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Introduction

Identical quantum systems (e.g. photons, electrons, atoms, qubits, plasmons ...), for which all
the intrinsic properties, as mass and charge, are the same, constitute a crucial element on which
networks for quantum information processes are based [, [2, 3, 4]]. Let me take some exam-
ples. By treating a system of bosons as a gas of quantum identical systems, Einstein showed
that at low temperatures, particles are "trapped" in the ground state of the global system, form-
ing a "condensate" [5, 6]. Quantum correlated electrons are naturally created by split Cooper
pair in systems of quantum dots [7] coupled to superconductor structures [8]. Optical setups
(9, 10] have identical systems as building blocks and recent researches try to exploit plasmonic
platforms for the development of quantum technologies, sensing and computing [11} [12} [13].
All the cited identical particles-based systems, i.e. Bose-Einstein condensates, superconducting
circuits, quantum dots, optical setups and plasmonic platforms, are today essential to deploy
quantum communication, quantum metrology and quantum computing. As a result, the charac-
terization of features and correlations of identical quantum systems (particles) is essential from
both the conceptual and practical view points.

Classically, both nonidentical and identical particles (NIP and IP, respectively) are always
addressable. being possible to identify them by means of labels or to follow their trajectories
without affecting their dynamics. Therefore, both NIP and IP are always distinguishable and
their dynamics, given the same initial conditions, is the same. On the other hand in quantum
mechanics, IP systems present physical properties that significantly differentiate them from NIP
ones. This is due to the fact that now IP cannot be addressed by any physical label, since labels
are quantum numbers rendering particles nonidentical, and moreover the concept of trajectory
is lost. The IP unaddressability thus should require an approach different from the one used
for NIP. Nevertheless, curiously, the standard quantum mechanical description of IP, firstly, at-
tributes to them unphysical (mock) labels which make them nonidentical [14,|15] and secondly,
introduces a symmetrization postulate with respect to these labels. The latter do not correspond
physically to any measurable quantum property that really differentiates particles. This intro-

duces problems in the characterization not only of their quantum states but mostly of their quan-
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tum correlations. The symmetrization postulate establishes that the only allowed IP states are
the ones symmetric (fermions) or antisymmetric (bosons) with respect to the exchange of mock
labels, however, it gives place to some effects apparently in contrast for example, with relativis-
tic causality. As an example of this, consider the case of spatially separated and independently
generated IP: according to the symmetrization postulate, quantum states seem to imply that the
mere presence of particles of the same species in remote locations leads to nonzero probability
amplitudes that each particle occupies all the involved locations immediately after their gener-
ation, even if the events creating them are space-like separated. Moreover, the structure of IP
quantum states looks entangled with respect to mock labels.

Entanglement [[16}17] is another crucial feature of quantum-enhanced technologies [18, (19,
20, 21]. When quantum particles are entangled, single-particle measurements on different parti-
cles are correlated even if they are noninteracting and space-like separated. Thus, entanglement
can lead to non local behaviors, that is ones which cannot be reproduced by a classical local
hidden variable model [[17, 22]]. And it is just this purely quantum trait which is at the basis of
several protocols and instruments to implement quantum information, such as key distribution,
teleportation and quantum algorithms.

Being both IP and entanglement the core of quantum-enhanced devices, it is really essential
to characterize the IP-quantum correlations. However, as already said, ordinarily the structure
of IP quantum states in the particle-based standard approach is such that they look always entan-
gled, even when physically one expects that they must be uncorrelated, for example when they
are independently prepared at space-like separated locations [14]]. This is due, as said before,
to the presence of unphysical labels characterizing the single-particle states, which leads the
Hilbert space of composite IP systems to lose the tensorial structure that, instead, characterizes
NIP systems. As a result, the usual criteria and tools used to characterize NIP-entanglement,
such as the separability criterion, Schmidt rank, partial trace and von Neumann entropy are
not well defined for IP and brings to physical inconsistencies [23, 24]. With the purpose of
separating the real physical correlation to the unphysical one due to labels, several different
theories, both in the standard particle-based [25| 24, 26] and second quantization approach
[27, 28, 29| 30], have been proposed for both spatially overlapping and nonoverlapping inde-
pendently prepared particles. However, some of these theories [23, 24]], which use new concepts
as the Slater rank and the von Neumann entropy for bosons and fermions, give results in con-
trast with some experimental evidences: as an example, the affirmation that two noninteracting
IP in the same site prepared in orthogonal single-particle states are not entangled is in contrast
to recent the experimental results of [31]]. Furthermore, in the standard approach, there is not
for IP the analogous of the operational framework based on local operations and classical com-
munication (LOCC) through which correlations of NIP are identified and exploited [17, 32].
The reason is due to the unaddressability of spatially overlapping IP, which makes the concept
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of particle-locality as used in LOCC meaningless.

Recently, a different particle-based approach has been introduced [33l], named no-label ap-
proach, that does not use from start unphysical labels to characterize IP states. In this way
the problem of the unphysical entanglement present in the standard treatment is avoided from
the very beginning. The advantage of the no-label formalism is that, to quantify IP entangle-
ment, it exploits the same criteria and tools known for NIP, without conceptual and physical
inconsistencies. As a starting point, it gave the possibility of obtaining the following results:
the identification of the physical origin of IP-entanglement for pure states of two independently
prepared IP (both spatially separated and overlapping) [33} 134]]; the existence of the Schmidt
decomposition for IP (showing that it is universally valid for any type of particles) [35]; a new
efficient generation scheme of multipartite W entangled states [36]; the definition of an oper-
ational framework for IP based on spatially localized operations and classical communication
(sLOCC), in order to directly exploit IP entanglement in a Bell-like scenario of separate loca-
tions, also when IP spatially overlap [34]. Recently in the literature, the no-label approach has
been confronted with alternative methods both in first [37] and second quantization [38,[39] and
it has also been applied to treat effects as the Hanbury Brown-Twiss with IP [40]] and quantum
entanglement in one-dimensional systems of anyons [41].

This thesis is the result of my research work during the PhD in Physical Sciences at the
University of Palermo, under the supervision of Professor Giuseppe Compagno. My scientific
contributions are in the context of IP quantum systems, with the purpose of identifying, by

means of the no-label approach, the properties exploitable for quantum information processing.

- Part I: Background and new formalism for identical particles

In the first part of the thesis, I will analyse the basic concepts of the standard quantum
mechanical approach to IP that lead to difficulties in the characterization of their quantum cor-
relations. I will recall different theories, both in the standard first and second quantization
formalisms, proposed to overcome these drawbacks.
Then, original research results will be presented. I will generalize, to the case of N IP, the
no-label formalism and the operational framework based on spatially localized operations and
classical communication (SLOCC). This will give the possibility to quantify, in a Bell-like sce-
nario with separated locations, the role played by particle indistinguishability in the emergence
of the operationally exploitable entanglement in a generic mixed state of IP. Finally I will intro-
duce a measure for particle indistinguishability. This will permit to quantify its effects on the

implementation of quantum protocols.
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- Part II: Consequences of indistinguishability: concepts and applications

In the second part of the thesis, first of all, I will show an experiment implemented in col-
laboration with the research group of Guan-Can Guo at the CAS Key Laboratory of Quantum
Information of Hefei (China). The aim of the experiment is to show if and how one can prac-
tically control the degree of spatial indistinguishability of two IP and eventually exploit it for
quantum teleportation.
Then, I will deal with the role of particle statistics in the implementation of an entanglement
transfer in a large-scale quantum network.
After having shown how indistinguishability affects the emergence and the transfer of entangled
states, I will examine the possibility to use it also to preserve the preparation of correlations in
presence of an environment.
Successively, I will deal with the generalization to IP of the basic concepts of the resource The-
ory of quantum coherence known for NIP and I will investigate the exploitation of coherence
due to indistinguishability for quantum information processes.
Finally, a new class of operations, called "deformations", will be introduced for IP systems,

showing some of their physical effects.
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Chapter 1

Standard description of i1dentical particles in

quantum mechanics

1.1 Introduction

In this Chapter, first of all I will recall the basic concepts of the ordinary standard approach
(SA) to quantum identical particles (IP) in first quantization, i.e. the exchange degeneracy due
to the presence of unphysical labels associated to each particle and the symmetrization postulate
introduced to remove it. Then the drawbacks coming from this treatment in the characterization
of IP entanglement will be highlighted, showing that the usual tools and concepts used for
nonidentical particles (NIP), such as the separability criterion, the Schmidt decomposition and
the von Neumann entropy, cannot be directly exploited for IP. When this is done, in fact, it
presents some physical inconsistencies or is meaningless. Some theories developed within the
SA, both in first and second quantization, to identify and quantify IP quantum correlations, will

be presented.

1.2 Exchange degeneracy and symmetrization postulate

"Two particles are said to be identical

if all their intrinsic properties (mass, spin, charge, etc...) are exactly the same."[15]]

In classical physics, the fact that a system consists of IP or NIP is irrelevant for the description
of its configuration and evolution. In fact, even if particles are exactly of the same type, they
follow different spatial trajectories and I can always look at each of them without disturbing
its dynamics. I can also differently label them (using for example numbers), keeping them

always identical without modifying their physical behavior. No matter how I label them: all the
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configurations obtained exchanging labels follow the same dynamics, making all the physical

predictions unaffected by these labels [15]].

Consider now quantum IP. In quantum mechanics, IP can be considered truly elementary or
not. In fact, any quantum system of interacting particles which is able to form a bound state
has a discrete energy spectrum. These systems in their ground states can be endowed with fixed
unchanging properties as long as the energy exchanges with their environment are much less
than the difference between the first excited state and the ground state. Under these conditions,
such systems act as elementary particles and if they are of the same species, they can be consid-
ered IP. All composed systems stop to being considered elementary and identical when excited
levels enter into play. As an example, helium atoms up to few kelvin, hydrogen atoms up to
T ~ 10* K and nucleons up to T' ~ 10° K are elementary. On the other hand, particles without
internal structure (elementary excitations of quantum fields) are truly elementary. Therefore,
from now on, with IP I will mean systems of at least two elementary systems under the previ-
ously presented condition, e.g. qubits, atoms, quantum dots, photons, electrons, quasi-particles,

etc...

Contrary to the classical case, in quantum physics the trajectories of IP not only cannot be
observed without modifying their behavior, but also cannot be uniquely associated to a given
particle, if there are spatial regions in which the probability of finding more than one particle
is different from zero. The SA to deal with quantum IP assume that they are not [15]], marking
them with labels which do not correspond to physical properties. Even if they are unphysical
(mock), formally the operation of labelling quantum IP makes them different and modifies
the description of their dynamics. As an example, let us consider two IP sharing a spatial
region: following the SA, I assign to one of them the number 1 and to the other the number 2.
According to the first postulate of quantum mechanics [42]], the physical state of our system has
to be described by a ket |¥) belonging to the Hilbert space associated to the two particles. Let
us suppose that one particle is in the single-particle state |{a}), where {a} are the eigenvalues
associated to a set of commuting observables [', and analogously, the other one is in |{5}).
Performing a two-particle measurement on the system, I will obtain {a} from one particle and

{/} from the other. But I don’t know if the state of our system is

(V) = o)y @ {6}, (1.1)

or

(W) = o), @ [{6}); (1.2)

'In quantum mechanics, physical quantities associated to a system are called "observables" and they are essen-
tial in defining its quantum state.
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or even one of their possible linear combinations

W) = al{a}), @ [{5}), +0[{a}), @ [{B}), (1.3)

with |a|* 4+ |b]* = 1. This is known as exchange degeneracy. Even if the physical state is
the same, the mathematical descriptions are different because of the presence of labels 1 and
2, which are physically unobservable but mathematically quantum numbers rendering particles
nonidentical. These labels not only cause the association of different kets to the same sets of
eigenvalues, but also different physical predictions. In fact, if I try to calculate the probability of
finding our system initially prepared in | V) = a [{a}), ®|{5}),+b|{a}),®|{S}), in a different
state |U’), it will depend on the coefficients a and b. As a result, the exchange degeneracy
given by the presence of mock labels does not give us the possibility to write uniquely the
ket associated to a specific physical state and to calculate probabilities to find the system in a
different quantum state. The fact is that no complete measurement performed on each particle
will give us the possibility to know which is exactly the form of the state | V'), since the different
mathematical possibilities depends on quantities that are not physically observable and come
only from the purely formal attempt to describe IP analogously to NIP [43].

The exchange degeneracy is removed by the symmetrization postulate [15], that gives us a
rule to associate to a physical state of IP a single ket: it can be completely symmetric or anti-
symmetric, depending on the nature of particles, with respect to permutation of the unphysical
labels. Particles for which the kets are symmetric are called bosons and the ones described by
antisymmetric kets are called fermions. As aresult, in the previously considered two-particle ex-

1
ample, the state | V') is uniquely represented setting a = b = — for bosons and a = —b = —.

An immediate consequence of the symmetrization postulate is\,/t%at two or more fermions car}t/l?)t
occupy simultaneously the same quantum state (Pauli’s exclusion principle).

In systems of N noninteracting IP, the physical states are (anti)symmetric, with respect
to unobservable labels, linear combinations of N! tensor products of labelled single-particle
states. For bosons (fermions) they have the structure of a Slater permanent (determinant), and
the bigger is the number of particles, the more complicated is the expression of the state in the

SA.

1.3 No general agreement on entanglement of identical par-

ticles

In this section, I will show some examples of how the SA gives rise to methodological and prac-
tical difficulties in the characterization of the IP entanglement. These difficulties arise because

of the adoption of unphysical labels marking particles and of the required (anti)symmetrization
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of states with respect to them. Usual tools and criteria to study NIP entanglement cannot be
used for IP. Many theories have been developed for this purpose, giving however contradictory

results, which in certain cases, are also in contrast with experimental evidences.

1.3.1 Failure of usual tools to characterize identical particle entanglement

Consider a system .S composed by a particle 1 and a particle 2. If they are nonidentical, this
labels are associated to physical observables. Suppose that the global system is described by
the two-particle pure state |V) € Hg = H; ® Ha, where Hg is the Hilbert space of the system
and H; is the i-single-particle one (i = 1,2). The state | V) is separable if it reflects the tensor

product structure of the total Hilbert space, i.e. if it can be written as

W) = |¢>1®|X>2> (L.4)

where |¢), € H; and |x), € H,. In this case, no measurement performed on the subsystem
1 affects the number 2 and I know exactly the state of each particle. Otherwise, the state |¥)
is entangled. An important tool linked to the identification and quantification of the amount of

entanglement in bipartite systems is the Schmidt decomposition of the state [24]
) = Z\/)\i|¢i>1® |Xi)s » (1.5)
i=1

where {|¢;)}1 and {|x;) }2 are basis in H; and Hs, respectively, and are the eigenstates of the

single-particle reduced density matrices

pr = Trof| W) (W],

(1.6)
pa = Try [[¥) (W],

respectively, which have the same spectrum {\;}. The value r, that is the number of nonzero
coefficients in the decomposition, is called Schmidt rank, and it goes from 1 (for separable
states) to d = min [dim(H; ), dim(H2)] (maximally entangled states). A well known measure
of the entanglement of the two particles, which is a function of the Schmidt coefficients )\;, is

the von Neumann entropy of the single-particle reduced density matrices

It represents our ignorance about the states of the single subsystems. A pure state of a bipartite
system is separable if and only if its Schmidt rank is 1, i.e. if it can be written in terms of a

single tensor product of one-particle states associated to the two subsystems, and if and only if
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the von Neumann entropy of the reduced density matrices is zero.

On the other hand, consider now the case in which the two particles are identical and sup-
pose that one of them occupies the single-particle state |¢) and the other one the state |y).
Labels 1 and 2, introduced before, while for NIP are physical properties distinguishing them,
for IP are not physically meaningful. In the SA, for both independently prepared space-like
separated and spatially overlapping particles, the two-particle state | W) is [[14]

v, = %um ® Iy £ 18), © 1)), (1.8)

where + stands for bosons and — for fermions. The application of the symmetrization postulate
due to the presence of labels 1 and 2 implies that the previously presented tools characterizing
entanglement of pure states for two NIP cannot be directly applied. In fact not only they give
rise to unphysical results in some cases, but also they are not well defined, as I am going to

show.

e Separability
The fermionic (bosonic) Hilbert space is the antisymmetric (symmetric) subspace of the
Hilbert space H = H; ® Hs,. As a result, the tensor product structure (on which the
concept of particle-locality is based), associated to the total Hilbert space of NIP, is lost
for IP.

"An immediate consequence of the symmetrization postulate is that two particles of the
same type are always entangled, even if they were prepared independently, far away

Jfrom each other, in different laboratories."[14]

This is the obvious mathematical conclusion, based on the separability criterion, coming

from the formal label-based SA. However,

"we must now convince ourselves that this entanglement is not a matter of concern: no
quantum prediction, referring to an atom located in our laboratory, is affected by the

mere presence of similar atoms in remote parts of the universe."[14]

Independently prepared space-like separated (noncausally related) IP are clearly phys-
ically uncorrelated [24], that is measurements on one of them are independent on the
results of measurements performed on the other one. Therefore separability of the state
is a mathematical tool that gives, already for the simplest presented case, unrealistic in-

terpretations of quantum correlations when the symmetrization postulate is applied.
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e Schmidt rank

When particles are independently prepared and space-like separated, |¢) and |x) of Eq.
are orthonormal. The Schmidt rank of the state with respect to mock labels of Eq.
(I.8) is 2 and according to the Schmidt criterion for NIP, this state is entangled. Even
then, the direct exploitation of a well known tool used for NIP would give unphysical
correlations. Moreover, if |¢) and |x) spatially overlap, it is not clear if the entangled
structure of the state of Eq. (I.8) represents a real physical correlation or it is only a result
of the SA with labels.

e von Neumann entropy

The operation of tracing out the particle 1 (2) to obtain the single-particle reduced density
matrix is a physically meaningless operation for IP, given thay are not addressable and
thus the concept of particle-locality is lost. As a result, the interpretation of von Neumann
entropy is no more directly linked to the presence of real physical correlations between
IP and a more careful analysis of it is required. As I will show, a certain link between von
Neumann entropy and IP entanglement has been proposed. However, in first quantization
it requires separate treatments for bosons and fermions, that give contradictory results
(23], 24, 44], and in second quantization it is based on an algebric concept of locality
(30} 44, 45]], different from the particle one (used for NIP).

1.3.2 New standard tools: first quantization approach

Different theories have been developed in order to characterize the role played by the identity
of particles in the emergence of quantum correlations. Except for someone thinking that "all
identical particles are inherently correlated from the outset, regardless of how far apart their
creation took place" [46] because of the symmetrization postulate, the greater part of physicists
mathematically and physically agree that states of spatially separated identical particles, which
never interacted before, are intrinsically uncorrelated and this remain valid also after spatially
separated operations on the system. In this case, particles act as nonidentical ones and their
statistics does not play any role, neither in their dynamics nor in their correlations.

The situation is more confused when two IP have a certain probability to occupy the same
site (e.g. in systems of quantum dots, where electrons can tunnel towards different dots with
tunable probabilities [47, 48, 49]). In this case the effect of the particle statistics cannot be
ignored. As an example, it is not clear how to quantify the intrinsic (i.e. linked to the quantum
state, regardless of measurements) physical entanglement in states of IP in the same spatial re-
gions with opposite pseudospins, eventually separating it from the possible formal correlations
due only to the presence of mock labels. Therefore, are IP in the same site physically entangled

or not? Given a certain amount of entanglement, how can I separate the fictitious entanglement

20



due to mock labels from the real physical one? These are the main questions to which they have
tried to reply, using different tools and new concepts. In the following, I recall some of them

with the corresponding conclusions.

e Slater rank
For bipartite systems of multilevel IP, the Schmidt rank has been substitued by the Slater

rank [24, 23, 23], which gives different results for fermions and bosons.

A generic state of 2 identical fermions with spin .S can be written in its Slater decom-
position, i.e. as a linear combination of a number 1 < r < (2s + 1)/2 of terms, each
of which obtained antisymmetrizing with respect to mock labels tensor products of or-
thonormal 1-particle states [23]]. r is the corresponding Slater rank of the state. If r = 1,
the state is of the form of |¥)_ of Eq. (1.8), where {|¢),|x)} is an orthonormal basis
of the 1-particle Hilbert space C?**. In this case, the two fermions are considered phys-
ically uncorrelated, independently on their spatial configuration, since the sole origin of
the entanglement in the state is formal and linked to unobservable labels. Two-particle
fermionic entangled states correspond to a Slater rank strictly greater than 1, in perfect
analogy with the Schmidt rank for NIP.

On the other hand, for bosons the situation is less straightforward. In fact, in contrast to
fermions satisfying the Pauli exclusion principle [15], two bosons can occupy the same
quantum state and the global system can be described by the tensor product of the same
single-particle states (e.g. |¥) = |¢), ® |¢),), with the corresponding Slater rank r = 1.
In analogy with the case of nonidentical particles, » = 1 represents a nonentangled state.
However, if the two bosons occupy two different single-particle states, I can have two dif-
ferent situations, corresponding to » = 2: the global state can be obtained symmetrizing

a single tensor product of

(i) two l-particle orthogonal states and, analogously to the fermionic case, the apparent
entangled structure is considered purely due to the symmetrization postulate. The state is

thus physically nonentangled;

(i1) two 1-particle nonorthogonal states: in this case "no definite property can be attributed

to both subsystems" [23]] and the state is entangled.

Finally > 2 corresponds to the case in which the global state cannot be obtained sym-
metrizing a single tensor product of single-particle states and also in this case, the state
is considered entangled. As a result, for bosons, it is not always sufficient to know the

Slater rank to establish if two bosons are entangled or not.

e Fermionic and bosonic von Neumann entropy

The physical interpretation of this quantity, which is based on the 1-particle reduced den-
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sity matrix, is intrinsically different from the one for NIP. Moreover, as the Slater rank, it
requires separate treatments for bosons and fermions.

For the latters, von Neumann entropy is bounded from below by 1, instead of zero (NIP):
it happens for » = 1, i.e. for nonentangled states according to the previously presented
criterion [23]]. The interpretation of this difference relies on the fact that, in contrast
to uncorrelated NIP, single Slater determinants of the form of Eq. contain an un-
certainty about which is the particle (1 or 2), which is reflected on the reduced density
matrix p(1 2 = Tro[|W) (¥|] = Try[|¥) (¥]]. As a result, the von Neumann entropy
S(ptor2)), representing a measure of the lack of knowledge of the state corresponding
to the single particle, is different from zero. However, this ignorance is not linked to a
real physical correlation between particles, but only to the mathematical labels-dependent
description of the state. In some way, it is considered a measure of the unphysical entan-
glement due only to mock labels. Instead, when r > 1, von Neumann entropy is greater
than 1 and measures the presence of a real entanglement between IP [24]]. Finally, for
fermions the connection between Slater rank and von Neumann entropy is analogous to
the one between the Schmidt rank and the von Neumann entropy for NIP, but the corre-
sponding values and the interpretations are different.

For bosons, the situation is more complicated because of the fact that nonentangled sys-
tems can be characterized by two different values of the von Neumann entropy : (i) O for
r = 1 and (ii) 1 for » = 2. The interpretation of the second case is analogous to the one
presented for fermions.

As illustrated above, both for bosons an femrions, some difficulties arise trying to inter-
pret the von Neumann entropy of the reduced density matrix of Eq. (1.8): in fact, not only
it seems to take into account another form of ignorance about the single particle quantum
states (different from the one characterizing states of NIP), intrinsically associated to the
meaningless question about which particle is the number 1 or the number 2, but it requires

different treatments of bosons and fermions [23, [24]].

It is important to make a remark. Even if the previous tools give physical results for inde-

pendently prepared and spatially separated IP, they give predictions which contrast with some

recent experimental evidences when particles overlap. As an example, let us consider the case

of two IP in the same site, one in the state |¢) = |A |) where A is the spatial mode and | is the

pseudospin, and the other one in |x) = |A 1). The global quantum state has the form of Eq.

(L.8) and according to the criteria presented before, since (¢|y) = 0, the state is unentangled

for both bosons and fermions [26, 23| 24]. However, recently, it has been experimentally shown

that entangled states can be obtained by moving two IP with opposite pseudospins in the same

site [31], in contrast to what is expected from the theory previously treated.

The previously presented tools have been introduced in order to characterize, both for in-
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dependently prepared space-like separated and spatially overlapping IP, the so-called a priori
entanglement, i.e. the one strictly linked to the quantum state of the system, regardless of the
measurements that can be performed on it to reveal and exploit the correlations.

In the following, I will give an example of theories according to which, on the contrary, IP

entanglement depends on both the state and measurements.

e Measurement-induced entanglement

(@) Or ®) Or
A B A B
O L OL

Figure 1.1: Measurement-induced entanglement. A and B are two independently prepared
and spatially separated IP (a): Unambiguous choice of detectors Oy, and Op, in which each of
them can be triggered only by one particle. (b): Ambiguous choice of detectors, each of which
can be triggered by both particles.

When particles are nonidentical, "only interaction between particles can lead to an entan-
gled state."[24]. On the other hand, if they are identical, measurements play an important
role in the emergence of entanglement, also between independently prepared and spatially
separated particles. Let us consider, as an example, two independently prepared identical

bosons, which never interacted before, in the following pure state

1
SSIA D@ B L), +IA D, @ B 1)), (1.9)

where |A) and |B) are two spatially separated wavefunctions. According to the previously

W) =

presented criteria, this state is a priori physically unentangled. Let us now perform a
measurement, using two detectors O, and Op, spatially separated and localized in the
regions in which |A) and | B), respectively, are peaked (Fig. a)). This set-up is called
unambiguous, since each detector can be triggered by a single particle and measurement’s

results are uncorrelated.

