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Quantum systems can be characterized by a quasi-probability distribution in the phase 
space spanned by the corresponding conjugate variables. When using the Wigner 
function, the marginal distributions obtained by projecting onto a particular axis in 
phase space yields the probability distribution for the corresponding variable. In 
quantum optics there are different types of quasi probability distribution functions 
corresponding to different ordering of the non-commuting field operators. The link to 
particular measurements, however, is unique. Examples are given, emphasizing this 
relation. In particular, Glauber's intensity correlation function is related to the 
dimensionality of the phase space distribution function.  



   

Quantum sensing in an entangled network 
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Networking plays an important role in quantum technology. Quantum communication is inherently a network 
while some quantum computing architectures are based on networking to facilitate scalability. Quantum sensing 
can be also realized in a networked setup employing entangled states and specialized measurements with 
applications in e.g. magnetic field mapping and precision clocks [1-3].   
   
In this talk, we present our recent work on distributed quantum sensing of four delocalized phases with a 
precision that goes beyond the standard shot noise limit using continuous variable entanglement [4]. We show 
experimentally that sensing of the delocalized phases using distributed entanglement is superior to using local 
squeezed state resource. We also show theoretically that the sensitivity is expected to exhibit Heisenberg scaling 
in the number of sensing nodes, an effect that is similar to the Heisenberg scaling in a multi-pass approach [5].  
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Experimental investigation of superdiffusion in all-optical Quantum Walks 
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One dimensional Quantum Walks (QWs) are a suitable scenario for simulating the movement of a 
particle in a 1-dimensional (1-D) lattice, representing the surrounding environment with which the 
particle interacts. Several diffusion processes can be replicated by appropriate QW configurations 
and different algorithms are based on 1-D QWs. In the optical domain these systems are normally 
represented as networks of Beam Splitters (BSs), each of them representing a particular position site 
of the lattice. The movement of the walker inside the network is determined by the interference 
between all possible paths he can follow. Optical QWs have been realized by using both bulk optics 
and integrated photonics. I will present a novel bulk-optic QW configuration based on two multipass 
displaced Sagnac interferometers, operating with a common BS. The setup is intrinsically phase 
stable and can work with any kind of map of the QW phases, thus making possible the simulation of 
a large variety of diffusion processes, in particular those corresponding to the supediffusive regime, 
useful for the simulation of biological phenomena and energy transport effects. 
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Quantum sensors are intended to provide measurements outperforming the classical 
ones in terms of sensitivity and resources required, and are particularly promising where 
non-invasivity is a key factor for the success of the measurement. Introducing quantum 
sensors as solution to real-world problem however demands reliability and controllability 
outside laboratory conditions. Producers and operators ought to be assumed to have 
limited resources ready available for calibration, and yet, they should be able to trust the 
devices. 

We discuss of two different approaches to address these requirements: the first is to 
employ a neural network framework for calibration of static measurements, thus ensuring 
an self-consistent characterization technique which automatically takes into account the 
experimental imperfections without need to carefully tailored models; the second 
approach consists in adopting a multiparemter technique to ensure the control of the 
quality of a dynamic measurement in a noisy scenario.
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Hong-Ou-Mandel effect under partial time reversal: 
a quantum interference effect in the amplification of light 
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In the usual, predictive approach of quantum mechanics, one deals with the 
preparation of a quantum system followed by its time evolution and ultimately its 
measurement. In the retrodictive approach of quantum mechanics, one postselects the 
instances where a particular measurement outcome was observed and considers the 
probability of the preparation variable conditionally on this measurement outcome. 
This can be interpreted as if the actually measured state had propagated backwards in 
time to the preparer. Here, we present an intermediate picture, called “partial time 
reversal”, where a composite system is propagated partly forwards and partly 
backwards in time. As a striking application, we focus on the simplest two-mode 
linear-optical component, namely a beam splitter, and show that it transforms into a 
two-mode squeezer under partial time reversal. More generally, by building on the 
generating function of the matrix elements of Gaussian unitaries in Fock basis, we 
prove that their multiphoton transition probabilities obey simple recurrence equations. 
This method is developed for Gaussian unitaries effecting both passive and active 
linear coupling between two bosonic modes [1]. The recurrence exhibits an 
interferometric suppression term which generalizes the Hong-Ou-Mandel effect for 
more than two indistinguishable photons impinging on a beam splitter of 
transmittance 1/2. It also exhibits an unexpected 2-photon suppression effect in an 
optical parametric amplifier of gain 2 originating from the indistinguishability 
between the input and output photons which we coin “timelike” indistinguishability 
(it is the partial time-reversed version of the usual “spacelike” indistinguishability 
which is at work in the Hong-Ou-Mandel effect). 
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Numerical and uncertainty ranges of quantum states
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Geometric properties of quantum states play an important role in the understanding of fundamental theories
of quantum mechanics, and at the same time stimulate many applications of quantum information processing. A
famous example is the Bloch sphere representation for the state space of a single qubit. When the dimensionality
of the quantum system increases, the geometry becomes complex. Quantum measurement maps the state space
to the response range of quantum detectors. By exploring the relation between the geometry of the state
space and that of the statistics of measurement outcomes, we experimentally demonstrate a self-verification and
characterization method of quantum measurement [1, 2]. The projection of the state space to the Euclidean
space via results of several observables, the joint numerical range, has wide applications in the study of quantum
phase transition, quantum control and quantum error correction. Here we experimentally observe the complete
classifications of the joint numerical range of triple observables in a three-level quantum system [3, 4]. In the
end, we characterize the entire range of the variances [5] of a pair of observables, which completely defines the
uncertainty relations between these observables.
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Phys. Rev. Lett. 118, 250501 (2017).
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From quantum coherence to nonclassicality and metrological power
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We consider the resource theory of nonclassicality for quantum light. Under this resource theory,

we discuss two nonclassicality measures, one with a fundamental interpretation and another with

an operational interpretation. The first of these measures is the amount of quantum coherence or

superposition between the coherent states, thus relating nonclassicality in radiation fields to the

superposition principle. The second measure is called the metrological power, which quantifies how

sensitive a quantum state is to displacement operations. These examples illustrate how quantum

resource theories can refine our understanding of nonclassical light and find potential applications

for them.

I. INTRODUCTION

One important aspect of the field of quantum infor-
mation concerns the study of nonclassical quantum re-
sources. Examples of quantum resources include notions
of nonclassicality such as entanglement[? ] and quantum
coherence [? ]. A quantum resource theory is a set of ax-
ioms and definitions which identifies a quantum resource
of particular interest, and specifies certain ground rules
that should reasonably be obeyed in order to qualify as
resource measure.

Here, we consider the resource theory of nonclassical-
ity based on the set of coherent states of light[? ? ](not
to be confused with the notion of coherence for finite di-
mensional systems). The set of coherent states is denoted
by {|↵i} and is a minimum uncertainty state which most
closely resembles classical light. Every quantum state of
light ⇢ permits a diagonal representation with respect to
the set of coherent states of the form

⇢̂ =

Z
d2↵P (↵) |↵i h↵|.

The coe�cient P (↵) is called the Glauber-Sudarshan
P -distribution [? ]. The P -distribution always sums to 1
but may display negativities for some quantum states. A
state is classical when it is expressible as a classical mix-
ture of coherent states, i.e. when P corresponds to some
classical probability distribution. Otherwise, we say that
P displays negativities and the state is nonclassical.

II. PRELIMINARIES

In this section, we will introduce some basic con-
cepts surrounding the resource theory of nonclassicality

⇤ bbtankc@gmail.com

in light, which was introduced in Ref. [? ].
The essential idea is to quantify nonclassicality us-

ing linear optical monotones. Linear optical monotones
are quantities that always decreases under linear opti-
cal maps, which are defined as any quantum operation
expressible as some combination of displacement oper-
ations, beam splitters and phase shifters together with
possible interations with a classical ancilla. A formal
characterization is given below:
Define a general N -mode bosonic cre-

ation operator of the form â†µ =
PN

n=1 µnâ†n
with complex values µn, and define µ =
(Re[µ1], Im[µ1],Re[µ2], Im[µ2], · · · ,Re[µN ], Im[µN ])T

to be a real 2N -dimensional unit vector satisfying
||µ||2 :=

PN
n=1 |µn|2 = 1. A multi-mode linear optical

unitary operation is any ÛL which transforms â†µ
into â†µ0 +

LN
n=1 ↵n n, while satisfying the condition

||µ||2 = ||µ0||2. Here, ↵n is a complex number and n is
the identity operator on the n-th mode.
Using the above definition of a linear optical unitary,

a linear optical map is defined as:

�L(⇢̂A) = TrE(ÛL⇢̂A ⌦ �̂EÛ
†
L),

where �̂E is a classical state.
In the resource theory of nonclassicality, we say that

N is a nonclassicality measure if (i) N (⇢) > 0 implies ⇢
is nonclassical, (ii) N (⇢) � N [�L(⇢)], i.e. N is a linear
optical monotone, and (iii) N is a convex function of
state.

III. COHERENCE AND NONCLASSICALITY

Here, we will discuss the connection between coherence
in finite dimensional systems[? ? ] and nonclassicality
in quantum light. The presentation here will focus on
pure states, which is su�cient for the discussion at hand.

mailto:bbtankc@gmail.com
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information: recent results
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For an unknown rank-deficient state of a given dimension, we show and experimentally demonstrate in
Phys. Rev. Lett. 122, 100404 (2019) that it is possible to perform adaptive compressive tomography that
uses few measurement settings to achieve unambiguous reconstruction without any a priori information
whatsoever about the state and other target guesses. In this talk, I shall present our latest compressive
protocol that includes a self-consistent reconstruction validation routine to check for data informational
completeness, and also summarize the most recent studies related to its fundamental tomographic char-
acteristics compared to previously known compressive measurement schemes.



Dynamics of Gaussian quantum steering
in the two-reservoir model

Tatiana Mihaescu, Aurelian Isar
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Einstein-Podolsky-Rosen steerability of quantum states is a property that is di�erent
from entanglement and Bell nonlocality. We describe the time evolution of a measure
that quantifies steerability for arbitrary bipartite Gaussian states in a system consisting
of two bosonic modes, each one embedded in its thermal environment. We work in the
framework of the theory of open quantum systems. If the initial state of the subsystem is
taken of Gaussian form, then the evolution under completely positive quantum dynamical
semigroups assures the preservation in time of the Gaussian form of the state. We study
the Gaussian quantum steering in terms of the covariance matrix under the influence
of the thermal environment and find out that the thermal noise and dissipation destroy
the steerability between the two parts. We make a comparison with other quantum
correlations for the same system, and show that, unlike Gaussian quantum discord, which
is decreasing asymptotically in time, the Gaussian quantum steerability su�ers a ”sudden
death” behaviour – it vanishes in a finite time, like quantum entanglement [1,2].
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Entanglement Witness for Hybrid Bipartite States Based on the

Negativity Volume of the Wigner Function
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Abstract

We present a new entanglement witness for arbitrary (hybrid) quantum states based on the general-

ized Wigner function. It is shown that this witness can be also applied on quantum systems undergoing

decoherence e↵ects.

