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Tuesday

First Joint Session - Chairpersons: Silke Britzen and Angelo Bassi

10:30 (j) Joe Silk - Cosmological Implications of Black Holes

11:30 (j)
Markus Arndt - Quantum coherence, decoherence and the role of gravity in matter-wave experi-
ments with molecules and nanoparticles

12:30 LUNCH

First afternoon session - Chairperson: Angelo Bassi

14:00 Tejinder Singh - Removing time from quantum theory : implications for the measurement problem

14:30 Omri Gat - Entangled Schroedinger cats in circuit QED

15:00 COFFEE BREAK

Second afternoon session - Chairperson: Egidijus Norvaisas

15:30 Nicolas Gisin - Quantum nonlocality based on finite-speed influences leads to signalling

16:00
Catalina Oana Curceanu - A glance into the Pandora Box of quantum mechanics: Pauli Exclusion
Principle violation and spontaneous collapse models experimental tests

16:30 Jyrki Piilo - Nonlocal memory effects in the dynamics of open quantum systems

17:00 END of day one

Wednesday

Second Joint session - Chairpersons: Silke Britzen and Angelo Bassi

10:00 (j) GianCarlo Ghirardi - Collapse Theories: a viable solutions to the problems of quantum mechanics

11:00 (j) Greg Landsberg

12:00 LUNCH

First afternoon session - Chairperson: Bassano Vacchini

13:30 Andreas Buchleitner

14:00 Thomas Durt - Fundamental aspects of Time in Quantum Mechanics and Meson Phenomenology

14:30 COFFEE BREAK

Second afternoon session - Chairperson: Mario Ziman

15:00 Manfred Niehus - Experimental progress in decoherence studies in free space photonics and optical
microfibers

15:30 Christos Efthymiopoulos - Chaos in de Broglie - Bohm dynamics and its physical

16:00 COFFEE BREAK

Third afternoon session - Chairperson: Sandor Imre

16:30 Jakub Zakrzewski - Extraction of information from dynamics of strongly correlated states

17:00 Daniel Sudarsky - The quantum origin of the seeds of cosmic structure and the need for new physics

17:30 END of day two

18:00 Bus from conference venue to L-Mdina

18:30 Walking tour of L-Mdina (the city is very small, so the distances are not long)

20:00 Conference dinner
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Thursday

Third Joint Session - Chairpersons: Silke Britzen and Angelo Bassi

10:00 (j) Peter Biermann

11:00 (j) Jean Bricmont - From the microscopic to the macroscopic world and the origin of irreversibility

12:00 LUNCH

First afternoon session - Chairperson: Yuji Hasegawa

13:30 Beatrix Hiesmayr - Revealing Bell’s Nonlocality in Particle Physics?!

14:00 Lajos Diósi - Classical-Quantum Coexistence: a ‘Free Will’ Test

14:30 COFFEE BREAK

Second afternoon session - Chairperson: Angel Santiago Sanz

15:00 Giovanni Ciccotti - A pseudo-quantum description of (classical) vacancy diffusion in crystals

15:30 Ward Struyve - Semi-classical approximations based on the de Broglie-Bohm theory

16:00 COFFEE BREAK

Third afternoon session - Chairperson: Gheorghe-Sorin Paraoanu

16:30 Marco Genovese - Recent experimental progresses in testing Quantum Mechanics

17:00 Spiros Skourtis - Biological electron transport processes

17:30 END of day three

Friday

First morning session - Chairperson: Beatrix Hiesmayr

10:00 Salvador Miret-Artés - Quantum (Bohmian) Stochastic Trajectories

10:30 Irene Burghardt - Hierarchical effective-mode decomposition for non-Markovian quantum environments

11:00 COFFEE BREAK

Second Morning session - Chairperson: Petros Wallden

11:30 Yuji Hasegawa - Uncertain relation studied in neutron’s successive spin-measurements

12:00 LUNCH

First afternoon session - Chairperson: Catalina Curceanu

13:30 André Xuereb - Quantum mechanics at the meso-scale

14:00 Adrian Kent - The Quantum Landscape

14:30 COFFEE BREAK

Second afternoon session - Chairperson: Daniel Braun

15:00 Antonio Di Domenico - The Quantum Mechanics and discrete symmetries of neutral K mesons

15:30 Nikola Buric - Emergence of classical systems from constrained quantum background

Third afternoon session - Chairperson: Jackson Levi Said

16:30 Thomas Filk - A Chain of Coupled Pendula Leading to Quantum Relativity

17:00 Egidijus Norvaisas - Selfconsistent canonically quantized SU(3) Skyrme Model for Baryons

17:30 Concluding remarks

18:00 END of conference
(j) - Common session with Black Hole conference



Quantum coherence, decoherence and the role of gravity in matter-wave
experiments with molecules and nanoparticles

Markus Arndt1

1Molecular Quantum Nanophysics, Faculty of Physics, VCQ
University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria

De Broglie interferometry with macro-
molecules, clusters and other kinds of nanoparti-
cles explores the boundary between experimen-
tally tested quantum mechanics and classical
physics by gradually increasing the size and
complexity of objects whose coherent delocaliza-
tion can still be proven.
We will discuss three recent experiments per-
formed in our group at the University of Vienna
and how to extrapolate them to masses where
gravity starts becoming influential: far-field
diffraction of fluorescent molecules at ultrathin
gratings demonstrates the wave-particle duality
in a particularly conspicuous and didactical
way1,2, as it allows to image the stochastic
arrival of single molecules in real-time as well
the formation of the deterministic ensemble
interferogram in the same image. Near-field
interferometry in the Kapitza-Dirac-Talbot-Lau
design has led to the current mass record in
quantum delocalization experiments3,4 with new
results emerging. A novel matter-wave inter-
ferometer that operates with pulsed ionization

gratings is being discussed, as it is expected
to be best adapted for demonstrating transla-
tional quantum coherence for the most massive
particles5-7. We will discuss the practical
complexity limits of matter-wave interferometry,
including kinematic effects, phase averaging, de-
coherence and non-standard models of quantum
mechanics.
It turns out that classical gravity and the
rotation of the Earth can cause significant
dephasing in high-mass interferometry with
particle beams of finite velocity dispersion. We
discuss the relevance of long coherence times and
ways to preserve them in a micro-gravitational
environment.

Collaborations: M. Mayor et al. (Univ.
Basel), O. Cheshnovsky et al, Tel Aviv Univer-
sity, K. Hornberger (Univ. Duisburg-Essen), A.
Bassi (Univ. Trieste), B. v. Issendorff (Univ.
Freiburg).

[1] Juffmann, T. et al. Real-time single-molecule
imaging of quantum interference Nature Nan-
otechn. , , doi:doi:10.1038/nnano.2012.34 (2012).

[2] Arndt, M. et al. Wave-particle duality of C-60
molecules. Nature 401, 680-682 (1999).

[3] Gerlich, S. et al. Quantum interference of large
organic molecules. Nature Communs. 2, 263,
doi:10.1038/ncomms1263 (2011).

[4] Gerlich, S. et al. A Kapitza-Dirac-Talbot-Lau in-
terferometer for highly polarizable molecules. Na-
ture Phys. 3, 711 - 715 (2007).

[5] Hornberger, K., Gerlich, S., Haslinger, P., Nimm-
richter, S. & Arndt, M. Colloquium: Quantum
interference of clusters and molecules. Rev. Mod.
Phys. 84, 157-173 (2012).

[6] Nimmrichter, S., Haslinger, P., Hornberger, K. &
Arndt, M. Concept of an ionizing time-domain
matter-wave interferometer. New. J. Phys. 13,
075002 (2011).

[7] Reiger, E., Hackermüller, L., Berninger, M. &
Arndt, M. Exploration of gold nanoparticle beams
for matter wave interferometry. Opt. Comm. 264,
326-332, doi: (2006).



Removing time from quantum theory : implications for measurement

Tejinder P. Singh2

2Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400005, India

Quantum theory depends on a classical time in
order to describe evolution. This time is part of
a spacetime geometry, whose structure is deter-
mined by classical material bodies through the
laws of the general theory of relativity. In the
absence of these classical objects, it is not pos-
sible to assign a physical meaning to the notion
of classical time. Yet, one should be able to for-
mulate quantum theory. In other words, there
should exist an equivalent reformulation of quan-
tum theory which does not refer to classical time.
A consequence of this requirement is that quan-
tum theory is a limiting case of a stochastic non-
linear theory, with the nonlinearity becoming sig-
nificant on the Planck mass scale. Such a nonlin-
earity can in principle explain the collapse of the
wave-function during a quantum measurement.

We have attempted to construct such a ‘Quan-
tum Theory without Classical Time’ using the
methods of Trace Dynamics [1]. Our starting
point is a Non-Commutative Special Relativity
[NSR] where a scalar proper time is defined as
a Trace over a line-element made from operator
space and operator time [1]. A relativistic dy-
namics can be constructed in the standard man-
ner, for the matrix dynamical variables which live
on this operator spacetime. The dynamics pos-
sesses a novel conserved charge, having the di-
mensions of action, and which is equal to the
sum of the commutators between position ma-
trices and their corresponding momenta. [The
commutators themselves take arbitrary values].