Let us now suppose that the two detectors O, and Op project in the delocalized spatial

1
ﬁ(lz@ +[B)) and |R) = 7

states = — , respectively. This choice o
L A B ively. This choice of
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detectors is called ambiguous, since they can be triggered by both particles (Fig. [I.1(b)):
post-selecting the cases in which both detectors measure a particle, the apparatus is not
able to say to which particle the result of each detector is associated (such an experi-
mental configuration is known as deleting which-way information setup [15, 24], like
the Hong-Ou-Mandel apparatus) and an intrinsically probabilistic measurement-induced
entanglement appears, even if the "a priori" (before the measurement) entanglement was

Z€ro.

1.3.3 New standard tools: separability in second quantization ap-

proach

Some theories, showing that entanglement is not an absolute concept, recover the separa-
bility criterion (not applicable to IP states) associating it to expectation values of observ-
ables, in the second quantization formalism [28], 27]]. In this context, physical observables
are expressed as self-adjoint polynomials of creation and annihilation operators defined
in the single-particle Hilbert space [24, 50, 27, 51].

Consider the Fock space #H of a many-body system and the algebra B(H) generated by
the creation and annihilation operators acting on H. These operators create and annihi-
late, respectively, particles in the different modes of the system: a mode is a single-particle
vector state. Let us define an algebraic bipartition of B(H) consisting of any pair (A;, .A>)
of commuting subalgebras A;, Ay, C B(H) (A;, with i = 1,2, is a subset of the creation
and annihilation operators generating 3(H)). An operator is said local with respect to the
bipartition (A;, A5) if it is the product A; A, of an operator A; in A; and some A, in A,
(30, 45]]. This definition recover, at the level of observables, the concept of locality used
for NIP and that cannot be used at the level of states because of the unaddressability of
IP.

A state p is said to be separable with respect to the bipartition (A, Asy) if the expecta-
tion of any local operator A = A; A5 can be decomposed into a convex combination of

products of local expectation values as
Te(pA) =Y MTr(p A)Tr(p A2),  Me>0, D he=1, (1.10)
k k

where p,(fl) and p,(f) are admissible states for the systems leaving in the Hilbert subspaces

1 and 2 associated to the subalgebras A; and A,, respectively. Otherwise the state is

entangled.

Following this approach, a difference between the entanglement between particles and

the one between sets of modes has been proposed [29].
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As a specific example, consider N bosons filling M different modes and define the an-
nihilation and creation operators of a particle in the j;-mode (5 = 1, ..., M), a; and d;
respectively, satisfying the commutation rules [a;, le] = 0;;. Consider a bipartition of this

set of operators

{a;,af | j =1,2,..m}, 1)
{a;,a5 | j=m+1,m+2, .M}

representing two commuting subalgebras A; and A,, respectively. A pure state is Mode-
separable with respect to (A, .A,) if and only if [30, 45

[ar) = P, oy al,) - Q@ e, oo ) [0) (1.12)

where P and Q) are arbitrary functions of the creation operators. Otherwise, it is Mode-

entangled with respect to the chosen algebraic bipartition.

The state of Eq. [I.12] can be written also in terms of the mode occupation number as

follows
) = D Cuoor [n,0) 4, ® [N —n,0”) (1.13)

n,o,o’
where n is the local number of particles occupying the first m modes, o (¢') is the index
associated to the different configurations in which n (N — n) particles occupy the first m

modes (the modes m + 1, ..., M). The mode-entanglement of |¢y) is

EM(WM>) = S(PA1> = —TY(PA110g2,0A1)7 (1.14)

with S(-) the von Neumann entropy of the reduced density matrix p4, = Tr 4, (|on) (Vu])-
It can be shown that bipartite mode-entanglement may be reduced if there are restrictions
on allowed local E] operations, i.e. if there are super selection rules (SSR) [52]]. Generical
SSR limit the operations which can be implemented on a quantum system. The restric-
tion to LOCC gives rise to entanglement as a nonlocal resource, therefore particle number
conservation, additionally confining the possible operations, should give rise to a new re-

source [153]].

The term local is here used differently from how it is presented in quantum field theory (QFT), where it has
a spatial connotation. In fact, two configurations that are locally equivalent with respect to a subalgebra A; (A;-
locally equivalent) are not locally equivalent with respect to the QFT (QFT-locally equivalent). As an example, let
us consider two physical configurations, 0 = 1 and o = 2, with 3 particles in the 3-modes subalgebra A;. In the
configuration labeled by o1, two particles are in the mode 1 and the other one in the mode 2. In the configuration
labeled by o3, two particles are in the mode 2 and the other one in the mode 3. These two configurations are
Aj-locally equivalent, since there is the same number of particles in A1, but they are not QFT-locally equivalent,
since occupying different modes, particles are differently distributed in space.
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Let us now assume that the local number of particles, i.e. the number of particles asso-
ciated to each of the two subalgebras, is a superselected observable, in the sense that the
corresponding operator commutes with all observables. This SSR implies that if Alice has
access to the m A;-modes and Bob to the .4;-ones, each of them cannot prepare super-
position of states of different local number of particles by LOCC. Since |t¢y) is a linear
combination of states with different local particle numbers (see Eq. (I.13))), the arbitrary
local manipulation will mean violating the SSR for particle number. Therefore, F; does
not take into account this SSR and so it does not represent the amount of entanglement to
which Alice and Bob have affectively access. According to the chosen particle-number
SSR, I call the operationally available entanglement Ep where the subscript P stands for
particle. Ep is the minimal amount of entanglement which Alice and Bob can produce
between their quantum states by local operations and it can be obtained by averaging over
the entropy obtained by first projecting the density matrix into a subspace with fixed local

numbers of particles n and N — n [29],
Ep(lvar) = > paBa([05Y ™). (1.15)

In particular, I project the state of Eq. into a specific subspace with fixed local (with
respect to subsalgebras) numbers of particles and it is entangled if

ey # NPT Pk, ... al) - 9l 4, ..., ah,) 0). (1.16)

It can be shown that Ep < Fy.
In this context, a new point of view arises in the debate about the entanglement in systems

of particles in the same site:

"Any entanglement formally appearing amongst the identical particles, including
entanglement due purely to symmetrization, can be extracted into an entangled state of
independent modes, which can then be applied to any task. In fact, the entanglement of

the mode system is in one-to-one correspondence with the entanglement between the

inaccessible identical particles."[34]

This theory exploit the concept of extraction of the "symmetrization entanglement” [54]]

by means of operations performed on the system.
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Standard Approach

Fictitious entanglement + Physical entanglement

Figure 1.2: Ambiguity due to the standard approach to IP. System of two entangled spa-
tially overlapping IP. Using the SA it is not clear how to separate the fictitious entanglement,
coming from the symmetrization postulate with respect to mock labels, from the true physical
entanglement. The red and green clouds represent the single-particle wave functions.

1.4 Discussions

In conclusion, as a starting point I have recalled the essential ingredients of the SA to treat
IP: even if IP are not addressable in quantum mechanics, the allowed physical configuration in
which they can live are described by assuming, at first, that they are nonidentical, by labelling
them with mock labels, and exploiting then the symmetrization postulate with respect to these
labels. However, some ambiguities and inconsistencies arise in treating IP entanglement by
means of the tools usual for NIP. In fact, according to some of them, such as the separability
criterion, the Schmidt rank and von Neumann entropy, IP quantum states should be always en-
tangled. Understanding, by physical considerations, that this cannot by true in general, it has
been necessary to propose new concepts, tools, methods and entanglement definitions. Yet,
these theories require different treatments for bosons and fermions and, further, it remains un-
clear how to separate fictitious entanglement coming from mock labels from the real physical
one (Figureﬂz[). Moreover, some of these theories [24, 23] 26] are in contrast with experimental
evidences [31] and troubles under general conditions of scalability remain.

New concepts, such as entanglement of modes, in the context of second quantization have
been proposed, increasing the difference between the treatment of NIP and IP entanglement.

Finally, both in in the standard first and second quantization, the debate about entanglement
of spatially overlapping IP is still open. In addition, second quantization becomes purely formal
when not truly elementary IP, such as atoms, are considered, since they cannot be considered as

excitations of any field.
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Chapter

No-label approach to identical particles

2.1 Introduction

In the previous chapter, I have shown how the symmetrization postulate makes it the debate
about IP correlations still heated. In order to introduce the core of this chapter, let us start

making a first consideration, recalling the following Cohen-Tannoudji’s sentences [[15]],

"If application of the symmetrization postulate were always indispensable, it would be
impossible to study the properties of a system containing a restricted number of particles,
because it would be necessary to take into account all the particles in the universe which are
identical to those in the system. Under certain special conditions, identical particles behave as
if they were actually different and it is not necessary to take the symmetrization postulate into

account in order to obtain correct physical predictions."[15]]

It is well known that when two IP are independently prepared in two well separated spatial
regions, £ and R, one in the state |¢) and the other in |y), respectively, and single-particle
measurements are performed using devices localized in £ and R, the effects on the physical
predictions of the symmetrization postulate are null [55) 25, (15 26, 56]]. In this case, all the
probability amplitudes or matrix elements of an operator can be calculated considering £ and
‘R as distinguishing real labels, and writing a global initial state without symmetrizing with
respect to these labels. In fact, the result of a measurement performed in the region £ (R)
cannot come from particle in R (£) [15,26]]. The initial state of the system can be thus written
as a factorized state |¥) = |¢), @ |x)x, both for bosons and fermions, and as a result IP
behave as NIP. Analogously, studying the thermodynamical statistics of a many IP system, it
is well known that at high densities, the system follows the Bose-Einstein statistics if they are
bosons or the Fermi-Dirac one if fermions. However in the limit of low densities (well separated

particles), the two distributions reduce to the Maxwell-Boltzmann one, valid for NIP [S7].
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t W+ ) = [Hel)) © Hel) + [Hel) ® [He )

[Wp-) = [He'g) ® [Hey) ® [ea)

Figure 2.1: Simultaneous generation on the Earth and on the Andromeda galaxy of two identical
helium atom states.

In this case, one can qrite IP states without respecting the bosonic of fermionic symmetry,

when the symmetrization postulate is useless [15) 24} 26, 56]: for example, see the antisym-

1
metric Bell state [~) = —(|0), ® |1), — |0), ® |1),) for nonoverlapping photons (that are

V2
bosons!) [24].

However, even in thise type of physical situations, in many works it seems that people
do not want to renounce formally to the symmetrization postulate when particles behave as
nonidentical. Thus, instead of eliminate the symmetric structures of the states, specific theories
have been developed to neutralize it, but in certain cases some counterintuitive aspects remais,
for example when ones considers time dependent problems.

In fact, in the SA when a particle is generated locally, it must instantaneously appear in a far
away location provided that another identical particle is already present there. To make this
point clear, consider an helium atom *He in the state |Heg) on the Earth and the ionized atom
“He™ in the state |He}) plus an electron in the state |e5) on the Andromeda galaxy (subscripts
E and A representing the spatial localisation of states on Earth and Andromeda). Being at
the beginning all the involved particles distinguishable, the global state is the tensor product
|Uo-) = |Hep) @ |[Hei) @ |ea). At the universal time ¢t = 0, “He' is scattered in ‘He and
simultaneously ion He™ on Andromeda absorbs the electron e forming the atom *He (see
Fig. 2.1). Att = 0% on the Earth and on Andromeda two identical bosons appear in the
states |Heg) and |Heyp). Being in the SA the identical atoms distinguished with labels 1 and

1
2, the global state is |Uor) = E(\Heg» ® [Hel) + [Hel”) ® [Hel)). Thus, while at

t = 0~ each particles is separately localised on either E or A, at t = 07 each of the two helium

atoms simultaneously occupies both states on E and A, as it can be easily seen in terms of
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Standard Approach No-label Approach

Fictitious entanglement + Physical entanglement Physical entanglement

Figure 2.2: Comparison between SA and no-label approach to IP. System of two entangled
spatially overlapping IP. Left: Using the SA it is not clear how to separate the fictitious en-
tanglement, coming from the symmetrization postulate with respect to mock labels, from the
true physical entanglement. Right: The absence of labels in the no-label approach implies the
absence of the fictitious entanglement appearing in the SA.

wave functions: o+ (2, za) = wl({le) (zR) ge) (xa) +w£126) (xE)wge) (xza), where (xg, 24 ) indicate
the positions of the two helium atoms on Earth and Andromeda, respectively. This approach
requires to accept the notion, for instance, that the nonrelativistic helium atom generated at
t = 0" in A, because of the identical particle in E, instantaneously develops a nonzero amplitude

of being there, although the events (0}, 0}) are spacelike separated.
"The underlying idea is that the particles are energy quanta without individuality." [57)

"To avoid the problems which arise when particles are identical,

we shall assume that they are not."[[15]]

Therefore, it seems that the origin of the difficulties in the descriptions of IP comes from
the first step of the SA, in which one assumes they are not identical [[14} [15] and gives them
"individuality", marking them with unobservableﬂ labels. The SA to IP systems is the only case
in quantum mechanics where "unobservable" (as a contrast to Dirac’s observable) unphysical
(mock) labels are introduced, being instead quantum states defined by complete sets of com-
muting observables.

Recently a different state-based approach has been proposed [58, 34, 59, 60, (61}, [62]] which
describes the quantum states of IP without exploiting mock labels. This no-label approach,

'In quantum mechanics, physical quantities associated to a system are called "observables" and they are essen-
tial in defining the state of a system. No "unobservables" are required.
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initially presented for two IP [S8], exhibits conceptual and practical advantages, linked in par-
ticular to the treatment of quantum correlations. In fact, from the beginning it completely avoids
the existence of the mock entanglement (Figure[2.2)). It exploits furthermore, for quantifying the
entanglement in these systems, the same well-established notions, tools and criteria commonly
employed for NIP systems, such as Schmidt decomposition (showing that it is universally valid
both for NIP and IP) [35] and von Neumann entropy. This without the physical ambiguities
present in the approaches treated in Chapter [I}

In the following I will reconsider the no-label approach from a fundamental perspective and

generalise it to a system of many IP, starting by first principles [39].

2.2 No-label theory

2.2.1 The foundations of the N-particle formalism

Let us take a 1-particle state [{a}) characterised by a complete set of commuting observables
{a}. The state of two identical particles can be written, without involving unobservable la-
bels, as a list of the 1-particle states |{ay}, {az}), that T write in a short hand notation as
{an}, {as}) = |1,2) and that is an overall symbol which cannot be decomposed as ten-
sor products of 1-particle vector states. The sets 1 and 2 may coincide, in this way giving
{an}, {a1}) = |1,1). Generalising to the case of N identical particles, the global quantum
state |¢(V)) is simply a list of the 1-particle kets [39]

p™) == |1,2,...,N), @2.1)

which does not involve unobservable labels and where more indices may coincide. I remark
that, in general, each index in equation (2.1)) does not indicate the position of the corresponding
1-particle state in the N particle ket.

In the example illustrated in Fig. being the single-particle states at t = 0" given by
|Heg) and |Hey, ), using (2.1) the global final state is |Heg, Hea). This means that one helium
atom is localised in E and one in A. Unphysical labels simply do not appear and the question
whether the two identical atoms are entangled is not even needed to be posed.

In order to predict the behavior of a quantum system, probabilities to occupy certain config-
urations have to be calculated [[15]. For one particle, the relevant quantities to get probabilities
are the transition amplitudes (k’|k) to find the particle in the state |£’) if it is initially prepared
in the state |k). Being the state of equation (2.1)) not separable in terms of tensor products of
1-particle states, how can the N-particle transition amplitude from it to the state |1’,..., N'),
namely (1’, ..., N'|1, ..., N), can be written in the no-label approach?

As a starting point, let us require that it can be expressed in terms of the 1-particle prob-
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(a)'
(C).

Figure 2.3: (a) and (b): Cluster decomposition principle. The set { Py, ..., Py } represents the N!
permutations of the 1-particle states |1), ..., | V). (c) General case where there is spatial overlap
among the entry 1-particle states in which the global system is prepared (red cloud) and among
the exit ones on which the system is measured (blue cloud). (d) Particular situation where only
all the entry 1-particle states do not overlap (red clouds). The coloured clouds represent the
spatial regions occupied by the states written within them. The arrows show the transition of
each |k) state (k = 1, ..., N) towards one or more |k’) states (k' =1, ..., N).

ability amplitudes. When each 1-particle state in the ket (bra) in the transition amplitude
is localised in a region far away from the others in the ket (bra) (see Fig. 2.3[a) and (b)),
the cluster decomposition principle, stating that distant experiments provide independent out-
comes [14], allows us to express the total transition amplitude as the product of the 1-particle
ones. In the specific case in which i-th state overlap with the i’-th one, it can be expressed
as (1',2,...,N'|1,2,...,N) = (1'[1)(2'|2)...(N'|N) (see Fig2.3(a)). In general, the contribu-
tion to the transition amplitude can come from a generic permutation of the 1-particle states in
11,2, ..., N), as follows

(1,2, ., N'|1,2, .. N = ([P )2 P)..(N"| Py, 2.2)

where the set Py, P, ..., Py indicates one of the N'! permutations of the 1-particle states |1)...| V)
and it represents the case in which the state | P;) occupies the k-th region (see Fig. b)). The
transition amplitude (2.2) is linear in each of the 1-particle states.

When both the entry (ket) and exit (bra) 1-particle states are localised in overlapping spa-
tial regions (see Fig. 2.3|c)), to maintain the property of linearity, the N-particle probability
amplitude can be expressed as a linear combination of N! terms of the form (2.2))

(1,2, N'I1,2,., N) =) ap(U|P)(2|Pa)..(N'| Py), (2.3)
P
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where P = { Py, P, ..., Py } runs over all the 1-particle state permutations. Taking into account
that
(1,2',...,N'|1,2,....N)* = (1,2,...,N|1",2/, ... N'), (2.4)

let us take the complex conjugate of Eq. (2.3),

(U, N1 NS =) ap(Pi1)..(Py|N). (2.5)
P

From Eq. (2.3)), I have

(Lo NV, N =) ag(LQ))- (N[Qy) =Y ag(QrH1).(Q3[N), (2.6)
Q Q
where, considering Eq. (2.4), I have reordered )}, ..., @'y such that (Q1, ..., Q) — (1, ..., N')
and thus (1,..., N) — (Q7*,...,Q5"), in which Q! is the inverse permutation of ¢). Com-
paring Egs. (2.3) and (2:6), I find that Q@ = P~ and o} = ap-1.

We now consider the simplest case of 2 identical particles, for which any ap is real and the

2-particle probability amplitude, using (2.3), is
(1,21,2) = a(U'[1)(2']2) + b(1'[2)(2']1). (2.7)

The equation associates the order of the states in the 2-particle probability amplitude on
the left with the order of the products of the I-particle probability amplitudes on the right.
Swapping the single-particle states in the 2-particle state vector exchanges the weights of the
single-particle products. However, this swapping cannot modify the 2-particle amplitude im-

plying that amplitudes may differ only for a global phase factor, that is
(1, 212,1) = (1, 2]1,2) = e€a(V[1)(2]2) + <b(1[2) 2]1) 28)
= a(V|2)(2'[1) + b{V|1)(2|2) ' '
We find that €¥b = a and ¢“a = b, so |a| = |b| and (e%)? := n? = 1 from which n = £1. In

this way, taking a = 1 in the linear combination of equation (2.7), b = 7. So, the inner product

of two "holistic" state vectors is
(1,2]1,2), = (V[1)(2'[2) + n{V'|2)(2]1), (2.9)

where the subscript 7 indicates that it is a symmetrized product. The previous expression rep-
resents the core of our approach and includes the particle spin-statistics principle. In fact, ac-
cording to the Pauli exclusion principle, the probability amplitude of finding two fermions in
the same state is zero, so (1, 1'|1,2), = (1 + 7)(1’|1)(1'|2) requires that n is —1. The choice
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1 = +1 gives the maximum amplitude of finding two particles in the same state and corresponds

to the case of bosons.

As it can be argued from Eq. (2.9), in the no-label approach, the information about the
IP statistics is restated in the language of transition amplitudes, instead of approaching it at
the level quantum states. In other words, the fundamental statistics-dependent unit is not the

quantum state, but the transition amplitude.

Generalising the expression (2.9) to an arbitrary number N of identical particles, I can write

(1,2, N'|1,2,.. . N)y = >0 (U|P)(2|Py)..(N'| Py), (2.10)
P

where, in analogy with the 2-particle case, for bosons 1" (P being the parity of the permuta-
tion) is always 1 and for fermions it is 1 (—1) for even (odd) permutations. In the following
I shall omit, except where necessary, the subscript 7 in the bra-ket product. Equation (2.10)
induces the symmetrization property of the N-system state space: |1,2,....7,....k,...,N) =
n1,2,....k,....,J,...., Ny, for j,k = 1, ..., N. Linearity of the N-system state vector with respect
to each 1-particle state immediately follows from the linearity of the 1-particle amplitudes and
the NV-particle state vectors thus span the physical symmetric state space 7-1,7(,N). I have thus
derived, by first principles, the 2-particle probability amplitude [S8] and generalised it to the
N-particle case.

We remark that in the situations represented by Fig. [2.3(b) and only in this case one can
write (1',..., N'| Py, ..., Px) :== (| ® ... @ (N']|) (| P1) ® ... ® | Py)). Therefore, for calculation
purposes |1,..., N} ~ |1) ® ... ® |[N). This is not true if there is overlap either among the
1-particle entry states or among the exit ones (see Fig[2.3|c) and (d)). In this sense probability

amplitudes are more fundamental than quantum states.

An arbitrary elementary normalised /V-identical particle state is defined as

1 1
(NN o SNy o =
|V N|¢ ) : N|1,2,...,N>, (2.11)

where N = /(1,2,..., N[1,2,..., N). |®™) is expressed in terms of single-particle states as a
single state vector, which is to be compared with the N! product state vector in the SA approach:

1
‘Q(N)> = _/\_[ ZP 77P|1Pl> ® ‘2P2> ®...® ’NPN>'

The next step is to define the action of operators in the no-label approach. I limit ourselves
to an arbitrary 1-particle operator AV that acts on each 1-particle state at a time: AW|k) =

| AE). Tts action on N-particle states is naturally defined as

A2, Ny =Y |1, AVk, . N). (2.12)
k
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2.2.2 Partial trace and von Neumann entropy

I now show that in the no-label formalism, the ambiguities inherent in the operation of partial
trace in the SA, due to the lack of IP "individuality" [S7]], are absent.

To calculate the M -particle partial trace of an N-particle state Tr*) |(V)) (V) | I have
to define a product operation between bra and ket of different number of particles.

I start considering the simplest case of M = 1. Given a 1-particle orthonormal basis {|£)}
and the 1-particle operator A = |5')(k’| and using equation (Z.12)), its action on a N-particle

state |1, ..., V) can be written as
AW Zu o JUE ), .., N

(2.13)
— an—l (K'|k)4',1,2,... . K, ...,N),
k

where, in the second line, I have taken out of the N-particle ket the complex number (k'|k)
and shifted the state |;’) from the k-th site to the first one (¥ indicate the lack of k-th state!).
Introducing with the symbol A a non-separable symmetric external product between different
kets that I call wedge product (for fermions this product is the Penrose’s wedge product defined
in terms of labelled states [63]), the elementary N-particle states can be written as the wedge
product of N single particle states, i.e. |1,2,..., N) := |[I)A[2) A...A|N) and (|1,2, ..., N))T :=
(N|A...A2|A(1]. Moreover, | PYA|P) A...A|Py) = nP|1)A|2) A...A|N). The wedge product
coincides with the multiplication operation of the exterior algebra associated to the /N-particle

symmetric Hilbert space ’HS,N). Therefore, equation (2.13)) can be written as

AOIL L NY =) A O E )L, 2, K, N) (2.14)
k

and it suggests the introduction of a generalised dot product operation between a 1-particle bra

and and NN-particle ket, defined as

N
(K']-11,2, =Y TN E R, K N). (2.15)

k=1

Expressing the /V-particles state in terms of wedge products, the dot product is distributive with
respect to the wedge. The operation in Eq. (2.15]) gives an (unnormalised) (N — 1)-particle
state. The corresponding normalised reduced (/N — 1)-particles pure state ]@,(f,v*% is

(K] - [@1)
(I g

2This operation corresponds to measure the states of M IP without registering the outcomes.

oy = , with  TI0) = [K) (K. (2.16)
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Specifically the normalised 1-particle partial trace of an N-particle state is

1 —
P = TR @ = 3 Cp el @)
(1) g ”

where the action of the 1-particle identity operator 1) = 3~ K H,S) on a NN-particles state is
() g

(1) g
partial trace and the resulting (N —1)-reduced density matrix are not affected by the ambiguities

ID|1,...,N) = N|1,...,N) and ps = . It is important to remark that this 1-particle

of the analogous quantities obtained in the SA, since there is no pretence of establish "which"

is the traced out particle and to "which" particles the reduced state is associated.

Consider now the case M = 2. The relevant dot product is

N
{1 m'|-| = 0N R (DT DK D o K 7). (218)

k=1 j<k >k

where |7, K) = |1,....f, ..., K,..., N). If N = 2 equation (2.18) coincide With the 2-particle prob—
ability amplitude given by Eq. (2.9). The 2-particle identity operator is 1'*) = (1/2!) >, II k, ),
) — |K'\(K'| is the 2-particle projection operator and {|k') = |k, k) /Niw} (N

where II,;
being a normalisation constant). The (N — 2)-particle reduced density matrix is

1
p(N—Q) — Tr(2)|q)(N)><q)(N)| — Z k/|(I)(N 2)><CI>(N 2)|7 (2.19)

2!<|(2)><I>(N) k!