In the recent paper [1] Tilma et al. have derived a generalized Wigner function that can characterize both

the discrete and continuous variable states at the same time, i.e., hybrid states. Due to its simplicity, one

could expect that the negativity of the generalized Wigner function applied to the hybrid states can reveal

their nonclassicality in analogy with the well-known Wigner function defined for the continuous variable states.

Nevertheless, as further results have suggested the negativity of the Wigner function already related to the

spin-1/2 systems can refer rather to the purity of the discrete variable states [2]. However, it is important to

distinguish di↵erent origins of nonclassicality in hybrid states state [3].

In our contribution we demonstrate that the negativity volume of the generalized Wigner function of the

hybrid bipartite states can be used as an entanglement witness of such states provided that it exceeds a certain

critical value [4]. The negativity volume of the Wigner function is given by the integral V =
1
2

R ⇣
|W |�W

⌘
d⌦.

Any mixed hybrid bipartite qubit-bosonic state which is separable can be represented as a convex sum of

product states ⇢̂sep =
P
i
pi⇢̂

q
i ⌦ ⇢̂bi . For the hybrid bipartite qubit—bosonic states, it can be easily shown

that the negativity volume of the Wigner function defined for separable hybrid sate ⇢̂sep satisfies the following

inequality

V(⇢̂sep)  Vcr =

✓
1p
3
+

1

2

◆X

i

piV(⇢̂bi ) +
1p
3
� 1

2
, (1)

where Vcr stands for the critical value of the negativity volume for separable hybrid states. Then, we can say

that for the given hybrid bipartite qubit–bosonic state ⇢̂ is entangled if V(⇢̂) > Vcr.

Since the detection of the generalized Wigner function of hybrid bipartie states in the phase space is ex-

perimentally simpler than the reconstruction of the corresponding density matrix, our results thus present a

convenient tool in the entanglement identification of such states.

[1] T. Tilma et al, Wigner Functions for Arbitrary Quantum Systems, Phys. Rev. Lett. 117, 180401 (2016).

[2] M. A. Ciampini et al, Wigner function reconstruction of experimental three-qubit GHZ and W states,

arXiv:1710.02460 (2017).

[3] J. Sperling et al., Quantum correlations in composite systems, J. Phys. B 50, 134003 (2017).

[4] I. Arkhipov et al., Negativity volume of the generalized Wigner function as an entanglement witness for

hybrid bipartite states, Sci. Rep. 8, 16955 (2018).
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We shall present some aspects of Sudarshan' scientific life, and comment on some less 
known papers. 



Title: Entropic Bounds For Unitary Testers 
 
Speaker: Stefano Mancini 
 
Abstract: We introduce entropic bounds, i.e uncertainty relation, for pairs of unitary testers in 
distinguishing between unitary transformations, not unlike the well-known entropic bounds for 
observables. We show that in the case of specific sets of testers which pairwise saturate the trivial 
zero bound, the testers are all equivalent in the sense that their statistics are the same. On the other 
hand, when maximal bounds are saturated by such sets of testers, the unitary operators would form 
unitary bases that are mutually unbiased. This resembles very much the role of mutually unbiased 
bases in the maximizing the entropic bounds for observables. 
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Waves in the spatio-spectral and -temporal coherence of evolving ultra-intense
twin beams are predicted [1]: Twin beams with low intensities attain maximal
coherence in the beam center until certain threshold intensity is reached. Then
the area of maximal coherence moves with increasing intensity from the beam
center towards its edges leaving the beam center with low coherence (the first
coherence wave). For even larger intensities, a new coherence maximum is
gradually built in the beam center with the increasing intensity [2] and, later,
it again moves towards the beam edges forming the second coherence wave.
Rotationally-symmetric twin beams are analyzed within a three-dimensional
model that couples spectral and spatial degrees of freedom. Relation between
the twin-beam coherence and its local density of modes during the nonlinear
evolution is discussed.

[1] J. Peřina Jr.: Waves in spatio-spectral and -temporal coherence of evolving
ultra-intense twin beams, Sci. Rep. 9, 4256 (2019).
[2] J. Peřina Jr.: Spatial, spectral and temporal coherence of ultra-intense twin
beams, Phys. Rev. A 93, 013852 (2016).



A repeated interaction approach to open quantum walks and open quantum 
Brownian motion 
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Open quantum walks are discrete time random walks completely driven by dissipation. 
It is quite natural to derive them by reduction from a microscopic Hamiltonian for a 
walker-environment system in a repeated interaction scheme. Open quantum Brownian 
motion, on the other hand, is known to be a particular continuum limit of open quantum 
walks. Here we extend the repeated interaction perspective to the open quantum 
Brownian motion case. We show that a unified repeated interaction approach to both 
open quantum walks and open quantum Brownian motion is possible. We discuss 
possible quantum optical implementations of open quantum walks and open quantum 
Brownian motion.   



 Vacuum noise squeezing and its application to the gravitational wave detector  
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In this talk, I will report our recent implementation of squeezed vacuum states at 1064 
nm. With a bow-tie, optical parametric oscillator cavity, and our home-made balanced 
homodyne detectors, noise reduction upto 10dB below the vacuum is measured. With 
the operation of a 300 m filter cavity prototype installed at the National Astronomical 
Observatory of Japan, application of such a vacuum squeezed state to the gravitational 
wave detector, in order to achieve a broadband reduction, will be discussed.  



Quantum metrology of incoherent point sources
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In classical optics several criteria exist to quantitatively determine resolution limits, the most famous of which is due
to Rayleigh. A careful reconsideration of this conundrum has been performed in the framework of quantum estimation
theory [1]. This work showed that, in the case of two identical incoherent point sources with a priori knowledge of
their centroid, the precision of an optimal measurement stays constant at all separations. This is to be compared to the
quadratic decrease of information about small separations for generic imaging setups.

First, addressing the problem of ultimate resolution limits of conventional imaging we identify a class of point-
spread functions (PSF’s) with a linear information decrease, making the advantage of the aforementioned quan-
tum schemes, with separation-independent Fisher information, over conventional techniques smaller than previously
thought. We provide an experimental validation of this result based on PSF shaping with a single non-absorbing filter.

Second, we establish the multiparameter quantum Cramér-Rao bound for characterizing two unequally bright in-
coherent point sources demonstrating that separation-independent errors cannot occur in this generic case. Including
intensity and centroid parameters in the estimation problem inevitably leads to a drastic reduction in the information
for unbalanced sources [3]. Remarkably, the information available in an optimal measurement still surpasses that of
a conventional direct imaging scheme by a significant margin with the largest improvements over the standard detec-
tion appearing for very small separations and great intensity differences. This regime is rather typical e.g. for exoplanet
observation and hence of practical importance.

It turns out [4,5] that the maximum information about the two-component system can be simultaneously accessed by
projecting the signal on a suitable set of modes. Particularly useful modes can be generated from the derivatives of the
system PSF, which in the limit of small separations can access all available information with only a few projections.
Such a detection can in principle be realized by using light modulation techniques. Translating the problem from
spatial to time-frequency domain we performed a proof-of-principle experiment verifying the quantum improvements.

This work was supported by the Czech Science Foundation, Grant No. 18-04291S.
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Metrology, the fine art of making precise estimations about the value of a parameter of interest, 
is an appealing research field that can benefit greatly from techniques typically associated with quantum 
optics. One such application is the estimation of the separation between two incoherent point sources. 
Whilst the error in the estimated distance dramatically increases when limiting oneself to standard 
intensity detection – a phenomenon dubbed Rayleigh’s curse, the same isn’t true for optimised 
measurements. In this case, the error stays constant regardless of the separation [1, 2]. While typically 
considered in the context of spatial imaging, these considerations hold true for any degree of freedom, 
for instance for time and frequency [3]. 

The case is different for multi-parameter estimation scenarios, where we consider two 
unbalanced incoherent point sources. The problem now generalises to the simultaneous estimation of 
three parameters: separation, relative weight, and centroid. In this case, one faces a dramatic reduction 
of information that can be gained when going to small separations [4]. However, optimum 
measurements can still be found in this case [5].  
 Here, we demonstrate time-frequency estimation by using a quantum pulse gate, a device that 
facilitates projective measurements onto arbitrary temporal-mode superpositions. First, we perform 
time-frequency estimation of the separation between two balanced incoherent sources and  demonstrate 
a resolution well below the classical limit [6]. We then move on to the more interesting scenario of 
multi-parameter estimation of unbalanced sources. Our results saturate the quantum Cramér-Rao bound 
even for small separations, where classical measurement strategies do not yield conclusive results. This 
opens up new avenues for practical time-frequency measurement schemes beyond the classical limit. 
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Quantum metrology theory has up to now focused on the resolution gains obtainable 
thanks to the entanglement among N probes. Typically, a quadratic gain in resolution 
is achievable, going from the 1/sqrt(N) of the central limit theorem to the 1/N of the 
Heisenberg bound. Here we focus instead on quantum squeezing and show that, 
similarly, one can attain a quadratic gain when comparing the resolution achievable by 
a squeezed probe to the best N-probe classical strategy achievable with the same 
energy. We thus derive the Heisenberg bound for general estimation strategies that 
employ squeezing. While this result was known for specific instances (e.g., for quantum 
optics), our theory uses the general theory of squeezing and holds for arbitrary quantum 
systems.  



New nonclassicality measure for quantum states of light

Mikhail I. Kolobov1, Stephan De Bièvre2, Dmitri B. Horoshko1,3, and Giuseppe Patera1
1Université de Lille, Laboratoire PhLAM, F-59000 Lille, France

2Université de Lille, Laboratoire Paul Painlevé,
F-59000 Lille, France

3 B. I. Stepanov Institute of Physics,
Minsk 220072, Belarus

We introduce a new distance-based measure for the nonclassicality of quantum states of the
electromagnetic field. We call this measure operator ordering sensitivity (OS) since it is related to a
typical quantum feature - noncommutativity of bosonic field operators. Our measure captures well
the behavior of quasiprobabilities in the phase space, and outperforms several other nonclassicality
measures proposed in the literature.



Quantum thermodynamic devices under control   

Gershon Kurizki 
Weizmann Institute of Science, Rejovot, Israel   

 

 



Title: "Generation of maximally entangled states in a Bose-Hubbard dimer."

We consider a model of short Bose-Hubbard dimer consisting of two mutually interacting 
anharmonic quantum oscillators. The system is driven by a series of ultra-short coherent external 
pulses. For such a system we analyze the influence of one- and two-mode excitations on the 
generation of maximally entangled states. We show that the effectiveness of such processes strongly
depends not only on the time of free evolution of oscillators (the time between two subsequent 

pulses) but overall, on the scheme of excitations.

