite time [Phys. Rev. Lett. 109, 190402 (2012)].

2) Evolution of entanglement for quantum trajectories

The results presented in chapter 2 on the average entanglement of quantum trajectories is limited to
two-qubit systems and Markovian dynamics. Relevant extensions of this work are thus:

(a)

Entanglement decay in bipartite systems with space dimensions higher than four.

In the case of two subsystems coupled to independent baths with local jump operators, the general
argument based on the no-jump trajectory (Sec. 2.4.1) tells us that the average entanglement can
only vanish asymptotically. It would still be nice to find how fast this entanglement decays for
higher-dimensional subsystems than qubits. For good choices of the entanglement measure (see the
discussion in Sec. 2.4.2), a strategy would be to try to bound this measure by an exponential in time
and to calculate the corresponding decay rate .

Non-Markovian quantum trajectories.

It is natural to ask whether our results with S. Vogelsberger extend to the non-Markovian case.
Non-Markovian quantum trajectories have been studied in Refs. [47, 80, 267, 267].
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3) Macroscopic superpositions in Bose-Josephson junctions

As stated in chapter 3, the tuning of the interaction energies that we have proposed for protecting the
superposition of coherent states from decoherence does not apply directly to the experiments performed
in Basel. P. Treutlein has developed in the last years a quantum tomography protocol to characterize
fully the state in the junction at a given time. He is now interested in observing a superposition of
coherent states. Some theoretical efforts are needed to study the experimentally realizable ways to reduce
decoherence on the superposition. The main source of decoherence is atom losses. Two-body losses could
be suppressed by using initial coherent states with a small number of atoms in the upper internal state (as
stressed in Sec. 3.5.1, the two-body losses are negligible in the lower state; moreover, the mean number of
lost atoms at time ¢ is roughly I'o_poay Vot for two-body losses, whereas it is of the order of I'1_1,64yt for
one body losses, with I'1 _pody > I'2—body). An idea would be to find an optimal time-dependent potential
for the upper mode (splitting of the two condensates) so as to reduce the effects of one-body losses as well
(see Sec. 3.6).

PERSPECTIVES FROM PART II: QUANTUM CORRELATIONS AND
DISTINGUISHABILITY OF QUANTUM STATES

Une sortie, c’est une entrée qu’on prend dans l’autre sens (B. Vian).

Our results on the Bures geometric discord (Sec. 12.2) indicate that contractive distances on the set of
quantum states provide useful tools to describe quantum correlations in composite quantum systems. They show
that the geometric approach has clear links with other quantum information problems such as the discrimination
of non-orthogonal states. This approach should be developed in the future. Several related papers have appeared
in the last years, with in particular the use of other contractive distances like the trace distance [63] and the
quantum Hellinger distance [L. Chang and S. Luo, Phys. Rev. A 87, 062303 (2013)], the determination
of classical correlations instead of quantum correlations [T.R. Bromley et al., J. Phys. A: Math. Theor. 47,
405302 (2014)], the study of the geometric discord for Gaussian states in continuous variable systems [P. Marian
and T.A. Marian, Hellinger distance as a measure of Gaussian discord, arXiv:1408.4477]. Further investigations
could go in the following directions.

1) Concrete physical systems

(a) Time evolution of quantum correlations and decoherence.

One should investigate the time evolution of the geometric discord in specific models of dissipative
dynamics for optical or atomic systems. The main advantage of the geometric approach with respect
to the entropy approach is that it provides additional information, namely, the closest classical
state(s) to a given state p of the bipartite system. The general form of the closest A-classical
states o, for the Bures distance has been given in Proposition 12.2.3 in the general case and in
Proposition 12.2.6 when subsystem A is a qubit. We have determined o, explicitly for two-qubit
states p with maximally mixed marginals (see (4b) in the publication list). The information on p
provided by its closest classical state(s) would certainly be relevant for a deeper understanding of
the way quantum correlations decrease with time when the system is subject to decoherence. For
instance, in order to maintain longer the quantum correlations in the system, the trajectory ¢ — p(t)
should be as orthogonal as possible to the geodesics linking the time-evolved state to its closest
classical state. We are not aware of any work in the literature in this direction.

