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1. Introduction

With the last turn of the century, physics has experienced the transition from the first to the
second quantum revolution [1], a sweeping change that is steering the research in Quantum Mechanics
towards new horizons, the most important of which is represented by the realization of the quantum
computer [2], a device that nowadays represents not simply an object of desire but rather a futuristic
technology in which it is worthwhile investing.

This evolution has been possible, on the one hand, thanks to great advances by scientists towards
an increasingly deeper understanding of the fundamental concepts of quantum physics and, in parallel,
with the dawn of quantum technology and engineering. Today, the possibility to measure, control
and manipulate quantum systems at an individual level represents a basic experimental resource
to be exploited in all those fields of investigation represented by quantum metrology and sensing,
quantum control and quantum communication. It is definitely in relation to the development of these
quantum technology tools that the possibility or not of acquiring the ability to manipulate a large
number of quantum-entangled states is investigated, which is a mandatory route to reach new frontiers
in quantum science.

In the depicted scenario, in which quantum mechanics is considered to have reached a stage of
full maturity, fundamental questions still remain open, and in the arena of the answers that are yet
have been found, quantum optics plays, as it always has, an avant-garde role: this is the reason why
this Special Issue focuses mainly on this inspiring and productive research field.

2. Quantum Optics for Fundamental Quantum Mechanics

In light of the above, the aim of this special issue is to report theoretical and experimental works
in Quantum Optics. In fact, quantum optical systems are a formidable tool for investigating the
fundamental properties of physics and, specifically, of quantum mechanics. In particular, in the last
20 years, we observed exponential growth in the interest toward applications of quantum correlation,
such as entanglement. This remarkable growth now encompasses a broad range of topics and we
are able to witness the development of these fields, which range from foundational studies [3,4] to
technological aspects, covering quantum information processing [5], quantum communication [6],
quantum metrology [7] and sensing [8], and quantum imaging [9].

In this Special Issue, four review papers concern some of the most interesting aspects of this field:
both fundamental aspects, such a as quantum non-locality [3], uncertainty relations [10], ultra-cold
bosonic atoms [11] and applicative ones, such as topological carriers of information [12].

In particular, the first manuscript [3] of the review section explores how Bell’s discovery that local
hidden variable theories (LHVT) cannot reproduce all the results of quantum mechanics when dealing
with entangled states, which is demonstrated in the peculiarity of correlations among quantum states,
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introducing the concept of quantum non-locality, one of the most intriguing and fascinating facets of
quantum mechanics, which, at the same time, remains one of the most significant problems due to the
absence of its deep understanding.

In the paper [10] that celebrates the recent 90th anniversary of the emergency of the uncertainty
principle, a pillar of quantum theory, the authors report the latest experimental results of uncertainty
relations, quantified in terms of Shannon entropies, focusing in particular on outcomes in neutron
optics and on the type of measurement uncertainties that describe the inability to obtain respective
individual results from joint measurement statistics.

Superfluids, fluctuations and disorder are the topics discussed in [11], where a field–theory
description of ultra-cold bosonic atoms in the presence of a disordered external potential is described:
the authors investigate and review the interplay between disordered energy landscapes and fluctuations,
both thermal and quantum ones, by means of functional integration techniques.

The last review paper [12] deals with topological qubits and their potential to form from the
so-called winding number superpositions, where the winding number is a topologically significant
quantity valuable for applications in various areas of mathematical physics, and of the consequent
possibility to use these qubits as carriers of quantum information in linear optical systems, the most
common realm for quantum communication.