Luis Lorenzo Sanchez Soto
J. Kalaga




Quantum steering and other correlations in three-qubit systems

W.Leoński and J.K. Kalaga

We consider a class of quantum states which describe three-qubit systems. We 
concentrate on the possibility of producing of the bipartite steering in discussed models. To 
quantify the steering in two-qubit subsystems, we apply the parameters based on the 
Cavalcanti inequality [1]. In particular, we discuss the conditions determining the 
generation of steering effects and show the relations between the generation such effects 
and other quantum correlations and the coherences characterizing the system's state [2,3]. 
Discussing the quantum entanglement appearing in the situations considered by us, we 
apply two measures – the concurrence and negativity [4,5] Additionally, we determine the 
borders between various classes of quantum states which are described by the 
parameters of quantum steering, coherence, and bipartite entanglement.

[1] E. G. Cavalcanti, Q. Y. He, M. D. Reid, H. M. Wiseman, Unified criteria for multipartite 
quantum nonlocality, Phys. Rev. A 84, 032115 (2011)
[2] J. Svozilik, A. Valles, J. Perina Jr., J. P. Torres, Revealing Hidden Coherence in Partially 
Coherent Light, Phys. Rev. Lett. 115, 220501 (2015)
[3] L. Mandel, E. Wolf, Optical Coherence and Quantum Optics, Cambridge University 
Press, Cambridge, 1995
[4] S. Hill, W. K. Wootters, Entanglement of a Pair of Quantum Bits, Phys. Rev. Lett. 78, 
50225025 (1997)
[5] W. K. Wootters, Entanglement of formation of an arbitrary state of two qubits, Phys. 
Rev. Lett. 80, 2245 (1998)
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 Entanglement indicators for optical fields involving intensity correlations 

Marek Zukowski  
University of Gdansk, Poland  

 

We show that any multi-qudit entanglement witness leads to a non-separability 
indicator for quantum optical fields, which involves intensity correlation measurements 
and is useful for field states of undefined photon numbers. With the approach we get, 
e.g., necessary and sufficient conditions for intensity or intensity-rates correlations to 
reveal polarization entanglement. We also derive separability conditions for 
experiments with mutually unbiased multiport interferometers. Within the standard 
detector inefficiency model these entanglement indicators work for any detection 
efficiencies. For specific cases, we show advantages of using local intensity rates rather 
than intensities. The approach with rates allows a mapping of Bell inequalities for 
qudits to ones for optical fields. Our results may find applications also in studies of 
non-classicality of correlations in "macroscopic" many-body quantum systems of 
undefined or uncontrollable number of constituents. [arXiv:1903.03526 ] 



Squeezing and energy evolution of a quantum charged particle caused by 
stepwise variations of linear vector potentials  

Viktor Dodonov and Matheus Horovits  
Institute of Physics, University of Brasilia, Brazil  

 

We consider a quantum charged particle moving under the action of a time-dependent 
magnetic field described by means of the most general linear vector potential. Such a 
geometry corresponds, in particular, to infinite solenoids with elliptic or hyperbolic 
cross sections. Using the approximation of stepwise variations of the magnetic field, 
we calculate the evolution of mean values of the "classical" and "quantum" parts of 
energy and angular momentum, as well as the principal squeezing in two pairs of 
noncommuting observables: the coordinates of the center of orbit and relative 
coordinates with respect to this center. 

 



Superposition principle and Born rule
in the probability representation of quantum states

Margarita A. Man’ko

Lebedev Physical Institute, Moscow

The basic notion of physical system states is di↵erent in classical statistical mechanics and

in quantum mechanics. In classical mechanics, the particle system state is determined by its

position and momentum; in the case of fluctuations, due to motion in environment, by the

probability density in the particle phase space. In quantum mechanics, the particle state is

determined either by the wave function (state vector in the Hilbert space) or by the density

operator. Recently the tomographic-probability representation of quantum states was pro-

posed [1–3], where the quantum system states are identified with fair probability distributions

(tomograms); see also the review [4].

The aim of this talk is, following to [5], to demonstrate how such a phenomenon as interfer-

ence of quantum states described by the superposition principle of complex wave functions is

considered in the probability representation of quantum mechanics. In the probability picture,

the interference is described by the nonlinear addition rule of the probabilities describing the

superposed states; the rule provides the probabilities describing the superposition state, and

this corresponds to the nonlinear addition rule of the projectors pointed out by Sudarshan [6,7].

We demonstrate this rule on an example of the superposition of qubit states.

The other goal of the talk is to formulate the Born rule for probabilities p'( ) = p (') given
by an overlap of two states |  i and | 'i, i.e., |h | 'i|2 = Tr (⇢̂ ⇢̂') in the form of expression

providing the probability P (') as a function of probabilities determining the states given by

the density operators ⇢̂ and ⇢̂'. The result obtained shows that such completely quantum

phenomenon as the interference of wave functions can be formulated by applying only classical

tools like probabilities used in classical statistics.

[1] S. Mancini, V.I. Man’ko, P. Tombesi, Phys. Lett. A, 213, 1–6 (1996).

[2] V.V. Dodonov, V.I. Man’ko, Phys. Lett. A, 229, 335–339 (1997).

[3] V.I. Man’ko, O.V. Man’ko, J. Exp. Theor. Phys., 85, 430–434 (1997).

[4] M. Asorey, A. Ibort, G. Marmo, F. Ventriglia, Phys. Scr., 90, 074031 (2015).

[5] V.N. Chernega, O.V. Man’ko, V.I. Man’ko, J. Russ. Laser Res. 38, 141–149; 324–333; 416–425
(2017); J. Phys. Conf. Ser., 1071, 012008 (2018).

[6] E.C.G. Sudarshan, J. Sov. Laser Res., 24, 195–203 (2003).

[7] I.Ya. Doskoch and M.A. Man’ko, J. Russ. Laser Res., 39, 499–504 (2018).



Dynamics of Quantum Coherence in Two-Mode Gaussian Open Quantum Systems 
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An impressive progress in the development of quantum information theory is reached presently 
from the quantum resource theory approach to quantum correlations, like entanglement, 
discord and steering [1,2,3], and to quantum coherence. 
   
Recently, a framework for the quantification of coherence has been established [4], in which 
quantum coherence is treated as a resource in a manner similar to quantum entanglement. In 
this work we address the quantification of coherence in Gaussian open systems [5], in the 
framework of the theory of open systems based on completely positive quantum dynamical 
semigroups. 
 
We give a description of quantum coherence by using the relative entropy of coherence for a 
system consisting of two coupled non-resonant bosonic modes immersed in a thermal 
environment. We discuss the influence of the reservoir on the time evolution of the quantum 
coherence in terms of the covariance matrix for initial squeezed thermal states. We show that 
the dynamics of the quantum coherence strongly depends on the initial states of the subsystem 
(squeezing parameter and thermal photon numbers), the frequencies of the modes, the 
parameters characterizing the thermal reservoir (temperature and dissipation coefficient) and 
the intensity of the coupling between the two modes [6]. 
 
References 
 
1. A. Isar, Open Sys. Inf. Dynamics 23, 1650007 (2016). 
2. A. Isar, T. Mihaescu, Eur. Phys. J. D 71, 144 (2017). 
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Coherent Diffusive Photonics: Quantum engineering with loss   

Natalia Korolkova 
University of St. Andrews, Scotland, UK  

 



 The quantum computational and metrological supremacy of multiphoton 

interference with scalable sources 

Vincenzo Tamma  

University of Portsmouth, UK  

 

Multiphoton quantum interference underpins fundamental tests of quantum mechanics 

and quantum technologies, including applications in quantum computing, quantum 

sensing and quantum communication. Standard quantum information processing 

schemes rely on the challenging need of generating a large number of identical photons. 

In this talk, we show how the difference in the photonic spectral properties, instead of 

being a drawback to overcome in experimental realisations, can be exploited as a 

remarkable quantum resource. Interestingly, we demonstrate how harnessing the full 

multiphoton quantum information stored in the photonic spectra by frequency and time 

resolved correlation measurements in linear interferometers enables the 

characterisation of multiphoton networks and states, produces a wide variety of 

multipartite entanglement, and scales-up experimental demonstrations of boson 

sampling quantum computational supremacy.  We further demonstrate the possibility 

to achieve Heisenberg limited precision in distributed quantum metrology based on the 

use of squeezed states as probes. These results are therefore of profound interest for 

future applications of universal spectrally resolved linear optics across fundamental 

science and quantum technologies with photons with scalable photonic sources. 
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Quantum Coherences in the Quantum Fluctuation Theorem 
 

Hyukjoon Kwon and Myungshik Kim 
QOLS, Blackett Laboratory, Imperial College London, UK 

 
Fluctuation theorems are at the heart of non-equilibrium thermodynamics. By assuming microscopic 
reversibility, the relationship between the transition probabilities of the forward and backward 
processes is established, and macroscopic irreversibility as known as the second law of 
thermodynamics can be derived from this. One of the highly non-trivial questions here is whether the 
fluctuation theorems can be generalised to a quantum system and a quantum channel which can 
includes coherences. The difficulties arise due to the fact that the way to understand the reversible 
process in quantum mechanics is very different from the classical theory due to the existence of 
coherences. In this presentation, we show how the fluctuation theorems can be generalised for an 
arbitrary quantum process, which then allows to establish a powerful framework to understand 
quantum information theory and thermodynamics. We discuss various issues in the derivation of the 
quantum fluctuation theorems. We also discuss how coherences in squeezed states or nonclassical 
states play a role in the Quantum Fluctuation Theorem. 
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Quantum sensing of curvature
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Abstract We address the problem of sensing the curvature of a manifold by per-
forming measurements on a particle constrained to the manifold itself. In particu-
lar, we consider situations where the dynamics of the particle is quantum mechan-
ical and the manifold is a surface embedded in the three-dimensional Euclidean
space. We exploit ideas and tools from quantum estimation theory to quantify the
amount of information encoded into a state of the particle, and to seek for opti-
mal probing schemes, able to actually extract this information. Explicit results are
found for a free probing particle and in the presence of a magnetic field. We also
address precision achievable by position measurement, and show that it provides
a nearly optimal detection scheme, at least to estimate the radius of a sphere or a
cylinder.

1 Introduction

In order to describe the kinematics and the dynamics of a physical system, from
now on a particle, one should at first specify the manifold where the dynamics of the
particle takes place, i.e. the manifold where the particle propagates. Depending on
the nature of the system, this manifold may be flat or characterized by a curvature.
In modelling a system, geometrical constraints are often postulated by looking at
basic principles, or on the basis of general considerations. However, a question
arises on whether it may be possible to obtain information about the manifold
by a purely operational approach, i.e. by performing measurements on the system
under investigation. Besides the fundamental interest, sensing the curvature has
potential applications, e.g. due to the interest in two-dimensional curved systems,
to describe physical e↵ects such as Aharonov-Bohm oscillations [1], formation of
Landau levels [2–6] and quantum Hall e↵ect [7].