(b) Ground state properties and quantum phase transitions.
In the last decade it has been pointed out that one may see the signature of a quantum phase transition
by looking at the entanglement properties of the ground state of the system in the thermodynamic
limit. In particular, right at the transition one sometimes observes a degeneracy of the highest
eigenvalue of the reduced density matrix of the ground state for given bipartitions of the system.
Furthermore, it has been shown in some spin models that the gap between the first and second
eigenvalues exhibits a scaling behavior near the transition with the critical exponent of the universality
class of the model [G. De Chiara, L. Lepori, M. Lewenstein, and A. Sanpera, Phys. Rev. Lett. 109,
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237208 (2012)] and that the derivative of the concurrence between two spins diverges logarithmically
[A. Osterloh, L. Amico, G. Falci, and R. Fazio, Nature 416, 608 (2002)]. Proposition 12.2.2 above
shows that the aforementioned degeneracy is related to the existence of a symmetry characterized
by infinitely many closest classical states to the ground state. It is also suggested in the literature
that the phase transition can be singled out by operational properties on the ground state (such as
local convertibility using LOCC operations and an ancilla system acting as a catalyst, see the remark
of Sec. 10.2), but this has been criticized by H. Braganca et al. [Nonuniversality of entanglement
convertibility, arXiv:1312.0619].

2) Multipartite systems, systems with continuous variables

(a)

Measures of quantum correlations in systems with a large number of particles.

In chapter 3 we have used the quantum Fisher information to quantify quantum correlations between
the atoms. It has been argued that this Fisher information gives the amount of quantum correla-
tions useful for phase estimation in interferometry. Moreover, k-producible states, i.e., states admit-
ting pure state decompositions involving tensor products of states of at most k particles, have Fisher
informations bounded from above by a known increasing function of k [135, 236]. This shows that
states with high Fisher informations present some truly multipartite entanglement. However, the
very notion of particle entanglement is still a subject of controversy for indistinguishable particles
[G.C. Ghirardi and L. Marinatto, Phys. Rev. A 70, 012109 (2004); N. Killoran, M. Cramer, and
M.B. Plenio, Phys. Rev. Lett. 112, 150501 (2014)]. Since the quantum Fisher information coincides
up to a numerical factor with the Bures metric, it has a geometrical interpretation in terms of the
Bures distance (in fact, it gives the speed at which the state separates from its time-evolved state, see
Sec. 8.5). It has been argued recently that the Fisher information optimized over all Hamiltonians
H generating the time evolution is a measure of quantum correlations satisfying the three axioms of
Definition 12.2.1 [D. Girolami et al., Phys. Rev. Lett. 112, 210401 (2014)]. It would be interesting
to find its relation with the Bures geometric discord, or at least to establish some bounds of one
measure in terms of the other.

Monogamy relation between the geometric discord and geometric entanglement?

A natural question is whether in three-partite systems the geometric measure of entanglement and the
geometric discord satisfy a monogamy bound similar to that given in Sec. 11.4 for the entanglement
of formation and the entropy-based quantum discord.

Geometric discord for systems with continuous variables.

In some experiments like those performed at the LKB in Paris, the quantum information is encoded
in optical modes of the electromagnetic field. These modes are harmonic oscillators with infinite
dimensional Hilbert spaces (continuous variables). When two modes are in a Gaussian state, the
quantum correlations between them can be characterized by the Gaussian discord introduced by
Adesso and Datta and by Giorda and Paris, which has been shown recently to coincide with the
usual quantum discord for a large family of Gaussian states [Pirandola et al., Optimality of Gaussian
discord, arXiv:1309.2215]. The generalization of the results presented in Sec. 12.2 to bipartite systems
with continuous variables is an interesting open problem.

3) Relations between the Bures geometric discord and other measures of quantum
correlations

(a)

“Local” geometric measures of quantum correlations.