Next, one constructs the statistical thermody-
namics for this classical matrix dynamics [2].
A Liouville theorem holds, and the equilibrium
probability density is obtained by maximizing the
entropy subject to the constraints that there are
conserved charges. The invariance of the phase
space measure under shifts of dynamical variables
leads to an important Ward identity for canoni-
cal averages of polynomial functions of the ma-
trix dynamical variables. If one works at scales
much below the Planck scale, and ignores statisti-

cal fluctuations for the moment, it is shown that
canonical averages of dynamical variables obey
the standard commutation relations of quantum
theory, as well as obeying Heisenberg equations
of motion. There is an energy-time commutator
as well, and evolution is decsribed with respect
to the proper time constructed from the Trace
of the line-element. A quantum state can be de-
fined at this emergent level and obeys a func-
tional Schrödinger equation. This is the sought
after ‘quantum theory without classical time’.

The connection with the measurement problem
is through the theory of Trace Dynamics [TD]
[1]. TD is a classical matrix dynamics which
aims to derive quantum theory from underlying
principles, instead of by ‘quantizing’ a classical
Newtonian dynamics. However, TD takes classi-
cal spacetime as given. The statistical thermo-
dynamics of TD leads to the emergence of stan-
dard quantum theory. Moreover, when statistical
fluctuations about equilibrium are taken into ac-
count, the non-relativistic Schrödinger equation
is modified to a stochastic, non-linear and non-
unitary theory, which explains wave-function col-
lapse during a measurement, and the Born rule.

However, TD treats spacetime as having a
point structure, while treating matter degrees as
operators. Perhaps a more complete treatment
would be one where spacetime and matter de-
grees are treated at par: both as operators, as in
our development of ‘quantum theory of classical
time’. The consideration of stochastic fluctua-
tions leads to the emergence of a classical space-
time geometry produced by classical bodies. On
this background classical Universe one can apply
TD to select matter operator degrees of freedom,
obtain quantum theory for it, and then explain
wave-function collapse [3, 4]. Quantum the-
ory without classical spacetime thus provides a
backdrop for Trace Dynamics, which in turn pro-
vides an explanation for the measurement prob-
lem. Gravity possibly plays an important role.

[1] Stephen Adler, Quantum Theory as an Emergent
Phenomenon Cambridge University Press, 2004

[2] Kinjalk Lochan and T. P. Singh, Phys. Lett. A375
(2011) 3747 [arXiv:1109.0300]

[3] Kinjalk Lochan, Seema Satin and T. P. Singh,
arXiv: 1203.6518

[4] T. P. Singh, FQXi Essay, arXiv:1106.0911
[5] Angelo Bassi, Kinjalk Lochan, Seema Satin, T. P.

Singh and Hendrik Ulbricht, invited review article
in preparation for Reviews of Modern Physics



Entangled Schrödinger cats in circuit quantum electrodynamics

Omri Gat3

3Racah Institute of Physics, Hebrew University, Jerusalem 91904, Israel

Superconducting circuits process quantum infor-
mation by coupling Josephson junction qubits
with electromagnetic modes, an experimental
paradigm known as circuit quantum electrody-
namics (CQED). The dynamics of such systems
where the field is prepared in highly excited co-
herent field wave packets is a probe of the onset
of classical physics on hand, and generates states
with intriguing quantum behavior on the other
hand. Single-mode wave packet CQED has been
studied thoroughly theoretically [1, 2] and exper-
imentally [3]. A salient feature is the splitting of
the initial wave packet into two phase-space lo-
calized components, each of which is a squeezed
coherent state [4]. The field and qubit are in gen-
eral entangled, but the system state becomes sep-
arable at specific times and then the field state is
a pure superposition of classically separate phase-
space wave packets—the quantum optics version
of Schrödinger’s cat.

Recently it has become possible to couple su-
perconducting qubits to more than one electro-
magnetic mode, and experiments have demon-
strated entanglement between two and more field
modes [5]. Here we address the question of dy-
namics and field-entanglement properties of two-
mode CQED system prepared in a highly-excited
coherent state product state. As in the one-mode
case, the original wave packet splits and the field
decouples from the qubit at discrete times. The
wave packet fragments are phase-space localized,
with well-defined quadratures for both modes.
The superposition of the two fragments is there-
fore an entangled state |iα〉 ⊗ |iα〉 + | − iα〉 ⊗
|−iα〉 where either both mode quadratures are
q+ip√

2
= iα (up to small uncertainties) or both

mode quadratures are q+ip√
2

= −iα. This state

is quantum optical entangled Schrödinger cats,
where each mode is in either of two classically
separate states that is not determined until mea-
sured, but are correlated such that measurement
of one mode collapses the other mode.

The existence of quantum correlations facili-
tates Bell-inequality violation, that for an op-
timized Bell operator B the expectation value
〈B〉 = 2.45, more that than the value of 2 allowed
by local realism, but less than the maximal pos-
sible value 2

√
2. This deficiency arises because

each wave packet fragment is itself entangled by
two-mode squeezing. The purity entanglement
(whose negative is an entanglement monotone)
of the fragments is 0.78 compared with 1 for sep-
arable states and 1

2 for Bell states.

The CQED field state therefore displays two
competing kinds of entanglement, Bell-type en-
tanglement and two-mode squeezing. Neverthe-
less, this state can be filtered to produce max-
imally entangled Schrödinger cats by weak q-
quadrature measurement with recorded value. A
complete (von Neumann) q measurement col-
lapses the two-mode squeezing, but the full p
uncertainty also destroys the Bell-type entangle-
ment of the state. A weak q measurement is
therefore needed so that the resulting p uncer-
tainty is smaller than the phase space separation
between the two fragments. Since the separa-
tion is classical, in the limit of high photon num-
ber, almost full q squeezing is achievable without
damaging the Bell-type entanglement, which be-
comes maximal in the q squeezed state obtained
as the result of the weak measurement.

[1] SM Chumakov, A.B Klimov, and JJ Sanchez-
Mondragon, Phys. Rev. A 49, 4972 (1994)

[2] J. Gea-Banacloche, Phys. Rev. Lett. 65, 3385
(1990).

[3] A. Auffeves et al. Phys. Rev. Lett. 91, 230405
(2003); P. Maioli et al., Phys. Rev. Lett. 94,
113601 (2005).

[4] A. Leshem and O. Gat, Phys. Rev. A 84, 052303
(2011).

[5] Mariantoni, M. et al, Nature Physics, 7, 287.
(2011).



Quantum nonlocality based on finite-speed influences leads to signalling

J.-D. Bancal1, S. Pironio2, A. Aćın3,4, Y.-C. Liang1, V. Scarani5,6, N. Gisin4

4 Group of Applied Physics, University of Geneva, Switzerland

2Laboratoire d’Information Quantique, Université Libre de Bruxelles, Belgium

3ICFO-Institut de Ciències Fotòniques, Castelldefels (Barcelona), Spain

4ICREA-Institució Catalana de Recerca i Estudis Avançats, Barcelona, Spain

5Centre for Quantum Technologies, National University of Singapore, Singapore 117543

6Department of Physics, National University of Singapore, Singapore 117542

The experimental violation of Bell inequali-
ties using spacelike separated measurements pre-
cludes the explanation of quantum correlations
through causal influences propagating at sublu-
minal speed [1, 2]. Yet, any such experimental
violation could always be explained in principle
through models based on hidden influences prop-
agating at a finite speed v > c, provided v is large
enough [3, 4]. Here, we show that for any finite
speed v with c < v < ∞, such models predict
correlations that can be exploited for faster-than-
light communication. This superluminal commu-
nication does not require access to any hidden
physical quantities, but only the manipulation of
measurement devices at the level of our present-
day description of quantum experiments. Hence,
assuming the impossibility of using nonlocal cor-
relations for superluminal communication, we ex-
clude any possible explanation of quantum corre-

lations in terms of influences propagating at any
finite speed. Our result uncovers a new aspect
of the complex relationship between multipartite
quantum nonlocality and the impossibility of sig-
nalling [5, 6].

Our result opens a whole new avenue of exper-
imental possibilities for testing these models. It
also illustrates the difficulty to modify quantum
physics while maintaining no-signalling. If we
want to keep no-signalling, it shows that quan-
tum nonlocality must necessarily relate discon-
tinuously parts of the universe that are arbitrar-
ily distant. This gives further weight to the idea
that quantum correlations somehow arise from
outside spacetime, in the sense that no story in
space and time can describe how they occur.

This talk is based on [7].

[1] J. S. Bell, Speakable and Unspeakable in Quan-
tum Mechanics: Collected papers on quantum phi-
losophy (Cambridge University Press, Cambridge,
2004).

[2] A. Aspect, Nature 398, 189 (1999).
[3] D. Salart, A. Baas, C. Branciard, N. Gisin, and

H. Zbinden, Nature 454, 861 (2008).
[4] B. Cocciaro, S. Faetti and L. Fronzoni, Phys.

Lett. A 375, 379 (2011).
[5] M. L. Almeida, J.-D. Bancal, N. Brunner, A.

Aćın, N. Gisin, S. Pironio, Phys. Rev. Lett. 104,
230404 (2010).