In this paper, we address the problem of probing a manifold by performing
measurements on a particle constrained to move on the manifold itself. In particu-
lar, we focus on estimating the curvature of a manifold, and consider regimes where

Quantum Technology Lab, Dipartimento di Fisica Aldo Pontremoli, Università degli Studi di
Milano, I-20133 Milano, Italia, E-mail: matteo.paris@fisica.unimi.it

Squeezing in quantum sensing of curvature

Matteo G. A. Paris
Quantum Technology Lab — University of Milan



Qauntum enhaced correlation interferometry 

M.Genovese, U.Andersen, I.P.Degiovanni, T.Gehring, C.Jacobsen, E.Losero, S.Pradyumna, I.Ruo Berchera, 
P.Traina, M.Zucco 

Improvements in measurement precision have historically led to new scientific discoveries, with 
gravitational wave detection being a recent prime example. The research field of quantum metrology deals 
with improving the resolution of instruments that are otherwise limited by quantum shot-noise. Quantum 
metrology is therefore a promising avenue for enabling scientific breakthroughs. 

Here we present the first demonstration of quantum-enhanced correlated interferometry, outperforming 
the sensitivity of a single interferometer in revealing faint stochastic noise by several orders of magnitude. 

Using quantum-enhanced correlation techniques we detected an injected signal, invisible to the single 
interferometer, reaching a sensitivity 1/20 of the shot-noise at 13.5 MHz in a few seconds of integration 
time. 

By injecting bipartite quantum correlated states into the interferometers we also demonstrated a noise 
reduction in the subtraction of the interferometer outputs. The experimental techniques employed here 
could potentially be applied to solve open questions in fundamental physics, such as the detection of the 
stochastic gravitational wave background or primordial black holes, or to test the predictions of particular 
Planck scale theories. Limits on holographic noise to these frequencies are indeed provided. 



Simultaneous tracking of spin observables beyond classical limits  
 

Morgan W. Mitchell1, 2 
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We describe two experiments in which quantum non-demolition measurement is used to track the 
evolution of precessing spin states.  In stark contrast to what is seen with harmonic oscillators and 
analogous systems such as single optical modes, for spin systems it is possible to continuously track 
multiple components without suffering from measurement back-action effects. We demonstrate this 
with cold atoms in a magnetometry context [1], and with hot atoms in the high-density SERF regime, 
establishing for the first time the ability of this complex and technologically important atomic system 
to support quantum correlations [2].  
 

 

 
Figure 1. Upper left: Evolving uncertainty of the collective spin F of about 106 spins, precessing and 
under quasi-continuous non-destructive measurement. Orange circles show classical limits: Poisson 
noise in the radial coordinate and standard quantum limit in the azimuthal direction. Upper right: System 
for producing and non-destructively testing SERF-regime high-density vapors. Lower: Faraday rotation 
signal as a function of time indicating on-axis spin component FZ, including data (blue points) and 
Kalman filter reconstruction (red line). Line thickness indicates uncertainty which drops below the 
standard quantum limit indicating squeezing and entanglement in the SERF system.   
 
[1] Colanglo et al. “Simultaneous tracking of spin angle and amplitude beyond classical limits” 
Nature, 543, 7646 (2017). 
[2] Jia Kong et al, “Measurement-induced nonlocal entanglement in a hot, strongly-interacting atomic 
system” arXiv:1804.07818 (2018). 
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Quantum coarse graining and open
quantum systems
Cristian Ivan

1,2
, Aurelian Isar
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1
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2
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The study of open quantum systems is a very important subject in quantum
theory. The interaction of an open quantum system with its environment leads
to decoherence, loss of information and energy dissipation [1,2].

Recently there has been a renewed interest in describing e↵ective systems
resulting from coarse graining quantum systems [3-6]. Here we introduce a new
quantum coarse graining map (CP map), that describes the e↵ect of coarse-
grained measurements (Positive-Operator Valued Measure) on unitarily evolv-
ing quantum systems.

Though the scope of our work is more general, our purpose is to describe the
relation between non-markovianity and quantum coarse graining. As a concrete
example we show how the Jaynes-Cummings model [2] can be reproduced by
coarse graining a three level system (qutrit) with a simple two-outcome mea-
surement (POVM).
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Operational wave-particle duality in multi-path interferometers
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Abstract

A particle going through an interferometer can exhibit wave or particle properties. In a seminal study of the two-

path interferometer, Englert [1] introduced detectors into the problem and defined the path information, D, as the

discrimination probability of the detector states. He derived a relation between this type of path information and the

visibility V of the interference pattern, in the form

D2
+ V 2  1. (1)

This was later generalized to multi-path interferometers [2, 3]. In these works an l2 measure of coherence was employed.

The results, therefore, are relations between second moments and, thus, closely related to uncertainty relations.

Recently a theory of quantum coherence as a resource for quantum information processing was proposed along with

two possible coherence measures, an entropic measure and an l1 measure [4]. Bera, et al. derived a relation between

path information and coherence based on the l1 measure [5]. They used unambiguous discrimination for distinguishing

the detector states and found a relation in the form of a linear sum, D+ V  1. This is clearly not of the form given

in Eq. (1). Furthermore, unambiguous discrimination is not possible when the detector states are linearly dependent.

In the derivation of Eq. (1), minimum-error state discrimination was employed, which is always possible, even if the

detector states are linearly dependent. The probability of successfully identifying the detector states quantifies the

available path information.

In [6], we derived a duality relation for multi-path interferometers in the form of Eq. (1) based on the l1 coherence

measure and an independent one based on the entropic coherence measure. The relation based on the l1 measure,

however, was not tight; it becomes increasingly untight as the number of paths, n, increases. We presented an

improved quantitative duality relation in [7], that explicitly depends on n, and is tight for all n. In particular, we

give operational meaning to wave-particle duality in terms of discrimination games. Duality arises as a constraint on

the probability of winning these games. The games are played with the aid of an n-port interferometer, and involve

3 parties, Alice and Bob, who cooperate, and the House, who supervises the game. In one game called ways they

attempt to determine the path of a particle in the interferometer. In another, called phases, they attempt to determine

which set of known phases has been applied to the di↵erent paths. The House determines which game is to be played

by flipping a coin. A tight duality relation relates the probabilities of winning these games,
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 1, C,D > 0, (2)

where C is the l1 measure of coherence, generalizing the visibility V . It leads to an upper bound on the probability

of winning the combined game. This procedure allows us to express wave-particle duality in terms of discrimination

probabilities. We also present recent results generalizing duality relations for finite groups [8].
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Quantum correlations and complementarity of vectorial light fields 

Lukasz Rudnicki 
 
 
We explore quantum correlations of general vector-light fields in multislit interference, connecting the nth-
order field correlations with the reduced n-photon states. The connection is utilized to examine photon wave-
particle duality in the double-slit configuration, revealing that there is a hidden information-theoretic 
contribution that complements the standard inequality associated with such duality by transforming it into a 
strict equality, a triality identity. We also establish a general quantum complementarity relation among the 
field correlations and the particle correlations which holds for any number of slits, correlation orders, and 
vector-light states. The framework that we advance hence uncovers fundamental physics about quantum 
interference. 
 

 

  



 
 

Mutually unbiased bases and their symmetries 
 

Gernot Alber and Christopher Charnes 
Institut für Angewandte Physik, Technische Universität Darmstadt, D-64289 Darmstadt 

 
Mutually unbiased bases have interesting applications in quantum information processing with 
applications ranging from quantum communication to quantum tomography. In this contribution the 
main ideas underlying a recently developed group and graph theoretical approach are discussed which 
target the construction of large sets of mutually  unbiased bases [1]. This approach offers novel 
conceptual perspectives as it formulates the construction problem of  mutually unbiased bases as a 
clique finding problem in Cayley graphs of groups associated in a natural way with sets  of mutually 
unbiased. The representations of the groups involved in this approach reflect the discrete symmetries 
of these mutually unbiased basis systems.  
 
[1] Gernot Alber and Christopher Charnes, Phys. Scr. 94, 014007 (2019). 



Renormalization of total sets of states into generalized bases with a resolution of
the identity: a cooperative game theory approach

A. Vourdas
Department of Computer Science,

University of Bradford,
Bradford BD7 1DP, United Kingdom

a.vourdas@bradford.ac.uk

A total set of states for which we have no resolution of the identity (a ‘pre-basis’), is considered

in a finite dimensional Hilbert space. A dressing formalism renormalizes them into density matrices

which resolve the identity, and makes them a ‘generalized basis’, which is practically useful. The

dresssing mechanism is inspired by Shapley’s methodology in cooperative game theory, and it uses

Möbius transforms. There is non-independence and redundancy in these generalized bases, which is

quantified with a Shannon type of entropy. Due to this redundancy, calculations based on generalized

bases, are sensitive to physical changes and robust in the presence of noise. For example, the

representation of an arbitrary vector in such generalized bases, is robust when noise is inserted in

the coe�cients. Also in a physical system with ground state which changes abruptly at some value

of the coupling constant, the proposed methodology detects such changes, even when noise is added

to the parameters in the Hamiltonian of the system.



 
Squeezed states associated with distorted ladder operators 
 
V. Hussin 
 
 
The three-terms recurrence relation associated with the squeezed states gives 
rise to two independent solutions. A first solution is widely known in the 
literature, however, the second solution has been overlooked. It gives rise to 
what we call associated squeezed states. They are eigenstates of distorted 
ladder operators.  
 
The nonclassical analysis reveals that by tuning the values of the involved 
parameters, we manage to steer the behavior of the associated squeezed states 
in such a way that they behave as photon-added coherent states, conventional 
squeezed states and odd-squeezed states. Furthermore, for some instances they 
exhibit stronger nonclassical behavior compared to the conventional squeezed 
states. 
 



Semiclassical dynamics of spin systems: unitary approximation versus discretized
SU(2) TWA

A.B. Klimov, I. Valtierra

Universidad de Guadalajara, Mexico

We discuss two approaches to the semiclassical descrip-
tion of long-time evolution of large spin-like systems and ap-
ply them for the analysis of stable and unstable spin dynam-
ics. Both methods are compared with the Truncated Wigner
Approximation (TWA).