Although we have defined geometric measures of quantum correlations as distances of a given quan-
tum state p to the set of separable or classical states, one could also think of measuring them locally
(in a geometrical meaning). An attempt in this direction has been given in Sec. 10.1 by substituting
the usual correlator between two local observables by the Bures metric. From a physical viewpoint
it is quite natural to characterize quantum correlations (in particular entanglement) as correlations
between local observables, but the maximization procedure over all such observables proposed in
Sec. 10.1 is artificial and somehow arbitrary. Further work is required to obtain a more natural
definition, even for pure states. Up to our knowledge, our definition of the concurrence (10.5) is new
for bipartite systems with subsystems of space dimensions larger than two, albeit there have been
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other generalizations in the literature. A different idea would be to see if quantum correlations could
be related to the Gauss curvature of the Bures metric.

The choice of the distance.

At this stage there is no clear reason for choosing the Bures distance within the family of all contrac-
tive Riemannian distances for quantifying quantum correlations. This family has been fully charac-
terized by Petz (Sec. 8.6). I am currently working with W. Roga and F. Illuminati on the geometric
discord obtained from the quantum Hellinger distance. The latter is defined as the Hilbert-Schmidt
distance of the square roots of the two states; it is contractive thanks to Lieb’s concavity theorem
(Sec. 8.3). We have found that the corresponding measure of quantum correlations has similar prop-
erties than the Bures geometric discord, and have obtained bounds of one measure in terms of the
other. It turns out that the quantum Hellinger discord is particularly easy to compute. In fact,
it is simply related to the Hilbert-Schmidt geometric discord defined in Ref. [67], evaluated for the
square root of the state instead of the state itself. The Hilbert-Schmidt discord is known to be easily
computable, especially if subsystem A is a qubit and subsystem B has arbitrary dimensions [67],
but it is not a bona fide measure of quantum correlations because of the lack of monotonicity of the
Hilbert-Schmidt distance (see Sec. 12.2). The geometric discord with quantum Hellinger distance
does not suffer from this drawback. It is a promising measure of quantum correlations satisfying all
the axioms of Definition 12.2.1, while being at the same time an easily computable quantity.

Measurement-induced geometric discord and discord of response.

Apart from the geometric discord, two related measures of quantum correlations have attracted a
lot of attention in recent years: (1) the distance of the state p to the set of states obtained from p
by the action of local von Neumann measurements on subsystem A (measurement-induced geometric
discord) [162], and (2) the distance of p to the set of states obtained from p by the action of local
unitary operations on A with a given non-degenerate spectrum (discord of response) [203]. Since the
output of a local von Neumann measurement on A is always A-classical, the measure defined in (1)
cannot be smaller than the geometric discord. The two measures are equal for the Hilbert-Schmidt
distance, but differ for the Bures and quantum Hellinger distances. It is highly desirable to compare
these different measures of quantum correlations defined in the literature. Together with W. Roga
and F. Illuminati, we aim to obtain explicit relations or bounds of one measure in terms of the other.
One can also compare the measures obtained from different contractive distances. An unpleasant
fact is that a state can be more quantum correlated than a given state for one distance and less
quantum correlated for another distance.

4) Other open problems

(a)

Dissipative evolutions which do not decrease quantum correlations in bipartite systems.
Let us beg the following question: given a pair of quantum states (p,o) on a finite-dimensional
Hilbert space, what are the quantum operations M such that the distance between the transformed
states M(p) and M (o) is the same as the distance between p and ¢? A sufficient condition is that
M admits an approximate reversal, as in Petz’s theorem on the monotonicity of the relative entropy
(Theorem 7.2.1). In fact, the equality d(p, o) = d(M(p), M(0)) then follows from the contractivity of
the distance. One may wonder if this condition is actually necessary for any contractive Riemannian
distances d, as it is for the relative von Neumann entropy. As a preliminary step, one could try
to generalize the proof of Petz’s theorem given in Sec. 7.2 to the quantum relative Rényi entropies
defined in Sec. 7.3, which contain both the von Neumann entropy and the Bures distance as special
cases. The characterization of the quantum operations which do not decrease the distance between
two given states would enable to obtain the operations which do not decrease quantum correlations in
a given state. One may hope that such operations will not depend on the contractive distance chosen
to define the measure of quantum correlations, or at least that one may be able to identify subclasses
of distances for which the operations are the same. Results in this direction have been obtained
recently by M. Cianciaruso, T.R. Bromley, W. Roga, R. Lo Franco, and G. Adesso [Universality of
the freezing of geometric quantum correlations, arXiv:1411.2978].