[6] R. Gallego, L. E. Würflinger, A. Aćın, and
M. Navascués, arXiv:1107.3738 (2011).

[7] J.-D- Bancal et al., arXiv:110.3795



A glance into the Pandora Box of quantum mechanics:Pauli Exclusion
Principle violation and spontaneous collapse models experimental test

Catalina Curceanu5

5Laboratori Nazionali di Frascati, INFN, via E. Fermi 40, 00044 Frascati (Roma) Italy

In spite of its enormous success, or maybe ex-
actly for this, Quantum Mechanics still hides
many mysteries. We shall explore two: the spin-
statistics connection and the collapse of the wave
function. Experimental undergoing tests of the
Pauli Exclusion Principle violation will be dis-
cussed, together with future plans to measure the
spontaneous emission of X rays predicted in col-
lapse models (CSL).

We present a method of searching for possi-
ble small violations of the Pauli Exclusion Prin-
ciple (PEP) for electrons, through the search for
“anomalous” X-ray transitions in copper atoms,
produced by “fresh” electrons (brought inside the
copper bar by circulating current) which can have
the probability to do the Pauli-forbidden tran-
sition to the 1s level already occupied by two
electrons. We describe, then, the VIP (VIola-
tion of PEP) experiment which took data at the
Gran Sasso underground laboratories, searching
for these Pauli-prohibited transitions. The goal

of VIP is to test the PEP for electrons with
unprecedented accuracy, down to a limit in the
probability that PEP is violated at the level of
10−29 − 10−30, improving the previous limit by
3-4 orders of magnitude. We report achieved ex-
perimental results [1] and briefly discuss some of
the implications of a possible violation, together
with future plans to gain other about 2 orders of
magnitude in the estimation of the probability of
PEP violation.

We will then present a project to use a simi-
lar experimental technique to measure the spon-
taneously emitted X rays predicted in the frame-
work of collapse models (GRW theory, dynamical
reduction models), starting with results obtained
[2].

We shall so have a short glimpse into the Pan-
dora’s box of Quantum Mechanics, where “apart
of Schrodinger cat” other interesting features
might still be hiding.

[1] C. Curceanu et al., International Journal of Quan-
tum Information, 9 (2011) 145.

[2] Q. Fu, Physical Review A 56 (1997) 1806.



Quantifying and controlling non-Markovian quantum dynamics

Bi-Heng Liu,6 Li Li,6 Yun-Feng Huang,6 Chuan-Feng Li,6 Guang-Can

Guo,6 Elsi-Mari Laine,7 Heinz-Peter Breuer,8 and Jyrki Piilo7

6Key Laboratory of Quantum Information,
University of Science and Technology of China, CAS, Hefei, 230026, China
7Turku Centre for Quantum Physics, Department of Physics and Astronomy,

University of Turku, FI-20014 Turun yliopisto, Finland
8Physikalisches Institut, Universität Freiburg,

Hermann-Herder-Strasse 3, D-79104 Freiburg, Germany

Realistic quantum mechanical systems are al-
ways exposed to an external environment. The
presence of the environment often gives rise to a
Markovian process in which the system loses in-
formation to its surroundings. However, many
quantum systems exhibit a pronounced non-
Markovian behavior signifying the presence of
quantum memory effects. In this talk, we show
how to quantify non-Markovianity of a process
based on the concept of information flow [1], and
how to control the transition from Markovian to
non-Markovian quantum dynamics in an optical

system [2]. Moreover, we show that initial cor-
relations in a composite environment can lead to
a nonlocal open system dynamics which exhibits
strong memory effects although the local dynam-
ics is Markovian [3]. The latter results demon-
strate that, contrary to conventional wisdom, en-
larging an open system can change the dynam-
ics from Markovian to non-Markovian, and that
in an optical setup, one can use the polarization
degrees of freedom of photons to probe their fre-
quency correlations.

[1] H.-P. Breuer, E.-M. Laine, and J. Piilo, Phys.
Rev. Lett. 103, 210401 (2009).

[2] B.-H. Liu, L. Li, Y.-F. Huang, C.-F. Li, G.-C.
Guo, E.-M. Laine, H.-P. Breuer, and J. Piilo, Na-
ture Physics 7, 931 (2011).

[3] E.-M. Laine, H.-P. Breuer, J. Piilo, C.-F. Li,
and G.-C. Guo, ”Nonlocal memory effects in the
dynamics of open quantum systems”, preprint
arXiv:1111.4481(quant-ph).



Fundamental aspects of Time in Quantum Mechanics and Meson
Phenomenology

Thomas Durt9

9Institut Fresnel, Ecole Centrale de Marseille, France.

The role played by Time in the quantum theory
is still mysterious by many aspects. In particu-
lar it is not clear today whether the distribution
of decay times of unstable particles could be de-
scribed by a Time Operator. As we shall discuss,
different approaches to this problem (one could
say interpretations) can be found in the literature
on the subject. As we shall show, it is possible
to conceive crucial experiments aimed at distin-
guishing the different approaches, by measuring
with accuracy the statistical distribution of decay
times of entangled particles. In particular, such
experiments can be realized in principle with en-
tangled kaon pairs.

Kaons illustrate fundamental quantum prop-
erties such as the superposition principle (for
instance in kaon oscillations), and their phe-
nomenology also appeared very useful in the past
for measuring CP-violation related effects.

More recently, they were also useful for testing
decoherence and entanglement related effects.

The aim of our talk is to show that kaons could
also be useful for revealing and/or studying fun-
damental aspects of Time in the quantum theory,
such as the existence of a Time Operator [1](and
also of the so-called Time Superoperator [1]).

[1] T. Durt, “Correlations of decay times of entangled
composite unstable systems”, in preparation.

[2] M. Courbage, T. Durt and M. Saberi, “Time de-
cay probability distribution of the neutral meson
system”, J. Phys. G: Nucl. Part. Phys. 39 (2012)
045008.



The quantum origin of the seeds of cosmic structure and the need for
novel physics

Daniel Sudarsky10

10Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México

Inflation is considered one of the cornerstones
of modern cosmology as it supposedly sets the
stage, and then gives rise to the seeds of cos-
mic structure. Looking at the details the story
becomes even more remarkable, as the seeds of
structure originate in the quantum fluctuations
of the vacuum. Galaxies, stars and ultimately
human beings, are then, in principle, traceable
to those “phantoms” of the quantum world. Fur-
thermore, some the predictions that are made
based on these analysis turn out to fit fantas-
tically well with the empirical data.

On the other hand, this aspect of inflation rep-
resents the only situation whereby quantum the-
ory and general relativity coalesce in the expla-
nation of something with direct observable sig-
natures. That is, the large scale structure of the
universe, and the most ancient observable im-
prints left by the primordial inhomogeneities and
anisotropies which can be accessed by studies of
the cosmic microwave background (CMB), corre-
spond to the single opening we have to a realm
which has been otherwise beyond our reach.

Perhaps, it is therefore not so surprising that
the study of this subject could lead us to con-
front some of the most problematic aspects of our
theoretical understanding of the physical world:
Quantum Theory. Our most spectacularly suc-
cessful theory and, yet, one for which we have,
up to date, no truly satisfactory interpretational
framework[1]. This fact probably needs no re-
viewing for most of the colleagues participating
in this meeting, and I certainly should not be
the person to do that anyway; however, let me
just point out that the so called “measurement
problem” has not only intrigued generations of
some of the most profound thinkers, but has led

some distinguished colleagues to propose modi-
fications of the theory, particularly theories that
involve a breakdown of the unitary Shroedinger
evolution (i.e. dynamical reduction theories) [2–
5]. In considering such modifications, enormous
care must be taken to ensure that these changes
do not lead to conflict with experiments, as no
deviations from quantum theory have ever been
observed in the laboratory.

Therefore, the inflationary cosmological regime
is remarkable once again, because it offers us the
only instance of a true closed quantum mechan-
ical system: the universe, thus providing a par-
ticularly clean setting for the analysis of some
of the fundamental questions about the quantum
world. Finally, I will argue that the emergence
of the seeds of structure offers us a question to
which traditional quantum theory offers no satis-
factory answer: What is the physical mechanism
responsible for generating the inhomogeneity and
anisotropy of our Universe, starting from the ex-
actly homogeneous and isotropic vacuum state as-
sociated with the early inflationary regime? This
is a clear call for a modification of quantum the-
ory, which, albeit imperceptible in most ordinary
situations, should lead to dramatic results in the
early universe.

We briefly review the shortcomings of the usual
answers to this question provided in the standard
accounts, and present our evolving proposal to
address these shortcomings in terms of a dynam-
ical collapse of the vacuum state of the inflaton
field[6, 7]. Moreover, we will discuss how the de-
tails of the CMB can be used to constrain the
modifications of quantum theory in the regime
at hand.

[1] For a recent review see for instance S. Wein-
berg“Collapse of the State Vector”, UTTG-18-11.
arXiv:1109.6462 [quant-ph].

[2] G. C. Ghirardi, A. Rimini, and T. Weber, “A Uni-
fied Dynamics For Micro And Macro Systems”,
Phys. Rev. D 34, 470 (1986).