The standard TWA is based on the phase-space meth-
ods where every operator f̂ is mapped into its Weyl symbol
Wf (Ω) defined on the corresponding classical phase-space
M, being Ω ∈ M the phase-space coordinates. The the
semiclassical evolution of average values are computed ac-
cording to

⟨f̂(t)⟩ =
!

dΩWρ(Ω)Wf (Ω(t)), (1)

where Ω(t) are the classical trajectories and Wρ(Ω) is the
Wigner function (symbol of the density matrix). TWA de-
scribes relatively well the short-time dynamics t ! S−a,
a > 0, of low-order correlation functions (S is the spin
length).

The first improved semiclassical method, the so-called
semiclassical unitary approximation (SUA), consists of two
steps: a) given a quantum Hamiltonian Ĥ , we find its
Weyl symbol WH(Ω) and obtain the semiclassical spectrum
{Ek, k = 0, 1, ...} applying some quantization prescription;
b) the semiclassical spectrum is used for determination of
(semiclassical) eigenstates Ck ⇐⇒ |Ek⟩ of the quantum
Hamiltonian, ĤCk = EkCk, where no matrix diagonal-
ization is required. The semiclassical evolution operator is
constructed as a unitary operator

Uscl(t) = V e−iHdiagtV †,

where Hdiag = diag(E0, E1, ...) and V is the matrix of
eigenvectors {Ck}. The only ”quantum condition” em-
ployed for the construction of the SUA is the idea of the
unitarity of evolution. This is sufficient for an accurate de-
scription of k-order spin correlation functions, k !

√
S, in

the long-time limit.
For second-order (on the SU(2) generators) Hamiltonians,

H ∼
"

k=0,x,y,z aklŜkŜl, where Ŝl are the S-spin opera-
tors, the system is effectively one-dimensional so that the
Bohr-Sommerfeld quantization rule can be used. The SUA
can be also efficiently applied for analysis of multi-partite
systems H ∼

"
k,l aklŜk ⊗ Ŝl, (here, as the quantization

method the Weyl rule should be used).
The second semiclassical method allowing to describe the

long-time evolution of spin observables is the discretized
SU(2) TWA, where the SU(2) Wigner function of the ini-
tial state is sampled by a set of discrete points {Ωj} on the
two-dimensional sphere S2,

W (Ω) ∼
#

j

Wρ(Ωj)δ(Ω− Ωj). (2)

Figure 1: Evolution of the squeezing parameter ξs =
2(∆s(t))2min/S for the Lipkin Hamiltonian H = −gSx −
S2
z , in the unstable regime, g/2S = 1.5,S = 70. Exact

evolution (solid line); TWA (dot-dashed line); SUA (dashed
line). TWA fails for t ∼ S−1.

It results that for second-order spin Hamiltonians the points
{Ωj} can be analytically approximated by zeros of the Her-
mite polynomials. The evolution of average values are com-
puted as

⟨f̂(t)⟩ ∼
#

j

Wρ(Ωj)Wf (Ωj(t)), (3)

where Ωj(t) are the classical trajectories started at the sam-
pling points Ωj . This approach is efficient for analysis of
both stable and unstable dynamics of large-spin systems.

Figure 2: Evolution of ⟨Sx(t)⟩ for the Hamiltonian H =
−Sx + g(S2

z − S2
y), in the unstable regime, S = 50. Exact

evolution (solid line); discretized SU(2) TWA (dotted line).
The standard TWA fails for t ∼ S−1/2.

Andrei
Sello




 
 

A geometric view of dynamics in quantum phase space 
 

Ole Steuernagel  
Hertfordshire 

 
Classical phase space dynamics is governed by a continuity equation. The same is true for quantum 
dynamics in phase space: Wigner's quantum phase space current, J, governs the evolution of Wigner's 
phase space distribution W. Unlike the classical case, W is typically negative in some regions. These 
negative regions represent quantum coherences. Also, the current's velocity field is ill-defined. It is 
singular when W = 0. I show that this implies that there are no trajectories in quantum phase space. 
With these velocity singularities Liouvillian phase space volumes feature singular changes too. I will 
show that this is necessary in order for quantum dynamics to create coherences. This is worth knowing 
particularly for numerical investigations. Stationary points of J are important for both, classical and 
quantum dynamics, maybe even more so in the quantum case, since the dynamics can move and split 
or merge these stagnation points. But the existence of stagnation points is constrained by a topological 
conservation law which quantum mechanics has to obey. 
While velocity fields and trajectories are ill-defined in quantum phase space, I show that the current 
J is always well behaved. It can be studied, providing new insights, and it can be numerically 
integrated to study the dynamics. One may wonder how quantum dynamics suppresses the formation 
of very fine detail in phase space over long evolution times? It turns out that Wigner's current J is 
'viscous'.  I describe the mechanism that lies behind this observation. 
This 'viscosity' induces a characteristic polarisation pattern in quantum phase space that quantifies 
quantum dynamics' detail suppression. Used as a measure, it singles out special states: Wigner current 
can be used as a sensitive probe.  
 



 SU(1,1) coherent states   
Hubert de Guise  

Lakehead University, Thunder Bay, Ontario, Canada 

 

I will show how the basic intelligent states of the algebra su(1,1) can be easily 
constructed for the k=1/4 and k=3/4 representations. Two such realizations are then 
combined to obtain intelligent states for higher k irreps. A simple application to 
squeezing of SU(1,1) observables will be discussed, illustrating some unorthodox 
properties of su(1,1) squeezing and the difficulties in properly defining this concept in 
su(1,1). In particular it will be shown that su(1,1) squeezing can occur in single-particle 
su(1,1) representations (k=1/4 or k=3/4), thus suggesting that squeezing is not 
necessarily due to multi-particle quantum correlations.  



Power-law quantum decay   

Saverio Pascazio  
University of Bari, Italy  

 

The decay of an unstable quantum system is only approximately exponential. The time 
evolution is quadratic at short times (quantum Zeno region), and follows a power law 
at long times. While the quantum Zeno region has been confirmed in a plethora of 
experiments, with very diverse quantum systems and experimental platforms, the 
power-law regime is elusive and very difficult to observe, essentially because the initial 
states is heavily depleted by the intermediate exponential evolution. 

 

After analyzing the problem from a theoretical perspective, we report the first 
experimental observation of a power-law decay and of the superimposed oscillations of 
the survival amplitude. The latter are a signature of the quantum nature of the 
phenomenon. The experiment makes use of an array of single-mode optical 
waveguides, that enable one to map the temporal evolution into a spatial propagation 
coordinate.  

 

We comment on the quadratic Zeno region, the power-law decay, the onset of 
Markovianity and the role of wave-function renormalization.  



The entire history of a photon

Marcin Wieśniak

Institute of Theoretical Physics and Astrophysics
and ICTQT, University of Gdańsk, Gdańsk, Poland
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In 2013 Vaidman proposed an experimental method meant to study past of light [1]. His proposal was then

realized by Danan, Farfurnik, Bar-Ad, and Vaidman in 2014 [2]. The experiment was based on two Mach-Zehnder

interferometers, one embedded in one arm of the other interferometer. Each mirror vibrates with its own frequecency.

With a proper tuning of the interferometer, some mirror oscillation frequencies are present in the output signal

reaching one of the detectors, while others are not. According to the interpretation of the Author, this means that

none of the photons reaching this detector have not passed through certain parts of the setup. In other words, they

have not follow continuous trajectories. This result has been widely discussed with a number of Authors explaing

this e↵ect (e.g. [4–8]. I present classical optical analysis of the Danan’s et al. and relevant experiments[3]. The

analysis utilizes very few approximations. In particular, it predicts higher-order e↵ects, which give a full credit to

a description of light propagation. This experimentally-observable e↵ect distinguishes orthodox quantum mechanics

from Two-State Vector Formalism [9, 10].

[1] L. Vaidman, Phys. Rev. A, 87 (2013), Article 052104

[2] A. Danan, D. Farfurnik, S. Bar-Ad, L. Vaidman, Phys. Rev. Lett., 111 (2013), Article 240402

[3] Z.-Q. Zhou, et al., Phys. Rev. A, 95 (2017), Article 042121

[4] P.L. Saldahna, Phys. Rev. A, 89 (2014), Article 033852

[5] K. Bartkiewicz, et al., Phys. Rev. A, 91 (2015), Article 012103

[6] H. Salim, Front. Phys., 3 (2015), p. 47

[7] D. Sokolovsky, Phys. Lett. A, 387 (2017), p. 221

[8] B.-G. Englert, et al., Phys. Rev. A, 96 (2017), Article 022126

[9] Y. Aharonov, P.G. Bergmann, J.L. Lebowitz, Phys. Rev. B, 134 (1964), Article 1410

[10] Y. Aharonov, L. Vaidman, Phys. Rev. A, 41 (1990), p. 11
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Fading channel estimation for free-space continuous-variable secure quantum
communication

László Ruppert1, Christian Peuntinger2,3,†, Bettina Heim2,3,‡, Kevin Günthner2,3, Vladyslav
C. Usenko1, Dominique Elser2,3, Christoph Marquardt2,3, Radim Filip1, and Gerd Leuchs2,31
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One of the major elements of CV QKD protocols is
the channel estimation because it allows the trusted par-
ties to assess the upper bound of the information leakage
based on the parameters of the channel. The estimation,
however, is never perfect in practice since the number
of signals is limited. The issue was addressed for co-
herent [1] and squeezed-state [2] protocols in fixed-type
channels, i.e., channels in which the transmittance is typ-
ically stable (e.g., fiber-optical links). The problem, how-
ever, becomes more complex when the transmittance of
the channel fluctuates because in this case the statistics
of the fluctuations must be estimated as well [3]. The
fluctuating (fading) channels on the other hand are im-
portant for CV QKD because channel fading is typically
observed in the atmosphere, where it is caused by air tur-
bulence. Therefore any implementation of free-space CV
QKD which does not rely on fiber-optical infrastructure
has to deal with the estimation of fading channels, es-
pecially QKD implementations aiming for long-distance
extraterrestrial QKD through a satellite. Importantly,
the channel has to be estimated using the same quantum
states as used for transmitting the key because otherwise
(if bright probe pulses are used) an adversary could ma-
nipulate the signal and the bright pulses in different ways
and therefore mimic the eavesdropping attacks [4]. On
the other hand the estimation using quantum states with
relatively low energy is far from being precise. Thus, ad-
ditional methods have to be developed to improve such
estimation procedures. The most current result is cov-
ered in [5], where the authors provide an estimation of the
transmittance for fluctuating channels, but it was given
for some specific channel types (not for the general case)
and does not include any finite-size effect.
In the current work we developed a framework to eval-

uate the lower bound on the key rate for CV QKD over
fluctuating channels, e.g., for atmospheric channels. We
divided the states into smaller packages containing the
same number of states (n) for which the transmittance
can be considered constant. We estimated the transmit-
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FIG. 1. The optimal key rate as a function of the number of clusters

(C) for different distributions of the transmittance. In C = 0 case

we do not use any clusters, that is, we include all points into the

calculation. For comparison we plotted the optimal key rate for a

channel with fixed transmittance of T = 0.5 (black thick line).

tance for each package independently. This only gave us
a very rough estimation of the actual value of the trans-
mittance for a single package since n is small (typically
n ≤ 104). However, if we combine the data from all
these estimators we can estimate the effective transmit-
tance and fluctuation quite accurately, which results in a
high key rate. We also demonstrated that the properties
of our estimation theory fit experimental data obtained
from an atmospheric QKD setup very well.