Quantum relative Réyni entropies.

The relative a-entropies S, defined by M. Miiller-Lennert et al. [175] and by M. Wilde, A. Winter,
and D. Yang [260] (Sec. 7.3) are likely to find many applications in quantum information theory.
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Since they are simply related for & = 1/2 to the Bures distance, one may wonder if an analog of
Proposition 8.3.1 could be true also for S, with « different from 1/2, that is, if S, (p, o) could be
obtained as a supremum of the classical Rényi divergence for the set of outcome probabilities p and
q corresponding to measurements on p and o.

(c) Properties of the state ensemble {p;,7;} in Proposition 12.2.3.
Our main result in chapter 12 is a link between the geometric discord and the minimal error prob-
ability in the discrimination of the states from the ensemble {p;,n;} specified in Proposition 12.2.3.
We have shown that this state ensemble is given in terms of the conditional states of a von Neu-
mann measurement, as summarized in Fig. 12.1. This suggests that the ensemble {p;, 7;} has special
properties from a quantum information perspective, which should be investigated.

RELATED PROJECTS

La science est surtout une prise de conscience de plus en plus compléte de ce qui peut et doit étre découvert.
(B. Vian)

1) Dynamics of open quantum systems: rigorous derivation of non-Markovian
master equations

Starting with the pioneering works of V. Jaksi¢ and C.-A. Pillet [Ann. Inst. H. Poincaré Phys. Théor.
62, 47 (1995); Comm. Math. Phys. 176, 619 (1996)], the mathematical analysis of open quantum
systems has mainly focused in the last decades on large time behaviors, in particular the relaxation
to equilibrium or evolution towards stationary states. However, physicists are more often interested
by intermediate times. For instance, as stressed in chapters 1-3, decoherence effects are studied with
the help of master equations giving the time evolution of the system state. In the weak coupling limit
(van Hove limit), which consists in letting the system-environment coupling constant A go to zero
while rescaling the time like t = A~27 with 7 fixed, one obtains a Markovian master equation of the
Lindblad type [159]. This limit was put on a rigorous footing by E.B. Davies in the seventies [73].
However, it is well known that the weak coupling limit does not exist if the system Hamiltonian Hg
has dense or continuous spectrum, because it is based on a spectral averaging. For small nonzero
coupling constants A, one obtains a good approximation of the exact dynamics provided that the
spectral gaps between neighboring eigenvalues of Hs are much larger than the damping constant ~y
appearing in the Lindblad equation. To describe the dynamics of open systems with small energy
gaps, which are common in condensed matter, physicists often rely on the time-dependent Bloch-
Redfield master equation [46], which is perturbative in A but does not involve any spectral averaging.
This equation also includes some small-time non-Markovian effects. I have a long-standing project to
justify rigorously this time-dependent Bloch-Redfield equation, by showing that the trace norm of the
difference between the solution of this equation and the exact reduced density matrix ps(t) is small for
small coupling constants A and fized times t. More precisely, according to unpublished calculations I
have made some years ago, the error should be of the order of At 4+ A\t2. I would like to show that
this bound is optimal, that is, to find a specific example of system coupled to a bath which does not
return to a stationary state and for which the error grows with time like A*. An intriguing fact is
that I discovered another master equation, slightly different from the Bloch-Redfield equation, which
leads to comparable errors. I suspect that there exists a whole family of such equations. In order to
find which one is better to use, it would be of interest to compare the corresponding stationary states.
Although in principle the master equation approximates badly the exact dynamics at large times, in
many situations one may expect firstly that this equation has a stationary state ps(oco) coinciding
with the exact stationary state up to fourth order in A, and secondly that its solution is already close
to ps(co) at intermediate times. Another interesting problem is to derive master equations including
higher order terms in the coupling constant A.
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2) Rigorous derivation of the Bose-Hubbard model for bosons trapped in a double
well potential