2
1) a0 (N-2)y _ (e
21 (12 and ’q) ) = ®
2. <| >(I><N) (H[CI >q>(N)
particles pure state.

where p;, = is the normalised reduced (N — 2)-

When required, the generalisation of equation (2.18)) to the case of any M is straightforward.

Once the reduced density matrix is obtained, the entanglement between the bipartition of M

and (N — M) particles can be measured by the von Neumann entropy
S(pN=My = _Tr(pN M) Jog, pN M), (2.20)

Moreover, knowledge of the reduced density matrices of all the possible bipartitions of the sys-
tem allows the qualitative assessment of the genuine multipartite entanglement of the pure state
of N 1P, as usually done for NIP [[64]. Notice that, since the identical particles entanglement
intrinsically depends on both global state structure and observation measurements [65, [34]], one
has to specify the partial trace and the reduced density matrix corresponding to a desired op-
erational framework [34]. This result differs from what is obtained in the SA where the partial

trace is meaningless [44]].
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2.2.3 IP-Schmidt decomposition

In Chapter [I] it is shown that by means of the SA the direct application to IP of the Schmidt
decomposition known for NIP gives unphysical results, implying that IP are always entangled,
even if they are independently prepared and spatially separated. Moreover, it does not give a
criterion to understand which is the role of mock labels in the emergence of the entangled struc-
ture of the IP quantum states, when particles spatially overlap. As a result, by analogy with NIP,
the Slater decomposition [24, 23] 23] has been introduced for both bosons and fermions, with
the attempt to take into account the effect of the symmetrization postulate in the characteriza-
tion of entanglement. However, the Slater rank, i.e. the number of nonzero coefficients in the
decomposition, is not an entanglement witness (in contrast to what appends with the Schmidt
rank for NIP). Moreover it gives results which are in contrast with some experimental evidences
about IP quantum correlations.

In this section I will recall the generalization of the Schmidt decomposition to the case of
two IP, developed by using the no-label approach [35]].

Consider two d-level IP in the pure state | V) and choose an orthonormal 2-particle basis
{|7,4)} in the linear symmetric 2-particle Hilbert space 7—[7(72). The state |¥) can be expressed in

the chosen basis, as )

W) =3 ZJ i,3) (6, 319) (2.21)

and defining the state [i) = >_ (4, j|¥) |j), it follows that

1

W) = 5 > iy (2.22)

i

There exists a basis {|i)} where (i'|i) oc d;s. In fact, considering that (7'|7) = 2 (i| p!) |4},
where the single-particle partial trace p!) = 5 >l W) (W] - [7) has been used, it is evident
that when the states {|i)} are the eigenstates of p{!) with eigenvalues {);}. The state {|i)} are

orthogonal and in particular (i|7') = 2)\;8;. As a result, the set of states

~ 1 =

= 73 = Y5 L) 2.23)

is orthonormal. Both |i) and |i) are eigenstates of p(") with the same eigenvalues [35] and
substituting |7) = +/2); |z) in |¥), we obtain

1 o~
Ty = 7 Z Vi) (2.24)

with \; > 0 and ). \; = 1. Eq. (2.24) constitutes the sought IP-Schmidt decomposition for
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two d-level IP, where the "Schmidt coefficients" 1/)\; are the square roots of the eigenvalues
of the reduced 1-particle density matrix p(*) and the states {|i)} its eigenstates. The states |7)
belongs to the basis {|i)} and {|i,)} is the symmetric Schmidt basis.

As for NIP, the positive integer "IP-Schmidt number" s of terms appearing in the IP-Schmidt
decomposition, that is the number of nonzero eigenvalues of p(!), is an entanglement witness:
in fact s = 1, indicates that p(!) is pure and so |¥) is nonentangled. If s > 1, p(!) is mixed and
|W) is entangled. The IP-Schmidt coefficients are directly linked to an entanglement quantifier,
that is to the von Neumann entropy of p(: S(p)) = — 3~ ) log, A

2.2.4 Connection of the no-label formalism with second quantization

Above I have introduced relations between states differing in the number of particles. This
suggests a relationship between the no-label approach to IP and second quantization. However,
while in the second quantization particles are elementary excitations of fields, our approach
applies to any system of identical quantum objects. Moreover, while in second quantization,
creation and annihilation operators connect states differing only by one particle, in the no-label
approach, the dot product connect states differing for a generic number of particles. Finally, in
the second quantization the fundamental role is played by the commutation rules, while in our

approach it is played by the symmetry of probability amplitudes.
To show the connection between the two approaches, I notice that Eq. (2.13) suggests the

introduction of a 1-particle annihilation operator
a(k)|1, ..., Ny := (k|- |1,..., N) (2.25)

and its the adjoint is
a'(k)[1,...,N) :== [k) A |1, ..., N). (2.26)

Analogously, Eq. (2.18)) directly suggests the introduction of 2-particle annihilation and cre-
ation operators defined as

(l(j,k?)“.,,N) = <j7k||1a7N>a (227)

a'(4,k)|1, ..., N) :== |5, k) A1, ..., N) (2.28)

which, in terms of the wedge product can be written as follows
a'(4,k)[1,..., Ny =) A k) AL, ..., N). (2.30)

39



From the symmetry properties of the states, it is simple to obtain the a’s commutation rules.
For the 1-particle creation and annihilation operators of equations (2.23) and (2.26) I obtain

[a(j), a (k)] = (k)

2.31)
[l (), a' (k)] = [a(5), a(k)], = 0,

where [a(j), a'(k)], = a(j)a’ (k) — na’(k)a(j) is the commutator for bosons and the anticom-
mutator for fermions. Using Eq. (2.18)), Eq. (2.31)) generalises, for the 2-particle creation and

annihilation operators, to (see Appendix [Al)

[a(jv k)v aT(mv n)] = <]7 k|mv n>na

(2.32)
[a' (4, k), a¥(m, n)] = [a(j, k), a(m, n)] = 0.

In the first equation of (2.32) the » in right hand side keeps the memory of the bosonic or

fermionic nature of the particles.

2.3 Applications

2.3.1 Spin exchanged states

We consider the well-known W entangled state of nonidentical particles, which constitutes an
important resource state for several quantum information tasks [66, [36]]. I explicitly describe a
single-particle state with the spatial mode ¢; ( = 1,..., N) and the pseudospin 1, |. The W

state has the structure

‘W> = |¢1 Ta ¢2 \l/a '-'7¢N \L> + ‘¢l i/a ¢2 T? (ERE) ¢N \L) + ...+ |¢l i/? "'7¢N—1 \La ¢N T)? (233)

where for nonidentical particles each term of the superposition is a tensor product of single-
particle states. The very same structure is considered to hold also for identical particles in
separated locations. In this case, is this structure valid under any circumstance? To analyse this
aspect, I choose 3 fermions localised in three separated spatial modes A, B and C, so that the
state of equation (2.33) is |[W3) = [A1,Bl,C )+ |Al,B1,C|)+|Al,BJ,C1). When
two fermions are in the same spatial mode, for instance A = B, this state becomes

Wa) = AT, AL C L)+ AL AT,C ), (234)

where the state |A |, A |,C 1) does not appear because of the Pauli exclusion principle (its
norm tends to zero). Using the symmetry properties of the elementary states, |A |, A 1,C |

) = —|A 1,A |,C |), one gets |[W3) = 0, while one expects no restriction arising from
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particle statistics, considering that the two fermions in A have opposite spins. The same problem
is thus expected to arise even when the particles are spatially nonoverlapping but non-local
measurements are performed. Hence, the form of the W state of equation (2.33)) for identical
particles does not work in general.

We define a spin exchanged state (SPES) as a suitable linear combination of (unnormalized)

elementary states where only particle pseudospins are exchanged, that is
1
[SPES) = 7 > 0”161 0pi 0 ory ), (2.35)
P

where P are here the cyclic permutations of pseudospins op, and N is the global normalisation
constant. When 0y = 1 and 05, = ... = on = |, the SPES represents a generalisation of the W
state for identical particles valid bosons and fermions under any circumstances. Other states of
interest are obtained from for different pseudospin conditions; for instance, assuming a
ring configuration of the N particle and taking oy = ... = oy =Tand o4y = ... = oy =1

such states can represent a linear combination of spin block systems in the ring chain.

2.3.2 Separability of spatial and spin degrees of freedom

For any elementary state of NIP, the spatial and spin degrees of freedom, being associated to
the individual particle, are independent and separable [67]. This is not the case for elementary
states of IP.

As mentioned above, the essence of the no-label approach is the absence of labels and the
consequent holistic form of the states that are not separable in tensor products of single-particle
states. For a single particle, I have |p o) = |p) ® |0), i.e. the spatial part of the state can be
treated separately from the pseudospin one. Instead, for two IP, when ¢ # ¢y and 01 # 09, it
is |1 01, 02 09) # |1, p2) @ |01, 02), so measures of position and pseudospin operators may
be not independent. One may ask which structure a state of IP must have in order that spatial
and pseudospin degrees of freedom are independent from each other.

To fix our ideas, let me take the 2-particle state

6@ = alpr 0,05 7) + Bler T, 02 0), (2.36)

with 1 # 9, 7 # 0. Let me calculate the probability amplitude of finding a particle with a
wave function ¢} and pseudospin ¢’ and the other one with wave function ¢, and pseudospin 7/,
that is the probability amplitude to find in any elementary 2-particle state |¢'®)) = |} o’, b ')
the system prepared in |¢(?)) of Eq. (2.36)),

($D162) = (6, 7' l{alpr 0, 02 ) + Bl 2 0)} 237)
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Using the expression (2.9), I find that, given o = 1, only when 3 = +1 equation (2.37) can be

written as
(0'P10P) = (£ Dhlo1p2)ns(0'T 075, (2.38)

where (1’ v'|p1 V), indicates the probability amplitude of the form of equation with 7
substituted by ~. Thus, the well known attitude of separating the spatial and spin part of the IP
state in the SA [67]], is here restated in the language of transition amplitudes. Since the obtained
result is independent of the structure of the elementary bra in the LHS of Eq. (2.38), I can say
that in the entangled states of the form |q§§:2 )> = |1 0,2 T) |1 T, 2 o) the physical behaviour
of the spatial part is independent of the spin part. As a result, the actions of two generic spatial
and spin operators respectively Ay and Ay, (Where the subscripts ¥ and ¥ indicate the spatial

and spin degrees of freedom, respectively) on this state can be expressed as

Ay \¢$)> = (Agle1, p2)nt) ® |0, 7) 4,

) (2.39)
As |ox) == |o1, p2)nt @ (As|o, T) 1),

where the kets’ subscripts indicate the symmetry of the state: |, x), = 7|x, &),. When o =1
and 7 =|, \d)g )) are two (unnormalized) Bell states for a generic value of the IP spatial overlap.
It is moreover immediate to show that, analogously, an entangled state of the form |w(f )) =

|1 0, p2 0) £ |1 T, o T) always gives

A [0 = (Agler, @2)n) © (0, 0) £ |7, 7)),

5 (2.40)
AZ |¢:|: > = |S017 902>7] ® <A2(|U7 U> + ‘7-7 T>))

Finally, one can separately write in the no-label formalism the actions on the entangled Bell

states of spatial and spin operators.

2.3.3 Effects of indistinguishability in a system of three identical qubits

Consider three identical qubits, each in the state |y ox) = |ox) ® |ox) (k = 1,2,3), where
@ 1s the k-th spatial wavefunction and oy, is the corresponding pseudospin 1, |. The 3-qubit
elementary state is |P(®)) = N|901 01,2 02, p3 03), where A is the normalization constant.

We start taking the total system in the pure state
@) = [A},B,C1), (2.41)

where the three spatial wavefunctions have support in the three corresponding separated spa-
tial regions A, B and C, as depicted in Fig. [2.4(a). Considering all the possible bipartitions
(AB)-C, (CA)-B, (BC)-A of the three-particle system, by performing localized projective
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Figure 2.4: (a) Configuration associated to the state |®()) when particles are in separate spatial
regions (grey zones). (b) Complete spatial overlap of three qubits in the spatial region A.

measurements and partial traces [39] one finds that all the three bipartitions give pure one-
particle and two-particle reduced density matrices. Following conventional wisdom this state
is, as expected, fully uncorrelated [64]. Thus, separated identical particles, addressed by spa-
tially localized measurements, behave analogously to distinguishable particles. However, in
contrast with the case of distinguishable particles which are individually addressable, quan-
tum correlations between identical particles depend on the region where measurements are
performed. In fact, if partial traces of an identical particle state are made onto non-local ba-
sis, a “measurement-induced” entanglement [58] is obtained. For example, by making on our

system of Fig. la) in the state p 3) = |®®)(®®)| a non-local one-particle trace onto the
delocalized basis { (B+C) ), —]|
v v

1
p?) = §(|A LCMHALCH+]A L BIL)(AL,Bl]). This shows how entanglement of spa-

tially separated identical particles is affected by the non-local nature of measurements.

(B+C) >} I obtain the two-particle mixed state

I now compare the above results with the analogous case of nonidentical qubits. The global

state can be written as the tensor product of single-particle labeled states, namely
@) = A 11 @B L): @|C 1y (2.42)

(where labels 1, 2, and 3 are physical labels making particles different). This state is mani-

festly separable and so unentangled [64] Moreover, if I make partial traces over a non-local

1
{Hla+m)b, f|

are made on an individual particle, pure reduced density matrices are obtained: the particles

basis (e.g., By, = (A+B) >} ), due to the fact that now measurements
k

thus remain fully uncorrelated. This result does not change even when the three distinguish-

able qubits completely spatially overlap (A=B=C). This aspect highlights the difference on the

entanglement properties of independently-prepared identical and non-identical particles.

To have entanglement of three spatially separated qubits by local measurements, linear
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combinations of elementary states [39]] are necessary. In particular, I take a superposition of
two three-qubit states corresponding to the well-known GHZ state of distinguishable particles
(64, 68], [AZ) ) = L(A 1B |,C )+ |A 1,B 1,C 1)). All the distinct bipartitions, by
means of local partial traces, are easily seen to produce totally mixed reduced density matrices:
therefore, the state is maximally three-partite entangled. A further advantage of the no-label
formalism here emerges because, when the |ASI)JZ> is expressed in terms of unphysical labels, it
consists of a linear combination of twelve different product states of three one-particle state vec-
tors. This would make the analysis technically cumbersome and would hinder the identification
of physical entanglement from the unphysical one associated to labels.

To evidence the role of the spatial overlap, I now consider the state of three boson qubits
condensed in the same spatial mode A, as illustrated in Fig. [2.4(b). This state has the form
| TB) = \%|A 4, A |, A 1) and admits only one bipartition (two particles)-(one particle). By
performing partial traces onto this bipartition, one obtains the one-particle and two-particle

reduced density matrices
o _ L p@geyge) - 2 1

TATAD ATAT
3 V2 V2

These density matrices are manifestly mixed and give the same von Neumann entropy S(p(")) =

1 1 2 2
S(p?) = —glog2§ - glog2§. This result, differently from the uncorrelated state |®®)), wit-

nesses that |U®)) is three-partite entangled [64].

p? = LT O] = A1 A YA A L]+ .44

2.4 Discussions

In conclusion, the foundations of a formalism, named no-label formalism, alternative to the
particle-based SA, to treat a generic number /N of IP have been presented. The novelty of this
approach is the absence of unobservable labels addressing particles, in this way avoiding al the
difficulties and inconsistencies, due to mock labels, present in the SA to IP quantum states and
entanglement. Elementary quantum states of /V IP are thus defined as lists of /V single-particle
states and must not be expressed as tensor products of the latters.

The crucial element of this approach, that is the probability amplitude between N-particle
states, has derived by first principles, i.e. the cluster decomposition and the linearity with respect
to 1-particle states. In this approach, the fundamental quantities are the probability amplitudes,
not the states. Thus this approach translates in the language of probability amplitudes the prop-
erties of IP statistics (bosonic and fermionic), which in the SA are contained at the level of

quantum states.
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The no-label formalism allows us to evaluate, without the ambiguities present in the SA,
the entanglement between bipartitions of NV IP, not only by treating fermions and bosons on the
same footing but also by exploiting the same tools known for NIP, i.e. the (N — M)- particles
partial trace (which here regains the physical meaning lost in the SA), the von Neumann entropy
of the (N — M)-particles reduced density matrix and the Schmidt decomposition.

Generalized products between IP states of different dimensions have been defined, showing
that the corresponding vector spaces can be connected by generalized multi-particle creation and
annihilation operators. This gave the possibility to connect the no-label approach into second
quantization, showing that the commutation rules between N-particles creation and annihilation
operators are established by the /N-particles properties of probability amplitudes.

Some applications have been presented: a new class of states, called spin-exchanged states
(SPES) has been introduced, which are the generalization of the W state to spatially overlapping
IP. Finally, the effects of spatial overlap on the entanglement of three identical qubits have been
treated. It has also been shown that IP quantum correlations are not an intrinsic property of the
quantum state alone but also depend on the performed measurements. We have then shown for
a system of three bosonic qubits in the same site that spatial overlap constitutes an entangling

mechanism.
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Chapter

Spatially localized operations and classical

communication (sSLOCC)

3.1 Introduction

In Chapter [2| it has been shown that entanglement between a bipartition M and (N — M) of
N 1identical particles (IP) can be measured by the von Neumann entropy of the reduced density
matrix, obtained by the M -particle (or N — M) partial trace for IP (see Section[2.2.2).

Entanglement is especially relevant to carry out quantum information tasks in a Bell-like
scenario (i.e. between spatially separated locations). However, it is easy to show that, in gen-
eral, the two reduced density matrices of M and N — M particles can still spatially overlap, if
at the beginning overlap among the V particles is present. This depends on the basis chosen to
perform the partial trace. Therefore, the entanglement measured by von Neumann entropy in
this case may not be directly exploitable in a Bell-like setup.

In this Chapter, I will introduce an operational framework based on spatially localised oper-
ations and classical communication (SLOCC) to quantify, as function of the spatial overlap of a
number NV of IP, the entanglement operationally exploitable for quantum information processes
between separate laboratories.

Then, I will define the SLOCC-based concurrence of a generic state of 2 IP [69], to charac-
terize their entanglement analogously to the case of nonidentical particles (NIP).

Finally, a measure of the spatial indistinguishability of IP will beintroduced [69]].

3.2 Operational framework

The identification, manipulation and exploitation of purely quantum resources is essential to

implement quantum information processes [[/0]. Usually identical particles are the elementary
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building blocks of quantum networks 172, 173\, 174, [75]]: as a result, the interest for the role
played by particle indistinguishability is increasing. However, while for NIP an operational
framework to exploit in practice their properties is well established by individual (local) opera-
tions on each particle and classical communication (LOCC) [64], for IP, which are individually
unaddressable [76, 24] 58| 39], the concept of "particle locality" residing in LOCC is mean-
ingless. The problem of their direct utilization remained open for a long time, in particular
when they spatially overlap, since the quantum correlations are primarily usefull to implement
quantum information tasks between separate locations. In this respect, a new framework based
on spatially localized operations and classical communication (sLOCC) has been recently in-
troduced for systems of 2 IP [34]. I now introduce its generalization to the case of a generic
number N of IP and, in the rest of the chapter, I show how it allowed us to clearly highlight the
role of spatial overlap of IP, and so of spatial indistinguishability, in the emergence of opera-
tionally exploitable entanglement.

Consider a system of N independently prepared IP. The i-th single-particle state (z =
1,2, ..., N) is characterized by a spatial wave function v; and in general particles can spatially
overlap (Fig[3.1)). A local one-particle measurement for systems of IP is the measurement of a
property of one particle performed on a localized region of space R [33]].

The sLOCC framework is based on the choice of IV spatial regions R; in which to perform

single-particle measurements, satisfying the following Properties:
1. R; have to be spatially separated,
2. the probability of finding at least one particle in each region has to be different from zero.

In this case, analogously to what happens for NIP in which I individually (locally) address

7 Wy

single-particle
wave functions

spatially separated
regions of measure

local single-particle
measurements

Figure 3.1: Illustration of different single-particle spatial wave functions ¢; ( = 1,...,N)
associated to /V identical particles in a generic spatial configuration. The sSLOCC framework
is based on local single-particle measurements, each performed in one of N separate spatial

regions R; [69].
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particles independently from their spatial configurations (LOCC framework), I here address
separate spatial regions. This concept is closer to the spirit of quantum field theory, which
exploits "space locality" instead of "particle locality". This configuration is particularly useful
to exclude correlations between the distant regions induced by the measurement process [24]]
and, as I are going to show, it gives us the possibility to make it emerge in a quantitative way not
only the role played by the spatial indistinguishability of particles in their quantum correlations
and features [34} 161} 162, |69], but also to introduce an entropic indistinguishability measure as

an information resource [[69]].

3.3 Entanglement of a pure state of 2 identical particles: von

Neumann entropy

Let us consider two independently prepared NIP, A and B. Particle A is prepared with the wave
function ¢ and pseudospin 1 and particle B with the wave function ¢/’ and pseudospin |. The
global state is |U) ,, = [¢ 1), ® |¢" |) and under LOCC it is separable, independently on the
spatial configuration of 1) and v’. On the other hand, if particles are identical the global state in
the no-label approach is

W) =1, 9" ). (3.1

Do particles in the state of Eq. (3.1]) present correlations? In order to establish under LOCC
correlations between single-particle measurements for NIP pure states, von Neumann entropy
of the reduced density matrices associated to the different particles is used. Ananlogously, un-
der sSLOCC correlations between single-particle measurements on IP in two separated spatial
regions can be quantified by knowing the reduced density matrices localized in the two regions.
Let us choose two separate spatial regions, called £ and R (Fig[3.2). By performing the par-
tial trace of |W¥) (|, as an example, onto the one-particle basis {|L |),|L 1)}, where |L) is a
specific state localized in £, and by projecting onto the subspace spanned by {|R |),|R 1)},
where |R) is a specific state localized in R, one obtains the following 1-particle reduced density

matrix in R

(1) 1

PR = W(PLPMR R+ PLPrIRT) (RT]), (3.2)

where Px = |z]*> = [(X|¢)|? and Py = |2/|> = |(X|¢)]* X =1L,R and = = [,r) are the
probabilities of finding a particle in |X).
The von Neumann entropy S(pr) = —Tr( pg ) log, pg )) quantifies the entanglement Epg (V)

"We remark that, by performing the partial trace in the basis {|R |),|R 1)} and projecting onto the subspace
spanned by {|L ), |L 1)}, I obtain pg) and S(pg)) = S(pg)).
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£ local

m measurements m

Figure 3.2: System composed by two IP, with opposite pseudospins and spatially overlapping
single-particle wave functions ¢ and ¢’. Their entanglement is quantified by performing in the
sLOCC framework single-particle measurements localized in separate spatial regions £ and R

[34].

between the pseudospins in the separate spatial regions, [34] thai is

PP}, PP}, P, Py PPy

Ep(0) = — _
tr(¥) PP, + PiPp O PLPh+ PiPq PLPh+ PLPr o2 PP+ PLPg

. (3.3)

It can be shown that it coincides with the entanglement of formation of the state (see Supp. Mat.

f [34])
° LA, R L) 4+ el |L L R

VIR +rl)? ’
where 7 is 1 for bosons and —1 for fermions, conditionally obtained projecting |V) in the
subspace spanned by the basis Byg = {|Lo,R7) ;0,7 =],1}. This state is the distributed

[Wir) = 3.4

resource state between £ and Rﬁ The entanglement coming from Eq.(3.3)) has been analysed
in function of the spatial overlap of the two wave functions v and ¢'. If their square moduli
do not share a common region of space (no spatial overlap), Erz(¥) = 0. As an example
consider the case in which ¢ is localized in £ and ¢’ in R: thus P/ = Pr = 0 and the resource
state of Eq. (3.4) becomes |V r) = |L 1, R ), that under the chosen framework can be written
as a separable state [V r) = |L 1) ® |[R |), since particles are spatially addressable and so
distinguishable (like NIP).

If ) and ¢’ partially overlap and one or both the spatial regions £ and R are outside the
overlap region, the framework does not allow to make it emerge the effects due to the spatial

indistinguishability of particles and the result is analogous to the case of no spatial overlap.

2If the two particles have the same pseudospin and so |¥) = |10, )’c), the state obtained after the projection
onto the chosen operational subspace is always unentangled, in fact it is |¥,g) = |Lo, R7), even if particles
completely spatially overlap.
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On the other hand, if £ and R are both in the overlap region, a certain amount of entangle-
ment associated to the state of Eq. (3.4) and quantified by Eq. (3.3) is conditionally obtained
with a probability Pg = |I7/|? + |rl']?.

Finally, if ¢) and 1)’ completely overlap, i.e. when the spatial region in which the two parti-
cles can be found with nonzero probabilities is the same, it is evident from Eq. (3.3) that there
is always a certain amount of entanglement. The latter reachs the maximum value Epg(V) = 1
when P, = P; and P = Py, with a probability P g = 2P, Pg. This probability is maximum
(PLr = 1/2) when P, = Pg = 1/2.

The entanglement quantified by Eq. (3.3), as I have shown, is strictly due to the parti-
cle indistinguishability coming from the spatial overlap of single-particle wave functions. The
sLOCC operational framework naturally suggests the introduction, from an experimental per-
spective, of a figure of merit for the exploitable entanglement of identical particles given by
Eexp = ErrPrR.