The arguments covered in the previous section are then developed in the research articles, which
consist of eight papers, offering a panorama of the present studies in quantum optics and analyzing
some specific issues of the different lines of research in which this field is structured. In summary,
issues concerning non-locality studies range from the application of the de Broglie–Bohm model to
Gauss–Maxwell beams [13] to revisiting complementarity relations in bipartite quantum systems [14];
correlations in atoms are investigated in [15,16], photon emission and statistics in [17,18] and methods
in quantum technologies in [19,20]

The first paper [13] of this section deals with a Bohmian-based approach to Gauss–Maxwell beams,
a particularly appropriate and natural tool in optical problems dealing with Gaussian beams acted or
manipulated by polarizers: a hydrodynamic-type extension of such a formulation is provided and
discussed, complementing the notion of the electromagnetic field with that of (electromagnetic) flow
or streamline. The described features confer the approach a potential interest in the analysis and
description of single-photon experiments.

The complementarity relations in bipartite quantum systems are revisited in paper [14], where,
by focusing on continuous-variable systems, the authors examine the influential class of EPR-like
(EPR: Einstein Podolsky Rosen) states through a generalization to Gaussian states and introduce
some new quantitative relations between entanglement and local interference within symmetric and
asymmetric double-double-slit scenarios. In the paper, this approach is then related to ancilla-based
quantum measurements and specifically to the paradigm of weak measurements.

In papers [15,16], the attention moves to the investigation of correlations in atomic systems.
In fact, in [15], the Electromagnetically Induced Transparency (EIT), a coherent optical nonlinear effect,
is analyzed by treating the weak probe field as a perturbation to the strong coupling fields in the atomic
system and using the perturbative method in a master equation: the authors show how the features
of the linear response of EIT phenomena can be uniformly demonstrated, regardless of the details of
atomic energy-level configuration.

On the other side, in [16], a theoretical investigation of the photon statistics in a coupled cavity
system mediated by a two-level atom is shown: the authors find that there exists a photon blockade in
the linear cavity for different parameter regimes, where the coupling strength between the atom and
the nonlinear cavity is greater (or less) than the dissipation rate of the linear cavity. Moreover, they
provide other extensions to this study to show the potential applications of a single photon source in a
weakly nonlinear system.

The arguments of [17,18] concern photon emission and statistics. The high-frequency electromagnetic
emission from non-local wavefunctions is analyzed in [17], where it is shown that, in systems with
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non-local potentials or other kinds of non-locality, the Landauer–Büttiker formula of quantum transport
leads to replacing the usual gauge-invariant current density J with a current Jext, which has a non-local
part and coincides with the current of the extended Aharonov–Bohm electrodynamics. Peculiar properties
of the analyzed scenario are analyzed by the authors to provide possible applications concerning the
radiation field generated by Josephson tunneling in thick superconductor–normal–superconductor (SNS)
junctions and by current flow in molecular nanodevices.

The process of second harmonic generation is addressed in a quantum frame in [18]: the analysis
here starts with a perturbative approach, showing how it is possible to achieve a number of analytic
results, ranging from the up-conversion probability to the statistical properties of the generated light.
Moreover, the authors investigate the nonclassicality of some benchmark states by inspecting the
corresponding autocorrelation function.

Finally, this Special Issue concludes with methods in quantum technologies [19,20], a very
promising and vivid field that nowadays centralizes the great efforts of the quantum optics community.

The study reported in [19] articulates the context of multiparameter quantum estimation theory:
the authors investigate the construction of linear schemes in order to infer two classical parameters that
are encoded in the quadratures of two quantum coherent states. The optimality of the scheme, built
on two-phase conjugated coherent states, is proven with the saturation of the quantum Cramér– Rao
bound under global energy constraints. The study is then extended on n-mode schemes that can be
used to encode n classical parameters into n quantum coherent states, and then estimate all parameters
optimally and simultaneously.

In conclusion, paper [20] focuses on Quantum Key Distribution (QKD) Networks, that actually
are an important support for quantum communication. QKD Networks have achieved a relatively
mature level of development and, consequently, are facing greater requirements in terms of their
implementation capabilities, thus requiring an effective management plane to control and coordinate
the QKD resources. The presented study reports how, as a promising technology, software-defined
networking (SDN) can separate the control and management of QKD networks from the actual
forwarding of the quantum keys.
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