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State of the art and motivations

Entanglement is hardly the only interesting phenomenon that can be exploited to empower
information and communication technology (ICT) with quantum features. It has been long
recognised, indeed, that the structure of non-classical correlations shared by quantum systems
extends significantly beyond the boundaries of entanglement to comprise more general (albeit
usually weaker) forms of correlations that are, nevertheless, potentially fruitful. In this context,
quantum discord has emerged as a prominent case: quantum states that are not entangled,
and might thus mistakenly be considered as classical, can still share quantum discord, a weaker
form of non-classical correlations, and thus be significantly different from mundane classically
correlated particles.

In a nutshell, discord quantifies the amount of information that an agent that manages one
party of a composite quantum systems can gather on the others by performing measurements on
it. Should such information coincide with the maximum classical information extractable from
the measured party, the overall state would be entirely classical. Excess information over the
classical optimum can only result from shared correlations, of a genuinely non-classical nature,
between the measured and unmeasured parties. This embodies the discordant content of the
overall state. Initially considered as a mere curiosity in the to-date incomplete theory of quantum
correlations, discord has recently emerged as a valuable resource for quantum-empowered ICT,
its role being particularly prominent in quantum communication.

At variance with entanglement, which is as useful for QIP as it is volatile and fragile, dis-
cord exhibits enhanced robustness to environmental effects that make it survive to even severely
non-ideal operating conditions. Not rarely, a heavily decohered state that is endowed with no
entanglement among its parties, exhibits sizeable discord, and is thus legitimately non-classical.
Moreover, quite peculiarly and again at variance with entanglement, non-unitary local opera-
tions can induce discord in an otherwise only classically correlated state. However, the features
that makes discord appealing for the sake of quantum-empowered ICT and, indeed, the aim at
constructing the sort of network that is at the core of the collaboration between Belfast and the
Tyndall Institute in Cork is (1) the possibility to activate it into strong entanglement [1] and (2)
exploit it to perform effective, non-demanding, entanglement distribution across the nodes of a
quantum web [2]. The latter protocol is best illustrated by an explicit example. Consider the
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elements of a non-entangled network that, however, share some discord. Suppose that agents
A and B, who are remotely located and cannot interact directly, want to get the particles that
they manage perfectly entangled (so to establish a strongly quantum channel between them and
perform, for instance, non-local quantum computing). However, they cannot let their particles
interact, as mentioned. However, they can exploit a mediator C that interacts with A first
[Fig. 1 (a)], travels across the channel separating the agents, and finally interacts with B [Fig. 1
(b)]. Would the mediator be able to set entanglement between A and B without getting, itself,
entangled with any of them [Fig. 1 (c)]? The answer is positive, should the state of A and C be
discordant at the beginning. Actually, the amount of initial discord between A and C embodies
an upper bound to the degree of entanglement that the protocol is able to set between A and B.
Such salient features of discord, and the core role that it plays in the panorama of QIP make it
central to the investigations within this project.

The Pelucchi lab is a world-leader in the fabrication and management of solid-state sources
of quantum correlated photons. Such sources will be characterised in terms of the content of
discord of the produced photonic signal: while photonic entanglement has been demonstrated
in the signal emitted by the source developed in the Tyndall laboratories, this is not a general
feature, and many instances of the emitted radiation do not exhibit any entanglement. Current
literature considers them trivially classically correlated, and thus uninteresting. Yet, preliminary
assessments performed by Paternostro’s team showed the presence of robust discord within such
states, which can thus be considered as genuinely non-classical resources of invaluable interest
for the sake of quantum communication and QIP in general.
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FIG. 2: (Color online) Scenario of excessive and non-excessive
entanglement distribution protocols. We study entanglement
gain between the laboratories caused solely by the communi-
cation of particle C from Alice to Bob. (a) Initially entan-
glement between the laboratories is given by EAC:B . (b) The
communicated entanglement is taken to be the entanglement
between the carrier and the other subsystems, i.e. EAB:C . (c)
Finally the entanglement between the laboratories is given by
EA:CB . The protocol is excessive if EA:CB �EAC:B > EAB:C ,
meaning that the gain is greater than what was communi-
cated. Otherwise we call it non-excessive.

The examples of indirect protocols given above are all
non-excessive. Other notable classes of non-excessive in-
direct protocols will be presented later. The existence of
excessive protocols was first pointed out in Ref. [5] and
further examples were presented in Refs. [6–9]. However,
to the best of our knowledge, an analytical example of
excessive protocol with non-zero communicated entan-
glement will be presented here for the first time.