We now use the pseudospin observable Og := Og - o5 (S = L, R) with eigenvalues +1,

where Oy is the unit vector in an arbitrary direction in the spin space and o5 = (0%, 05 ,07) is

the Pauli matrices vector. The CHSH-Bell inequality [77] in this context is
B(prr) = (OLOr) + (OrOF) + (OL0r) — (O 0%)| < 2, (3.5)

where B(prr) is the Bell function expressed in terms of the correlation functions of the pseu-
dospin observables and O indicates the measurement in a direction different from that of Og
[33]. The maximum value of the Bell function B, in terms of the concurrence (entanglement)
[78,164] of the state |V ) is [39]

21l 'r |\ 2
Boa = 2 1+O(\PLR)2=2J 1+ (M) , (3.6)
PLR

where I have used the explicit expression of C(¥ 1 r). We have obtained By.x(prr) > 2 when
C(Vrgr) > 0, i.e. whenever there is spatial overlap between ¢ and ¢/’ and the local measure-
ments are performed inside the overlap region (that is, all the four probability amplitudes [, I', r,
r’ are nonzero). The violation of the CHSH-Bell inequality identifies the presence of nonlocal

correlations between the pseudospin outcomes in the regions £ and R.

Therefore, spatial overlap between wave functions associated to independently prepared IP

can generate nonlocality effects which can be tested in quantum optical scenarios [79].

In the next Chapters, I will show that this correlations and nonlocal effects are physical, in
the sense that they can be used to operationally implement both theoretically and experimentally

quantum information tasks.
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3.4 Concurrence of a mixed state of two identical particles

In Section [3.3]I have shown how the SLOCC framework gives us the possibility to quantify the
entanglement of two independently prepared IP in a pure state. I now generalize our treatment
to the case of a generic mixed state of two IP.

The entanglement of formation known for NIP [80]] can be straightforwardly redefined to
the case of IP, thanks to the same sSLOCC framework presented in Section [3.3]

Consider, as before, two identical qubits, with spatial wave functions ¢ = 1)1 and ¢ = 1),
for which one desires to characterize the entanglement between the pseudospins. The density

matrix of an arbitrary state of the two identical qubits can be written as

p= Z pg,}fﬁ (101, 202) (Y107, Ya05| N (3.7)

01,02,0,05=1,1

where N is a normalization constant. Projecting p onto the (operational) subspace spanned by
the computational basis Brg = {|[L T,R 1), |L1,R}),|L{,R1),|L ],R ])} by the projector

H%?l% = Z ‘LTla RT2> <L7-17 RTQ‘ ) (38)

=1

one gets the distributed resource state
2 2 2
pr = TR IR/ Te(TT ), (3.9)

with probability P g = Tr(H(sz){p). The trace operation must clearly be performed in the LR-
subspace. The state ppr, containing one particle in |L) and one particle in |R), is the ex-
ploitable distributed resource state for quantum information tasks and can be diagonalized as
pir = Y, pi |UFR) (UFR|, where p; is the weight of each pure state |U}®) which is in general
unseparable. Entanglement of formation of pyg is as usual [81]] E¢(pir) = min Y, p; E(JUFR)),
where minimization occurs over all the decompositions of pyr and E(¥UR) is the entanglement
of the pure state [UFR). We thus define the operational entanglement Fyg(p) of the original

state p obtained by sSLOCC as the entanglement of formation of ppr, that is

ELR(p) = Ef(pLR)' (310)

We can conveniently quantify the entanglement of formation E(prr ) by the concurrence C(prr),
according to the well-known relation E; = h[(1 + V1 — C?)/2] [82 0], in which h(z) =
—xlogyx — (1 — x) logy(1 — x). The IP-concurrence Crr(p) in the SLOCC framework can be
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easily introduced by

Crr(p) = C(pLr) = max{0, v — VA — VAo — v/}, (3.11)

where \; are the eigenvalues, in decreasing order, of the non-Hermitian matrix R = pLrpoLR,
being jLr = 0, @ o, piroy @ o' with localized Pauli matrices 0, = |L) (L| ® g, 0,} =
IR) (R| ® 0. I remark that the tensor product in o, ® o} is allowed by the chosen framework
in which |L) and |R) are two spatially separated states, thus the procedure to obtain the non-
Hermitian matrix 2 is analogous to the one for NIP [83]. The entanglement quantifier of p
so obtained contains all the information about spatial indistinguishability, due to the spatial
overlap, and statistics (bosons or fermions) of the particles.

As I have shown in this section and in the previous one, entanglement of IP is strictly linked
to the spatial overlap of the single-particle wave functions and so to the spatial indistinguisha-
bility with respect to specific set of measurements. In order to bring our results to a more
fundamental level, a measure of the degree of spatial indistinguishability has been introduced

and I will present it in the following section [69].

3.5 Entropic measure of spatial indistinguishability

Identity of particles is a yes or not property both in classical and quantum mechanics. In
the literature the terms "identical" and "indistinguishable" are generally used as synonymous
(84, 26, 43]. However, as I have shown, IP can be distinguishable under certain measurements,
behaving like NIP. In other words, quantum mechanically, to IP it can be attributed the further
property of indistinguishability, associated to a specific set of quantum measurements, differ-
ently from identity that is an intrinsic property of the system. And it is to indistinguishability,
not to identity by itself, that the effects of bosonic and fermionic statistics is attributed. In fact,
as an example, no bosonic behavior is associated to two independently prepared and spatially
separated identical photons, although identical, under sSLOCC (distinguishable photons).

With respect to the set of measurements, it seems natural to define a continuous degree of in-
distinguishability, quantifying how much the measurement process can distinguish the particles.
In this section, I deal with this aspect that has been developed within sSLOCC. For simplicity,
the treatment shall be presented for pure states, but it is also valid for mixed states.

Consider a N IP elementary pure state |[¥™) = |x1, xa, ..., Xn), Where |y;) is the i-th
single-particle state. Each |y;) is characterized by the set of values x; = x4, x%, ..., X} corre-
sponding to a complete set of commuting observables a, b,... ,n. For example, if a describes
the spatial distribution of the single-particle states, ¢ is a spatial wavefunction ;. The N-

particle degree of indistinguishability is expected to depend both on their quantum state and the
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measurement performed on the system. To define a suitable class of measurements, I take the

N-particle state
‘045>N = |loqfr, 0P, . ..,anPn) , (3.12)

where the i-th single-particle state |«;3;) is characterized by a subset a, l;, e j of the a, I;, R )
b
27

ables k, ..., 7 with eigenvalues 3; = 8%, ..., 3. In the first member of Eq. (3.12) I have set

70

commuting observables with eigenvalues o; = of, o, ... ,af , and by the remaining observ-
a ={ay,..,ay} and = {f1, ..., Bn}. The N-particle projector on outcomes («, 3) of the
complete set of observables is H&Aﬁ[) = |af) y (o3|, while the projector on outcomes « of the

partial set of observables is
n™ =3l (3.13)
B

Within the sSLOCC framework, I can quantify to which extent particles in the state | ¥V} can
be distinguished by knowing the results « of the local measurements described by %Y of Eq.
(3.13), considering that single-particle spatial wave functions {¢;} can overlap (Fig. . The
(sLOCC) measurements have to satisfy the following properties: 1) the N single-particle states
{|cu;B;) } are peaked in separated spatial regions {R;} (Fig. ; 2) (¥ |H&N)\W(N)> #0,1i.e.
the probability of obtaining the projected state must be different from zero.

Lindicate with P,,,; the single-particle probability that the result a; comes from the state | ;).
I then define the joint probability Pop := P,y Pasxy, = Paxxpy» Where P = {p1,pa, ..., pn }
is one of the N! permutations of the N single-particle states {|y;)}. Notice that P,p can be
nonzero for each of the V! permutations, since in general the outcome «; can come from any of
the single-particle state |x;). The quantity Z = ), P,p thus accounts for this no which-way
effect concerning the probabilities. The amount of the no-which way information, emerging
from the outcomes « of the measurement HgN), is a measure of the indistinguishability of the
particles in the state |[¥™)). Using P,p and Z, that enclose the essence of this lack of informa-

tion, the following entropic measure of the indistinguishability degree has been introduced

P, P,
T, = —277’1%77’. (3.14)
P

This quantity depends on measurements performed on the state. If the particles are initially all
spatially separated, each in a different measurement region, only one permutation remains and
Z, = 0: T have complete knowledge on the single-particle state |x;) which gives the outcome
«;, meaning that the particles are distinguishable with respect to the measurement 1YY, On the
other hand, if for each pair p; € P and p; € P’ # P one has F,,,, = Paixp; , indistinguisha-
bility is maximum and reaches the value Z,, = log, N!. We now apply the previous theory to a
two-particle system.

Consider the state of two identical qubits [U®)) = |1, xo) = 1101, 10202), where ¥; (i = 1,2)
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is the spatial degree of freedom (wave function) and o; is the internal degree of freedom (pseu-
dospin, basis {1, | }). In general, |¢)1) and |¢)5) can spatially overlap. To quantify the degree of
spatial indistinguishability, I perform a measurement of the form of Eq. (3.13]), where « are only
the spatial degrees of freedom. I choose two spatial regions £ and R satisfying the Properties
1. and 2. presented in Section [3.2] So, spatially localized measurements are performed by the
projector I1\%) of Eq. (38). Calling Py, = |(X[¢;)[* (X = L, R and i = 1, 2) the probability of
finding in |X') the particle coming from |¢);), the measure of the spatial indistinguishability of
the particles is quantified, from Eq.(3.14)), as

Tip = — P lros log, Pry, Pry,

Z Z
3.15
Pry, Pry, Pry, Pry, (3.15)
— log
Z 2z

where Z = Py, Pry, + Pry, Pry,- In general, 0 < Z;g < 1. If particles do not spatially
overlap, I have maximal information and Z;g = 0. It’s the same if particles spatially overlap
but one of the two spatial regions, for example L, of the chosen framework is out of the overlap
region: in this case, performing a measurement in £ only one of the two particles has nonzero
probability to be detected and it is so spatially distinguishable from the other. Z attains 1 when
Py, = Pry, and Pry, = Pry,: there is no information about the origin of the two particles
found in £ and R.

3.6 Discussions

In this Chapter, the generalization to a number /N of IP of the well known LOCC-framework
for NIP has been introduced. This substitutes, because of the unaddressability of IP, the con-
cept of particle-locality (as used in LOCC) with the one of space-locality (in the same spirit
of quantum field theory). In fact, within SLOCC single-particle measurements address spatial
regions occupied by IP, contrary to what happens for NIP in which are the particles which are
addressed. This gives the possibility of identifying and quantifying the effect played by IP
spatial overlap in the emergence of the operationally exploitable entanglement in a Bell-like
scenario. Concurrence and entanglement of formation have been defined for an arbitrary pure
or mixed state of two identical qubits, generalizing the methods known for NIP by means of
the SLOCC framework and showing explicitly that entanglement depends on spatial overlap
between single-particle wave functions.

In this Chapter I have introduced the difference between identity and indistinguishability of
IP in quantum mechanics, in contrast to what happens in the standard quantum mechanical ap-
proach where they are considered synonyms. Not having realized this difference is what causes,

in the label-based standard approach, some of the formal mock effects of particle statistics in
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systems of physically distinguishable IP (e.g. when they are independently prepared and space-
like separated). I have defined the continuous degree of spatial indistinguishability of IP by
an entropic measure of information, showing that it is not an intrinsic property of IP systems
(contrary to identity), but a measurement-dependent one. This achievement entails a continuous
quantitative identification of indistinguishability as an informational resource. Hence, one can
evaluate the amount of operational entanglement exploitable by sSLOCC under general condi-

tions of indistinguishability and state mixedness.
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Part 11

Consequences of indistinguishability:

concepts and applications
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Chapter I

Quantum teleportation activated by

experimentally tailored indistinguishability

4.1 Introduction

In this Chapter, I will present a conceptual setup to control the degree of spatial indistinguisha-
bility (Chapter [3) of two identical particles (IP) in the framework of spatially localized opera-
tions and classical communication (SLOCC). Then I will show the experiment implemented in
order to achieve the following goals: (i) tune the indistinguishability of two initially uncorre-
lated photons by the tailoring their spatial overlap, (ii) activation of a nonlocal entanglement, in
two well separated regions of space, only by spatial indistinguishability and (iii) implementa-
tion of the teleportation of the state of a third photon, distinguishable from the others, exploiting

the entanglement due to indistinguishability.

4.2 Theory

4.2.1 Preparation of the system

Consider a system of two identical qubits with opposite pseudospins in the state

[¥) = [¢ 1,¢" ). (4.1)

In order to verify the presence of indistinguishability-enabled correlations within a Bell-like
scenario of separate locations, consider the specific case in which the wave function of each

particle is a superposition of two specific bound states, |L.) and |R), peaked in correspondence
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Figure 4.1: System of two completely overlapping identical particles, one with wave function
1 and pseudospin T, the other with wave function /" and pseudospin | [34].

¢ ®

of two separated spatial regions £ and R (Figl4.T)), respectively, that is

) =1L) +r[R),

4.2)
[¢f) =1Ly +7"[R),

with [I|* + |r|*> = |I'|* + |*'|* = 1. Using Eq.(@.2), the global state |¥) of Eq. (@.I)) can be
expanded as

) =U'[LLY) +r RTRY) + VPir |ViR), (4.3)

where |W1R) is the distributed resource state of Eq.(3.4), whose explicit expression is

_ WL R 4l |L LR

P + |2

in which 7 is 1 for bosons and -1 for fermions. As I have shown in Section [3.3] the spatial

[PUrr) : (4.4)

overlap of the two particles, depending on the probabilities with which they occupy the same
spatial regions, directly influences their entanglement [34]. Operating in the SLOCC framework,
by choosing the two spatial regions £ and R to perform single-particle local measurements, the
state |Urr) can be obtained from |¥) with a probability PLg = || + |I'r|?. In order to
exploit the effects of particle indistinguishability in the chosen framework, each region has to
be occupied by at least one particle (second property of the SLOCC framework, presented in
Section[3.2)), so the cases | = ' =1 (|¥) = |[LH,L ) andl =10 =0 (|¥) = [R 1, R])) are
excluded. I here recall the indistinguishability degree introduced in Eq. (3.13) of Section (3.3)

2
T=-> piklog,plh, 4.5)
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Figure 4.2: The simplest setup thought to produce entanglement by sSLOCC due to spatial in-
distinguishability.

where p(LlF){ = [Ir'?/(|lr'|* + |I'r|?) and p(sz){ =1- p(Llf){. This measure differs from zero only
when the two wave functions spatially overlap in both measurement regions (0 < ||, |I'| < 1),
reaching the maximum (Z = 1) for complete overlap (|I|> = |I'|?, which implies |r|* = |r/|?).

To implement this theoretical scenario, we have proposed a neat conceptual scheme with
polarized photons illustrated in Figure 4.2] Two initially-uncorrelated photons are created, one
with polarization 1 and one with |. Each photon is then spread in a controllable manner by
a beam-splitter (BS) towards two separated locations £ and R, where single-photon measure-
ments are simultaneously performed by sLOCC. This scheme can be seen as a modified version
of the Hanbury Brown and Twiss (HBT) experiment [40, 85]: the relevant difference consists
in initially polarizing the photons and in controlling their spatial wave functions. It allows us to
establish the direct connection between the amount of entanglement and the degree of photon
spatial indistinguishability.

In the next section, I will show that the indistinguishability-enabled entanglement present
in the distributed resource state | U r) has a physical operational role, since it can be used to

implement quantum teleportation.

4.2.2 Teleportation by means of indistinguishability-enabled entanglement

In order to implement a quantum teleportation protocol [20, 861, it is useful to exploit the maxi-
mal operational entanglement achievable from the state of Eq.(#.3) with the highest probability.
For instance, by choosing |1/) = [¢') = (|L) +|R))/v/2, the distributed resource state, available
with probability P = 1/2, is the maximally entangled Bell state

Py = (LR + 0L LR 1)/V2. (4.6)

In the same laboratory where the site £ is, a third particle is prepared with an arbitrary
pseudospin. This third particle is distinguishable from the others for being either of a different

species, independently from its spatial overlap with them, or identical but spatially separated
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from the other particles and its state can be written as |p), = a |[L' 1), + b|L’ |),, where |L')
is localized in a site accessible together with £ yet separated from the latter and the subscript
"d" stands for "distinguishable". After having obtained the state | V1) of Eq. (#.6), the global
state of the three particles can be written as

1) Tr+ 1) o+ 20 o + 1207) (=)o len) 4.7)

N | —

where

10 = (L Dy [L ) + 0L Dy IL)/V2,

4.8)
200 = (I D)o [L ) + 0L Dy IL1))/V2,

are the Bell states between the particle "d" and one of the two IP (1 and 2 in the kets indicate
the number of excited spins in the Bell states), 1y is the identity operator in R, UZR (t=x,y,2)
are the Pauli matrices and |p); = a |[R 1) +0|R ) is the target state teleported in the region RR.
Eq.(4.7) has the structure of the standard teleportation protocol [20]. The implementation of the
latter, starting from the initial state | ) and exploiting the resource state |W73¥), succeeds with
probability P and follows the standard recipe [20]: (i) Luna in the laboratory containing £’
and L performs the Bell measurements and (ii) communicates the outcomes to Rudy placed in
‘R who (iii) performs a given operation. If Luna counts either zero or two particles in L, she
tells Rudy to reject the procedure; in the other cases, Luna communicates the outcome (|\I/gf) )s
1), &5, |w5™Y) to Rudy who makes a corresponding operation (1g, o&, o, oF) to
transform the state of its particle into the desired one. This teleportation protocol, although

’ Yy

conditional, is purely quantum since it beats the classical teleportation fidelity threshold 2/3
[64]]. The teleportation mechanism here described basically differs from previous ones using

identical particles, based on entangled particle number states (30, 87]].

4.3 Experiment

4.3.1 Preparation of the system: experimental setup

An experiment proving that two initially independent photons become entangled only to their
spatial indistinguishability has been implemented in an all-optical setup (Fig4.3(a)) at the CAS
Key Laboratory of Quantum Information of Hefei (China) by the group of Guang-Can Guo,
reproducing the theoretical scheme presented in Figl4.2] and quantitatively showing the depen-
dence of entanglement on the spatial indistinguishability degree of Eq. (4.5)).

The first purpose is the preparation of the state |V,.,) = |/ H,'V), where H (1) and V'({)

denote, respectively, the horizontal and vertical polarization of photons. I now present the setup.
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Figure 4.3: Experimental setup. (a.) State preparation. Two initially-uncorrelated photons
from a BBO crystal with polarization A (1) and V' (]), respectively, are collected separately
by two single-mode fibers via fiber couplers (FCs). A BS for each photon is realized by the
sequence of a half-wave plate (HWP1, HWP2), a polarization beam splitter (PBS) and a final
HWP at 45° placed before £, which leaves the initial polarization of each photon unchanged.
The spatial degrees of freedom v and ¢/’ in which the photons share the same wavelength are
marked as the blue and red colors, respectively, to differentiate. In each region £ and R, one
beam displacer (BD) is used to combine two paths of photons. The inset displays the unit of
polarization analysis detection (PAD) at the final detection placed in £ and R, consisting of
a quarter-wave plate (QWP), a HWP and a PBS before the single photon detector (SPD). (b.)
Experimental illustration of quantum teleportation. The photons in £ are sent to perform
the Bell state measurement (BSM) and meanwhile the PAD here which is marked by the dashed
frame is removed. One of the photon pair generated by pumping another BBO is prepared as
the state to be teleported, while the other photon detected directly is treated as the trigger signal.
BSM is implemented with a PBS followed by two HWPs at 22.5° and PBSs. The signals from
two SPDs are processed by a CD to coincide with the signals from R and trigger.

Pumping by pulsed ultraviolet light at 400 nm a BBO (beta-barium borate) crystal, two pho-
tons are emitted (with wavelength 800 nm) via type II spontaneous parametric down conversion
(SPDC) with initial polarization /4 and V/, respectively, and then collected into single-mode
fibers.

At first, their identity has been characterized by performing the two-photon interference and
using the visibility of the Hong Ou-Mandel (HOM) dip (the set up for the HOM experiment and
the dip are shown in Fig. a) and (b), respectively). Here one obtained a visibility v = 97.7%,
clearly revealing the indistinguishability of the employed operational photons.

Moreover it has been verified with a very high fidelity of (99.9 4+ 0.1)% that photons are
initially completely uncorrelated in the product state | H) @ |V) (Fig. -.4[c)).
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The state |V ,..,) is prepared by adjusting the spatial degrees of freedom |¢) and [¢') by
a sequence of a half-wave plate (HWP), a polarizing beam-splitter (PBS) and a final HWP at
45° before the location £. Notice that the setup is devised in such a way that all the optical
elements independently act on a single photon (Fig[4.3(a)). The operation of HWP on photon
polarization with an angle 6 compared with the optical axis could be written as (g?g 2 sin20 )
By setting HWP1 at (7/2 — «)/2, the photon in |¢)) with polarization |H) (1) changes to
sina |H) 4 cosa |V). As the PBS transmits | H) polarization and reflects |V') polarization,
I have |V') before £ which should be |H). Thus, here, a HWP at 45° is used to flip |V) to

|H). Now, |1, H) is prepared to be |¢), H) = cosa |LH) + sina |RH). Following the same

b 200 F

1600 |

Counts

800 [

1 1 1 1 1 1 1
-900 -600 -300 0 300 600 900

position (um)

Figure 4.4: (a) Experimental illustration of HOM measurement. The first polarization beam
splitter (PBS) combines two photons which are in the polarization H (1) and V' (],), respectively.
One photon is placed on a movable stage to scan the position. The photons are detected by two
single photon detectors (SPD) after a half-wave plate (HWP) at 22.5° and a second PBS. The
coincidence device analyzes the signals from two SPDs and outputs the coincidence counting.
(b) The HOM dip of the two-photon interference. The counts are obtained in 5 seconds
with the pumping power 30 mW. The blue dots are the experimental results. The red curve
represents the fitting Gaussian function G, = a(1 — d e *#=9%) (parameters a, b, ¢ and d are
determined from the fit) and the visibility of HOM dip is defined as v = (G a0 — Gmin) / Gmaz-
(c) Experimental tomography of the initial state |[/) ® |V') of the two photons from BBO
crystal with a high fidelity (99.9 + 0.1)%. Two subgraphs show the real and imaginary parts of
the density matrix, respectively.
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Figure 4.5: (a) and (b): No overlap cases. Two subgraphs in (a) correspond to the real and
imaginary part of |V r) with o = § = m/2, respectively. And the fidelity is (99.8 £+ 0.1)%.
The results of & = § = 0 are presented in (b) and a fidelity (99.4 & 0.1)% is obtained.

method with HWP2 at —f3/2, 1 prepare the other photon in |¢)') with |V') (}) to be |¢/, V) =
sin 8 |LV) + cos 5 |[RV). In other words, by rotating HWP1 and HWP2, characterized by
the angles (7/2 — «)/2 and —/3/2, respectively, one can conveniently control the weights of
each spatial wave function on the two final measurement locations, while the PBSs separate
the different polarizations of the photons. The final HWPs at 45° have the role of maintaining
the initial polarization of each photon unvaried before detection. By suitably setting « and j3, |
can prepare a series of |V,.,) for different configurations of the wave functions and thus of the
degree of spatial indistinguishability 7.

The unit of polarization analysis detection (PAD), consisting of a quarter-wave plate (QWP),
a HWP and a PBS, is placed on both sides of £ and R to implement the spatially localized
operations and measurements (see inset of Fig. [4.3(a)). Classical communication is realized
with the help of a coincidence device which deals with the electrical signals of single-photon
detectors (SPDs) and outputs the coincidence counting on the two locations £ and R. An
interference filter whose full width at half maximum is 3 nm is placed before each SPD. The

sLOCC framework is so achieved at the measurement stage.
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4.3.2 Entanglement from experimentally tunable indistinguishability

The experimental setup of Figi.3|a), after the SLOCC measurements are performed (which
formally means projecting onto the two-particle operational subspace spanned by the basis
Bir = {|Lo,R7), 0,7 = H,V'}) [34], produces the two-photon state

cosacos S |LH, RV) +sinasin g LV, RH)

[Wir) =
Vcos? a cos? B+ sin’ 3 sin? a

, 4.9)

2o cos? B + sin? B sin? . This distributed resource state,

obtained with probability P g = cos
conditionally obtained, is in general an entangled state contained in the prepared state |V ;)
(see Eq.(.3))). Looking at the experimental scheme, its origin can be exclusively attributed to
the spatial indistinguishability of the photons. We are now able to experimentally verify the
amount of entanglement for different spatial configurations of the two wave functions |¢/) and

|4") on the two measurement regions £ and R.

As a first point, no entanglement is found when the two wave functions do not spatially
overlap. In fact, in this case Z = 0 since the two photons can be distinguished by their spatial
locations. This situation is retrieved when o = 8 = 0 (7/2) (Figl4.5(a) and (b)), which gives
|v) = |L) (|R)) and |¢') = |R) (]L)). The final state of the experiment reduces to the product
state |V r) = |LH, RV) (|[LV, RH)).

Entanglement is then produced both for partial and complete overlap of the wave functions.
Under partial overlap, ¢) and v/’ do not exhibit the same probabilities to find the particle in
regions £ and R. The degree of indistinguishability is 0 < Z < 1, which in turn provides
a given amount of entanglement lower than 1. From Eq. (4.9), one then observes that the
maximally entangled (Bell) states |Ui:) = ([LH, RV) & |LV, RH))/+/2 are obtained for
a+ f = /2 (with « # 0,7/2), which corresponds to complete overlap of the two wave

functions and thus to Z = 1.