A lot of progress has been made in the last decade in the mathematical physics community on the
rigorous treatment of interacting bosons. The starting issue has been the justification of the mean-
field approximation, which consists in assuming that the atoms are independent but each atom feels an
effective mean-field potential created by the other atoms. The linear many-body problem is turned in
the mean-field limit into a non-linear one-body problem. For trapped neutral atoms, the interactions
are short range and are usually replaced by a contact interaction, leading to the celebrated Gross-
Pitaevskii equation. This equation has been justified rigorously from the many-body problem in a
seminal series of works by E.H. Lieb, R. Seiringer, and J. Yngvason [Phys. Rev. A. 61, 043602
(2000); Phys. Rev. Lett. 94, 080401 (2005)], E.H. Lieb, R. Seiringer, J.P. Solovej, and J. Yngvason
[Oberwolfach Seminar Series 34 (Birkhduser, Boston, 2005)], and E.H. Lieb and R. Seiringer [Comm.
Math. Phys. 264, 505-537 (2006)]. In these works, it was shown that the ground state energy of the
N-body Hamiltonian converges to the minimal energy of the Gross-Pitaevskii energy functional in
the limit of a large number of atoms N. More recently, a rigorous treatment of Bogoliubov’s theory
has been obtained (see [J. Derezinski and M. Napiérkowski, Ezcitation spectrum of interacting bosons
in the mean-field infinite-volume limit, arXiv:1305.3641], [P. Grech and R. Seiringer, Comm. Math.
Phys. 322, 559 (2013)], [M. Lewin, P.T. Nam, S. Serfaty, and J.P. Solovej, Bogoliubov spectrum of
interacting Bose gases, arXiv:1211.2778]). The Bogoliubov theory gives the sub-leading correction
(beyond the mean-field) to the ground state energy and predicts the excitation spectrum, which is
of crucial importance for the description of superfluid properties of Bose gases.

I started recently to work with N. Rougerie on the many-body problem for interacting bosons trapped
in a symmetric double-well potential. The main goal is to justify rigorously in the limit N — oo
the two-mode Bose-Hubbard Hamiltonian (3.1) used in chapter 3 to describe the dynamics of Bose-
Josephson junctions. In a first stage, one can obtain the correct ground state when the tunneling
between the two wells is much smaller than the atomic interactions and in the opposite regime where
tunneling dominates interactions. In the first limit it is energetically favorable to have half of the
atoms in each well, so that the ground state is the Fock state |N/2, N/2), whereas in the second
limit the ground state is the spin coherent state (3.7), i.e., all atoms are in the same one-body state
delocalized in the two wells. For a periodic trapping potential with infinitely many wells, these
localized and delocalized states characterize the Mott insulator and superfluid phases, respectively.
The energy difference per atom between the localized and delocalized states is the sum of a term
of the order of 1/N and of the tunneling amplitude between the two wells (which is exponentially
small in the inter-well distance). Therefore, to determine the ground state energy one has to include
the sub-leading terms in NV given by Bogoliubov’s theory. Note that a possibly better Hamiltonian
for describing the dynamics of the atoms trapped in the double-well potential could be obtained as
follows. One first determines the minimizer of the Gross-Pitaevskii energy functional with a fixed
number of atoms in each well, then replaces these atom numbers by the number operators ny and ns
in each mode, and finally adds the tunneling term K (a{as + ala;). This Hamiltonian differs from
the Bose-Hubbard Hamiltonian (3.1) by additional terms involving powers of n; and ng higher than
two.
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Appendix A

Operator monotone and operator
convex functions

We recall in this appendix some basic facts about operator monotone and operator convex functions. We refer
the reader to the lecture notes [50] and the book [38] for more complete presentations of these notions.