In addition to the entanglement change between labo-
ratories, it is also interesting to investigate the change of
entanglement in the principal system. In Fig. 2, the latter
is composed of particles A and B, which are stationary
in the laboratories of Alice and Bob. As initial entangle-
ment in the principal system Ei we naturally choose the
entanglement available before Alice makes her particle A
interact with the ancilla C. Assuming that the ancilla is
initially uncorrelated from the particles AB (an assump-
tion that holds in all our examples and that is typically
verified experimentally) we find that EAC:B  Ei. The
final entanglement is the one available after C reaches
Bob’s laboratory and he applies a general local transfor-
mations on his particles in order to localise the entangle-
ment established between the laboratories into the state
of the principal system, i.e., Ef  EA:CB . We therefore
conclude that

Ef � Ei  EA:CB � EAC:B = Efin � Ein = �E. (2)

In our nomenclature Ef and Ei indicate respectively the
final and initial entanglement between the principal sub-
systems A and B, whereas Efin and Ein denote the fi-
nal and initial entanglement between the laboratories,
respectively. Non-excessive protocols for entanglement
between the laboratories are also non-excessive for the
principal system, but the excessive protocols for labora-
tories do not guarantee that the principal system gains

entanglement above the communicated one. This is be-
cause not all entanglement can be localised into the prin-
cipal system and some of its initial entanglement might
be destroyed by interactions with the ancilla.

III. IDEAL CONDITIONS

In this Section we investigate entanglement gain for
the ideal case where there is no noise in the communi-
cation channel between laboratories. We first study the
indirect protocol of Fig. 2, where the state of the whole
ABC system is pure. It turns out that the excessiveness
depends on the particular entanglement measure being
used. We then present a single parameter family of five-
qubit states that are shown to provide a single platform
exhibiting various possibilities of entanglement gain.

A. Entanglement measures

For sub-additive measures proportional to the entropy
of subsystems, like the von Neumann entropy and the
linear entropy for pure states, we find that the protocols
are always non-excessive. For other measures, such as
negativity [21] and logarithmic negativity [21, 22], we
show that even pure states of su�ciently high dimension
give rise to excessive gain.

1. Sub-additive measures

We begin by noting that for pure states the con-
dition for non-excessiveness is equivalent to the sub-
additivity of measures that characterise pure state en-
tanglement in terms of properties of a subsystem. The
non-excessiveness condition reads

EA:CB  EAC:B + EAB:C . (3)

If the entanglement involved in the equation above em-
bodies a property of a subsystem, such as Ei:jk = Sjk

with Sjk being a property of subsystem jk (here i, j, k =
A, B, C), we can rewrite this as

SBC  SB + SC . (4)

This is exactly the sub-additivity property, which ap-
pears as a necessary and su�cient consequence of the
non-excessive nature of a protocol.

2. Negativity

We move to computable entanglement as characterised
by negativity [21] and show that all protocols in which
entanglement is measured by this quantity are non-
excessive if the dimension of A is less than 3. We provide

Fig. 1: Sketch of the protocol for dis-
tributing entanglement.

The new instruments made available by the assess-
ment of more general quantum correlations will allow
for a new, original characterisation of the source de-
veloped by Pelucchi’s team aimed at addressing the
discord content of the states produced by such source
and how variations in the key parameters (dot exci-
tation, dot environment, dot coupling, actual epitax-
ial conditions, device insertion) affect and determine
it. Technically, the characterisation will be performed
following two main routes: on one hand, tomographies
of the emitted signal will be used to quantify directly the degree of quantum discord in the cor-
responding states. This avenue, which will allow for the exact quantitative determination of
discord, will be the experimentally more demanding one, as it will require tomographically com-
plete sets of data. On the other hand, relatively to experimental configurations where a full
tomography would not be viable, we will establish experiment-friendly bounds to the actual dis-
cord value, obtained by making use of only a few two-point correlation functions, and working
directly on the relevant analytical expression for discord.

Finally, once the characterisation steps would be performed fully and satisfactorily, the project
will be directed towards the experimental demonstration of small-scale versions of both the
activation and entanglement distribution with separable mediators protocols illustrated above.

The goals of the project are thus to support theoretically the experimental characterisation
of the degree of general quantum correlations (as embodied by discord) of the photonic resources
managed at the Pelucchi’s lab in Cork. By doing so, the student will develop non-tomographic
techniques to bound and infer the amount of discord in a given photonic state and demonstrate
prototypes for solid-state-based activation protocols of entanglement from discord for elementary
quantum communication networks.
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Collaborations

The project will be supervised by Prof. Paternostro and Dr. Ferraro at the Quantum Technology
group (QTeQ) and will benefit of the close collaboration with the group led by dr. Pelucchi at
the Tyndall National Institute in Cork. Please, check http://web.am.qub.ac.uk/wp/qo/ for
further information on the QTeQ group.

Required skills

The candidate student will have excellent basic mathematical and physical background. A good
knowledge of Quantum Theory, mathematical methods of quantum information and familiarity
with Statistical Mechanics are required. A natural inquisitive and curious mind associated with
originality and creativity in the approach to problems will be appreciated. Advanced computing
skills are not required, although the student will become familiar with instruments such as
Matlab, Mathematica and Fortran.

Further information

For further information contact Prof. Paternostro: m.paternostro@qub.ac.uk.
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