To experimentally prove the different amounts of entanglement for various spatial configu-
rations of the wave functions, one conveniently fix o = 7/4, for which [)) = (|L) + |R))/v/2
and

|Wir) =cosf |LH, RV) +sinfg |LV, RH). (4.10)

The concurrence [83]] of this state, here used to quantify the shared entanglement between pho-
ton polarizations in £ and R, is given by C(Vr) = sin23. The degree of spatial indistin-
guishability of Eq. becomes T = —cos? 3 log,(cos? B) — sin® B log,(sin® 3) which
happens to coincide with the entanglement of formation E;(Vr) of the state |Wyg) [34].
Therefore, a monotonic relation C(Vyr) = f(Z) exists between the concurrence and the in-
distinguishability of the photons. Furthermore, the experimental test of Bell inequalities on the

various distributed resource states |1 g ) under sSLOCC is performed to obtain a direct verifica-
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Figure 4.6: Entanglement versus indistinguishability. a, b. Concurrence C'(¥1R) of the
distributed resource state |Upr) for « = 7/4 as a function of 8 and spatial indistinguishability
7, respectively. The blue line is the theoretical prediction. The pink dots with the error bars
in a are the experimental results. The red and green dots in b denote the experimental results
for B € [0,7/2] and B € (7/2, 7|, respectively. ¢, d. Behaviour of the Bell function S in the
CHSH test for « = 7/4 versus /3 and Z. The black curve and red points with error bars in ¢
represent the quantum prediction and experimental results, respectively. The blue line in d is the
theoretical prediction while the pink and green dots are the experimental results for 8 € [0, 7/2]
and 5 € (m/2, 7|, respectively. All error bars here are estimated as the standard deviation from
the statistical variation of the photon counts, which is assumed to follow a Poisson distribution.

tion of the (nonlocal) entanglement between the photon polarizations [88]. Here, the Bell func-
tion S is employed to perform a Clauser-Horne-Shimony-Holt (CHSH) test [89]. For the pure
two-qubit state of Eq. (4.10) theoretically predicted, I get S = 2v/1 + C2? = 24/1 +sin®28
[17,90]. Bell inequality is violated when .S > 2, witnessing the presence of quantum correla-

tions which are not reproducible by any classical local model.

The experimental results of C(¥1r) as a function of both 5 and Z are shown in Fig.
(a)-(b) respectively, obtained after state reconstruction. While the experimental results of Bell
function S versus ( and Z are displayed in Fig. [4.6(c)-(d), respectively. The results for S of
most of the generated states are above the classical threshold 2, while some others do not pass
the CHSH test because of the imperfect behaviour of experimental elements. Results clearly
demonstrate that most of generated states are Bell nonlocal (entangled) states. For § = 7/4,

|Wr) in Eq. is expected to be maximally entangled. In the experiment, in correspon-
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Figure 4.7: Maximally entangled state generation. Experimental results of the generated
maximally entangled states in correspondence to complete spatial overlap of the wave functions
(Z = 1). Panel a shows the real part and imaginary part of the reconstructed density matrix for
a=m/4and 8 = 0.776 & 0.006, for which the expected state is | ;). Panel b shows the real
part and imaginary part of the reconstructed density matrix for & = /4 and 5 = 2.352+0.004,
the expected state being |V ).

dence of = 0.776 £ 0.006 I achieve S = 2.79 4 0.03, which violates the Bell inequality by
26 standard deviations. The generated state holds a fidelity of (98.6 £+ 0.2)% compared to the
expected maximally entangled state | ¥ ), whose reconstructed density matrix is presented in
Fig. [4.7(). Moreover, when 3 = 37 /4, that is when |¢/) = (|L) — |R))/v/2 and |¢)) are or-
thogonal yet completely overlapping, the maximally entangled state | U ) should be retrieved.
In the experiment, such a state is generated with fidelity (98.0 + 0.8)% in correspondence to
f = 2.352+0.004, as shown in Fig. d.7|b). All the results provide strong experimental evidence

that entanglement is effectively generated by spatial indistinguishability of photons.

4.3.3 Results of the teleportation

We have verified the generation of polarization entangled states exploiting only different degrees
of spatial indistinguishability of two independently prepared initially uncorrelated photons. I
now show that the maximal amount of the indistinguishability-enabled entanglement is high

enough to implement the quantum teleportation process shown in Section d.2.2] The detailed
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state

|H)

V)

[+)

-)

[9-)

|+)

Fexp(70)

90.0 £2.0

84.7+£1.9

83.1£2.0

822+1.9

843 £ 1.7

86.3 £2.2

Table 4.1: Fidelities of the six states p.yx, with respect to the initially prepared state in the
quantum teleportation process.

setup is presented in Fig. [4.3[b). A heralded single photon is generated by pumping a sec-
ond BBO crystal. One photon is used as the trigger signal while the other photon is sent to
the side of L' as the target to be teleported. The combination of a HWP and a QWP is used
to prepare the photon into an arbitrary state |¢) = a |H) + b |V) with |a|* + [b]*> = 1. To
teleport the information of |¢) to the photon located in R, a Bell-state measurement (BSM) is
performed between L and L'. Here, the Bell state |®r/) = (|LH, L'H) + [LV, L'V))/V2
is performed by exploiting a PBS and setting the two HWPs at 22.5° [91, 92]. Correspond-
ingly, the single-particle operation in R rotating the state of its photon to the desired one is
o, = |H) (V| + |V) (H| which is implemented with a HWP at 45°. Performing the quantum
tomography of single-qubit state in R, one can obtain the teleportation information. Quantum
teleportation is here realized exploiting the distributed maximally entangled state | ¥ ) above,
generated by complete spatial indistinguishability (Z = 1) of the original two photons. The
value o« = 8 = /4 is chosen which implies that |[¥U;;) is obtained with maximum probability
(Psuce = 50%). The results of the tomography give a visibility of 87, 9%. The eigenvectors of
o; (i = x, y, z) are prepared as the additional photon states |¢) in L’ to be teleported. This
implies |duea) € {|H), [V), [+) = (|H) + [V))/V2, |=) = (H) = [V)/V2, |¢-) =
(|HY —i|V))/V2}, |¢1) = (|H) +14|V))/+/2}. First, one perform the tomography of the ef-
fectively prepared pprep = |Dprep) (Phrep| in L. Comparing it with |@igeal), the fidelity of ppep
is F = (¢ideal|Pprep|¢ideal>. In this experiment, the average fidelity of prepared py,., 1s about
99.8%. With tomographic measurements performed in R, the experimental states of quantum
teleportation pey, have been reconstructed.

The state fidelity I, with respect to the initially prepared state pp., 1s then introduced as
a figure of merit for the teleported state p..,. For the six initial states listed above, without the
background subtraction, the corresponding fidelities are measured and shown in Table . Tjwhich
are clearly higher than the classical fidelity limit of 2/3 [93]]. Furthermore, the quantum process
matrix x of quantum teleportation [94] is reconstructed by means of a tomographic analysis
= E?, j=1 Xij Oi * Pprep * 0j

where 0y = [ and 03, 3 4 = 0, ,, ., which in the ideal case gives x;; = 1 with all the other

by comparing pprep and pexp. The matrix x is defined with pey,

elements equal to 0 [95]. By assuming y with several unknown parameters and employing
the experimental results of pp,e, and pexp, I can calculate the elements of . The experimental
results are shown in Figld.§ with a fidelity F}, = (79.4 + 1.6)%. All error bars in this work are
estimated as the standard deviation from the statistical variation of the photon counts, which is

assumed to follow a Poisson distribution.
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Figure 4.8: The quantum process matrix of quantum teleportation. Experimental reconstruction
of quantum process matrix x for the teleportation protocol. a, b show the real and imaginary
parts of x, respectively. Here, I is identity matrix o; and X, Y, Z correspond to o, oy, 0.,
respectively.

4.4 Discussions

In this Chapter, I have presented an experiment realized in an all-optical setup, in which the
spatial indistinguishability of two initially uncorrelated photons has been directly tailored by
controlling their spatial degrees of freedom, in such a way that they are led to partially or to-
tally overlap in two separated regions. The fact that photons were initially not entangled has
been verified with a very high fidelity (99.9 4 0.1)%. In order to study the effect of indistin-
guishability on the emergence of entanglement between photons, single-particle measurements
have been performed for different values of spatial overlap within SLOCC. The result is that
the amount of entanglement increases with the degree of photon spatial indistinguishabiliy. The
Clauser-Horne-Shimony-Holt (CHSH) test has been also performed, showing that the generated
entanglement is nonlocal. Moreover, it is useful to remark that the realization of the SLOCC
framework excludes any possible measurement-induced entanglement on the initial state, as
may instead happen in optical interferometry with spread detection.

Notice that if the setup was run by two initially uncorrelated nonidentical particles, no en-
tanglement would be generated.

The results of the experiment have shown that spatial indistinguishability is a fundamental
catalyst of nonlocal entanglement and this is high enough to enable conditional teleportation
with fidelities above the classical threshold (82-90%).
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Chapter

Transfer of entanglement in a quantum

network by means of indistinguishability

5.1 Introduction

Usual state transfer procedures [96] uses identical particles (IP) and exploit their entanglement.
However, no effect associated to the statistical nature of particles typically shows up, since in
these processes they are always distinguishable. One may wonder if, in general, employing
IP may lead to new features in the context of quantum communication, when their indistin-
guishability can be exploited as a direct resource. Indistinguishability has been already shown
to be useful for some quantum information protocols [97, 98}, 199, 100, 101} 158} 35} 36, 139, 34|
and for quantum metrology [2, [75, 161]. In this context, one of the problems which remains
to investigate is the role played by the quantum statistical nature of IP into the mechanisms of
entanglement transfer within large-scale networks.

In this Chapter, I will present a new process of entanglement transfer for fermions in a many-
node quantum network, exploiting their indistinguishability by means of sSLOCC. Although the
idea of using IP indistinguishability to generate entanglement is not a new one, the present pro-
cess shows that remote entanglement among two distant sites can be generated by only locally
counting particles in the sites and classical communication. These characteristics constitute
the key achievement of this project. I will compare this process to that with indistinguishable
bosons in the same network and to that with IP (both bosons and fermions) in a network with the
number of nodes equal to the number of particles, whose essential ingredients recall, although

partially, the standard process of entanglement swapping.
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5.2 Entanglement swapping in a nutshell

I concentrate the attention on the entanglement swapping (ES), which is a key process in the
context of large-scale distribution of quantum information [102} (103, 104, [105]], to build quan-
tum relays and quantum repeaters [106, 96] and is subject of intense experimental interest
(107, 108} 109, 110, 111} [112]]. ES is an intrinsically quantum phenomenon which permits
to entangle two particles not sharing a common past, each particle being outside the light cone

of the other. So far, in all the implementations, essential ingredients are
1. preparation of entangled pairs,
2. Bell measurements [113]].

In particular, in the standard ES process [114], two pairs of entangled particles are initially
prepared (particles in each pair are not independently prepared) and a Bell measurement is suc-
cessively performed on two particles of the different pairs. As a result, the other two particles
become entangled even if they never interacted [115, [116]. ES has been experimentally real-
ized using identical but distinguishable particles (photons) by applying the usual operational
framework for NIP, based on particle addressability (local operations and classical communica-
tion (LOCC)) [64]. The initial entangled pairs of photons are typically created by spontaneous
parametric down conversion (SPDC) [107, 108, 111} (109, [110]. To exclude the possibility of
initial classical correlations, some experiments have adopted two synchronized independent
SPDC sources [109, 110]. Recently, ES has been successfully achieved in a quantum net-
work, entangling two photons over a distance of 100 km [[112]]. and, moreover, multiple ES has
been theoretically proposed and experimentally realized by extension of the standard protocol
(117,118,119} 1120]. However, the overall success of the process is influenced by the low cre-
ation rate of photon pairs in SPDC [121} 122} [123]] and by the inefficiency in the realization of
Bell measurements [[113, 1109, (124, 125 126127/, 128\ [129]].

5.3 Network with coincident intermediate nodes

5.3.1 Fermions

Experimental techniques to control fermions in quantum networks have been recently developed
(130, 131} 1132, 133} 134, 135, [136]. In the following I focus on unveiling remarkable aspects
introduced by both fermionic statistics and spatial overlap in the process of remote entanglement
distribution.

To this aim, I first describe the basic process which serves as the elementary step for the

extension to a many-node quantum network. As displayed in Fig. I take four identical

72



l ?BSz ‘
S1 S2 S3 S4

Figure 5.1: Basic network. Scheme for the entanglement transfer by four independently-
prepared indistinguishable fermions, with a shared intermediate node M. The delocalized spa-
tial modes « and [ partially overlap in correspondence of the intermediate node M. Post-
selection by sLOCC leaves two fermions with opposite pseudospins in the central node M and
two entangled fermions in the extreme nodes, A and B.

fermions (two pairs), prepared by four independent (space-like separated) sources {S;, i =
1,...,4}. Each particle is sent to the corresponding beam splitter BS;. The two sources S; and
So independently prepare two fermions with opposite pseudospin. Each beam splitter sends the
particle with the same amplitude into two separated spatial nodes (sites) A and M, so that each
particle is in the same delocalized spatial mode |a) = (|A) + |M))/+/2. Similarly, sources Ss
and S, generate the fermions of the second pair with opposite pseudospin in the delocalized
spatial mode |3) = (|[M) + |B))/v/2 (right side of Fig.|5.1). The modes |a) and |3) partially
overlap in the shared intermediate node M and the I-th node (I = A, M, B) is chosen such that
only the localized bound state |I) is present. The condition that particles are in the chosen local-
ized bound states can be assured by keeping only the cases when local detectors do not measure
particles elsewhere and by classically communicating the results. The initially prepared four-
fermion state |\I/§4)> (Appendix can be then formally obtained from |a |, 1,8 |, 5 1) by
dropping, because of the Pauli exclusion principle, the terms with the same pseudospins in the
central node (same spatial state [M))[137]]. The ultimate scope is to generate entanglement be-
tween particles in the far nodes A and B. This can be achieved by using sLOCC [34], which
here consist in a post-selection locally counting only one particle of the first pair in A and
one particle of the second pair in B and using classical communication among these sites (this
counting implies that in the central node M there are two particles). The classical communi-
cation allows sites A and B to know when an entangled pair is obtained. Notice that the local
counting operation is a free operation with respect to entanglement [[138]]. Such a post-selection
can be implemented utilizing, for instance, absorbtionless particle-counting detectors in A and
B, which do not disturb the pseudospin state [[139, 140, (141} [101]. Similar non-demolition

measurements are applied in the other post-selections by sSLOCC used in this Chapter.
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Figure 5.2: Many-node quantum network. Scheme for remote entanglement distribution
between distant nodes A and B by n independently-prepared indistinguishable particles with
k = N — 1 shared intermediate nodes, being N = n/2 the number of involved particle pairs.
This process is the straightforward generalization of the scheme of Fig. [5.1}

One then gets the post-selected global state (see Appendix [B.))
[TEDs) = [¥ur, 13p), 5.1)

where ALBD = [ALBY
(W) = M T, M), 1) = : NG : (5.2)

in which 1 in the ket indicates the number of excited spins in the state. Therefore, it has been

obtained a maximally entangled state over the distant nodes A and B, despite the latter are
always independent and the particles do not share any common past. I stress that if the four
particles are not identical, the same post-selection procedure does not give rise to an entangled
state. The probability with which the state of Eq. (5.1)) is obtained is shown in Appendix I
remark that this entanglement distribution is reached without entanglement-inducing Bell mea-
surements on the central particles, but just exploiting the indistinguishability of non-interacting
fermions in M. In fact, the spatial overlap of fermions in the shared intermediate site M plays
the key role of an entanglement-transfer gate. Schemes for entanglement swapping without Bell
measurements have been proposed in contexts where interaction is essential (e.g., cavity QED)
[125] 142} 126, 143]].

The basic scheme of Fig. [5.1] can be straightforwardly iterated to create a remote entan-
glement transfer in a many-node quantum network. This is achieved by means of n identical
fermions and kK = N — 1 shared intermediate nodes M; (: = 1,...,k), where N = n/2 is the
number of particle pairs. As displayed in Fig.[5.2] each j-th pair (j = 1,..., N) has opposite
pseudospins and spatial mode |a;), with [a;) = (JA)+|M}))/v/2, |an) = (|M)+|B))/v/2 and
la) = (IM;_1) + [M;))/v/2 for j = 2,..., k. The aim is to activate entanglement of particles
in the remote far nodes A and B of the network. The modes |«;) and |, 1) partially overlap in
the shared intermediate node M; and the I-th node (I = A, M;, B) is taken, as already mentioned
above, such that only the localized bound state |I) is present. Once again the initial n-fermion

state |\If§")) can be formally determined starting from the state |o; |, o1 T,...,ay |, ay 1)
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simply by dropping, because of the Pauli exclusion principle, the terms having the same pseu-
dospins in each intermediate node. After that, by counting one particle in A and one in B (this
entails that each node M; contains two particles) and allowing for classical communication as

before, the post-selected global state is

[T = [Was Uns -, Wty L) (5.3)

obtained with a probability P(n) = ](\IJETQS|\IJ§")>|2 explicitly shown in Appendix [B.1| and
where |1y;,) = |M; T,M; |) and |1,5) is the maximally entangled (Bell) state of Eq. (5.2).

Thus, it has been generated entanglement of particle pseudospins between the independent dis-

tant locations A and B of the many-node network, starting with independently-prepared iden-
tical fermions, with no Bell measurements and only using local counting operations. I remark
that all these features make the remote entanglement activation based on identical fermions

deeply different from the standard processes of entanglement transfer, such as ES (Section|[5.2).

5.3.2 Bosons

The basic setup of Fig. can be also thought to be run with identical bosons. I shall show
that, in this case, a Bell measurement onto the intermediate site M is eventually required for
achieving the desired entanglement transfer, similarly to a standard protocol of ES. The sLOCC
framework is now realized by locally counting two particles in the intermediate node M and
only one particle in each of the far nodes A and B, also allowing for classical communication
among the different sites. From the initial (unnormalized) state |« |, T, 3 |, 8 1), one gets the

four-boson post-selected state (see Appendix [B.2)

_ "IJM, 1XB> + |(I)K/[7 ZXB> — ‘®K472KB>

\/§ )

where |®3;) = (IM [, M |) + |M 1, M 1))/2, [¥y) is given in Eq. (5.2), while the distant sites
A and B share the Bell states

4
Ty

(5.4)

1
1+ -
| AB> \/5

1
|2f13> = =

V2
I remark that in Egs. (5.4) and (5.3), 1 and 2 in the kets indicate the number of excited spins in

the Bell states. The presence of these three Bell states is a consequence of the fact that bosonic

(1A LB +[A 1B,
(5.5
(IALBY £ [AT,B)).

systems admit two-particle states with the same pseudospins in M. As in the standard ES pro-
cedure, a joint (Bell) measurement in the shared intermediate node M determines the entangled

state in which the first and the last boson of the network collapse, each outcome occurring with
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Figure 5.3: Four-node scheme for the entanglement swapping by indistinguishable particles
(bosons or fermions). Four independent single-particle sources S; (+ = 1,...,4) send each
particle to the corresponding beam splitter (BS;). « and [ are the (delocalized) spatial modes
peaked in correspondence of the separated spatial nodes A-C and D-B, respectively. Post-
selection by sLOCC leaves only one particle in each node and Bell measurements are finally
performed.

probability p = 1/3, as seen from Eq. (5.4). Since each of the three Bell-state outcomes from
the joint measurement in M realizes the desired entanglement transfer over A and B, the success
probability of the process coincides with the probability of obtaining the post-selected state of
Eq. (Appendix B.2)). This bosonic protocol can be then extended, analogously to the stan-
dard multiple ES, by a cascaded procedure [118]. The scheme remains that of Fig. [5.2] with n
independently-prepared identical bosons and £ = N — 1 intermediate nodes (N = n/2). The
sLOCC framework again consists in counting two particles in each intermediate node and one
in the distant nodes A and B, also allowing for classical communication of the counting out-
comes. One gets the post-selected state ]\Ifl(;}),s> and performs Bell measurements step by step
on each intermediate node M; (: = 1, ..., k) to transfer entanglement over A and B. The success
probability is P,(n) = |<\I/£7F),S|\I!§)”)>|2 (see Appendix [B.2).

5.4 Network with separated intermediate nodes

I shall now discuss a procedure, much closer to the standard ES, which can be obtained with
indistinguishable particles (bosons or fermions) by employing intermediate separated nodes
instead of common intermediate ones.

We take a system made of four IP (either bosons or fermions), prepared by four independent
(space-like separated) sources {S;, ¢ = 1,...,4}. Each particle is sent to the corresponding
beam splitter BS;, as depicted in Fig. The two sources S; and S, independently prepare
two particles with opposite pseudospin. Each beam splitter sends the particle with the same
amplitude into two separated sites A and C, so that each particle is in the same delocalized
spatial mode |a) = (|A) + |C))/v/2. Similarly, sources Ss and S, generate the particles of the
second pair with opposite pseudospin in the delocalized spatial mode |3) = (|D) + |B))/v/2
(right side of Fig.[5.3). All the nodes are spatially separated (the modes |c) and |3) are or-
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thogonal) and the I-th node (I = A, B, C, D) is chosen such that only the localized bound state
IT) is present. The condition that particles are in the chosen localized bound states can be as-
sured by keeping only the cases when local detectors do not measure particles elsewhere and
by classically communicating the results. The global four-particle quantum state [S8] is there-
fore U™ = |a |, 1,8 |, 8 1). From this state it is possible to obtain entanglement in the
pseudospin degrees of freedom linked to the spatial overlap of particles in each pair. This is
achieved by sLOCC [34], which here consist in a post-selection counting only one particle of
the first pair in A and one particle of the second pair in B and classically communicating this
outcome to each other. This post-selection can be implemented using, for instance, one ab-
sorbtionless particle-counting detector in A and one in B, which do not disturb the pseudospin
state 139,140, 141, [101]. Similar non-demolition measurements are applied in the other post-

selections used along the paper. As a result, each node contains one particle and I obtain the

state (see Appendix
[Wpe) = ke 1) - (5.6)

where |1} ) and [1]);) are the two-particle Bell states

1
o) = 5=(A L,C 1) +9lA 1,0 1)),
1

D) = \/ﬁ(lD LB +0D1,B)). (5.7

Even if the particles have been independently prepared, as a consequence of SLOCC, the state
\\Ifff‘s)> shows that the pair of particles in A and C is maximally entangled in the pseudospin de-
grees of freedom, as the DB-pair. This state is obtained with probability P(4) = | (\Ifgg (WY =
1/4. At this stage the particles can be distinguished, since they are in spatially separated sites.
I stress that for each pair, if the particles are nonidentical, the same post-selection proce-
dure does not give rise to an entangled state. The structure of the state of Eq. (5.6) allows
to implement the standard protocol of entanglement swapping (ES) [114]: performing a Bell
measurement on near central nodes C and D transfers entanglement to the particles in the far
nodes A and B. Notice that this procedure does not require, at the preparation stage, two en-
tangled pairs. The present scheme works for both bosons and fermions, also when particles
of different pairs are not identical. Moreover, in analogy with the standard ES, it can be natu-
rally iterated by a cascaded procedure [118] to realize multistage entanglement swapping with
n = 2N independently-prepared particles, being N the number of involved particle pairs. This
is achieved by using a network with n — 2 separated central nodes, where each pair of identical
particles (either bosons or fermions) is prepared with opposite pseudospins in an equal delo-
calized spatial mode peaked in correspondence of two separated nodes (as shown for the two

pairs in Fig. [5.3). After obtaining a single particle in each central node and performing Bell
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measurements step by step onto two central nodes [118]], one eventually entangles the particles

in the extreme nodes of the network with probability P(n) = 1/2V.

5.5 Discussions

In this Chapter I have presented a new way to obtain entanglement transfer in a large-scale quan-
tum network which is fundamentally activated by IP spatial indistinguishability. The standard
ES, that is the renowned process for entanglement transfer with distinguishable particles, ne-
cessitates to start from entangled particle pairs and requires final Bell measurements [114]. Our
process, when run by identical fermions, enables remote entanglement among distant nodes
through the following different mechanisms: (i) no distribution of initial entangled pairs, (ii)
without performing Bell measurements. This because IP spatial overlap acts as an entangling
gate, therefore, the process only requires local counting of independently-prepared IP.

The key advantage of this process is that it simplifies the task of distributing entanglement,
overcoming the drawbacks encountered in the usual entanglement transfer procedures during
the initial preparation stage and the final measurement phase. In fact, it skips the necessity of
sources of entangled particle pairs, which are for instance generated by SPDC at the very low
rate of about 1072 for single laser pulse [122], and also avoids the experimental inefficiency
associated to Bell measurements [[113} 109} (124} (125,126, (127,128, [129].

Our results make it emerge once more [34] that IP spatial indistinguishability is a resource
that can be operationally exploited in the framework based on sLOCC.

The proposed fermionic process could be, for instance, realized by using: quantum dots
as sources of single electrons that can be initialized in particular spin states [131]], emitted
on demand [132] and directed to quantum point contacts acting as electronic beam splitters
[133] 144]; single electrons, that have been also recently shown to be controlled within atomic
circuits [134]; urther setups in quantum optics, simulating fermionic statistics using photons

and integrated photonics [[135, [136] that could, in principle, represent convenient platforms.
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Chapter

Robust entanglement preparation against
noise by controlling spatial

indistinguishability

6.1 Introduction

Entanglement is a form of quantum correlation at the heart of quantum information and quan-
tum computing processes. It is therefore very important to initialize composite quantum systems
into highly entangled states. However, the interaction of these systems with the environment
tends to wear down entanglement, not only during the dynamics but already in the initial phase
of pure state preparation, rendering it mixed. As a result, the protection of entanglement from
noise is of great relevance for quantum-enhanced processes. In this Chapter, I will treat this
subject by means of a system of two identical particles (IP) in the Werner state, which is an
emblematic example of a pure entangled state preparation in presence of white noise. By ex-
ploiting the concurrence for identical particles (IP-concurrence) and the entropic measure of
indistinguishability (Chapter [3| I will study the possibility to protect nonlocal entanglement

from preparation noise.