[3] L. Diosi, “A universal master equation for the
gravitational violation of quantum mechanics”,
Phys. Lett. A 120, 377 (1987).

[4] P. Pearle, “Combining stochastic dynamical state-
vector reduction with spontaneous localization”,

Phys. Rev. A 39, 2277 (1989).
[5] R. Penrose, “The Emperor’s New Mind”, Oxford

University Press, U.K. (1989); “On Gravity’s Role
in Quantum State Reduction”, Gen. Rel. Grav.
28, 581 (1996).

[6] A. Perez, H. Sahlmann and D. Sudarsky, “On the
quantum origin of the seeds of cosmic structure”,
Class. Quantum Grav. 23, 2317 (2006).

[7] D. Sudarsky, “Shortcomings in the Understanding
of Why Cosmological Perturbations Look Classi-
cal”, Int. J. Mod. Phys. D 20, 509 (2011).



Chaos in de Broglie - Bohm dynamics and its physical consequences

C. Efthymiopoulos11

11Research Center for Astronomy and Applied Mathematics, Academy of Athens, Greece

Quantum systems with moving quantum vor-
tices exhibit chaotic behavior of their de Broglie
- Bohm trajectories [1]. The dynamical mecha-
nisms leading to chaos are studied in [2][3][4][5].
In these works we give many references to works
by other authors on the same subject. Our own
main results are the following:

The quantum flow near a moving quantum vor-
tex shows a characteristic structure called ‘nodal
point - X point complex’. The X point is a sta-
tionary point of the instantaneous flow vector
field, and it possesses a stable and an unstable
asymptotic manifold. Chaos is generated by the
approach of the quantum trajectories close to the
X-point. In [3] we show that the value of the lo-
cal Lyapunov exponent for a chaotic trajectory
approaching an X-point is an inverse function of
the velocity of the nodal point and of the distance
of the trajectory normal to the stable manifold of
the X-point. Chaos can be shown to affect the
precision of integration of the de Broglie - Bohm
trajectories, and it may influence the precision
of numerical schemes of solution of Schrödinger’s
equation with quantum trajectories (e.g. [7]).

There are also physical consequences of the
chaotic quantum trajectories. An important con-
sequence regards the so-called ‘quantum relax-
ation’ effect [6], namely the possibility that a
quantum system approaches asymptotically in
time the Born’s rule equality p = |ψ|2, where
p is the particles’ probability distribution and
ψ the wavefunction, even if initially we allowed

that p0 6= |ψ0|2. We note that this possibility
presents particular interest in the case of small
isolated quantum systems, while an alternative
statistical mechanical theory for the emergence of
Born’s rule was developed in [8]. In our works we
provide numerical evidence that chaos is a nec-
essary condition for the quantum relaxation to
be effective. However, many quantum systems
possess also regular trajectories. Then, quantum
relaxation effects are suppressed. In [2] examples
of this phenomenon are given in the case of i)
the two-slit experiment, and ii) a quasi-coherent
state evolving in a 2D perturbed oscillator model.
A detailed study is made in [9], where we consider
the superposition of a small number of eigen-
states of the 2D harmonic oscillator model.

Finally, in [10] we investigate the role of quan-
tum vortices in diffraction phenomena, taking
as an example electron diffraction by thin crys-
tals. In such cases we find that there is a sharp
limit, called separator, between the domains of
prevalence of the ingoing and outgoing quantum
flow. An array of quantum vortices are formed
along the separator. The emergence of the whole
diffraction pattern can be explained by the de-
flection of the quantum trajectories at the quan-
tum vortices. An interesting prediction regards
the form of the arrival time distribution of elec-
trons scattered at different angles, which can be
anambiguously computed in the framework of the
Bohmian approach. In fact, we can argue how
such a prediction could be probed by experiment.

[1] de Broglie, L.: 1928, in: J. Bordet (ed) Electrons
et Photons: Rapports et Discussions du 5eme
Conseil de Physique, Gauthier-Villars; Bohm,
D.: 1952,Phys. Rev. 85, 166; 85 194. Bohm,
D and Hiley, B.J.: 1993, The Undivided Uni-
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From the microscopic to the macroscopic world and the origin of
irreversibility
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One way to state the problem of irreversibility
is to remark that macroscopic or phenomenolog-
ical laws, like the diffusion equation, are often
not time reversible while microscopic laws, like
Hamilton’s equations, are time reversible. This
is sometimes presented as supporting the claim
that macroscopic laws cannot be derived from mi-
croscopic ones or that such a derivation requires
some arbitrary approximation.

After explaining the connection between micro-
scopic laws and macroscopic ones, I shall explain
why the derivation of the latter from the former,
including the passage from time reversible to time
irreversible laws, although very difficult to justify
mathematically, is very natural from a physical
point of view. This will also explain the increase

of entropy, expressed by the second law of ther-
modynamics. In fact, this explanation goes back
to Boltzmann and is closely related to his notion
of entropy. I will also explain why mathematical
notions like ergodicity, are not relevant for the ex-
planation of irreversibility [1]. All these notions
will be illustrated through the simple example of
the Kac ring model.

However, this explanation is coherent only if
we make some assumptions on the initial condi-
tions of the universe, and those assumptions are
not easy to justify. So, even if the problem of
irreversibility, as usually stated, is easy to solve,
that solution points to another problem, of a cos-
mological nature, that is quite open.

[1] Jean Bricmont, Science of Chaos or Chaos
in Science?, Physicalia Magazine, 17, 159-208
(1995) available on http://arxiv.org/pdf/chao-
dyn/9603009.pdf



Revealing Bell’s Nonlocality in Particle Physics?!
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John Stuart Bell was a well renowned parti-
cle physicists with an unpopular hobby at that
time, namely his interest in foundations of quan-
tum physics. His discovery of a crucial differ-
ence between the predictions of quantum me-
chanics and the implications of locality and real-
ism, nowadays known as Bell inequalities (BIs),
has been tested for many physical systems of or-
dinary matter and light. Entanglement can be
found also for systems usually studied in Particle
Physics, i.e. those consisting of strange, charm
or beauty quarks, thus it is straightforwardly to
ask: Do such systems usually studied in
Particle Physics also violate a Bell inequal-
ity? Can a conclusive experiment be per-
formed?

Investigating BIs for neutral kaon pairs being
entangled in strangeness, namely being a parti-
cle or an antiparticle state, has shown that there
are challenging and novel foundational tasks that
are revealed only by these systems. For exam-
ple, the authors of Ref. [1] showed that a set of
BIs lead to δ = 0, where δ is the famous CP
violating parameter in mixing (C. . . charge con-
jugation, P. . . parity). Experimentally, the value
δ ≈ 10−3 is in clear contradiction to the premises
of local realistic theories. Herewith, two different
concepts, nonlocality and symmetries in Parti-
cle Physics, get surprisingly related, clearly, only
available for these systems. Unfortunately, this
set of BIs cannot be directly experimentally ver-
ified due to experimental limitations and other
experimentally feasible setups for Bell tests are
not violated by the prediction of quantum me-
chanics mainly due to the decay property [2].

Indeed, the main problem with this kind of sys-
tems explored in Particle Physics it the limitation
of observables that are allowed for a conclusive
Bell test, their decay property, and the experi-
mental limitations concerning the detection and

production of entangled states. Only recently the
authors of Ref. [3] succeeded in deriving a new BI
taking into account the decay property while not
spoiling the conclusiveness and, simultaneously,
guaranteeing its testability. Moreover, the pro-
posed test is experimentally feasible with current
technology, e.g. with the KLOE detector at the
accelerator facility DAPHNE in Italy.

In summary, entangled neutral kaons have
turned out to be specially suited to test founda-

FIG. 1: Frontcover (January 2012) of the Euro.
Phys. Journal C [3] highlighting a proposal of a con-
clusive Bell test in Particle Physics.

tions of quantum mechanics in a way only pro-
vided by these systems: e.g. they are very sensi-
tive to possible decoherence effects [4, 5] (see An-
tonio Di Domenico’s talk) that could be caused
by quantum gravity, possible CPT violations,
. . . ; or that the quantum erasure and marking
procedure can be proven in a novel way only pro-
vided by this kaonic system [6].
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Classical-Quantum Coexistence: a ‘Free Will’ Test
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Von Neumann’s statistical theory of quantum
measurement interprets the instantaneous quan-
tum state and derives instantaneous classical
variables. In realty, quantum states and classi-
cal variables coexist and can influence each other
in a time-continuous way. This has been mo-
tivating investigations since longtime in quite
different fields from quantum cosmology to op-

tics as well as in foundations. Different theories
(mean-field, Bohm, decoherence, dynamical col-
lapse, continuous measurement, hybrid dynam-
ics, e.t.c.) emerged for what I call ‘coexistence
of classical continuum with quantum’. I apply
to these theories a sort of ‘free will’ test to dis-
tinguish ‘tangible’ classical variables useful for
causal control from useless ones.