We denote by B(H) 4+ the set of non-negative operators on H, with dim(H) = n < oco. A function f : Ry — R
is operator convex if for any n x n matrices A, B € B(H)4 and any 0 < n < 1, it holds f((1 —n)A + nB) <
(1 =n)f(A) +nf(B). It is strictly operator convez if the inequality holds with equality if and only if n € 0,1
or A = B. It is operator concave if —f is operator convex. It is operator monotone-increasing if for any
A,BeB(H)y, A< B = f(A) < f(B), and operator monotone-decreasing if the reverse equality holds.

It is not hard to show (see e.g. [50]) that f(x) = ™! is operator monotone-decreasing and strictly operator
convex. Clearly, this is then also true for f(z) = (z+t)~! for any ¢t > 0. According to the integral representation

sin(am) [ 1 1
A= ———= dtt*( - — —— 1
™ /0 (t t—l—A) ’ (1)

it follows that f,(x) = z® is operator monotone-increasing and strictly operator concave for 0 < a < 1.
Similarly, one shows that f, is operator monotone-decreasing and operator convex for o € [—1, 0] and operator
convex for a € [1,2]. However, for instance the square function fy is not operator monotone and the cube
function fs is not operator convex. One can establish that g(z) = Inz and f(x) = xlnx are operator concave
and operator convex, respectively, thanks to the identities

InA=lima (A% —-1) AlnA:HmA 7A.

a—0 a—=1 a—1

(2)

Another example of monotone-increasing function is f(z) = (zr —1)/Inz = fol daz®.
Operator monotonicity is much stronger than usual monotonicity of real functions. This is clear from
Lowner’s theorem, which states that if f: (—1,1) — R is operator monotone and non-constant, then f admits

the integral representation
1

f(2) = £(0) + £(0) / dpu(t) —~

—1 1—.I't7

(3)

where 1 is a probability measure on [—1,1] (see [38], Corollary V.4.5). Furthermore, if f : Ry — Ry is
continuous, then f is operator monotone if and only if it is operator concave ([38], Theorem V.2.5). The fact
that concavity implies monotonicity is easily obtained by noting that if 0 < A < B, C = B— A > 0, and
0 <n<1,then f(nB) > nf(A) + (1 —n)f(n(l —n)~1C) (by concavity). As f(z) > 0 the second term in the
right-hand side is non-negative and thus f(nB) > nf(A). Letting n — 1 we get f(B) > f(A). The converse
implication can be shown by similar arguments as those used to establish (4) below and by invoking the fact
that if (4) is satisfied for any contraction C' then f is operator convex (see [38] for more detail).

Another remarkable result valid for continuous functions f : [0,a) — R is that f is operator convex and
f(0) < 0 if and only if g(z) = 27! f(x) is operator monotone on (0,a) ([38], Theorem V.2.9). Similarly, for
functions f : (—=1,1) — R of class C?, if f is operator convex and f(0) = 0 then g(z) is operator monotone
([38], Corollary V.3.11). An integral representation for non-linear operator convex functions f can be obtained
with the help of the last property, by applying (3) to g(z).
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If f: R4 — R is operator convex and f(0) < 0, then
HCrAC) < C" f(A)C (4)

for any contraction C' € B(H), ||C|| < 1, and any A € B(H)+. This inequality can be shown as follows [112].
Let us consider the matrices n o
~ 0 ~ +D

with D = /1 —CC* and E = /1 — C*C (the latter operators are well defined since ||C|| < 1). An explicit
calculation shows that Uy is unitary and

CrAC 0 1 o~
(3 i ) =3 X0 o

If f is operator convex and f(0) < 0, then

( f(CZ)AC) f(D(llD) ) - f( 0*640 DSlD )
< %E_if(l*ﬁﬁe)
< %E_iAé‘(f(OA) 8)Z<C*féA)C Df(OA)D>. (7)

This implies in particular the bound (4). Conversely, it is shown in [112] that if this bound is satisfied for any
orthogonal projection C' and any A € B(H), then f is operator convex and f(0) < 0.
Let M be a quantum operation on B(H) and f : Ry — R be operator convex. Then the following Jensen-
type inequality holds [75]:
FIMP(A)) < M*(f(A) , AeB(H)4 . (8)