6.2 Entanglement of formation of the IP-Werner state under
sLOCC

Werner state is defined as a mixture of a pure maximally entangled Bell state and of the maxi-
mally mixed state (white noise [[17,16]). Assuming to be interested in generating the Bell state
1155) = (|Ta, IB) % |44, TB))/V/2, where 1 in the ket indicates the number of excited spins in
the state, the explicit expression of the Werner state, is Wig = (1 —p) [155) (Iig| +pla/4, 14 is

79



Figure 6.1: Noisy entanglement preparation with tailored spatial indistinguishability. II-
lustration of two controllable spatially overlapping wave functions 1)1, 1) peaked in the two
localized regions of measurement £ and R. The two identical qubits are prepared in an entan-
gled state under noisy conditions, giving WW*. The degree of spatial indistinguishability can be
tuned, being 0 < Z; g < 1.

the 4 x 4 identity matrix and p is the noise probability which accounts for the amount of white
noise in the system during the pure state preparation stage. It is known that the concurrence for
such state is C(Wi5) = 1 — 3p/2 when 0 < p < 2/3, being zero otherwise [17].

In perfect analogy, the IP-Werner state with spatial wave functions 1)1, 15 can be defined by
W = (1= p) [1%) (15| + pla/4, (6.1)

where Iy = >, [i*) (i*| is expressed in the orthogonal Bell-state basis B+ o+) =
{I17),117),[2%) ,[27)} with

|1i> = ([ T2 b) £ U1 L, e T})/\/i
12F) = (Jor 1we 1) £ [ e 1))/ V2. 6.2)

where 1 and 2 indicates in the LHS kets indicates the number of excited spins. In Eq. (6.1)),

1%)
is the target pure state to be prepared and l,/4 is the noise as mixture of the four Bell states.
Notice that the states of Eqs. (6.1)) and (6.2)) are in general not normalized, this depending on
the specific spatial degrees of freedom [39]. Focusing on the observation of entanglement in
a Bell scenario of separate locations £ and R, a well-suited configuration for the spatial wave
functions is [¢0;) = [ |L) +r|R) and |1)5) = I'|L) + r'e? |R), where [, r, I, ' are non-negative
real numbers (12 + 7> = > + "> = 1) and 0 is a phase. The wave functions are thus peaked

in the two localized measurement regions £ and R, as depicted in Figure[6.1] I here recall the
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degree of spatial indistinguishability Z g of Eq. (3.15) in Chapter 3|

Pry, Pry, log, Pry, Pry,

Tip = —
o z z (6.3)
_ Pry, Pry, log Pry, Pry,
Z 2z

where with P, = %, PLy, = " (implying Pry, = 7%, Pry, = 1), and Z = Py, Pry, +
Py, Pry, - The degree of spatial indistinguishability is tailored by adjusting the shapes of |¢1)
and [t)9).

Given the configuration of the spatial wave functions and using the sSLOCC framework, the
amount of operational entanglement contained in YW+ can be obtained by the IP-concurrence
(see Section [3.4] of Chapter [3)). Projecting WV onto the subspace spanned by the computational
basis Bir = {|[L T,R1),|[L1T,R]),|[LL,R1),|L ], R )} by means of the projector

Hézl:){ = Z |L7—17 R7-2> <L7—1a R7_2| ) (64)

T1,m2="T,d

the following distributed resource state
Wik = TERW AT Tr (I W), (6.5)

is obtained with probability P r = Tr(H(LZF){Wi). The trace operation is performed in the LR-
subspace. The (normalized) state WLiR can be then treated as the state of two distinguishable
qubits in separated bound states |L), localized in the region £, and |R), localized in the region
R. Therefore, the SLOCC-based concurrence Cpr (W*) := C(W;5;) can be calculated by the
usual criterion for distinguishable qubits [82} [80] (Chapter [3)).

I now report the explicit expressions of C' (Wﬂ[R) for some cases of particular interest. In the

following, only the cases # = 0, 7 in [¢)5) will be considered.

- Werner state YV~

Consider at first in Eq. (6.1) the state V~, by choosing for fermions the value § = 0 and

for bosons @ = 7. One finds

(6.6)

_ / 1 \2 I 1,0)\2
C(WLR):maX{O, (4 —=3p)(Ir' +U'r)* = 3p(lr' = U'r) }’

4 (Br2 +102r2 + Ir'rl’(2 — 3p))
which is the same for both fermions and bosons, but with a statistically-dependent probability

2(1%r + 1”72 + 1r'rl'(2 — 3p))
2 —n(2—=3p)(ll' —nrr')?

Pir = (6.7)

The plot of the concurrence as a function of Z  and p, fixing [ = 7/, is reported in Figure[6.2]a).
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Figure 6.2: a. Concurrence of the Werner state VV~. Contour plot of entanglement
CLr(W™) versus noise probability p and spatial indistinguishability Z; r for target state |17),
fermions (with # = 0) or bosons (with § = ), fixing [ = 7. b. Concurrence of the
Werner states YV* for completely indistinguishable and distinguishable qubits. Entan-
glement Cp g (WW*) as a function of noise probability p for different degrees of spatial indis-
tinguishability Z; g and system parameters: blue solid line is for target state |17), Zyg = 1
(I = 1), fermions (with # = 0) or bosons (with # = 7); red dashed line is for target state |17),
Iir = 1 (I = 1), fermions (with & = 7) or bosons (with # = 0); black dot-dashed line is for
distinguishable qubits (Zpg = 0,1 = 1 and I’ = 0 or vice versa).

When the indistinguishability degree is maximum, i.e. Zyg = 1 (I = '), using in Eq. (6.2) the
explicit expressions of the wave functions [¢;) and |12}, we obtain by SLOCC the distributed
Bell state Wi = |11g) (Iirl> with [1;3) = (LT, R {) — |L J,R1))/v2. In this case, the

concurrence is
C(Wr) = 1, for any noise probability p and given I = 1, (6.8)

whose behaviour in function of the noise probability p is shown by the blue solid line of
Figure [6.2b. The probability Pir of Eq. is plotted in Figure [6.3(a) as a function of
noise probability p for some degrees of the spatial indistinguishability. Py is maximized when
I=U=1/ /2, taking the values P g = 1 /2 for fermions and P g = 1 — 3p/4 for bosons.

- Werner state V'

Differently, when in Eq. (6.1) the state VW7 is considered and the values # = 7 and § = 0
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with a statistically-dependent probability

2(Pr2 4+ 172 + Ir'rl'(2 — p))
2+ n(2—p)U" + nrr')?

Pr= (6.10)
The concurrence of Eq. (6.9) is given by the contour plot in Fig. [6.4]in terms of both indistin-
guishability degree Z g and noise probability p, fixing [ = 7.

However, differently from the previous case (VV ™), when particles are maximally indistin-

guishable, i.e. Zrg = 1 (I = I'), one gets a p-dependent concurrence C (W)ER, with

4 — 4 — 4
CWR) = (4=5p)/(4=p),  forOsp<4/s . givenTip = 1. 6.11)

0 elsewhere

The entanglement now decreases with increasing noise, remaining however larger than the one
for nonidentical qubits (red dashed line of Fig. [6.2b). The sSLOCC probability is maximized
when | = I' = 1/+/2, taking the value P.g = 1 — p/4 for fermions and Pr.g = 1/2 for bosons.
The probability P r of Eq. (6.10) is plotted in Fig. [6.3[(b) as a function of noise probability p
for some degrees of spatial indistinguishability 7y g.

The choice of the state to generate (either |17) or |17)) makes a difference relative to noise
protection by indistinguishability. However, we remark that identical qubits in the distributed
resource state WEER, are individually addressable. Local unitary operations (rotations) in £ and
R can be applied to each qubit to transform the noise-free prepared |1*}) into any other Bell
state [[17]. Moreover, notice that these behaviours are achieved with probabilities P g high
enough to be of experimental relevance.

Since the preparation of |17), represented by Eq. (6.1), results to be noise-free for both
fermions and bosons when Zy g = 1, it is important to know what happens when the degree of
spatial indistinguishability realistically not perfectly maximum (between 0.7 and 1). In Fig[6.2h
we display entanglement as a function of both p and Z;g. The plot reveals that entanglement

preparation can be efficiently protected against noise also for Zy g < 1.

6.3 CHSH-Bell inequality violation for the YV* state

For distinguishable particles a given value of entanglement by itself does not guarantee that
the correlations cannot be reproduced by a classical local hidden variable model [[17, 22]]. The
Bell inequality violations are therefore utilized to show that a given amount of entanglement
of mixed states assures not classically reproducible nonlocal quantum correlations [17]. For
two distinguishable qubits in an arbitrary state p, the CHSH-Bell inequality can be written as

B(p) < 2 [17], where 2 represents the classical threshold. Whenever a quantum state produces
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B(p) > 2, its corresponding entanglement is inherently quantum nonlocal.

These arguments can be straightforwardly generalized to the case of indistinguishable parti-
cles. In fact, after SLOCC the identical qubits can be individually addressed and a Bell test can
be performed on their global state by spin-like measurements onto the separated bound states
|L), localized in the region £, and |R), localized in the region R [34]. The distributed resource
state WfR’ stemming from W¥ of Eq. (6.I) after SLOCC, has an X structure in the computa-
tional basis Bpg = {|[LT,R1),|[LT,R{]),|[LJ,R1),|L],R])}. Thatis, only the diagonal
and off-diagonal elements are in general nonzero. According to the Horodecki criterion for
the CHSH-Bell inequality violation of a two-qubit density matrix [78], the expression of the

optimized Bell function for an X-shape density matrix py can be written as [145]]
B(px) =2V/P? + Q2 (6.12)

with P = p11+pas— paz—ps3 and Q = 2(|p14|+]|pas|), where p;; are the density matrix elements
in the computational basis. For WfR, these elements are functions of both the degree of spatial
indistinguishability Z; r, through the wave function parameters [ and ', and the noise probability
p. It is thus possible to look for Bell inequality violations, that is Bygr(W®*) := BW:S) > 2,
for different values of Z; g and p. Fixing [ = r’ in the wave functions |¢;) and |1)s), the degree
of spatial indistinguishability can be continuously varied.

As shown in the previous section, entanglement can be protected by noise also for Z; g < 1.
What is the minimum degree of Z;  that guarantees nonlocal protected entanglement in £ and
R?

- Werner state YV~

For both fermions and bosons, the behaviour of the Bell function B(W[y) is displayed in
Figure . When 0.76 < Zpr < 1, that is 0.56 < C(W, ) < 1, the Bell inequality is violated
independently of noise probability p.

This is basically different from the case of distinguishable qubits A and B where, as known
[17], the Werner state WAEB violates Bell inequality only for small white noise probabilities
0 < p < 0.29 (giving 0.68 < C(W33) < D).

- Werner state YV

For both fermions and bosons, the behavior of B(W;'y) is reported in Figure . When
Iir = 1, the violation of the Bell inequality depends on the noise probability p: one has
BWly) > 2 for 0 < p < 0.36, which means 0.6 < C(W,) < 1.

The main result comes from the case of Y}~ : although significant changes in the shapes of
the 1-particle wave functions, the spatial indistinguishability Z; g anyway remains beyond the

threshold (= 0.76) which assures noise-free generation of non-local entanglement. We notice
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Figure 6.5: Bell function. Bell function B (WfR) versus noise probability p and degree of
spatial indistinguishability. To vary Zy g we fix [ =’ in|¢);) and |t)5). a. Target pure state [17)
in Eq. (6.1) for both fermions (with # = 0) and bosons (with § = 7). b. Target pure state [17)
in Eq. (6.1) for both fermions (with § = 7) and bosons (with § = 0).

that if the two operational regions £ and R are two nodes of a quantum network, the protection
of entanglement between the two nodes for a fixed value of indistinguishability (Z) is invariant
with respect to finite changes of the 1-particle spatial wave functions in the nodes. In this sense

we may talk about "topological protection" of entanglement

6.4 Discussions

In this Chapter, I have analysed the effect of quantum indistinguishability on entanglement
preparation in the generalised IP-Werner state. This IP-state is obtained from the Werner state
of two distinguishable (separated) identical qubits after letting them overlapping (see Chapter
[B). I have shown that, starting with a noisy Werner state, the SLOCC permit to obtain, when
indistinguishability is maximum, a noiseless nonlocal maximally entangled state; this result is
independent of particle statistics. Moreover, spatial indistinguishability possesses robustness to
variations in the configuration of spatial wave functions. In this sense, the main result of this
chapter is that indistinguishability behaves analogously to a topological resource of quantum
networks.

These results may also provide the explanation of coherence endurance due to particle in-
distinguishability [146].
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Chapter 7

Indistinguishability-enabled coherence

7.1 Introduction

In this Chapter, I will study the coherence of independently prepared identical particles (IP) in
function of their spatial indistinguishability, showing how to generalize all the notions of re-
source theory of quantum coherence [147, 148, 149, 150, 151, 152, [153]], known for nonidenti-
cal particles (NIP), due to IP. Then, I will investigate whether the IP indistinguishability-enabled
coherence plays an operational role in the implementation of quantum information tasks. In par-
ticular, I will exploit this coherence in a phase discrimination game [149]. Finally I will examine

in a specific case the role played by particle statistics in the protocol.

7.2 Coherence as a resource

The purpose of a quantum resource theory (QRT) is to characterize tools useful for the imple-
mentation of quantum-enabled tasks under certain physical constraints. Indeed, it comes from
the impossibility to perform certain operations at no cost. The operations to which I have access,
in accordance with these constraints (e.g. superselection rules or experimental difficulties), are
the so-called free operations. Due to the fact that they represent only a certain subgroup of all
the possible quantum operations, only certain quantum states can be obtained by means of them

and these are the free states of the theory.

"Basic economic principles dictate that

objects acquire value when they cannot be easily obtained."[138]]

As consequence, all the other states are called resources, not only since they cannot be
obtained for free but also since they allow us to circumvent the physical constraints to implement

some tasks unachievable by using only free states and free operations.
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Resource theories are useful since it allows us to quantitatively evaluate the advantage used
by a quantum state rather than another carrying out a physical processes. All the measures of
a resource remain constants or monotonically decrease under the free operations, according to
the fact that the resource has a value and no arbitrary amount of it can be created without a
cost. Moreover, the resource theory gives the possibility to approach quantum tasks in terms of
required free operations and of the consumptions of the resources.

Quantum coherence is a property of quantum systems coming from the possibility to prepare
them in quantum states which are superposition of two or more different physical configurations
and it is a basis-dependent concept.

Being a purely quantum feature, it represents the core of quantum-enhanced technolo-
gies [148l [154] and, as a consequence, a resource theory [138] of coherence for noniden-
tical particles has been proposed, in order to characterize, quantify and exploit coherence
(147,148, 149,150,151} 152} 153]. Chosen a reference basis, diagonal and non diagonal states
in that basis are called incoherent (free) states and coherent (resource) states, respectively. The
free operations to which I have access are the so-called incoherent operations and they cannot
create coherence starting from incoherent states. They map the set of incoherent states into
itself and all the measures of coherence proposed, such as the relative entropy of coherence, the
[, norm of coherence [155] and the robustness of coherence [[149]] are monotones under inco-
herent operations.

It has been shown that coherence of a quantum state has an operational relevance in the
implementation of phase discrimination protocols using distinguishable particles: the robust-
ness of coherence quantifies not only the amount of coherence of a quantum state but also the
advantage offered by its presence in a metrology protocol [[149, 156]]. In the context of quantum
thermodynamics, a link between the coherence of a quantum state and the extractable work has
been identified [[157], and very recently the role of quantum coherence as a resource for the
non-equilibrium entropy production has been pinpointed [[158]].

The resource theory of coherence is well defined for single-particle systems and for systems
of multi-distinguishable particles. On the other hand, recently, it has been shown that indistin-
guishability of identical particles confers on quantum systems original properties that can be
used as sources of entanglement to implement quantum information processes, impossible to
perform if particles are distinguishable [54, 34,162,197, 98,199, 1100, 101]].

In the following, I will show how the sSLOCC framework gives the possibility to characterize
the coherence of identical particles under general conditions of spatial overlap [61]. The aim
now is to show how indistinguishability may be a source of operational coherence, highlighting
also the role of particle statistics. Clearly, and in contrast to the case of distinguishable particles,

to achieve this I must consider at least two (identical) particles.
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7.3 Coherence of identical particle states

Let us consider, in the no-label formalism [38, 59, 139], two identical pseudospins (that is parti-

cles with a two-level internal state space) in the mixed state

P =D por o, 0'T) (Yo, 0T (7.1)

O',T:J(,T

where v and 1’ represent the spatial degrees of freedom and o and 7 are the pseudospins. The
coefficients p,, are such that Tr[p?] = 1. Each term |10, 1)'T) in the sum is the state of two IP,
one of which is characterised by 1) and o, the other by ' and 7.

To define the coherence of this state, an orthonormal basis has to be chosen. Let us now
make some considerations about which "preferred" basis is opportune to choose, depending on
the possible operations that can be performed for free on the system. As I have said, a resource
theory requires the identification of a physically and operationally meaningful set of free oper-
ations, to manipulate resourceful states. Analogously to the case of distinguishable particles,
both single-particle and two-particle operations on the system are allowed. Identical particles
are physically not addressable individually [[159,50], thus the concept of single-particle opera-
tion may seem ill-defined, requiring us to differentiate them. As an example, since the global
Hilbert space is not a tensor product of two single-spin spaces, if a CNOT gate[] (free operation
for distinguishable particles [152]) has to operate, it is not possible to differentiate between the
control and the target particle.

Following the procedure to identify and quantify the useful entanglement between identi-
cal particles [34], in order to characterize the quantum coherence I here adopt a framework
based on sLOCC, which consists of the identification of specific separate spatial regions to
make single-particle and two-particle local measurements. In particular, I choose the basis
BY = {|Lo,R7); 0,7 =],1}, where |L) and |R) are two states spatially localized in the sep-
arate regions £ and R, respectively. If p'¥ is diagonal in the chosen basis, it is incoherent,
otherwise I say that p” is coherent.

For NIP, identified by labels A and B, the state of Eq. would correspond to pNF =
> or Por(|b0) (Yo|)a@(|¢'7) (¥'7|)p. Being particles addressable, the framework of spatially
local operations and classical communication coincides with the LOCC one and the operational
basis is BN = {|Lo) , @ |R7T) ;0,7 =], 1}. Regardless of the spatial overlap of |¢) and |¢),

'"The CNOT is a quantum logic gate which acts on two qubits. It modifies or not the state of a qubit (target
qubit) after having controlled the state of the other qubit (control qubit). It is used as an entangling gate in quantum
circuits [16]].
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N is incoherent, in fact

PR =77 ZPW (L [¢o) (o[ L), @ (g [¢'7) ('7]IIr)p
T (7.2)
= por([Lo) (Lo|)a & (IR7) (R7))s,

oT

where IT;, = >~ _(|Lo) (Lo|)a and IIg = >__(|Ro) (Ro|)s. As aresult, the mixed state pN'* for
two independently prepared NIP, being diagonal in the chosen basis, is incoherent. Projecting,
on the other hand, p'* of Eq. (7.1)) on the chosen subspace spanned by the basis B'Y', I obtain

the following state

1
Pl =5 D Por(1Pr'* [Lo,Rr) (Lo, Rr| + pir'l"r* [Lo, R7) (L7, Ro|
or=|1 (7.3)
+nl'rl*r"™ |L7,Ro) (Lo, R| + 0|l |*|r|* |L7, Ro) (L7, Ro)),

where N is a global normalization factor, [ = (L|¢)), v’ = (R[’), ' = (L|¢') and r = (R|¢)
are the probability amplitudes of finding one particle in the two spatially separate states |L) and
|R), and 7 is 1 for bosons and -1 for fermions. I recall from Section of Chapter |3| that the

spatial indistinguishability degree is

Tin = Zp“) log, P (7.4)

where p\) = |I/[2/ (|12 + |[I'r|?) and p{%) = 1 — p{'). Assuming, for instance, [, # 0, the

remaining probability amplitudes [’ and r are zero if and only if |¢)) and |¢/") do not spatially
overlap. If pj+ = py, = 0, the state p' does not contain coherence, regardless of the spatial
indistinguishability of particles. Otherwise, the state is coherent if and only if the particles
spatially overlap (Zg # 0 from Eq. (8.26)). If they do not overlap (Z g = 0), the state is
incoherent: nonoverlapping identical particles act like nonidentical ones. In the chosen frame-
work, all the monotones introduced to quantify the coherence of nonidentical particles can be
used. As an example, all the considerations just done for the coherence C'(p') of the state of
Eq. are reflected in the /;-norm of the state Cy, (pi'r) = 3,2, [(prr )i, that is

2 Xk k *
C(p™) = Cu(pir) = Pl U+ oy U™ (7.5)
explicitly dependent on the overlap parameters and so on the spatial indistinguishability (Eq.

[8.26).

The sLOCC framework has the advantage that, incoherent operations, known for NIP, can
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R €€ R

Figure 7.1: CNOT gate for spatially overlapping IP in the SLOCC framework. |¢)) and [¢))
are the 1-particle spatial wave functions. |L) and |R) are two specific states localized in two
spatially separated spatial regions £ and R, respectively.

be straightforwardly translated in the context of IP systems. Let us consider for example the
CNOT gate. In the standard implementation with NIP, there are individually addressed control
and target spins. By analogy, for IP one can identify the measurement regions £ and R as
control and target regions, respectively (Fig. [7.1). Applying it to the state of Eq. when it
is incoherent, it can be easily shown that it gives us an incoherent state. Therefore the CNOT
gate remains an incoherent operation which transforms incoherent states of IP into incoherent

states.

7.4 Application: phase discrimination protocol

IP have been used for purposes of quantum metrology within the context of particle-number
states [160]. Our purpose here is to exploit the contribution to coherence due to the spatial
indistinguishability, so determining its operational role in quantum information processing. It
is known that within the context of quantum metrology, quantum coherence of states of non-
identical particles is a resource for phase discrimination tasks [149, [161]. I now describe an
analogous game for indistinguishability-enabled quantum coherence. The state of two inde-
pendently prepared nonidentical particles A and B, for instance, |V),, = [¢ 1), ® [¢' T)p,
is manifestly incoherent in the basis BN = {|Lo), ® |R7)y}, regardless of the spatial over-
lap of |¢) and [¢'). Differently, let us consider the corresponding elementary state for two

independently prepared identical particles

|T) = [ L, 1), (7.6)
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Figure 7.2: Phase discrimination game. A 2-particles state |), ;, obtained projecting the
state |¥) of two IP in the chosen operational subspace, is sent in a box where a unitary operator
Uy, applies either a phase ¢, or a phase ¢, to the state. The state p°** coming out of the box is
a classical mixture. The optimal POVM is performed in order to guess which phase has been
applied.

whose projection in the operational subspace spanned by B is

1
|\I/LR> = j\/,—(lT’IIL \LaRT> +7ll/7"|L T)R\L>)7 (77)
LR
with the normalization constant Vg = /|ir'|> + |I'r|?. Notice that the resource (coherent)

state above is conditionally prepared depending on the spatial overlap of the particles [34]. A
non-zero coherence for this state can only stem from indistinguishability (I'r # 0). Let us send
|Wr) in a box where a unitary transformation Uy, = iGx (G‘ is the generator of the transfor-
mation) applies one of the phases {¢y, } ;-1 » with a probability pj, to the state (see Fig. . The
requirement is that Uy, is a free (incoherent) operation, so G = 3 w,.|L ,R 7)(L o, R 7|.

The action of the box is

(UER) = Up|Wrr)

1 ! w1+ Pp 1. iwr | Ok (78)
:m[h“e YL LR 1) + pllre % L1, R L),

Due to our ignorance of which of the two phases has been applied, the state coming out of the

box is in the following classical mixture

0 = S W) (| 19)

k=1,2

Physically, the effect of the box can be realized with G corresponding to the Hamiltonian of
two independent spins subject to localized magnetic fields B% and B% which randomly occur
with a probability py.