[1] Diósi L 1999 Talk at ’Complexity, Com-
putation and the Physics of Infor-
mation’ (Cambridge, 5-23 July 1999)
www.rmki.kfki.hu/˜diosi/slides/cambridge.pdf
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Semi-classical approximations based on de Broglie-Bohm theory
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Semi-classical gravity is an approximation to
the theory of quantum gravity which treats the
gravitational field classically and the matter field,
say a scalar field, quantum mechanically [1]. The
matter is described by a quantum field theory on
curved space-time, while the gravitational field
is described by Einstein’s field equations, with
source term given by the expectation value of the
energy-momentum tensor operator. It is clear
that this approximation can only have a limited
domain of validity. For example, it will be valid
in cases where the matter behaves approximately
classical, but will fail in the case the matter state
is a macroscopic superposition.

The purpose of this talk is to consider the pos-
sibility of a better semi-classical approach based
on the de Broglie-Bohm theory. In the de Broglie-
Bohm approach for a quantum field there is also
an actual field configuration, whose dynamics
depends on the quantum state. The energy-
momentum tensor associated to this field may
now be considered in the Einstein field equa-
tions, instead of the expectation value. However,
since this energy-momentum tensor is in general
not covariantly conserved, further restrictions or
modifications will be necessary to obtain a con-
sistent set of equations.

In order to get a handle on the issues involved,
we will mainly focus our attention to the simpler
case of scalar quantum electrodynamics. Scalar
quantum electrodynamics describes a quantized
scalar field interacting with a quantized electro-
magnetic field. We will consider different for-

mulations of the de Broglie-Bohm approach to
scalar electrodynamics (some of which were pre-
sented in [2]), discuss how they may naturally
lead to semi-classical approximations and iden-
tify the conditions under which these approxima-
tions are valid. In these approximations, either
the scalar field or the electromagnetic field can be
treated classically. In the latter case, we have a
similar problem as with the energy-momentum
tensor in semi-classical gravity if we take the
charge current corresponding to the actual scalar
field as the source term in the classical Maxwell
equations. Namely, due to contributions of quan-
tum mechanical nature, this charge current will
in general not be conserved, so that further mod-
ifications of Maxwell’s equations are required.

Before considering scalar electrodynamics, we
will illustrate the key techniques in the context
of non-relativistic quantum mechanics. For a sys-
tem consisting of a light and a heavy particle,
there will be situations in which the heavy par-
ticle can approximately be described classically.
To derive the semi-classical approximation, we
will make use of the fact that in the de Broglie-
Bohm theory there is a natural definition for the
wave function of a subsystem (the conditional
wave function) and that the classical limit is un-
ambiguous (it arises whenever the motion of the
particles is approximately classical). The result-
ing semi-classical approach has been considered
before and was shown to yield better results than
the usual semi-classical approach in the case of a
simple example [3].

[1] C. Kiefer, “Quantum Gravity”, International Se-
ries of Monographs on Physics 124, Clarendon
Press, Oxford (2004).

[2] W. Struyve, “Pilot-wave theory and quantum
fields”, Rep. Prog. Phys. 73, 106001 (2010) and
arXiv:0707.3685v4 [quant-ph].

[3] O.V. Prezhdo and C. Brooksby, “Quantum Back-
reaction through the Bohmian Particle”, Phys.
Rev. Lett. 86, 32153219 (2001).



Recent experimental progresses in testing Quantum Mechanics
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Quantum Mechanics is one of the pillars of
modern physics: so far a huge amount of the-
oretical predictions deriving from this theory has
been confirmed by very accurate experimental
data, while the theory is at the basis of a large
spectrum of researches ranging from solid state
physics to cosmology, from bio-physics to particle
physics. Furthermore, in the last years the possi-
bility of manipulating single quantum states has
fostered the development of promising quantum
technologies as quantum information (calculus,
communication, etc.), quantum metrology, quan-
tum imaging, ...

Nevertheless, even after a pluri-decennial de-
bate many problems related to the foundations
of this theory persist [1, 2], like non-local effects
of entangled states, wave function reduction and
the concept of measurement in Quantum Me-
chanics, the transition from a microscopic prob-
abilistic world to a macroscopic deterministic
world described by classical mechanics (macro-
objectivation) and so on. Problems that, beyond
their fundamental interest in basic science, now
also concern the impact of these developing tech-
nologies.

In particular, Bell demonstrated that Local
Hidden Variable Theories (LHVT) cannot repro-
duce all the results of quantum mechanics when
dealing with entangled states. Since then many
experimental attempts have been made in or-
der to discriminate between these two theoretical
frameworks by means of Bell inequalities [1], re-
cently intensified by the application to the emerg-
ing field of quantum information. Nevertheless,
while a clear space-like separation has been un-

equivocally achieved, still a conclusive test is
missing, because of low detection efficiency and
the consequent additional hypothesis that the ob-
served sample is a faithful representation of the
whole one, without any anomaly in the hidden
variables distribution (the so-called fair sampling
assumption, leading to the detection loophole).
In the last years, relevant progresses for elimi-
nating this loophole have been made [1], both
based on improvements of detectors and on the
result that for non-maximally entangled states
the quantum efficiency limit for the elimination
of this problem is lowered from 82% to 66.7%
[3, 4]. However, a conclusive experiment is still
missing.

Due to this loophole, specific local realistic
models (LRM) can still be built. For the most in-
teresting of them specific experimental tests have
been proposed [5].

Some of these were realized at INRIM. A first
experiment [6] regarded the testing of two spe-
cific, restricted local realistic models [7], properly
built for experiments with entangled photons; the
interesting feature of these models is the fact that
they are free from the detection loophole, thus
they don’t rely on the fair sampling assumption
(the quantum efficiency of the system plays a role
in the inequalities built for these models). The
collected experimental data clearly violated these
inequalities, showing instead a perfect agreement
with Quantum Mechanics predictions. A second
one was a non-classicality test at the single parti-
cle level, that excluded a specific restricted class
of LRM [8]. Finally, we present some recent re-
sults falsifying the model of Ref. [9]
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Uncertain relation studied in neutron’s successive spin-measurements

Yuji Hasegawa18

18Atominstitut, TU-Wien, Stadionallee 2, Vienna, AUSTRIA

The uncertainty relation was first proposed
by Heisenberg in 1927 as a limitation of si-
multaneous measurements of canonically conju-
gate variables owing to the back-action of the
measurement[1]: the measurement of the posi-
tion Q of the electron with the error ε(Q), or
’the mean error’, inevitably induces the distur-
bance η(P ), or ’the discontinuous change’, of the
momentum P so that Heisenberg insisted that
they always satisfy the relation

ε(Q)η(P ) ∼ ~
2
. (1)

Afterwards, Robertson derived another form of
uncertainty relation for standard deviations σ(A)
and σ(B) for arbitrary pairs of observables A and
B as

σ(A)σ(B) ≥ 1

2
|〈ψ|[A,B]|ψ〉|. (2)

This relation has a mathematical basis, but
has no immediate implications for limitations on
measurements. The proof of the reciprocal re-
lation for the error ε(A) of an A measurement
and the disturbance η(B) on observable B caused
by the measurement is not straightforward. Re-
cently, rigorous and general theoretical treat-
ments of quantum measurements have revealed
the failure of Heisenberg’s relation (eq.1) and de-
rived a universally valid relation [2, 3] given by

ε(A)η(B) + ε(A)σ(B) + σ(A)η(B)

≥ 1

2
|〈ψ|[A,B]|ψ〉|. (3)

Here, the error ε(A) is defined as the root mean
squared (r.m.s.) of the difference between the
output operator OA actually measured and the
observable A to be measured, whereas the distur-
bance η(B) is defined as the r.m.s. of the change
in observable B during the measurement.

We have experimentally tested the universally
valid error-disturbance relation (eq.3) for neutron
spin measurements [4]. We determined experi-

mentally the values of error ε(A) and the distur-
bance η(B). A trade-off relation between error
and disturbance was clearly observed.

From the experimentally determined values of
error ε(A), disturbance η(B), and the standard
deviations, σ(A) and σ(B), the Heisenberg error-
disturbance product ε(A)η(B) and the univer-
sally valid expression, that is, the left-hand side
of eq.3, are plotted in Fig.1. This figure clearly
illustrates the fact that the Heisenberg product
is always below the (expected) limit and that the
universally valid expression is always larger than
the limit in our experiment. This demonstration
is the first evidence for the validity of the new re-
lation (eq.3) and the failure of the old naive rela-
tion is illustrated. This experiment confirms the
solution of a long-standing problem of describ-
ing the relation between measurement accuracy
and disturbance and sheds light on fundamental
limitations of quantum measurements.

FIG. 1: Experimentally determined values of the
Heisenberg product and the three-term sum (eq.3).
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Optomechanics: Quantum mechanics at the meso-scale
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The presence of a ‘quantum–classical cut’ is
a familiar enough concept: isolated microscopic
objects behave strictly according to the rules of
quantum mechanics, whereas the behaviour of
larger systems is explained very well by classi-
cal physics [1]. Optomechanics [2] is one of the
means we have to explore the boundary between
these two worlds.