In general we can obtain a higher key rate by having
a source with a higher frequency, more packages (more
time) and a lower fluctuation of the transmittance. But
as we showed, if we clusterize the estimated transmit-
tance values we can almost entirely eliminate the nega-
tive effect caused by the fluctuations of the transmittance
even for very strong fluctuations. For a sufficient total
number of states, even using only 2-3 clusters, the origi-
nal difference between the key rates vanishes and we can
obtain in all cases a key rate close to the one correspond-
ing to the non-fluctuating channel (Fig. 1).

[1] A. Leverrier, F. Grosshans, and P. Grangier, Physical
Review A 81, 062343 (2010).

[2] L. Ruppert, V. C. Usenko, and R. Filip, Physical Review
A 90, 062310 (2014).

[3] V. C. Usenko et al., New Journal of Physics 14, 093048
(2012).

[4] V. C. Usenko and R. Filip, Entropy 18, 20 (2016).
[5] G. Chai et al., Physical Review A 99, 032326 (2019).



Nonclassical photon-photon and photon-phonon pair generation in Raman processes

Kishore Thapliyal
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Faculty of Science, Palacky University, 17. listopadu 12, 771 46 Olomouc, Czech Republic

Performance of Raman process in generating a photon-phonon pair (namely, Stokes-phonon and pump-phonon modes)

with the help of joint photon-phonon number distributions is discussed under a fully quantum description [1]. Further, the non-

classical nature of the pair generation is established by obtaining corresponding integrated intensity distributions [1]. The ob-

served nonclassical behavior can be probed and/or enhanced by the detuning parameter in the Stokes and anti-Stokes processes.

Specifically, the joint photon-phonon number distribution obtained in this case reveals a higher number of Stokes-phonon

(pump-phonon) pair generation for the lower (higher) values of detuning parameter in Stokes generation. The pump-phonon

pair generation is also characterized by difference and conditional number distributions [1]. In this case, nonclassicality is

also revealed by conditional Fano factor and sub-Poissonian behavior of difference number distribution [1]. Entanglement

and correlations in these modes are also discussed for the most general case of Raman process, i.e., arbitrary k pump mode

nondegenerate hyper-Raman process [2], which can also be used to obtain corresponding solutions for Raman process and

degenerate hyper-Raman process. Finally, Stokes-anti-Stokes photon pair generation with classical pump beam is also briefly

discussed.
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Probability representation of quantum observables
considered as classical-like random variables

Vladimir I. Man’ko

Lebedev Physical Institute, Moscow

Physical observables in classical mechanics, like the particle energy, are described by func-

tions of the particle position and momentum. In quantum mechanics, physical observables are

described by Hermitian operators acting on the particle state – vectors |  i in the Hilbert space

of the particle states. Recently, in view of the results [1, 2], it was demonstrated [3] that there

exists the possibility to associate the notion of quantum observables with a set of classical-like

random variables. This possibility is related to the development of the tomographic-probability

description of quantum states where the states are identified with standard probability distri-

butions.

The aim of my lecture is to show on the example of spin-1/2 state that, within the framework

of the mentioned approach, the probabilities describing the quantum state are the probabilities

describing the states of three classical coins, and quantum observables for the spin-1/2 system

(Hermitian 2⇥2-matrices) can be identified with three classical-like random variables. The

variables can be interpreted as the rules in such a game as coin flipping, coin tossing, or heads

or tails, which is the practice of throwing a coin in the air and checking which side is showing

when it lands, in order to choose between two alternatives.

Quantum statistics for quantum observables means that higher moments calculated, follow-

ing the rules of quantum mechanics, can be explicitly expressed in terms of classical statistics,

i.e., in terms of classical means and higher moments calculated following standard classical

rules of the probability theory. This approach is called quantum suprematism.

We show that quantum states (spin states) and quantum observables considered in the pro-

bability representation of quantum mechanics formally di↵er from their classical images (three

classical coins) by the presence of correlations in the behavior of these three coins illustrated

by the Triada of Malevich’s squares [4]. The maximum area for the three squares for classical

coins without correlations is equal to six, and for the coins simulating spin-1/2 states it is equal

to three; this di↵erence can be detected experimentally.

[1] V. N. Chernega, O. V. Man’ko, V. I. Man’ko, J. Russ. Laser Res., 38, 141–149; 324–333; 416–425
(2017); J. Phys. Conf. Ser., 1071, 012008 (2018).

[2] V. I. Man’ko, G. Marmo, F. Ventriglia, and P. Vitale, J. Phys. A: Math. Theor., 50, 335302
(2017).

[3] M. A. Man’ko and V. I. Man’ko, Phys. Scr., 93, 084002 (2018).
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Einstein’s E = mc2 derivable from the Symmetry of
Heisenberg’s Uncertainty Relations

Young S. Kim
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20742, U.S.A.
email: yskim@umd.edu

It is noted that the Heisenberg’s uncertainty relations share the same symmetry
property with the Poisson brackets in classical mechanics. The single-variable Poisson
bracket is defined in the two-dimensional phase space of position and momentum, where
the system can be rotated and squeezed, leading to the symmetry of the Lorentz group
applicable to two space and one time coordinates. For two pairs of position and mo-
mentum variables, the phase space is four-dimensional. It is noted that the canonical
symmetry of this four-dimensional space is the same as that of two-photon system in
quantum optics, with two pairs of creation and annihilation operators. As was noted by
Paul A. M. Dirac in 1963, that the system of those creation and annihilation operators
leads to the Lorentz group applicable to three space-like dimensions and two time-like
directions. It is shown further that the concept of squeeze transformations allows us to
contract one of those two time-like variables. The net effect is thus the symmetry of
the Lorentz group applicable to three space-like dimensions and one time-like dimension
plus four translations along the three space and one time coordinates. This is known as
the Poincaré symmetry in physics leading to E = mc2.
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When dealing with the polarization properties of states of a given photon

number we find that these properties can be correctly characterized by using

a multipolar expansion of the polarization density matrix, in which multipoles

appear as the successive moments of the Stokes variables. We capitalize of

this expansion to introduce the King of Quantumness states. These are states

for which the multipoles up to a given order K vanish. We take advantage

of the Majorana representation, which maps a pure spin S into 2S points on

the Bloch sphere. In turns out that for the Kings of Quantumness states, the

Majorana constellations are spread uniformly over the sphere. The Kings states

have the points very symmetrically placed on the unit sphere, so their constella-

tions possess many axes along which they return to themselves after a rotation.

Consequently, they can resolve relatively small angles around a large number of

axes. We compare the performance of two classes of states (NOON states and

Kings of Quantumness states) for the quantum metrology task of estimation

of a rotation around arbitrary axis. Since the Kings states achieve the ideal

sensitivity irrespectively of the axis of rotation, they are the most appropriate

to detect rotations around arbitrary axes. We report the experimental realiza-

tion of these states by generating orbital angular momentum states of single

photons, and confirm their high metrological abilities.



The Wigner function for SU(1,1)

Authors: U. Seyfarth, A. B. Klimov, L. L. Sánchez-Soto, and G. 
Leuchs

The representation of quantum states in phase space is a helpful 
alternative to the representation in Hilbert space for analysis and 
visualization. The Wigner function is often treated special as one 
of its important properties is the ability to easily detect 
nonclassicality. In recent years, quantum systems like the SU(1,1) 
interferometer get more attention, as they offer a much better phase 
sensitivity than the usual SU(2) interferometer and become important 
in state-of-the-art experiments.

In order to get more insights into the functionality of these 
systems, we introduce in this talk a method which provides a Wigner 
function representation for SU(1,1) symmetric states. Results for 
different classes of quantum states are shown.
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Complex, stochastic processes underpin quantitative science. It is therefore of paramount
importance to study and understand the behaviour of such processes for the crucial twin pur-
poses of modelling and prediction. These tasks are typically resource-intensive, motivating the
need for methods that ameliorate these requirements. A promising recent development to this
end [1, 2], using a cross-disciplinary blend of tools from quantum and complexity science, has
highlighted that quantum simulators can operate with much smaller memories than the minimal
possible classical models [3, 4], while providing equally accurate predictions.

Presently, these e�cient quantum models are designed with prior knowledge of the minimal
classical model, necessitating the use of classical model inference algorithms when applied to real
data. Here, we introduce a new inference protocol specifically designed for constructing quantum
models, circumventing certain drawbacks of the classical approach that need not manifest in the
quantum domain [5]. Crucially, our protocol can be used to both blindly infer e�cient quantum
models of a given pattern or time series, and bounds on the associated structural complexity.
We show that our protocol is robust to statistical imperfections arising from finite data, and
does not require any smoothing of probabilities typically associated with classical algorithms.
Our results form a key step in the application of this emerging field to real world systems.
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Selective engineering for preparing entangled steady

states in circuit QED setup
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Abstract: We present a proposal of a dissipative scheme to preparing maximally entangled steady states1

in circuit QED setup, which consists of two two-level atoms interacting with the two counter-propagating2

whispering-gallery modes (WGMs) of a microtoroidal resonator. We show that the steady state of this3

system can be steered into a two atoms single state as well as into a two-modes single state through a4

dissipative quantum dynamical process, where both the spontaneous emission and the cavity decay rate5

are used as a resource to engineering the target state. In addition, by probing the compound system6

with an incident weak field via a tapered fiber waveguide, it is possible to determine whether the two7

atoms or two-modes are driven to a maximally entangled state. Through the transmission and reflection8

measurement, without disturbing the atomic state, when the cavity modes are been driving, or the cavity9

field state, when a single atom been driving. We also investigated for both subsystem, two atoms and10

two-mode states, the entanglement generation and under what conditions one can transfer entanglement11

from one subsystem to the other. Briefly, our scheme can be selectively used to prepare both maximally12

entangled atomic state as well as maximally entangled cavity-modes state, providing an efficient routine13

for quantum information processing.14

Keywords: Entangled states; Two atoms;Two-modes; QED cavity.15

1. Introduction16

The preparation and monitorization of entangled states via dissipative engineering have attracted17

great interest in the last years [1,2]. Different from the unitary evolution based schemes, these schemes18

use decoherence as a powerful resource in the state preparation process without destroying the quantum19

entanglement. In Ref.[3] the authors show that the cavity decay plays an integral part in preparing a20

maximally entangled state of two L atoms trapped in an optical cavity. Stannigel et al. showed that21

the driven-dissipative preparation of entangled states can be obtained in cascaded quantum-optical22

networks between individual nodes [4]. In Ref.[5], the authors use the energy relaxation of the single23

superconducting qubit coupled to a two spatially separated transmission line resonators for generating24

two-mode entangled state. In addition, the generation of two-mode entangled states has been investigated25

by quantum reservoir engineering [6].26

On the other hand, the identification of a quantum state is usually achieved by quantum state27

tomography [7]. However, this method directly performs a series of projective measurements on many28

identical copies of the quantum state, inevitably disturbing the state of the system. To circumvent29

this problem, quantum nondemolition measurements [8] are projected to prevent the back action of30

the measurement on the detected observable. Recently, proposals to realize a quantum nondemolition31
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Coherent and squeezed states of the 2D oscillator