The purpose now is to establish which phase has actually been applied. In other words, the

phase discrimination game translates in a state discrimination one. The two states |¥{ ) and
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|W#y) are in general not orthogonal: in order to discriminate them, a positive operator-valued
measure (POVM) [162, [16] has to be chosen. I look for a POVM described by a set of oper-
ators {f[l, ﬂg}, each of which is associated to an outcome of the measurement: if I obtain 1,
associated to the operator II;, I conclude that the state coming of the box is |01 ), if the result
is 2, associated to the operator I1,, the state is |WZ:). The optimal POVM can be obtained by
minimizing the probability of making an error in the discrimination, that is the probability of
obtaining the result associated to I1, when the state was ]\IIIE'R) with k£’ £ k. Such a probability
is 162} [163]]

Pore = pr (Ui g [Tl U1 g) + po (Wi 11 [ Wi R). (7.10)

Using the property >, [T, = | [16)], I can rewrite Eq. (7-10) as follows
P =1 = Tt | (1[0 (Wh] = pal W) (03 )T | (7.11)

The minimization of P,,, is obtained when IT; is the projector onto the positive eigenvector of
the operator A = p; | Wl ) (Ul 1| — po|U2:)(P¥2;|. Choosing a rotated orthonormal basis |0)
and |1) (with |0) slicing in half the angle between |¥] ) and [¥Z)), I can write

| W1 L) = cos6|0) +sin|1), |¥?; ) = cosf|0) — sind|1). (7.12)

The positive eigenvalue of A and the associated eigenvector are respectively

1
Ao = 501 = 2+ /1= Apipa (UL |92

1 ) , X , (7.13)
+) = ATG(“IILR> + [WiR)) + 0(|¥iR) — [Yre)),

where N, = +/cos20sin?6 4 A, (p1 — p2)cos?0]2, a = sin(f)/2 and b = [Ny — (p1 —
p2) cos? 0]/(2sin @). The optimal POVM, dependent on the spatial overlap of the two spins,
is therefore {|+)(+|, | — |+)(+|} which gives the probability of error

1
Perr = 5 (1 - \/1 - 4p1p2|<\DiR‘\IJ%R>‘2)

1 1
25— Z—Plpz

where ¢15 = ¢1 — ¢. The probability of error depends on the indistinguishability and, for the

‘ } - (7.14)
|l7,,/|2€zwu~¢12 + |l,T’2€ZwT‘L¢12

Y

2
LR

chosen initial state, is independent of the statistics of particles. Our approach also allows us to
evidence the effects of particle statistics on the game efficiency starting from a different initial

state, as shown in the next section.
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Figure 7.3: Probability of error in the phase discrimination game. (a): Probability of error

in function of the phase difference ¢, with p; = 1/3,

1. The orange dashed line corresponds to Pe, (Eq.[7.14) when there is no overlap (I'r = 0)
or, analogously, to the case with distinguishable particles. The blue one corresponds to P,

=P = 5 and wy —wyy =

1
(Eq.[7.15), i.e. to the case of spatial overlap with |I'|> = |r|> = 5 (b): Contour plot of P,

1
(Eq.[7.14)) in function of r and I, with ¢15 = 7, py = 1/3, |I]* = |r']? = > and w1 — wy, = 1.

Let me fix |[|* = |7/|?> = 1/2: when the two particles spatially overlap with |I'|> = |r

Eq. (7.14) reduces to

. 1 —
B =3 (1 - \/ 1 — dpyp; cos? [(“’“T“’“) m]) , (7.15)

which is zero when w> ¢12 = 7/2. The behavior of P, is displayed in Fig.

=

)

In particular in Fig (a) I show, as a function of the phase difference, IBerr (blue solid line)
and the probability of error P,,, for spatially separated particles (I',r = 0, orange dashed line).
This latter case is analogous to that of non-identical particles. Among the two, P, is always
smaller. For non-overlapping spins, being the state incoherent, the best guess is to suppose that
the most probable phase ¢ has been applied. The optimal probability of success is Psyce = po
and so P, = 1 — P, = p1 (see orange dashed line in Fig. @Ka)). In Fig. @ (b) a contour
plot of P, in terms of [ and r is shown, in the case ¢15 = 7. The optimal choice to minimize

P, is to have two overlapping identical spins with |I'|? ~ |r|? ~ 1/2.
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Figure 7.4: Role of particle statistics in the phase discrimination game. Probability of error
in function of ¢ with |I|*> = |/|> = 1/2 for identical particles initially prepared in the state
of Eq.(7.16): distinguishable (blue solid line) and indistinguishable with |I'|* = |r]? = 1/2
(orange-dashed line for bosons and green dotted line for fermions), with a = b, w;y = 3,
Wt = 2 and Wy = 1.

7.4.1 Role of particle-statistics

The phase discrimination game, within the elementary state of Eq.(7.6)), is independent of parti-
cle statistics. However, for a generic state this characteristic is not maintained. As an example,

let us consider the following state

1
|®) = Wlw L's), (7.16)

where |s) = a[1) + b|l]), with a,b € R, and A'® the normalization constant. Projecting |®) in
the operational subspace spanned by the basis B'* = {|Lo,R7), 0,7 =|, 1}, I obtain

1
|Prr) = —5(IL |, Rs') + anl'r |L 1, R 1)), (7.17)
LR

where |s') = alr’ |1) + b(Ir' + nl'r) [1), Nk = Ja2(|lr'|2 + [I'r[2) + b2|lr’' + nl'r|2. The
state of Eq. is coherent in B (see Eq. (7.17))) and in the chosen framework of spatially
localized measurements, a contribution to the coherence due only to indistinguishability can
be identified when particles spatially overlap (I'r # 0). The latter indistinguishability-enabled
contribution plays a statistics-dependent operational role in a phase discrimination game. Let
us send |®R) in the previously introduced box, in which a unitary transformation U, = eiGon

applies to the state one of the phases {¢y }x—1 2 with a probability p, and G is the generator of
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Figure 7.5: Role of particle statistics in the phase discrimination game. Three-dimensional
(3D) plot of the probability of error with |[|*> = |r/|> = 1/2 for identical particles initially
prepared in the state of Eq.(7.16): distinguishable (blue) and indistinguishable with |I'|?> =
|r|*> = 1/2 (orange for bosons and green for fermions) in function of ¢15 and of w,|, with
12 =1r"*=1/2,a =b,w;r = 3, wy = 2.

the transformation previously used. I thus obtain

|PTR) = Uk|®rr)
1 . .
= ——la(lr'e® 9 |L |,R 1) + nl're " |L 1, R |)) (7.18)
LR

+ b(lr" + nl'r)e™ =L |, R )]

‘When the state comes out of the box, it is in a classical mixture

Pt =" il P ) (PLrl, (7.19)

k=1,2

which represents our ignorance of which phase has been applied to the state. Using the first line
of Eq. (7-14), in which |} ;;) is substituted by |®} ), the probability of making an error in the

discrimination game is now

1
Perr:_ 1—\/1—4291]72
2
(7.20)

where ¢15 = ¢ — ¢5. From Figs. and [7.3] it is easy to see that for certain ranges of the
parameters ¢15 and w,, (0,7 =/, 1), the probability of error using indistinguishable particles

2

5 [a2(|lT’|26i“’¢T¢12—|—|l’7“|26i°"“¢12)+bQ|lT’+nl'T|2€i“¢¢¢12]
RL

is considerably smaller than the one associated to distinguishable ones. In particular, in these

ranges, fermions are more advantageous than bosons.
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Figure 7.6: Sketch of the experimental proposal.

7.5 Sketch of the experimental proposal

An experimental proposal has been presented by the research group of Professor Guan-Can Guo
of the University of Science and Technology of China, in order to characterize coherence of IP
states due to their indistinguishability and to operationally use it to implement phase discrimi-
nation protocols. In Figure[7.6]the designed setup is presented. In particular, in the block (a) the
setup for the generation of IP states with a SLOCC-tunable spatial indistinguishability in two
spatially separated regions £ and R is designed and in the block (b) the sketch of the apparatus
implementing the phase discrimination game is proposed, where a sequence of non-polarizing
beam splitter (BS) and of two movable shutters determine the classical probabilities of applying
or not a phase on the states obtained in the block (a). A final part in block (b) implements the
POVM measurements. The experiment is in progress at the CAS Key Laboratory of Quantum

Information.

7.6 Discussions

In this Chapter I have defined the coherence of a couple of two-level IP in the framework of
spatially localized operations and classical communication (SLOCC). I have shown that while
independently prepared distinguishable particles are incoherent under local operations, the anal-
ogous configuration with indistinguishable particles can exhibit quantum coherence. There-
fore, the IP spatial indistinguishability is a source of coherence. One can naturally identify (in
the sSLOCC framework) the contribution to coherence exclusively due to the spatial overlap of
single-particle wave functions. The incoherent operations, as the CNOT gate, known for NIP

particles are straightforwardly generalized to systems of IP.
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I have then applied the above results in the context of quantum metrology. In particular,
I have presented a phase discrimination protocol, for which I can explicitly demonstrate the
operational advantage of using indistinguishable rather than distinguishable particles. This
significantly reduces the error probability of guessing the phase by means of the optimal POVM.
Moreover, I have shown that:particle statistics affects coherence and the efficiency in a phase-

discrimination game.
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Chapter

Deformations of identical particle states

8.1 Introduction

In this Chapter I will introduce, for both pure and mixed states, a class of transformations of
quantum systems, that I name deformations. In systems of nonidentical particles (NIP), a global
transformation, where one acts in the same way on each part of the system, is represented by a
unitary operator. An example of this is a block space translation of the system. If, instead, one
acts differently on each part of the systems, by changing the relative relations among parts, I
will speak about a NIP deformation of the system and it continues to be represented by a unitary
operator.

On the other hand, the situation completely changes when one considers identical particles
(IP). In fact, while global transformations of the system remain always represented by unitary
operators, [ will show that IP deformations are represented by nonunitary operators, even if the
action on each single part of the system remains unitary.

I finally will present some physical consequences of the [P-deformations on some IP states,
which are the generalization of the NIP Werner and Bell diagonal states for a varying degree of
indistinguishability (introduced in Section [3.5]of Chapter [3).

8.2 [Elementary deformation of pure states

Let me start by considering a system of N NIP with the single-particle orthonormal basis {|k) },
where £ indicates a given set of eigenvalues of single-particle commuting observables. Consider
the N-particles orthonormal basis {](pZ(N)) = |1;) ® 2;) ® ... ® |N;) }nip , Where the position
of each single-particle state in the global state acts as a particle physical label. The system is
prepared in the state [@(V)) = 3~ ¢ |g0§N)> in which ¢’ is the probability amplitude of finding
the system in the state |oV)).
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Consider a class of N-particle transformations {D((ljlvzl2 ,,,,, an }» Where the subscripts {a;}
represent physical parameters characterizing the transformation. These operations act in general

differently unitarily on each single-particle state as follows

DM, 1) =Y "¢ UL @ [UD2) @ .. @ [ULN) (8.1)

where in general a,, # a,, and ch,ll) represents the unitary action of Uéf\% _____ ay in the single-
particle subspace. I call the operations defined in Eq.(8.1) elementary deformations. As an
example, let me consider an operation in which each particle is translated in space for a differ-
ent vectorial quantity so that the system is "spatially deformed". If in Eq. (8.1)), the 1-particle
unitary operations Ué} ) are linear combinations of different unitary operations, Eq. (8.1) gener-

alizes to
D™ =3 "¢;D{, (8.2)

—

with @ = ay, .. aN and cz arbitrary coefficients, constitute a group, in general non unitary
(DMWYt £ D™ Composed deformations C'™) on a N-particle system can be obtained by
sequentially performing different deformations of the form of Eq. [8.1|(e.g. a rotation followed

by a reflection), as follows

c™ =T D{™. (8.3)
Introducing the notation D((zl) v 1) =1")p, Eq. B.I) can be written in the following com-

pact form @) ) = 3" ¢ |g0i > - The basis of the deformed elementary states {|¢™) ,} is
orthonormal and [®®))  is normalized. Finally the probability to find [®™)) ; in ]¢§N)> pis
always ¢'. In other words, for NIP a deformation of this type is a unitary transformation.

On the other hand, consider now a system of distinguishable IP. Eq. becomes

DY) |80 = Z ¢ [UDL, UD2,, L) (8.4)

where each N-particle elementary state in the linear combination is written in the no-label
formalism (see Chapter 2), thus it is an overall object which cannot be decomposed in terms of
tensor products.

Take, as an example, the case N = 2: the scalar product (1;,2;]1;,2;) = 0;; (see Section
of Chapter 2)). After a deformation, the scalar product of the i-th deformed state with the

j-th one is
(U815, Usd 231 U3 06, UL 2) = 03 + (| UL 108 12:) 25| U T U0 I) . 8.5)
The presence of the second term in the RHS of Eq. (8.3) makes the difference with the analo-
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gous NIP case. This term is in general different from zero, thus D,(l]lv)

.....

ay does not preserves the
scalar products: in other words, the deformation is not in general a unitary operation for IP.
The introduced class of N-particle deformations is unitary for NIP and not unitary for IP.
From now on, I will consider IP systems.

The set of the deformed N -particles vectors {](pZ(N)) 5} remains complete but, in general, non-
orthonormal and the state |[®(V))  results unnormalized. After a deformation, ¢’ are not any-
more the probability to find [} in |g0£N)> p- In order to obtain probability amplitudes one
must normalize both the deformed state and the deformed basis. Thus, considering the follow-

ing scalar product

oM™ p = 3" a0 = ¢, (8.6)
J

where I introduced the coefficient a;; = D(@EN) |g0§N)> p,one has p(®@M O, = S ¢i* ¢, =

N and D(@EN)]%(N)) p = N;. The normalized deformed elementary states are |<,5§N)> p =

|g0§N)> 5 /V/Ni and in this basis the normalized deformed state |[®®V))  is

M), =) (’%VN; 2 - (8.7)

By using Egs. and (8.7), one obtains that the probability amplitude of finding the state
| D)) in the state |3\")) , is

6 = ple™ | = zj:az‘j—%;—vz

i
N

(8.8)

If the transformed complete basis {|@§N)> ) is orthogonal, i.e. p(g,

probability amplitudes are ¢; = ¢'/N;/VN.

8.3 Elementary deformation of mixed states

The previous results can be extended to the case of a generic mixed /N-IP mixed state
iq N N
pM = w o) (1 (89)
ij
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written in the orthonormal basis {|p;)}. Applying an N-particle deformation Dal,,).,,aN, one

obtains the following normalized deformed state

i NN,
po) =3 VT 1oy, (8.10)

ij Tr[pg) ]

expressed in terms of the elementary normalized states. The population of each state |¢§N)> D

becomes

ki ..
—(N)|=(N)| =(N) W™ Wi Ayj;
pi= pl@ " 1pp |6 =) — e
kj TT[PSD )]M

wZZ

T A

(8.11)

where, as in the previous section a;; =p <QDEN)|Q0§»N)> pand w; =Y, i w* a;a;;. If the com-
Wi

—

Trlp |

From Egs. (8.10) and (8.1T]), it emerges that the deformation can be obtained by applying a

convex quasi-linear map [164]. In fact, given a convex set of density matrices p; and p; € [0, 1],

plete set of states {\@EN)> p} is orthogonal, populations are p; =

with ) ©, p; = 1, and the state p = ), p;p;, the deformation map D acts as

DpDT
D iDlpi] 8.12
with DDy |
_ Tr|DD7p; Dp;D
L= — " and Dlp] = ————. 8.13
Pi=Pinppi, 4 Pl = T ®.13)

where D = Dj; (being @ = ay, ..., ay the set of physical parameters associated to the deforma-

tion).

8.4 Applications

In this section, I will treat the effects of the spatial deformations of two paradigmatic states, the
Werner and the Bell-diagonal states, generalizing them to the case of indistinguishable particles.

Finally I will shown how deformations influence the internal energy variation of IP systems.
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8.4.1 Deformation of the Werner state

Consider two spatially separated identical qubits, one in the spatial state |1)) and the other one
in 1)), prepared in the Werner state W [22]

W= (1-p) i) (i\+§l, (8.14)

where |i) is one of the four orthonormal Bell states

22) = <=0 Lo/ D19 10 1),
1

V2

and | = >, , [i)(i] is the identity operator. Physically, this state describes the presence,

(8.15)

1) = —=(W L' D) £ [ 1,97 ).

with a probability p, of a white noise [[17, [16]], represented by the term |/4, in the initial prepa-
ration of a Bell state |¢). Let me now apply a deformation szzb/, acting only on the spatial
degrees of freedom ¢ and ¢/, which modifies the shape of the 1-particle wave functions such

that |U$)@ZJ> := |¢)) and |U(})¢’> .= |¢)) spatially overlap, as follows

o, 'r) = (U)o, (USY)r) = |do, ') (8.16)

If |¢) and |¢') are not orthogonal, the set {|i),} of the deformed Bell states becomes un-
normalized but it remains orthogonal. I now define the deformed IP-Bell states, that is the
generalization to IP, for any spatial overlap of the 1-particle wave functions, of the Bell states
for distinguishable particles of Eq. (8.13), as

- 1

2+)p = (I L' Dp £ 10 1,4 N)p),

2No,
- 1

‘1i>D = \/W

with No, = N, = (1+9[([)]*) and Ny = (1 =gl {[)]?).
Deforming the state of Eq. as szzb/WDfZE/, I define the deformed IP-Werner state as

;

(8.17)

(I L' N £ 10" Dp),

Wpi= < | A=pNfi)p Gl +5 D Nl (R | (8.18)

k=14,24

where N is such that Tr[Wp] = 1 and |i),, are the IP-Bell states of Eq. (8:17). The state Wp
reduces to the standard Werner state for NIP when there is no spatial overlap between particles

or the shifted single-particle wavefunctions are orthogonal. The state W, can be physically
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obtained after the action of a depolarizing channel on the ¢-th IP-Bell state [69].

The deformation not only modifies the population (1 — p)N; of the pure deformed state
i), that we want to prepare, but also influences the effect of the environment on the sys-
tem: in fact, in contrast to what happens with the Werner state for distinguishable particles,
Ip = > 41, 0. Ne |k) , (k| does not have the properties of the identity operator,i.e. acting on
a two-particle state, it does not leave it unchanged. As a result, | is not a white noise as for
the standard Werner state of Eq. (8.14), but a coloured one. As shown in Chapter [6] spatial
deformations of the Werner state, modifying the degree of spatial indistinguishability of par-
ticles (see Section [3.5] of Chapter [3)), determine a noise-free nonlocal quantum entanglement

preparation.

8.4.2 Decoupling induced by deformations

The previous theory of spatial deformations gives the opportunity to recover, in a formal way,
some physical behaviours of IP quantum systems as function of the continuous variation of the
spatial indistinguishability. I shall present an example.

Consider two spatially separated identical qubits, one in the spatial state |¢)) and the other

one in |1)') and let me prepare them in the Bell-diagonal state

p=>_ Pl (8.19)

1=14,24

where |7) is one of the four orthonormal Bell states of Eq. (8.13)) and p' is the probability that
the system occupies the i-th Bell state, with . p" = 1.

Let me now apply a 2-particle spatial deformation on the system such that the deformed
1-particle wave functions |¢) and [¢/') spatially overlap. One thus obtains the IP Bell-diagonal
state, that is the generalization to IP, for any spatial overlap of the 1-particle wave functions, of
the Eq. (8.19), whose expression is

1 o
=7 2 PNili)p il (8.20)
1=14,24
where
N2i = N1+ = (1 + 77|<1;W/>|2)7
Ni_ = (1=l (8.21)
N => PN
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and |7) , are the IP-Bell states of Eq. The population of each state |7) ,, is
P =pNi/N (8.22)

with ", p" = 1. The state of Eq. (8:20) reduces to the standard one for distinguishable particles
of Eq. (8.19) when particles are spatially separated.

Now I will show an interesting aspect consequence of deformations, that is how some states
"decouple" from the physical processes because of the fermionic and bosonic statistics. The
state of Eq. takes into account the bosonic and fermionic behaviour of the system: in
fact, the population of each of the four IP-Bell states satisfies all the requirements of the particle
statistics, as continuous functions of the indistinguishability. In fact, for bosons (n = 1), when
the deformed 1-particle wave functions are such that 1)) — [¢)'), one physically expects that
the Bell state |1_) of Eq. tends to decouple from all the physical processes, since it
becomes an antisymmetric combination under exchange of the two particles. Consistently with
that, in the classical mixture of Eq. (8.20)), its population is such that it continuously decreases

increasing the spatial overlap of the deformed spatial wave functions, up to the limit in which

lim p'= =0, (8.23)
h—s’
since N7 — 0 (Eq.(8.22)).
Analogously, for fermions (7 = —1), in the same limit the states |2..) and |1, ) are physically

not allowed: in fact, the first two ones are excluded for the Pauli exclusion principle, containing
fermions with the same pseudospin, and the latter becomes a symmetric combination under
exchange of the two fermions. Consistently with that, their populations in the IP-Bell diagonal
state decrease, increasing the spatial overlap of the deformed spatial wavefunctions, up to the
limit in which
lim p* =0, k=124, (8.24)
p—r’
since N7, — 0 (Eq.(8.22)).

All the four Bell states exist for both bosons and fermions but, incresing their spatial overlap
with a deformation, the probability amplitudes of occupying some of them decreases up to
Zeroﬂ Such a type of decoupling is ordinarily imposed, when one considers systems of bosons
or fermions, as an initial condition. This decoupling can be followed, by means of sSLOCC, as
function of the continuously variable spatial indistinguishability (introduced in Chapter [3)). In

fact, suppose that the 1-particle states appearing in the state of Eq. (8.20) have the following

I'This point of view recalls the way in which Quantum Field Theory treats the longitudinal mode of massive
photons, when the mass goes to zero. It describes the absence of this third degree of freedom showing that it exists,
but the probability amplitude of emitting a photon with the longitudinal mode tends to zero in the zero mass limit
[165.[166].
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Figure 8.1: Von Neumann Entropy of ppr for both bosons (S(prr)s, blue curve) and fermions
(S(pLr)y, orange curve), and degree of spatial indistinguishability (Z, green curve) in function
of the probability amplitude [, when p* = 1/4, Vi and 1’ = .

specific form
) =1Ly +r[R), [y =U'|L) + 7' |R), (8.25)

and project Eq. (8.20) in the subspace spanned by Brr = {|Lo,R7); 0,7 =]|,1}, where
|L) and |R) are specific quantum states peaked in correspondence of two spatially separated
regions £ and R, obtaining prr = H(LRPHLR /Tr(I1 LRp) where we have used the projector

H(LQP)L =2 5r—1, |Lo, R7) (Lo, R7|. Trecall the degree of spatial indistinguishability, introduced
in Eq.(3.15)) of Section[3.5]

ZpL) logs Pl (8.26)
where p = |l7'|?/(Jlr'"]? + |I'r]?) and pff){ =1- p&){. By assuming that the probability

amplitude of finding |¢) in |L) is always equal to the one to find |¢’) in |R), ie. ' = I,
the behaviour of Z is shown by the green curve of Figure When [ is 0 or 1, particles do

not spatially overlap, so their indistinguishability is null. It reaches the maximum value when
1=1/V2.

The von Neumann entropy of prr is S(pLr) = — Y, A\r¥ log, AR, where A\ are the eigen-
values of pr, and in Figure8.I]its behaviour is shown in function of the probability amplitude
for both bosons (blue curve) and fermions (orange curve), in the particular case in which ' = [

and p* = 1/4, Vi. The two curves physically represent how the von Neumann entropy behaves
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Figure 8.2: Von Neumann Entropy of prr in function of the degree of spatial indistinguishability
T for bosons (blue curve) and fermions (orange curve) when p* = 1/4, Vi and v’ = .

by changing the spatial indistinguishability of [¢)) and |¢)'). When [ is O or 1, particles in the two
1-particle states |¢) and |¢)’) are completely spatially distinguishable (Zyz = 0) and jp, of Eq.
(8.20) 1s the maximally mixed state: the 2-particle system occupies with the same probability
the four Bell states and S(ppr) joints for both bosons and fermions, as expected, the maximal
entropy for a system of two qubits, i.e. S(pLr) = 2 (Holevo bound [167]). Increasing [, the
spatial overlap of [¢)) and |¢') increases and some of the deformed IP-Bell states tend to become
unphysical. For bosons only three generalized Bell states tend be populated for |¢)) — [¢)
(Eq. 8.23))): ZLr — 1 and the system behaves like a qutrit, in fact S(ppr) joints the maximal
value achievable for a qutrit, i.e. S(pLr) = log, 3 (Holevo bound [167]), as shown by the blue
curve in Fig[8.1] On the other hand, for fermions the state of Eq. tends to the pure state
1) (1_| (Eq. (824)) and S(prr) reaches zero (orange curve in Fig[8.1). When the spatial
indistinguishability Z (green curve in Fig reaches 1, i.e. for | = 1/1/2, entropy is minimum
for both bosons and fermions . Finally, when the wave functions of the two IP tend to become
exactly the same, the initial 2-qubit mixed state is analogous to the maximally mixed state of a
qutrit, for bosons, and to a 2-qubit pure state, for fermions. In Figure [8.2]the behaviour of von
Neumann entropy of prr as a function of the degree of spatial indistinguishability Z; g := Z for

both bosons and fermions is shown.

The chosen sLOCC framework gives also the possibility to give a measure of the mutual

information [16] for the IP-Bell diagonal state. I recall that the quantum mutual information
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Figure 8.3: sSLOCC-based Mutual information for the IP Bell-diagonal state of Eq. (8.20) when
p' = 1/4 Vi in function of the degree of IP spatial indistinguishability.

expresses how much uncertainty one has about a composite system, expressed by its von Neu-
mann, by looking at all the system, with respect to the uncertainty that one has by looking at
the subsystems. Or differently formulated: quantum mutual information of a bipartite system is
the average information which one obtains about a subsystem after a measurement performed

on the other subsystem [[16]]. The mutual information for the IP Bell-diagonal state is

I(pr; pr) = S(pr) + S(pr) — S(prr) (8.27)

where pr, = Trr(prr) and pr = Tr,(pLr) are the 1-particle reduced density matrices localized
in £ and R respectively.

Thanks to the sSLOCC framework, also initially overlapping IP become addressable in sepa-
rate locations and mutual information can be directly linked to their spatial indistinguishability
linked to the initial spatial overlap.

The behaviour of /(py; pr) in function of the degree of spatial indistinguishability is shown
in Figure For both bosons and fermions, the mutual information is zero when Z is zero. In
fact, in this case, from Eq. (8:22) one sees that the populations of the for Bell states are p* = p' =
1/4, Vi: a Bell diagonal state for distinguishable particles is separable when all the population
are less than 1/2. Therefore the IP-Bell diagonal state does not present quantum correlations

and a measure on £ does not give me any information about the system in R. By increasing the
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spatial indistinguishability, on the other hand, correlations between the overlapping particles
arise, increasing the value of the mutual information. For fermions it reaches the maximum

value, since the system occupies only the maximally entangled IP-Bell state |1_).