A simple justification of this inequality is as follows. Since M*(c1) = ¢1 for any constant ¢ € R, one may
assume without loss of generality that f(0) = 0. Let A € B(H)4. According to Stinespring’s theorem (Sec. 5)
one can find a unitary operator U on an enlarged space H ® Hg and a vector |eg) € Hg such that M*(A) =
(e0]U*A ® 1Ueg). Let us set Py = |eo){eg|. Applying (4) with C = 1 ® Py, one gets

M (AP = fURP,UARIUL® P
1@ P f(UFA® 11U @ Py = M*(f(A) @ P, . (9)

A
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Appendix B

Trace inequalities

In this appendix some inequalities involving the || - ||,-norms are stated or derived.

1)

Let us first recall the triangle and “inverse triangle” inequalities: for any matrices A and B one has

<[|Allp + B[, ifp=1

: (1)
> [[Ally + 1Bll, i 0<p <1

1A+ Bl {

This shows that the map A — || Al|, defined by (4.2) is a norm for p > 1, but this is not the case for p < 1.

One deduces the bound
t[/JAP 5 [BP) < tr|A] + tr| B| 2)

by applying (1) for p =1 to the matrices

() (5 h)
Another standard result is the Lieb-Thirring inequality [155]. We quote here without proof a generalization
of this inequality derived by Araki [14]. Let k£ > 0 and A and B be non-negative operators. If o« > 1 then
B ABR[C, < [[BEA"BY|, (3)
Taking a — o~ ! and k — k/a, one can deduce that the reverse inequality holds true if 0 < o < 1.

Next, let us show that for any square matrices A, B, C, and D of the same size, the following bound
generalizing the Cauchy-Schwarz inequality ||AB||1 < || A||2||B]|2 holds true [173]

IAB + CD|} < (I413 + I1D13) (1B13 + [ C13) - (4)

Actually, let us form the 2 x 2 block matrices
= A0 = B 0
E= < c* 0 ) , = ( D 0 > '

IAB+CDI} = |[E*F|; < |BIBIFI3 = (1413 +IC13) (1BI3 + [DI3) -

Then

But CD = UD*C*U with U unitary by the polar decomposition. Applying the above inequality with C
and D replaced by UD* and C*U and using the unitary invariance of || - ||2, one gets the desired result

(4).
Let B = (Bij);’fj:l be a non-negative m x m operator-valued matrix, whose entries B;; are given by p; x p;
matrices. Denote by A = /B = (Aij)ffj:l the square root of B. Then for any j = 1,...,m, one has [29]

1
S sl < 2 S Bl )

4,177 1,177
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Let us first establish (5) for m = 2. Thanks to the singular value decomposition and the unitary invariance
of the || - ||p-norms, we may assume without loss of generality that A;2 is a diagonal p; X ps matrix,
Le. Ao =Y 1_; Vk|k)(k| with p = min{p1, po}. By a standard argument, the non-negativity of A implies

(1] A12]@2) | < (p1|A11]@1){p2|Az|p2)

for any vectors |p1) € CP! and |p2) € CP2. Using this bound and the relation Bia = A11A12 + A12499,
we find

l\’)l»—t

A3 = Zyk < Z Vi (k| Aq k) (k| Ags k) <

k=1 k=1

p
1
Z Vi, ((k[Av1[k) + (k| Az2|k)) = 1Bzl -

Consider now the general case m > 2. The idea is to write B as a 2 x 2 block matrix such that the
upper left and lower right blocks are the (m — 1) x (m — 1) matrix (Bij)zlj_:ll and the single entry By,m,
respectively, whereas the upper right (lower left) block forms a column (line) vector with entries Bjp,
(Bymi). A similar block decomposition can be made for A. Applying the foregoing result for m = 2, one

gets

2

Im 1 Im
2
5 2= <
bigm A(m—l)m 2 B(m—l)m 1
1 1
= 3 [ 18| <5 X Bl
ii#m 1 iitm
where we have used (2) in the last bound. This proves (5) for j = m. By an appropriate unitary

conjugation, one deduces that the bound holds for any j.