The interaction of light with the motion of mas-
sive objects raises the possibility of transferring
an engineered non-classical state of the light field
to the motional state of a vibrating mirror. A
simple example suffices to illustrate this idea.
The interaction between light and motion in a
Fabry–Pérot cavity with one moving end-mirror
can be written [2] as Ĥint ∝ â†â x̂, where â is the

annihilation operator of the cavity field, x̂ = b̂+b̂†

the position operator of the mirror, and b̂ the an-
nihilation operator of the mirror motion. Under

the right conditions, Ĥint ∝ 〈â〉
(
â b̂†+â†b̂

)
, which

is the familiar beam-splitter Hamiltonian and can
be interpreted physically as mediating the trans-
fer of quantum states between the light and the
mechanical motion. By making use of this type of
interaction, we will induce strongly non-classical
effects in the motion of mesoscopic mechanical
systems.

‘Non-classicality’ in this context has several
possible signatures. The relative ease with which,
e.g., Fock or Schrödinger cat [3] states of a
light field can be prepared, together with the
above interaction, hints at the possibility that

one might be able to put mechanical oscillators
into a non-classical state of this kind. A more
intriguing possibility is perhaps to obtain and
observe entanglement [4] between optical and
the mechanical systems. Beyond entanglement,
strongly interacting systems might also demon-
strate strongly non-local behaviour, where the
shared optical–mechanical state violates Bell’s [5]
or related inequalities.

Beyond such fundamental applications, op-
tomechanical elements hold promise for quantum
information storage and processing. At cryogenic
temperatures, coherent storage and manipulation
of the state of mechanical oscillators is possible
on millisecond timescales. The ease of coupling
to such resonators, together with their inherent
compatibility with conventional microchip and
semiconductor technology makes them a very at-
tractive alternative to cold-atom based quantum
memories.

Our recent work touches upon all these con-
siderations. We presented a new configuration
for periodic structures interacting with a light
field [6] that results in a significant enhancement
in the coupling strength, as well as the possibil-
ity for observing long-range collective coherent
dynamics between physically distant mechanical
elements. We are also exploring configurations
that make use of non-linear optical processes [7]
to generate genuine multi-partite entanglement
between multiple light fields and a mechanical
oscillator.
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Quantum mechanics and discrete symmetries of neutral K mesons
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The neutral K meson (kaon) doublet is one of
the most intriguing systems in nature. During
its time evolution a neutral kaon oscillates be-
tween its particle and antiparticle states with a
beat frequency ∆m ≈ 5.3 × 109 s−1, where ∆m
is the tiny mass difference between the two phys-
ical states KL and KS , exponentially decaying
with very different lifetimes, τL � τS . The fortu-
nate coincidence that ∆m is about half the decay
width of KS makes possible to observe a variety
of intricate quantum interference phenomena in
the time evolution and decay of neutral kaons.
Such observations, strongly interconnected with
the history of particle physics, enabled us to
study the interplay of different conservation laws
and the validity of various symmetry principles,
and also to beautifully test the linear superposi-
tion principle of quantum mechanics.

At a φ-factory, i.e. an e+e− collider running
at a center of mass energy corresponding to the
φ resonance peak, neutral kaon pairs are pro-
duced in a pure entangled state, offering new and
unique possibilities to study the discrete symme-
tries and the basic principles of quantum me-
chanics [1]. For instance a possible violation
of the CPT symmetry (where C is charge con-
jugation, P is parity, and T is time reversal)
could manifest in conjunction with tiny modifi-

cations of the initial correlation, decoherence ef-
fects, or Lorentz symmetry violations, which, in
turn, might be justified in a quantum theory of
gravity. At a φ-factory the sensitivity to some ob-
servable effects can reach the level of the interest-
ing Planck’s scale region, i.e. O(m2

K/MPlanck) ∼
2×10−20 GeV, which is a very remarkable level of
accuracy, presently unreachable in other similar
systems (e.g. the B meson system) [1]. Moreover
very recent theoretical studies demonstrated that
entangled neutral kaons at a φ-factory are suit-
able to test the foundations of quantum mechan-
ics (see B. Hiesmayr’s contribution), such as to
test Bell’s inequality [2], Bohr’s complementarity
principle and the quantum erasure and marking
concepts [3], the coherence of states over macro-
scopic distances.

The most recent results on several kinds of
possible decoherence and CPT violation mech-
anisms have been obtained by the KLOE experi-
ment at DAΦNE, the Frascati φ-factory [2, 3, 6].
At the moment the results show no deviation
from the expectations of quantum mechanics and
CPT symmetry, while the precision of the mea-
surements, in some cases, reaches the interesting
Planck scale region, and will be further improved
with KLOE-2 [4].

[1] A. Di Domenico (ed.) Handbook on neutral kaon
interferometry at a φ-factory, Frascati Physics Se-
ries 43, INFN-LNF, Frascati, 2007.

[2] B.C. Hiesmayr, A. Di Domenico, et al., Eur. Phys.
J. C 72 (2012) 1856.

[3] A. Bramon, G. Garbarino, B.C. Hiesmayr, Phys.
Rev. Lett. 92 (2004) 020405.

[4] F. Ambrosino et al., KLOE collaboration, Phys.
Lett. B 642 (2006) 315.

[5] A. Di Domenico and the KLOE collaboration,
Journal of Physics: Conf. Series 171 (2009)
012008.

[6] A. Di Domenico and the KLOE collaboration,
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Reduction of classical mechanics on quantum physics
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Reduction of classical mechanics onto presum-
ably more fundamental quantum framework nec-
essary involves two clearly distinguished steps.
The first step represents some sort of coarse-
graining and the second step is a macro-limit
corresponding to the particular coarse-graining.
In this talk we present a general procedure to
formalize the adequate coarse-graining using re-
cently developed [1] description of quantum non-
linear constraints within the framework of Hamil-
tonian geometric formulation of quantum me-
chanics. Briefly, a classical system and the corre-
sponding quantum one share the same dynami-
cal algebra g. This algebra determines an equiva-
lence relation on the Hilbert spaceH of the quan-
tum system or equivalently on its quantum phase

spaceM. The equivalence classes are parameter-
ized by the points from the submanifold Γ ⊂M
of the corresponding g-coherent states. In or-
der that the equivalence classes are preserved by
the evolution the original Hamiltonian must be
constrained on Γ. The constrained Hamiltonian
equations preserve minimal the total quantum
fluctuations and can be proved to coincide in
the macro-limit with the evolution of the clas-
sical system. The procedure is illustrated us-
ing a system of nonlinear oscillators and a col-
lection of interacting spins [2, 3]. An application
of the framework for the nonlinear constraints on
hybrid classical-quantum systems is briefly men-
tioned.

[1] N. Burić, Ann. Phys. (NY), 233 (2008) 17 .
[2] M. Radonjić, S. Prvanović and N. Burić, Phys.

Rev. A, 84 (2011) 022103.
[3] M. Radonjić, S. Prvanović and N. Burić, Phys.

Rev. A, 85 (2012) 022117.



A Chain of Coupled Pendula Leading to Quantum Relativity
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Any conceptually closed quantum theory which
addresses the problem of a quantized space-time
structure faces the task of including “rulers” and
“clocks”as dynamical subsystems. In view of this
challenge, the sine-Gordon theory can serve as a
non-trivial toy model.

In addition, the sine-Gordon equation can be
formulated as the continuum limit of a classical
chain of coupled pendula in a constant gravita-
tional field and, therefore, can be quantized as a
nonrelativistic (Newtonian) theory.

The classical equations of motion for the an-
gular variable ϕi of the i-th pendulum in a chain
of harmonically coupled pendula (mass m, spring
constant D and gravitational constant g) read

m
∂2ϕi(t)

∂t2
= D

(
ϕi+1(t)− 2ϕi(t) + ϕi−1(t)

)
−g sinϕi(t) , (1)

which in the continuum limit becomes

∂2ϕ(x, t)

∂t2
= c2

∂2ϕ(x, t)

∂x2
− g sinϕ(x, t) (2)

with c2 = Da2

m (a being the distance between
two neighbored pendula). The continuum limit
is valid for c√

g � a. Equation(2) is Lorentz in-

variant in the sense that for any solution ϕ0(x, t)
also ϕv(x, t) = ϕ0(x′, t′) with

x′ = γ(x− vt), t′ = γ(t− v

c2
x), γ = (1− v2

c2 )−
1
2

(3)
is a solution. Nevertheless, from an external per-
spective this is still a Newtonian system.

The sine-Gordon equation has non-trivial solu-
tions [3] — solitons and breathers — which can
serve as intrinsic measures for spatial and tempo-
ral distances (the width of the solitons and the
period of the breathers, respectively). Due to
the transformation laws (Eq. 3), the width of a
moving soliton shrinks by a factor of 1/γ and the

period of a moving breather increases by a factor
of γ. Thus, for an external observer, Lorentz con-
traction and time dilation are directly observable
and measurable. However, “inhabitants” of this
(1+1)-dimensional world would experience a rel-
ativistic world. The transition from extrinsic to
intrinsic measures corresponds to the transition
from the Lorentz invariant Newtonian theory to
an intrinsically relativistic structure of space and
time in the sense of Einstein.

By making the spring constant D position de-
pendent, the theory even allows to discuss the
role of dynamical rulers and clocks in the back-
ground of a non-trivial geometry.