8.4.3 Quantum thermodynamical first principle for identical particles

Operations on a quantum system can have different effects, e.g. either changes in the energy
spectrum or in the energy eigenvalues or both. Let me consider for example a spin 1/2 in null
magnetic field: by switching on the field, changes are in the eigenvalues, not in the eigenstates.
On the other hand, if we consider the rotation along x of a spin 1/2 along z, the eigenvalues
are always +1/2 but the eigenstates are different. Finally, a double-well potential with a finite
central barrier presents changes on both energy eigenvalues and eigenstates by changing the
barrier’s height.

Suppose to have a system of two spatially nonoverlapping IP, whose hamiltonian is H =
D |g0§2)> (gol@)\, where ¢; and |g0§2)> are the energy eigenvalues and the 2-particle eigenvec-
tors, respectively. The system is in the two-particle mixed state p@ = >~ w? 1o (o], Inow
suppose to deform adiabatically the system in such a way that at the end the Hamiltonian has
the most general form Hp = >, e, N; ]@Z@))D <g5(2)

.~’|, where the new energy eigenvalues have a

contribution €%, due to the changes in the old eigenvalues and N; due to the deformation of the
eigenstates. |@§2)> p are the normalized deformed states, following the notation introduced in
Section The states {‘@(2)> p} are supposed orthonormal, as a result they remain eigenstates
of the deformed hamiltonian. According to the adiabatic theorem, the system will be in the
WA, and N' = >, w'N;: in other

words, it remains in a classical mixture of the eigenstates of the hamiltonian of the system after

deformed state %2 = 7. pt |6, (@™, where pi =

the transformation. The internal energy of the system is U = Tr[pg)H p| = pienN;. From the

expression of U I have,

=3 EZD%N" <2dM - Aﬁ/ Zwﬂ'd/\/j>
J

)
/

-

A
enwt(N;)? ,
=2 2 Nsdw (8.28)
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C

The A and B terms are intrinsically linked to the identity of particles. In fact, if particles
are nonidentical one has that \; = 1 and N' = >, w’ = 1. As a result, dNV; = 0 and
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> ;jdw' = dy . w’ = 0 (in other words, the sum of the variations of the populations w"’ is
1, since for NIP the deformation is unitary), therefore only the C term is present, becoming
dU =), (€'dw' + w'de"), as expected.

From Eq. (8.28)) it results that is present a further contribution to the internal energy variation

due only to the indistinguishability.

8.5 Discussions

In this Chapter, I presented a class of operations, called deformations which are always unitary
for NIP, while can be non unitary for IP depending on their spatial configuration. I have then
presented some applications showing the effects of deformations on paradigmatic states, that is
the Werner and Bell-diagonal states. It emerged that the white noise of Werner state becomes a
coloured noise when particles becomes indistinguishable; in the case of the Bell diagonal state,
one sees that, as a consequence of the deformations, some of the Bell states decouple from
the rest of the system, not anymore contributing to physical processes. Finally, I have shown
that IP indistinguishability affects the first principle of quantum thermodynamics, introducing a

statistics-dependent variation of the internal energy of a deformed state.
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Chapter

Conclusions

Quantum identical particles (IP) have always attracted interest not only for their fundamental
differences from their classical counterpart, but also for the interesting features of their quantum
states compared to the ones of nonidentical particles (NIP). They are also the main components
of quantum platforms used for quantum information processes and quantum computing [71,
12, [75]]. Therefore, the attention for their properties has increased with the aim of optimize the
existent quantum technologies and to conceive new ones.

Quantum information theory basically relies on the concept of entanglement, a feature com-
ing from the possibility of creating quantum states as linear combinations of different multi-
particle configurations [[17]].

Therefore, both from the fundamental and experimental points of view, it is interesting to
understand the interplay between the quantum nature of IP and their entanglement. However,
in the attempt to reach this goal, some difficulties have come to the light. Although the IP unad-
dressability (they are "quanta without individuality" [57]), in quantum mechanics the standard
approach (SA) treats them as they are nonidentical, by attributing them unobservable (mock) la-
bels and symmetrizing their quantum states with respect to these labels. Bosonic and fermionic
statistics then arise associated to the symmetric and antisymmetric structure, respectively, of
quantum states, while problems emerge in the characterization of entanglement between IP. In
fact, because of the presence of mock labels, all the IP states possess an unseparable structure
which is recognised as entangled by using the known tools for NIP [[14]. However the doubt
is that this type of entanglement is a consequence of the symmetrization postulate and so it is
entirely or partially fictitious. A case when the whole unphysical nature of this formal entangle-
ment is evident is the one of independently prepared and space-like separated IP: according to
the usual tools to quantify entanglement of NIP, they are always "formally" entangled, although
it is "physically" natural that it is not the case. No measurements performed on one electron in
the universe is affected by the mere presence of another electron in another remote part of the

universe separated by the first by a spacelike interval, if they never interacted before.
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The most obnoxious problem arises in the quantification and exploitation of the entangle-
ment of spatially overlapping IP, where particle statistics directly influences their quantum be-
haviour. In fact, in this case, the SA-symmetrization postulate with respect to unphysical labels
is necessary. The difficulties arise from the fact that, because of particle unaddressability, not
only local operations and classical communication (LOCC) cannot be operationally used to
exploit IP correlations (rendering unapplicable many of the entanglement witnesses and quan-
tifiers known for NIP), but even it is not clear how to separate, for a given amount of entangle-
ment, the "operationally exploitable" entanglement from the "unphysical" one.

Several different theories have been developed to this purposes. Some of them have ev-
idenced that there is an intrinsic entanglement, coming from the structure of quantum states
[24], and a measurement-induced one, coming from the interplay between quantum states and
observables [44]]. The latter characterizes only systems of IP. The problem is that there is no
agreement among these theories about the entanglement of spatially overlapping independently
prepared IP. Some theories [26, 23] [24], that use the particle-based SA approach, introduced
new criteria to affirm that when noninteracting particles are in the same site with opposite in-
ternal degrees of freedom, they are not entangled. However this is in contrast to the fact that
in this case the presence of correlations has been experimentally shown [31]. Others introduce
new definitions of entanglement in terms of the structure of observables, thus not at the state
level but at that of the operators [44, 28,27, 168]], in this way substituting the concept of particle
partial trace with the concept of partial trace with respect to a subalgebra. Still others resort to
the second quantization (to avoid the problems arising from the mock labels of the first quan-
tization formalism) giving new forms of entanglement [29]], valid only for IP, and proposing
new meachanisms to characterize it, such as the extraction procedure [[155]. Nevertheless, the
debate is still open.

A new particle-based formalism to treat IP, named no-label approach, has been introduced
[33]]. It has the advantage of not using labels to address particles, avoiding in this way all the
misunderstandings and inconsistencies coming from the corresponding SA. It has been firstly
applied to the case of two IP, showing that it is possible to use the same notions known for NIP
to characterize their entanglement. In this new approach, it clearly comes out that IP quantum
correlations strictly depend both on spatial overlap among particles and on spatially localised
measurements. It gives the possibility to recover the result, as already experimentally shown
[31], that two IP in the same site with opposite pseudospins present correlations. Also a for-
mulation of the Schmidt decomposition (SD) of bipartite quantum systems has been given with
the added advantage of treating bosons and fermions on the same footing, in this way showing
the universal validity (both for NIP and IP) of the SD [35)]. Within this approach, it turns out
that spatial indistinguishability acts as a catalyst of I[P W states, which are extremely useful in

quantum information because of their robustness against the interaction with the environment
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[36]. Moreover, always for two IP systems, it has led to the introduction of a new operational
framework that characterizes the dependence of IP entanglement on spatial overlap in a Bell-
like scenario and to use this entanglement to implement quantum teleportation [34]].

The first part of this thesis treats in Chapter 1 some of the problems discussed above in the
characterization of IP entanglement. In Chapters 2 and 3, original results about the foundations
of the no-label formalism for a generic number N of IP are presented.

In the second part of the thesis, some original conceptual and practical consequences of par-
ticle indistinguishabiliy are presented, exploiting the tools provided by the no-label formalism.

I now shall collect the main results I have obtained.

Part I: Background and new formalism for identical particles

- Generalization of the no-label approach to many identical particles.

The no-label approach for a number N of IP is presented [39], starting from the derivation, by
first principles, of the basic particle statistics-dependent element, i.e. the probability amplitude
between N-particle states. In this context, bosons and fermions are treated on the same footing
and the usual tools known for NIP, such as the partial trace and the von Neumann entropy,
recover their physical meaning and validity in the characterization of the entanglement of a
bipartition of N IP. Moreover, generalized products between IP states of different dimensions,
named dot and wedge products, have been introduced. This allowed us to connect the no-label
approach and second quantization language, in particular obtaining the commutation rules of
N-particle creation and annihilation operators by the /NV-particles probability amplitudes. It has
been shown that, as a consequence of spatial overlap, it is not possible to directly generalize to
IP some paradigmatic NIP states. For example, the W states for IP are replaced by a new type
of states named spin exchanged states (SPES). It emerged also that, the well known attitude of
separating the spatial and spin part for the IP states in the SA [67]], here can be restated directly
in the language of transition amplitudes. Finally, systems of three identical qubits have been
treated [[169], showing that a measurement-induced entanglement can arises, when particles are
independently prepared and spatially separated, and that furthermore spatial overlap is a source
of intrinsic entanglement.

- Introduction of an entropic measure for spatial indistinguishability

It has been presented an operational framework based on spatially localized operations and
classical communication (sSLOCC) for N IP, in order to characterize, in a Bell-like scenario, the
exploitable entanglement due to spatial overlap [69]. It consists in choosing N separate spatial
regions in each of which the probability of finding at least one particle is different from zero. As
a result, a clear dependence of the operational entanglement on the spatial overlap of particles

emerges. This framework has given the lead to define the entanglement of formation also of
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a generic (mixed) state of IP, analogously to the case of NIP. Finally the difference between
identity and indistinguishability has been underlined: the first is an intrinsic property of particles
of the same species, the second is a property depending not only on the system but also on the
type of measurements that are performed on it. A measure of the amount of indistinguishability
has been introduced within sSLOCC. This measure, that is of entropic type, permits to associate
it to the overlap of one-particle wave functions. Since these last ones can be continuously tuned,
we get an experimentally friendly way to control the amount of indistinguishability and to show

the dependence from it of the relevant quantities.

Part II: Consequences of indistinguishability: concepts and

applications

- Experimental control of photon entanglement and teleportation

An experiment which utilizes the SLOCC framework to measure and exploit quantum indistin-
guishability of two IP has been designed and completed. The setup, that we have theoretically
proposed and that has been successively constructed, can be seen as a modified Hanbury Brown
and Twiss experiment [40, 85]], in which the polarization of photons have to be initialized and
their spatal degrees of freedom are suitably controlled. By tuning the spatial degrees of freedom
of two initially uncorrelated photons with opposite pseudospins, by means of measurements in
two separate spatial regions, it has been possible to control their degree of indistinguishability
and to produce an indistinguishability-dependent non local polarization entanglement. It has
been shown that entanglement increases with indistinguishability which is quantified by the en-
tropic measure presented in Chapter[3] Finally it has been proved that this type of entanglement
is enough to successfully implement, with fidelities above the classical threshold (82-90%),
quantum teleportation of the state of another distinguishable photon.

- Entanglement transfer

A new way to obtain entanglement transfer in a large-scale quantum network has been pre-
sented, which is fundamentally activated by IP spatial indistinguishability [62]. It emerged that,
compared to the standard entanglement swapping, the present process, when one uses fermions,
enables remote entanglement among distant nodes: (i) with no distribution of initial entangled
pairs and (ii) without performing Bell measurements. The process only requires local counting
of independently-prepared IP. In such a way we overcome the drawbacks encountered in the
usual entanglement transfer procedures during the initial preparation stage [122] and the final
measurement phase [[113} 109, 124, 1125, 1126, 127, 128, [129]. The process with fermions has
been compared to the corresponding one with bosons and with distinguishable pairs of particles:

the result is that fermions are the more advantageous.
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- Protection from noise of entanglement preparation
The entanglement of formation of the IP Werner state has been analysed as function of spatial
indistinguishability and of the environmental noise [69]. Controlling particle spatial overlap, it
emerged a lower bound for the entropic degree of indistinguishability (~ 0.76) beyond which
the generated entanglement is nonlocal and completely unaffected by noise. The main result
of this Chapter is that indistinguishability behaves analogously to a fopological resource of
quantum platforms made of identical qubits, enabling noise-free entanglement generation that
violates the CHSH-Bell inequality.

- Operationally useful quantum coherence
Quantum coherence for a system of two IP with 2-level internal degrees of freedom has been
defined [61]]. It emerged by sSLOCC that while quantum states of independently prepared and
distinguishable particles are incoherent under local operations, the analogous states with in-
distinguishable particles can exhibit quantum coherence. In other words, IP spatial indistin-
guishability is a source of coherence. It has been highlighted that all the concepts and tools
characterising the Resource Theory of coherence for NIP can be translated to IP. An application
in quantum metrology has been presented, consisting in a phase-discrimination protocol: it has
been shown that coherence due to the spatial indistinguishability significantly reduces the error
probability of guessing the phase by means of the optimal generalized Helstrom measurement.
The efficiency of the phase-discrimination game is affected by particle statistics. A proposal
to experimentally implement our theoretical scheme has been done from the Huang-Can Guo’s
research group, in China and the experimental work is in progress.

- Deformations of N-identical particle systems.
There are transformations on many-particle systems which are implemented by acting differ-
ently on each particle. While they are unitary for NIP, they result in general, as a consequence
of particle indistinguishability, nonunitary for IP. We have analysed this type of operations on IP
Werner and Bell-diagonal states. In the Werner case, where the environment is represented by a
white noise term, deformations change this last into a coloured one (this is in contrast with NIP
case where these deformations leave the noise spectrum unchanged). The Bell-diagonal case
permits to clearly evidence the appearance, because of deformations, of a new phenomenon,
that is the decoupling of certain states from physical processes. This manifests itself in the
fact that the probability of finding the system in these states becomes zero even if initially was
not. The decoupling is a consequence of particle statistics which does not allow some physical
configurations. It is clear that such a phenomenon can play a role when, for example, thermo-
dynamics of partially overlapping IP systems is considered. Finally, a formulation of the first
principle of thermodynamics for IP has been given, showing the contribution to the variation of

the internal energy caused by particle indistinguishability.
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Appendix A

Appendix A

Here I give the explicit derivation of equation (2.32)).

e I first consider the action of a(m’,n")at(m, n) on a generical N-particle state [¢™)) (see

equation (2.1)). Using equation (2.18)) I find:

a(m’,n")al(m,n)| ™)) = a(m/,n")|m,n,1,2,...,N) =
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e The action of af(m, n)a(m’,n’) on the same state is
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From above equations I get
a(m’,n")a’(m,n) — a'(m, n)a(m’.n') = (m'|m) (n’'|n) + n(m'|n) (n'|m)

which is the first rule of equation (2.32)). Similarly, the relations in the second line of equation

(2.32)) can be straightforwardly proven.
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Appendix B

Appendix B

B.1 Shared intermediate nodes with fermions
The four-fermion global state |\If§4)) is

1
T) =5 (A LATM LMD + A LATMLBY)

+ALADNBLMT) +|ALATBLBT)

HALMEM LB +[ALME,BBY (B.1)
+MLATLBLMY)+[MLATBL BT
+ M, M1,B B 7).
The sLOCC here consists in counting one particle in A and one in B (this entails having two
particles in M) and allowing for classical communication of the outcomes. Projecting therefore
the above prepared state onto the subspace spanned by the basis By = {|A o,M 1,M |, B7)}
(0,7 =1,1), I find the post-selected state

WD) = M4, ML) A 15g), (B.2)
which is obtained with probability Pr(4) = [(¥{}g|¥t")|> = 2/9 and where

ALBTD —|ATB
|1XB>=| ! T>\/§| T,B 1) (B3)

is one of the maximally entangled Bell states (the number 1 in the ket indicates the number of

excited spins in the state).

The scheme presented for the minimum core with four particles can be extended to the case

of n = 2N particles, where [V is the number of involved particle pairs. The generalized scheme
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with k& = N — 1 shared intermediate nodes M; (+ = 1,..., k) is displayed in Fig. of the
main text.

Each j-th pair (j = 1, ..., N) has opposite pseudospins and (delocalized) spatial mode |c;),
with [a1) = (|A) + [M1))/V2, lax) = (M) + [B))/v2 and |a;) = (IM;_1) + [M;))/v2
for 5 = 2,..., k. I take as the initially prepared n-fermion state |\If§")> the one obtained from
lag b, a1 T, ..., an |, ay T) by eliminating, because of the Pauli exclusion principle, the terms
with two particles in the same node with the same pseudospin. The normalization constant
N of &™) can be conveniently expressed as N = /det(M®) where det(M™) is the

determinant of the n x n matrix

(rd e d) o Al fan 1)
M™ = : .. : ’ (B.4)

(ay Tlard) - (anTlan 1)

defined in the n-dimensional one-particle basis {|a; |), a1 T),..., lay |), |ax T)}.
The sLOCC framework is once again realized by counting one particle in each of the nodes
A and B (this entails that two particles are in each node M;), also allowing for classical com-

munication of the counting outcomes. The post-selected global state results to be
“ngs> = ’\PM17‘PM27"'7\DMk71KB>7 (BS)

where |Wy,) = |M; 1, M; }) and |1,) is a maximally entangled Bell state of Eq. (B.3). The
probability to obtain the state above, that is the success probability of the remote entanglement
transfer process, is given by Pi(n) = \(\IIQS\\IJE")W It is straightforward to show that its

explicit expression as a function of the number of fermions is (Figure [B.I] orange points)

1
Pr(n) = g ) (B.6)
B.2 Shared intermediate nodes with bosons
The four-boson global state |\I/,(O4)> is
1
0%) = £1(A+M) L (A+M) 1, (M+B) |, (M +B) 1). (B.7)

The basis for sSLOCC, corresponding to counting two particles in the shared intermediate mode

Ao M7,Mo' B7
M and one particle in each mode A and B, is By, = { [A o, j\’[ o,B7) } (o,7,0, 7" =],71)
where N, = /1 + (7|0’). The four-boson post-selected state, after projection onto By, (also
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allowing for classical communication), is then

s® =LA M1, M1, B AL M1t MI]B
|y, ps) \/6(| LMAMEBL) +[ALMEM],BY) B8)

FIATLMAEM LB + AT MM BTY),

which is found with probability P, (4) = (‘| U(Y)[? = 6/25.

In the M-subspace, the Bell basis for bosons is given by the three states |®3;) = (|M |
ML) £ M 1,M 1))/2 and |Wy) = [M 1, M |). The post-selected state |\Ifffl)js> can be then
expressed in terms of this Bell basis as

W, 1) + 1931, 248) — [Py, 248)

4
[Tihe) = N , (B.9)

where in each term the particles in the distant sites A and B are in a Bell state (see Eq. (B.18])).

Therefore, each outcome of the joint Bell measurement successfully realizes the entanglement

swapping over the distant nodes A and B.

The four-particle bosonic protocol can be extended, analogously to the standard ES, by a
cascaded procedure [118]. The scheme is again that of Fig. [5.2] with n independently-prepared

identical bosons and k = N — 1 intermediate nodes (/N = n/2 is the number of particle pairs).

The initially prepared n-boson state is

n 1
“Pl() )> = _b’al \L?Oél Ta (&%) \L: %) Ta e, N i? anN T>7 (BlO)

where the normalization constant A, = y/perm (M ™), with perm(M ™)) being the permanent
of the matrix of Eq. (B.4).

By counting two particles in each intermediate node and one in each of the distant nodes A
and B, also allowing for classical communication of the counting outcomes, one gets the post-
selected state |‘If,(:1)ps). Bell measurements are then performed step by step on each intermediate
node M; (: = 1,..., k) to transfer entanglement over A and B. The type of the final Bell state
transferred over A and B will depend on the consecutive outcomes of the cascaded Bell mea-
surements. The success probability of the protocol is obtained by B, (n) = |(\If,g71)ps\\11£") Y2 Tts

explicit expression as a function of the number of bosons is (Figure blue triangles)

n

3271

Bo(n) = 2n=1perm(M ™)’

(B.11)

In order to be more explicit concerning the cascaded procedure leading to the Bell states
over A and B, I treat the case with n = 6 bosons (N = 3 pairs) and two shared intermediate
nodes M, M,. From the initially prepared state \\IIE)6)>, easily obtained from Eq. (B.10), the
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sLOCC framework counting two particles in the intermediate nodes and one particle in each of

the far nodes A and B, including classical communication, leads to the post-selected state

V2

?<|\IIM17 2XM2> + ‘q)?\;h’QXMQ)
= 1Py, 2am,) A ) (B.12)

6
Tiohe)

where the relevant Bell states are analogous to those given after Eq. and in Eq. (B.18)). A
first Bell measurement has to be performed on the intermediate node M; in order to entangle
bosons in A and M,. Any outcome is good for continuing the protocol. Let us suppose, without
loss of generality, that the result of this first Bell measurement is |®y; ). From |\I/£6},S> above,
one sees that the remaining four bosons are left into the state — |2, , 13, ). This state, suitably

normalized and expressed in terms of the Bell basis in the node M,, assumes the form

Py, 1ap) + [Py, 1as) + Wy, 24p)

AMsB \/g :

It is now clear that a second Bell measurement on the intermediate node M has the final ef-

o)

(B.13)

fect to transfer a Bell state over the far nodes A and B. Thus, for six bosons, two cascaded
Bell measurements realize the desired entanglement swapping protocol. This procedure can be

continued analogously for successive steps with more particles.

B.3 Separated intermediate nodes

Here, I report the calculations regarding the scheme above, depicted in Fig. [5.3]. The prepared

state |U(M)) can be written as the superposition of 16 terms

W) =2(A LATD LD 1) +|ALATD LB
FIALALBLDY +]ALATBLB1
FIALCRD LD +]ALCTD LB
FIALOLBLDY +[ALCHBLEY
$ICLALD LD +]CLATLD LB
FICLATBLDY +|CLATBLBEY
$ICLORD LD +]CLCHD LB
FICLONBLD Y +[CLONB LB

)
)

(B.14)

In the linear combination of Eq. (B.I4)), there are contributions in which two particles oc-

cupy the same site. I perform sLOCC in the form of a post-selection counting a single particle
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in each site A, B and classically communicating their outcomes to each other (notice that a
single particle in A entails one particle in C and a single particle in B implies one particle
in D). This post-selection corresponds to project the global four-particle state |¥(*)) onto the
subspace spanned by the spatially localized basis B = {|A 0,C 7,D ¢’, B 7’) }, by the projec-
tor Iacpp = ZW,U,J,:M |Ao,C7m,Do’,B7)(A o,C7,Do’,B7’|. The post-selected (pro-

jected) state is thus obtained as

[Wh9) = Macne|WW) /N, (B.15)

where N = \/ (U@ |MTpcpp|T@W) = 1/2. Its explicit expression is
1
V2

/\%UD LB 47D 1,B 1)),

This state is obtained with probability P(4) = |(T4)|®®)|2 = 1/4. Notice that in this SLOCC
framework, the prepared state |[U(Y) can be written as [V™¥) = |a [, a 1) A |8 1,5 1), from

W) =—(JA L,C D) +n]A1,C 1))

(B.16)

which one then obtains particle entanglement between (A, C) and (D, B), as evidenced in
Eq. (B.16). This is linked to the concept of indistinguishability as a resource by sLOCC in-
troduced in Ref. [34]]. Since the sites (A, C) and (D, B) are separated, the identical particles
can be distinguished by their spatial location. Once got the post-selected state |\Ilgls)>, the en-
tanglement swapping proceeds following the lines of the standard protocol for distinguishable
particles [114]. A Bell measurement is therefore performed on the intermediate nodes (C, D) to

obtain entanglement over the far nodes A and B. In fact, one can write

@y _ L gt - 1T
\I} = — 1 ; 1 - 1 ) ]-
|Wpg) 2“ &ps Las) — [1aps 1ag) (B.17)

+ 112¢p, 258) — 112¢p> 2ap)]s

where
15y = S (TLIN £ [I1T 1),
\{i (B.18)
25) = —=(|T4, T L) £ T4, T 1),

V2

with [J=AB, CD. The result of the Bell measurement does not depend on the particle statistics,
as expected from the fact that the post-selected state describes identical particles in separated

spatial regions under sLOCC.
The previous protocol can be straightforwardly extended to multiple entanglement swapping
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Success probability
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Figure B.1: Success probability to implement multiple entanglement transfer as a function of the
number of particles n, for separated nodes with either bosons or fermions (P (n), green squares)
and for shared intermediate nodes with fermions (P;(n), orange points) and with bosons (P, (n),
blue triangles).

(with n = 2N independently prepared particles, being N the number of involved particle pairs),

in analogy to the case of distinguishable particles [[118]], by a cascaded procedure with a success
probability P(n) = 1/22 (Figure green squares).

B.4 Probabilities of success

We finally compare the efficiency of the protocol for the various cases treated above, given the
prepared state before post-selection. I have already shown that, in the case of separated nodes,
the success probability for both bosons and fermions is P(n) = 1/22 (see green squares in
Fig.[B.1). In the case of shared intermediate nodes, the success probabilities P(n) for fermions
and P,(n) for bosons decrease as a function of the particle number similarly to P(n), as dis-
played in Fig.[B.T|(orange points and blue triangles, respectively). From the experimental view-
point, one has to take into account that the requirement of Bell measurements further hinders the
protocol efficiency [109] 113} 124} [125} 126, 127, 128, [129]. Therefore, the fermionic process
results in being not only qualitatively different, but also more advantageous from a practical

viewpoint than the other procedures that necessarily require Bell measurements.
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