The following trace inequality plays a central role in the derivation of the quantum Chernoff bound [19]:
for any positive square matrices A > 0 and B > 0 and any 0 < s <1,

1

5 (tr(A) +tr(B) —tr|A — B|) < tr(A'°B7) . (6)

This inequality was first shown in [19], but the proof in this reference is not very transparent. We present
here a much simpler proof due to Ozawa, which has been first reported in [140]. Denoting by O1 = (|O|+
0)/2 > 0 the positive and negative parts of O, one may express tr |A — B| as 2tr(A— B)4 —tr(A) +tr(B).
Thus (6) is equivalent to

tr((4° — B%)A'™*) <tr(A— B)4

Since f(z) = x* is operator monotone (see Appendix A) and A < A+ (A— B)_ = B+ (A — B)4, one
has A®* < (B + (A — B)4)*®. Hence

tr((A® — B*)A'™®) tr([(B+ (A - B);)* — B*|A'™*)

<
< w([(B+(A-B)y) =B (B+(A-B);)'™),

where the second inequality relies on the similar bound B* < (B+(A— B)4+)®. By rearranging the product
in the last trace and using the latter bound with s <> (1 — s), one gets

tr((A° — B%)A'™*) <tr(B) + tr(A — B)y —tr(B*(B+ (A— B)4)' %) <tr(A - B)+

This concludes the justification of (6).
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(la) D. Spehner, F. Haake, Quantum measurements without macroscopic superpositions,

Phys. Rev. A 77 (2008), 052114

(Ib) D. Spehner, F. Haake, Decoherence bypass of macroscopic superpositions in quantum measurement, J.
Phys. A: Math. Theor. 41 (2008), 072002

(1c) D. Spehner, F. Haake, Quantum measurements without Schriodinger cat states,
J. Phys.: Conf. Series 84 (2007), 012018 (conference proceedings)

(2a) S. Vogelsberger, D. Spehner, Average entanglement for Markovian quantum trajectories, Phys. Rev. A 82
(2010), 052327

(2b) S. Vogelsberger et D. Spehner, Entanglement evolution for quantum trajectories, J. Phys.: Conf. Series
306 (2011), 012029 (conference proceedings)

(3a) D. Spehner, K. Pawlowski, G. Ferrini, A. Minguzzi, Effect of one-, two-, and three-body atom loss processes
on superpositions of phase states in Bose-Josephson junctions, Eur. Phys. J. B 87 (2014), 157

(3b) K. Pawlowski, D. Spehner, A. Minguzzi, G. Ferrini, Macroscopic superpositions in Bose-Josephson junc-
tions: Controlling decoherence due to atom losses, Phys. Rev. A 88 (2013), 013606

(3¢) G. Ferrini, D. Spehner, A. Minguzzi, F.W.J. Hekking, Effect of phase noise on quantum correlations in
Bose-Josephson junctions, Phys. Rev. A 84 (2011), 043628

(3d) G. Ferrini, D. Spehner, A. Minguzzi, F.W.J. Hekking, Noise in Bose-Josephson junctions:
Decoherence and phase relaxation, Phys. Rev. A 82 (2010), 033621

(4a) D. Spehner, Quantum correlations and Distinguishability of quantum states,

J. Math. Phys. 55 (2014), 075211 (review article)

(4b) D. Spehner, M. Orszag, Geometric quantum discord with Bures distance: the qubit case,
J. Phys. A: Math. Theor. 47 (2014), 035302

(4c) D. Spehner, M. Orszag, Geometric quantum discord with Bures distance,
New J. of Phys. 15 (2013), 103001
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e S.A. Reyes, L. Morales-Molina, M. Orszag, D. Spehner, Harnessing gauge fields for mazximally entangled
state generation, Eur. Phys. Lett. 108 (2014), 20010

e W. De Roeck, D. Spehner, Derivation of some translation-invariant Lindblad equations for a quantum
Brownian particle, J. Stat. Phys. 150 (2013), 320
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