James Moran

We discuss the coherent states of the two dimensional harmonic oscillator. In our
approach we define generalized ladder operators which unambiguously increase
and decrease the occupation number of the 2D system, in e↵ect, we remove
the SU(2) degeneracy that arises in the 2D spectrum, and we construct the
2D coherent states as eigenstates of the generalized lowering operator. We
then use the extension of this framework to define 2D squeezed states through
a generalized squeezing operator and eigenequation and discuss some of the
emergent properties which are not present in the typical construction in terms
of 1D systems.
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Quantum error correction in multi-parameter quantum metrology

Wojciech Górecki1, Sisi Zhou2,3, Liang Jiang2,3, Rafał Demkowicz Dobrzański1

1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
2Departments of Applied Physics and Physics, Yale University, New Haven, Connecticut 
06511, USA
3Yale Quantum Institute, Yale University, New Haven, Connecticut 06511, USA

Quantum metrology aims at exploiting all possible features of quantum systems, such as 
coherence or entanglement, in order to boost the precision of measurements beyond that 
achievable by metrological schemes that operate within classical or semi-classical 
paradigms. The most persuasive promise of quantum metrology is the possibility of obtaining
the so-called Heisenberg scaling (HS), which manifests itself in the quadratically improved 
scaling of precision as a function of number of elementary probe systems involved in the 
experiment or the total interrogation time of a probe system. In either of these cases, the 
presence of decoherence typically restricts the quadratic improvement to small particle 
number or short-time regimes. However, for peculiar class of models even in presence of 
decoherence the asymptotic HS may be preserved via application of appropriate quantum 
error correction (QEC) protocols [1,2].

Note also that a lot of relevant metrological problems, like vector field sensing (e.g. magnetic 
field), imaging or multiple-arm interferometry or waveform estimation are inherently multi-
parameter estimation problems. In such case, apart from eliminating the effects of noise, 
there is another way to improve precision. Measuring all parameters simultaneously may 
lead to more efficient use of resources. However, it leads to new difficulties – different probe 
states may be optimal depending on which parameter we want to estimate and moreover 
measurements optimally extracting information about different parameters may be 
incompatible. Therefore typically used tools (as quantum Cramér-Rao bound) are not enough
here, which makes applying protocols known form single parameter estimation for such 
problem rather challenging.

In this presentation we introduce a general method, which allows to combine the advantages 
coming from the use of QEC protocols against noise and measuring many parameters 
simultaneously. We show the necessary and sufficient condition for achieving the HS in 
multi-parameter estimation under Markovian noise, and a numerical algorithm, which allow to
find the optimal estimation strategy in such situations. Finally, we provide examples of 
significant advantages offered by multi-parameter metrology compared with schemes where 
each parameter is being estimated separately.

[1]    R. Demkowicz-Dobrzański, J. Czajkowski, P. Sekatski, Phys. Rev. X 7, 041009 (2017).
[2]    S. Zhou, M. Zhang, J. Preskill, L. Jiang, Nat. Comms. 9, 78 (2018).
[3]    W. Górecki, S. Zhou, L. Jiang, R. Demkowicz-Dobrzański, arXiv:1901.00896 (2019).



	
There	is	no	quantum	light	without	quantum	detectors	

	
Laura	Ares	and	Alfredo	Luis	

Departamento	de	Óptica,	Facultad	de	Ciencias	Físicas,		
Universidad	Complutense,	28040	Madrid,	Spain	

	
	
According	to	Born's	rule	quantum	probabilities	are	given	by	the	overlap	between	
the	 system	 state	 and	measurement	 states,	 i.	 e.,	 the	 eigenstates	 of	 the	observable	
measured,	 in	 a	 quite	 symmetrical	way.	 This	 symmetry	 between	 observation	 and	
observed	system	means	that	both	contribute	equally	to	any	nonclassical	effect.		
	
However,	the	contribution	of	the	measurement	states	is	never	acknowledged	and	
nonclassicality	 is	 just	attributed	to	the	observed	light	state.	This	 is	relevant	since	
typical	measurement	states	are	highly	non	classical	by	themselves,	such	as	number	
states	and	quadrature	eigenstates.		
	
In	 this	work	we	show	that	quantum	light	 features	do	no	survive	 to	semiquantum	
models,	i.	e.,	quantum	light	observed	with	classical-like	detectors	[1].		
	
We	demonstrate	that	the	nonclassicality	of	the	detector	is	a	necessary	condition	to	
obtain	 nonclassical	 statistics:	 nonclassical	 effects	 only	 arise	 provided	 that	 the	
measurement	states	are	themselves	nonclassical.	Otherwise	there	is	a	classical-like	
model	 accounting	 for	 the	 observed	 statistics,	 even	 if	 the	 observed	 light	 state	 is	
more	nonclassical	than	coherent	states.	This	is	particularized	to	some	simple	and	
common	 signatures	 of	 nonclassical	 light,	 such	 as	 subPoissonian	 statistics,	
quadrature	squeezing,	and	photon	anti-correlations.	
	
[1]	A.	Luis	and	L.	Ares,	Nonclassical	detectors	and	nonclassicality,	
arXiv:1707.02256	[quant-ph]	
	



Dipole-dipole entanglement between non planar molecules via inversion doublet 
transition with negligible spontaneous emission 
 
Isabel Gonzalo and Miguel A. Antón 
 

 

We propose a simple system of two non-planar molecules (such as NH3, for example) 
which can be entangled via inversion doublet transition due to their nuclear 
conformation inversion by tunneling [1]. 

The peculiarity of this system lies in the considerable dipole moment transition and 
negligible spontaneous emission because the transition is in the microwave or far-
infrared range. It gives place to entanglement states oscillating harmonically by free 
evolution with frequency determined by the dipole-dipole interaction, which allows an 
efficient quantum Zeno effect by frequent measurements of one of the entangled 
states. Under an external driving field with appropriate detuning, a symmetric entangled 
state, which is an eigenstate of the collective system can be populated, and given its 
negligible spontaneous emission, could be maintained for a time only limited by 
external decoherence processes which could be minimized [2,3]. 

If both an external driving field and a weak dissipative environment are considered, a 
certain degree of stationary entanglement could be obtained. 
 
 
[1] I. Gonzalo and M. A. Antón, Phys. Chem. Chem. Phys., 21, 10523 (2019). 
[2] S. Truppe,  H. J. Williams, M. Hambach, et al., Nature Physics, 13, 1173 (2017). 
[3] K. Bader, D. Dengler, S. Lenz Room  et al., Nature Commun., 5,  5304 (2014). 
 



Mechanical deformations and their influence on the spin-orbit coupling 
of chiral-molecules 

Solmar Varela*, Vladimiro Mujica, Floralba López, Bertrand Berche, Benoit Gillot, 
Ernesto Medina 

 
We consider molecular straining as a probe to understand the mobility and 

spin active features of complex molecules. The strength of the spin-orbit interaction 
relevant to transport in a low dimensional structure depends critically on the relative 
geometrical arrangement of current-carrying orbitals. Understanding the origin of 
the enhanced spin-orbit interaction in chiral systems is crucial to be able to control 
the spin selectivity observed in the experiments, which is a hallmark of the Chiral-
Induced Spin Selectivity (CISS). Recent tight-binding orbital models for spin 
transport in DNA-like molecules, have surmised that the band spin-orbit (SO) 
coupling arises from the particular angular relations between orbitals of neighboring 
bases on the helical chain. Such arrangements could be probed by straining the 
molecule in a conductive probe AFM/Break junction type setup, as was recently 
reported by Kiran, Cohen and Naaman. Here we report strain-dependent kinetic and 
SO coupling (intrinsic and Rashba) when a double-strand DNA model is compressed 
or stretched in two experimentally feasible setups with peculiar deformation 
properties. We find that the mobility and the SO coupling can be tuned appreciably 
by strain and we derive an intrinsic Rashba coupling which is within the same order 
of the magnitude of the measure effect.  
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 Energy-Entanglement connection 
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Understanding how entanglement and energy are related can be of relevance in many theoretical as 
well applicative contexts. We in particular provide a connection between the amount of 
entanglement and the local energy that a bipartite system can have with that entanglement. In other 
words we answer the following question: given a certain amount of entanglement, what is the range 
of possible values for the system local energy spanning the relevant pure state region? With our 
treatment we be able to find both the energy bounds and a family of entangled states correspondent 
to these boundaries. 
 
 
 



Classical dynamics as continous monitoring of quantum

dynamics

Julián López

Abstract

We explore the quantum-classic correpondence in a Kerr non-linear optical medium using continuous

measurements of the complex amplitude â. Due to the overcompleteness of the set of coherent states, we

obtain approximately Zeno dynamics resembling classical dynamics instead of Zeno effect (in the sense

that h↵i follows the classical trajectory), and a variance proporcional to time. Nevertheless, this variance

is negligible in the classical limit |↵| � 1. We also perform exact numerical simulations to check our

analytical results, showing damping in h↵i that is also negligible when |↵|� 1, thus obtaining classical

dynamics.
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We consider molecular straining as a probe to understand the mobility and 

spin active features of complex molecules. The strength of the spin-orbit interaction 
relevant to transport in a low dimensional structure depends critically on the relative 
geometrical arrangement of current-carrying orbitals. Understanding the origin of 
the enhanced spin-orbit interaction in chiral systems is crucial to be able to control 
the spin selectivity observed in the experiments, which is a hallmark of the Chiral-
Induced Spin Selectivity (CISS). Recent tight-binding orbital models for spin 
transport in DNA-like molecules, have surmised that the band spin-orbit (SO) 
coupling arises from the particular angular relations between orbitals of neighboring 
bases on the helical chain. Such arrangements could be probed by straining the 
molecule in a conductive probe AFM/Break junction type setup, as was recently 
reported by Kiran, Cohen and Naaman. Here we report strain-dependent kinetic and 
SO coupling (intrinsic and Rashba) when a double-strand DNA model is compressed 
or stretched in two experimentally feasible setups with peculiar deformation 
properties. We find that the mobility and the SO coupling can be tuned appreciably 
by strain and we derive an intrinsic Rashba coupling which is within the same order 
of the magnitude of the measure effect.  
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Detection of 10 dB vacuum noise squeezing at 1064 nm 

by balanced homodyne detectors with a common mode 

rejection ratio more than 80 dB  

 

Yi Ru Chen 

Institute of Photonics Technologies, National Tsing Hua University, Hsinchu, Taiwan  

 

 

 

 

We report our implementation of a squeezer, by generating squeezed vacuum state at 
1064 nm through a bow-tie optical parametric oscillator cavity operated below the 
threshold. With the help of our home-made balanced homodyne detector (BHD), 
characterized with a Common Mode Rejection Ratio (CMRR) more than 80 dB, we 
measure noise reduction up to 10 dB in the squeezed quadrature, but 20 dB in the anti-
squeezed quadrature. To enhance the purity of our squeezer, the extra noise sources in 
the anti-squeezing component is characterize with the comparison between theoretic 
fitting and experimental data.  