There are many ways to quantize this theory.
Proponents of Bohmian mechanics may want to
start from Schrödinger’s equation corresponding
to (Eq. 1)

i~
∂

∂t
Ψ({ϕi}, t) =

∑
i

(
− ~2

2m

∂2

∂ϕ2
i

+
D

2
(ϕi+1 − ϕi)2 − g cosϕi

)
Ψ({ϕi}, t)

and calculate the quantum potential and the tra-
jectories of the pendula.

The quantum sine-Gordon model is dual to a
massive Thirring model ([1, 4])

(−i~γµ∂µ −m)ψ(x) = gγµ(ψ̄(x)γmuψ(x))ψ(x)
(4)

(where ψ = (ψ1, ψ2) is a two-component spinor,
µ = 0, 1, and γ0 = σ1 and γ1 = −iσ2 are Pauli
matrices). The soliton solutions become the fun-
damental particles of the Thirring model.

Both, the quantum sine-Gordong equation and
the massive quantum Thirring model are inte-
grable by quantum inverse scattering methods
[2]. Therefore, the quantum sine-Gordon theory
provides an integrable toy model for dynamical
quantum rulers and quantum clocks.

[1] Coleman, S.; Quantum sine-Gordon equation as
the massive Thirring model; Phys.Rev. D 11
(1975) 2088–2097.

[2] Korepin, V.E., Bogoliubov, N.M., Izergin, A.G.;
Quantum inverse scattering method and correla-
tion functions; Cambridge Monographs on Math-
ematical Physics, Cambridge University Press
(1993).

[3] Lamb Jr., G.L.; Elements of solition theory, Wi-
ley, New York, 1980.

[4] Mandelstam, S.; Soliton operator for the quan-
tized sine-Gordon equation; Phys.Rev. D 11
(1975) 3026–3030.



Selfconsistent canonically quantized SU(3) Skyrme Model for Baryons
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The SU(3) Skyrme model is traditionally con-
sidered as a semiclassical system describing a
rigid quantum rotator with the profile function
being determined by the classical solution of the
SU(2) Skyrme model. In this work we go beyond
the semiclassical limit and quantize the model
canonically using the formalism of the collective
coordinates. The canonical quantization leads to
the establishment of purely quantum mass cor-
rections of the model that are absent in the semi-
classical approach [1]. These corrections are of a
fundamental importance. They are crucial in ob-
taining stable solitonic solutions of the quantum
SU(3) Skyrme model, thus making the model
selfconsistent. In contrast, in the semiclassical
approach where the quantum corrections are ab-
sent, the variation of the energy functional does
not lead to a stable solitonic solution.

The canonical quantization realizes the T.H.R.
Skyrme’s conjecture that mass (of pion) may
arise as a selfcosistent quantal effect [2]. These
quantum mass corrections play an important role
in obtaining an exponentially decaying asymp-
totic profile function which ensures the required
exponential decay of the mass density of the
quantum soliton. This can be interpreted as the
appearance the effective mass for the meson field.
Such treatment of the model conversely to the
semiclassical case leads to a family of the stable
solitons with quantum numbers that correspond
to the individual baryons in the baryon octet and

decuplet. Interestingly, the stability is preserved
even if the Wess-Zumino-Witten and the sym-
metry breaking terms are not included into the
model.

The SU(3) Skyrme model is parametrized by
four parameters, fπ, m2

0, m2
8 and e, which are

of phenomenological origin. The possible input
parameters for the model are the nucleon mass
mN = 939 MeV, the asymptotic nucleon mass
mas
N = mπ = 137.7 MeV, the mean nucleon

isoscalar (electric) radius 〈r2〉1/2 = 0.78 fm, and
the mass of one of the heavier baryons (e.g. mΛ or
mΣ). We began the fitting procedure with pro-
file function of the classical SU(2) Skyrme model
and found the integrals and parameters of the
SU(3) model by requiring to reproduce the phys-
ical properties of nucleon and arbitrary heavier
baryon. With new parameters we minimized the
energy functional and found the first approxima-
tion of the quantum profile functions. We re-
peated the iteration procedure until the conver-
gent solution of profile function, integrals and pa-
rameters are obtained. After fitting of the model
parameters to the input parameters the selfcon-
sistent stable solitons are found for a wide spec-
trum of baryons. Our numerical results of the
baryon mass spectrum and some other physical
parameters are in a good agreement with the ex-
perimental data.

[1] D. Jurciukonis, E. Norvaisas, D. O. Riska, J.
Math. Phys. 46, 072103 (2005).

[2] T. H. R. Skyrme, Nucl. Phys. 31, 556 (1962).



Simulating non-local correlations with local, non-positive models
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In 1964 Bell showed that it was impossible for
any reasonable, local theory to agree with the
predictions of quantum theory [1]: if quantum
theory gives accurate predictions of experimen-
tal observation then the universe is undeniably
non-local in some sense. This non-locality is
one of the more disconcerting phenomena to be
found in quantum theory, since it appears to
violate at least the spirit of Einstein’s theories
of Relativity.
However, it remains impossible to trans-
mit information superluminally via quantum
operations[2], hence quantum theory satisfies
a kind of “non-signaling condition”. Whilst
this goes some way towards a reconciliation
with Relativity, it turns out that there are
other conceivable non-signaling physical theories
which generate correlations that violate Bell’s
Theorem to an even greater degree[3].
An experiment involving many systems
A1, . . . , AN can be characterized by the
distribution p(a1, . . . , aN |x1, . . . , xN ), giving
the probability of party i obtaining outcome ai
when performing a measurement on system Ai
with setting xi.
The distribution p is said to be non-signaling if,
for any subset {i1, . . . , ik} of the systems, the
expression∑

ai1 ,...,aik

p(a1, . . . , aN |x1, . . . , xN ) (1)

does not depend on the values of xi1 , . . . , xik .
We say that p is quantum whenever it can be
acheived through measurements on quantum sys-
tems, i.e. there exists a set of POVM elements

M
(i)
ai|xi for each system i and a density matrix ρ

such that

p(a1, . . . , aN |x1, . . . , xN )

= tr
(
ρ
(
M

(1)
a1|x1

⊗ . . .⊗M (1)
a1|x1

))
. (2)

The set of quantum distributions is strictly
smaller than the full set of non-signaling distri-
butions. By understanding how quantum cor-
relations are unique within the full set of non-
signaling correlations, one can hope to build intu-
ition about the information theoretic properties
of quantum theory. It has recently been shown[4]
that a distribution p is non-signaling if, and only

if, one can find POVM elements M
(i)
ai|xi for each

system i, and a (not necessarily positive) trace-1,
Hermitian operator O such that

p(a1, . . . , aN |x1, . . . , xN )

= tr
(
O
(
M

(1)
a1|x1

⊗ . . .⊗M (1)
a1|x1

))
. (3)

The set of quantum correlations is then recov-
ered exactly by enforcing the positivity of O.
We show[6] that this result can be somewhat
strengthened: whenever p is non-signaling, there
in fact exists a set of POVM elements and an op-
erator O as before, so that all matrices involved
are simultaneously diagonalisable and expression
(3) holds. In this setting, all measurements
commute and the state is much like a classical
mixture of local states, except that some of these
states involve “negative probabilities”.
Moreover, we also prove a dual statement: p
is non-signaling if, and only if, there exists a
quantum state O and (not necessarily positive)

operators M
(i)
ai|xi , all diagonal in the same basis,

such that
∑
ai
M

(i)
ai|xi = I and (3) holds. In

this case O is separable and all measurement
operators are local, yet surprisingly non-local
distributions can still be simulated.
Locality can therefore be recovered in some
sense, by trading off the requirement that the
outcomes of unperformed measurements occur
with positive probabilities.

[1] J. S. Bell, “On the Einstein-Podolsky-Rosen para-
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[3] S. Popescu and D. Rohrlich, “Quantum nonlocal-

ity as an axiom,” Foundations of Physics, vol. 24,
pp. 379-385, 1994.

[4] A. Aćın et al, “Unified framework for correlations
in terms of local quantum observables,” Phys.
Rev. Lett., vol. 104, p. 140404, 2010.

[5] S. W. Al-Safi and A. J. Short, in preparation.



Pilot Qubit Based Quantum Satellite Communications
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From the engineering point of view, the quantum
circuits built from different quantum gates give
many possibilities to perform computational cal-
culations in a more efficient way than the nowa-
days used traditional computers [1]. Although
quantum computers are still the tools of the fu-
ture, there are promising quantum based appli-
cations, mainly in the field of communication [2].

An interesting question is how an efficient error
correction method can be realized over a noisy
quantum channel. There are many solutions,
e.g., the bit flip code, the Shor code, the Steane
code, however, they are redundancy based solu-
tions [3] [4] [5].

Our approach uses pilot qubits for the correc-
tion. In classical systems, the pilot bits help in
the coherent communication. The two commu-
nication parties either agree on the pilot bits,
or these bits are well-defined by the protocol.
Since these symbols and the specific multiplex-
ing scheme are known for the receiver, the re-
ceiver can use them for channel estimation, re-
ceiver adaptation and optimal decoding. One ex-
ample is the GSM system which uses 26 pilot bits
in every packet [6].