Nonclassicality as an alternative resource for quantum metrology. 
 

 

Laura Ares and Alfredo Luis 

Departamento de Óptica, Facultad de Ciencias Físicas,  

Universidad Complutense, 28040 Madrid, Spain 

 

Quantum fluctuations impose fundamental limits to the sensitivity of the detection           

of weak signals. The aim of our work is to optimize detection processes to increase               

the sensitivity achievable for fixed resources . We analyze a general metrological           

scheme where the signal to be measured is encoded by a different transformation             

in each case, and the Fisher Information is used to quantify the minimum variation              

detectable [1].  

 

We have seen that energy could be a not as convenient resource as it was thought                

[2]. Contradictory results in the relation between the energy involved and the            

minimum uncertainty achievable have been found for linear transformations. We          

examine whether nonclassicality is a more useful account of resource [3].           

Moreover, for completeness we include all the resources employed in the full            

measurement process including the final measurement performed. We specifically         

use gaussian states for modeling both probe and detector states for their practical             

value and in order to easily quantify the nonclassicality. In addition, we analyze the              

contribution of the squeezing of measurement states to the total amount of            

nonclassicality of the process, finding an optimum relation to the squeezing of the             

probe state. 

 

[1] L. Motka et al., Eur. Phys. J. Plus 131, 130 (2016). 

[2] A. Luis,  Phys. Rev. A 69, 044101 (2004). 

[3] H. Kwon, K. C. Tan, T. Volkoff, and H. Jeong, Phys. Rev. Lett. 122, 040503 (2019). 

 



Resource Theory in two-mode Gaussian Open Systems

Serban Suciu1 and Aurelian Isar1
1
National Institute of Physics and Nuclear Engineering, P.O.Box MG-6, Bucharest-Magurele, Romania

Abstract

We apply resource theory to quantum open systems, which allows us to define simple measures for

quantum resources. Using these, we compute the evolution of quantum correlations for a system consisting

of two non-interacting and non-resonant bosonic modes, embedded in a thermal environment.

Progress in the development of quantum information theory came from a resource theory approach to
quantum entanglement. When restricted to local operations and classical communication (LOCC), entanglement
can be regarded as a resource for quantum information processing tasks. An active field of research is the
extension of this framework to general quantum correlations such as discord and coherence. Most work however
is restricted to the discrete case, leaving out continuous variable systems necessary for quantum optics.

A framework for analyzing resource theories is based on so called resource destroying maps [1]. This class of
maps leave resource-free states unchanged but erase the resource stored in all other states. They can be used to
define a class of simple resource measures that can be calculated without optimization, and that are monotone
non-increasing under operations that commute with the resource destroying map.

In this sense, we apply the theory of resource destroying maps to the dynamics of two-mode Gaussian open
systems, described by the Gorini-Kossakowski-Lindblad-Sudarshan (GKLS) quantum master equation [2, 3, 4].
Based on the theory of completely positive quantum dynamical semi-groups, GKLS gives a fully analytically
solvable description of the irreversible time evolution of an open system.

Using measures that require no optimization, we compute the evolution of quantum coherence for a system
consisting of two non-interacting and non-resonant bosonic modes, embedded in a thermal environment. De-
pending on the choice of resource destroying map and the geometry of the resource-free set, di↵erent measures
for quantum information resources can be defined. We propose such a measure, based on Gibbs states.

[1] Z. Liu, X. Hu, S. Lloyd, Phys. Rev. Lett. 118, 060502 (2017).

[2] V. Gorini, A. Kossakowski, E. C. G. Sudarshan, J. Math. Phys. 17, 821 (1976).

[3] G. Lindblad, Commun. Math. Phys. 48, 119 (1976).

[4] A. Isar, A. Sandulescu, H. Scutaru, E. Stefanescu, W. Scheid, Int. J. Mod. Phys. E 3, 635 (1994).



Nonclassical	joint	distributions	and	Bell	measurements	
	

Elisa	Masa,	Laura	Ares,	and	Alfredo	Luis	
Departamento	de	Óptica,	Facultad	de	Ciencias	Físicas,		

Universidad	Complutense,	28040	Madrid,	Spain	
	
Bell-like	 tests	 provide	 a	 powerful	 tool	 for	 testing,	 revealing	 and	 developing	
fundamental	concepts	at	the	very	heart	of	quantum	physics,	 involving	quite	basis	
ideas	 such	 as	nonclassicality,	 entanglement,	 reality	 and	nonlocality.	 Violations	 of	
the	Bell	inequalities	provide	a	very	valuable	insight	in	our	knowledge	of	nature.		

A	 key	 point	 of	 Bell-like	 inequalities	 is	 that	 their	 derivation	 and	 experimental	
violation	 involve	 the	measurement	 of	 incompatible	 observables.	 This	 is	 a	 rather	
interesting	 feature	 since	 it	 has	 been	 pointed	 out	 that	 Bell	 inequalities	 can	 be	
derived	 just	 from	 the	 simple	 hypothesis	 of	 the	 existence	 of	 a	 joint	 probability	
distribution	 for	 the	 observables	 involved,	 without	 resorting	 to	 realism	 or	
nonlocality.	 And	 simple	 complementarity	 forbids	 the	 existence	 of	 such	 joint	
probability	distribution.	Moreover,	the	measurement	of	incompatible	observables	
requires	 different	 experimental	 procedures,	 which	 no	 necessarily	 must	 share	 a	
common	joint	statistics.	This	is	a	kind	of	practical	contextuality,	so	to	speak.		

In	this	work	we	propose	an	approach	that	may	avoid	the	difficulties	caused	by	the	
complementarity	 and	practical	 contextuality.	We	 start	 from	a	 joint	 simultaneous	
measurement	whose	 statistics	 provide	 the	 exact	 statistics	 of	 all	 the	 observables	
involved	in	the	Bell	inequalities	after	a	suitable	data	inversion.	In	classical	physics	
such	data	inversion	always	provides	the	actual	joint	probability	distribution.	Thus,	
lack	 of	 positivity	 or	 any	 other	 pathology	 of	 the	 so	 retrieved	 joint	 distribution	 is	
then	 a	 signature	 of	 nonclassical	 behavior.	 This	 procedure	 applied	 to	 the	 Bell	
scenario	may	represent	an	useful	tool	to	discriminate	the	concepts	involved	in	it.	

[1]	A.	Fine,	Hidden	Variables,	Joint	Probability,	and	the	Bell	Inequalities,	Phys.	Rev.	
Lett	48,	291–295	(1982).			
[2]	J.	Christian,	On	a	Surprising	Oversight	by	John	S.	Bell,	in	the	Proof	of	his	Famous	
Theorem,	arXiv:1704.02876		[physics.gen-ph].		
[3]	 W.	 M.	 de	 Muynck	 and	 H.	 Martens,	 Joint	 measurement	 of	 incompatibles	
observables	and	the	Bell	inequalities,	Phys.	Lett.	A	142,	187–190	(1989).		
[4]	 A.	 Luis,	 Nonclassical	 light	 revealed	 by	 the	 joint	 statistics	 of	 simultaneous	
measurements,	Opt.	Lett.	41,	1789-1792	(2016).		
	



 
Quantum complementarity mimics classical complementarity 

 
Raquel Galazo, Irene Bartolomé, Laura Ares, and Alfredo Luis 
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In this work we show that there is classical complementarity which is exactly 
equivalent to the quantum complementarity. This is shown in the paradigmatic 
scenario provided by the path-interference duality in a Young interferometer. The 
equivalence is manifest simply replacing light intensity by photon probability [1]. 
 
A distinctive feature of the analysis presented in this work is the use of exactly the 
same tools in both domains. The main idea is to observe complementary variables 
simultaneously; this is to say measuring two observables whose statistics contain 
complete information about the desired complementary variables. These are the 
amount of light at the two apertures and the visibility of the interference pattern in 
a distant screen. Their joint observation is allowed by marking the light at each 
aperture by imprinting a different polarization state. Then the interference is 
observed while keeping track of the polarization. A simple inversion procedure 
allows to get the actual light intensities at the apertures along with the 
interference pattern that would be obtained without the disturbing effect caused 
by the alteration of the polarization state at each aperture.  
 
In the quantum domain this procedure attempts to obtain the quantum impossible, 
the joint distribution of incompatible observables. So, when this program provides 
a pathological inferred probability distribution we get a confirmation of 
nonclassical behavior. In parallel, in the classical domain the pathology of the 
inferred distribution reveals complementarity in the form of radiance problem: the 
impossibility to determine the amount of light emitted from a point in a given 
direction when the field is partially coherent. 
 
A key point is that the pathologies of the retrieved distributions are just caused by 
the lack of separability of the measured statistics. This establishes a fruitful 
connection between basic phenomena, such as entanglement and 
complementarity, both in the classical and quantum domains [2].  
 
[1] R. Galazo, I. Bartolomé, L. Ares, and A. Luis, Classical and quantum 
complementarity, impossible distributions and how much quantumness is truly 
quantum,  arXiv:1811.12636 [quant-ph]. 
 
[2] X.-F. Qian, A. N. Vamivakas, and J. H. Eberly, Emerging Connections, Classical 
and Quantum Optics, Opt. & Phot. News 28, 34–41 (2017).   
 



We show that any mul�-qudit entanglement witness leads to a non-separability indicator for

quantum op�cal �elds, which involves intensity correla�on measurements and is useful for �eld

states of unde�ned photon numbers. With the approach we get, e.g., necessary and su�cient

condi�ons for intensity or rate correla�ons to reveal polariza�on entanglement and separability

condi�ons for experiments with mutually unbiased mul�port interferometers.  Also, for  speci�c

cases, we show advantages of using local intensity rates rather than intensi�es. .Moreover, the

approach with rates allows mapping of Bell inequali�es for qudits  to ones for op�cal �elds. Our

results are usefull in integrated op�cs and mul�mode interferometry. 
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