In our approach, pilot qubits and data qubits
are sent over a noisy quantum channel between
the two communication parties, Alice and Bob.
The protocol consists of two main parts, an ini-
tialization process and the communication pro-
cess. During the initialization process, Alice
sends pilot quantum bits through the quantum
channel, and Bob receives pilot states. Since the
channel performs a unitary transformation on the
quantum bit, the error of the channel will be en-
coded into the quantum state received by Bob.
The channel is considered to be constant dur-

ing the communication, which means Alice must
send the pilot qubits only once before the com-
munication. During the communication process,
Alice sends data qubit over the quantum chan-
nel. Bob receives a damaged qubit from Alice
and tries to correct it. In current quantum error
correction methods, Bob needs several redundant
qubits from Alice to restore the original qubit.
In this approximation, Bob does not need re-
dundant qubits from Alice, because he uses pilot
qubits to restore the original quantum bit with
a given probability. We showed how this prob-
ability can be increased using an l-length pilot
qubit register, and how Bob can construct the
necessary l-length pilot quregister from the sin-
gle pilot qubits sent by Alice. This error coding
technique can be useful in satellite-satellite quan-
tum communications.

As another aspect of the quantum based space
communication, we dealt with the theoretical
analysis of weak laser signal based satellite com-
munications. We took our current technology
into account, and we developed a physical model
to describe the quantum communication over
space-space, Earth-space and space-Earth links.
We analyzed the quantum bit error rate (QBER)
of different protocols, i.e., superdense coding,
BB84 and B92.
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tion MP1006 Fundamental Problems in Quan-
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Testing Quantum Theory with Chiral Molecules
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Although quantum mechanics has obtained
many successes since its formulation, it has also
generated puzzles that persist to this day. These
puzzles, which are clearly manifested in measure-
ment problem, are mainly connected to the lin-
earity of the dynamics and its validity. Coping
with these puzzles, some physicists believe one
has to modify quantum mechanics by some non-
linear corrections [1]. Recently there is great
interest in experiments to create quantum de-
localization and the superposition for of many-
particle complex systems, with the ultimate aim
of testing the validity of quantum linearity and
quantum-to-classical transition [2]. Here, we will
provide a new approach that can be used as a
guide to new experiments in this field.

We study the superposition of molecular struc-
tures of chiral molecules, as an example of inter-
nal quantum delocalization [3, 4, 6]. These su-
perpositions are conceptually different from the
usual macro-molecules superpositions which are
delocalized states of center-of-mass of molecules.
These are superpositions of internal molecular
variables. These superpositions are very sensi-
tive toward environmental perturbations. The
destruction of these delocalized internal states of
the molecules can also be related to nonlinear
quantum effects, e.g. the ones predicted by col-
lapse models [1].

To observe the fundamental nonlinearity, one
has to eliminate the environmental decoherence

effects as far as possible. Thus, the first challenge
is quantification of the environmental decoher-
ence effect. Several attempts have been made
to quantify the robustness of superposition of
chiral states toward the environmental perturba-
tions [6]. The methods proposed so far usually
demands quite heavy numerical calculations.

Using the quantum Brownian motion [6], we
first provide a simple and applicable method to
compute the dominant contribution to the value
of the decoherence effect due to the environmen-
tal scattering [3]. We envisage the superposition
of chiral states as the spatial superposition of
atoms or groups of atoms between two minima
of a double-well potential, where the chiral states
are given by localized wavepacket in each min-
ima. Thus, we were able to compute the environ-
mental decoherence effect with quantum Brown-
ian motion, and also to compute the fundamen-
tal collapse effects with Continuous Spontaneous
Localization model [1, 7].

To observe the fundamental collapse effects,
we suggest the hybrid of the phase-locked laser
pulses with the wavepacket interferometry (in
particular nonlinear spectroscopy in a supersonic
jet) where one is able, in principle, to observe
the decay of quantum coherence of chiral states
(i.e., the decay of spatial coherence between two
localized wavepackets) due to fundamental col-
lapse effects [7]. We provide the corresponding
quantifications and calculations.
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Quantum correlations have very intriguing
properties. First and foremost the concept of
non-locality that was first demonstrated in [1].
The hope of restoring a continuous picture us-
ing local variables was disproved by Bell’s origi-
nal work [2]. The possibility to explain quantum
correlations via hidden influences propagating at
a speed v > c has acquired a lot of attention
recently. The idea was brought forward by V.
Scarani and N. Gisin in [3]. However, the pa-
per demonstrated that in such a case and if no
local variables are involved, the influence could
not remain hidden and would therefore lead to
signalling. Very recently the proof could be ex-
tended to include the case where local variables
are involved too, see [5]. Quantum non-locality
played an important role in the argumentation
given. More precisely a quantum state that vio-
lates a certain Bell inequality was found by study-
ing the hidden influence polytope for 4 parties.
For the derivation of the main result, in other
words to establish the signalling property of such
a model, this inequality was crucial.

To be able to underline this result it would
be very favorable to find a quantum state whose
preparation is technically less involved and that
is more robust to noise in order to conduct a real
experiment. The combination of the evidence
provided by such an experiment and the work
mentioned above excludes a lot of directly con-
ceivable explanations of quantum correlations. It
is in the light of this conclusion that the search
of a suited quantum state gains its importance.

The starting point of these investigations was
given by the urge to find an accomplishable ex-
periment. The most promising approach is be-
lieved to be the case where only three parties are
involved. Therefore in the work at hand, a more
systematic study of the hidden influence polytope
in the three partite scenario was undertaken. We
conducted the search a long the same lines as
given in [5].

For the simplest scenario with binary inputs

and outputs, we show that the projection of the
non-signalling and the hidden influence polytope
coincide. A special case of this can be ruled out
by appealing to the monogamy of correlations as
was already pointed out in [4]. Here, however,
we rule out the possibility of quantum, as well as
non-signaling violations in general. In contrast,
in certain more general cases, non-signalling vio-
lations could be found. We broadened the area of
our studies by varying the number of inputs and
outputs. First promising results were achieved in
the three outputs case; interestingly, this could
already be achieved in the case where not all of
the parties make use of three outputs. There-
fore in the further course of this work the sce-
narios where the parties do not necessarily have
three outputs for each input were scrutinised in
more detail. Two of these more general poly-
topes could be characterised completely. Dur-
ing this procedure we encountered new families
of extremal points inequivalent to the local deter-
ministic strategies or the lifted PR box. For the
completely solvable cases we could either again
demonstrate that the polytope is equal to the
non-signalling one or we excluded the possibil-
ity of quantum violations. In other words no-go
results were achieved. Substantial progress was
made in the other scenarios were partial knowl-
edge of the hidden influence polytope could be
gained. In particular a list of inequalities could
be found that act as a separating hyperplane for
the projected hidden influence polytope. The lat-
est development was to extend the generalisation
to such an extent that one party possessed four
inputs that again were equipped with four out-
puts each. The analysis of this scenario is still
ongoing.

It remains an open question if a quantum state
violating the hidden influence constraints can be
found that is robust against noise as well as easily
producible experimentally.

TB acknowledges S. Wolf for insightful discus-
sions.
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Triple photon generation (TPG) is a third
order nonlinear optical interaction that corre-
sponds to the creation of three highly corre-
lated photons from the annihilation of a pho-
ton of higher energy through a nonlinear ma-
terial. This is the most straightforward way
to produce pure triple photon quantum entan-
gled states. Such states are Greenberger-Horne-
Zeilinger (GHZ) states, with a statistics going be-
yond the usual Gaussian statistics of twin states
[1]. They are therefore new powerful tools to
study the properties of quantum mechanics, and
also offer outstanding potential applications in
the field of quantum information.

In 2004, our group achieved the pioneer exper-
iment of TPG stimulated by two seeding fields in
a phase-matched KTP crystal [2]. In the present
analysis, we aim to study the fields created from
a sum-frequency generation (SFG) based on the
recombination of pairs or triplets of photons in
order to exhibit the quantum properties of the
triplet states, as the recombination-born field
holds information on the correlations of the fields
that gave rise to it [3].

Original quantum calculations have been per-
formed for both generation and recombination
schemes, following the work of B. Dayan in the

case of twin photons [4]. They allow us to know
all quantum field operators in any position of the
nonlinear crystal. We report both calculations
and latest experiments.

In particular, third-order and second-order
SFG are considered for triplet photons gener-
ated by parametric fluorescence and by stimu-
lated parametric generation. Our calculations
show that in the parametric fluorescence gener-
ation scheme, the quantum correlations of the
triplet photons induce a strong signature in the
spectrum of the SFG field, which is absent if clas-
sical fields are considered. However, in the stim-
ulated case, the nonclassical signature of triplet
photons depends on the optical intensity of the
stimulating fields. The SFG fields spectra in the
parametric fluorescence or low-injection gener-
ation schemes show a very preferential recom-
bination of triplet photons together, leading to
a three-photon summed field that is the exact
copy of the pump spectrum, and to a two-photon
summed field depending on the third nonsummed
field, due to energy conservation of each triplet
of photons.

These original studies points out the quantum
link triple photons share and open the door to
new fundamental results in quantum optics.

[1] D.M. Greenberger, M.A. Horne, A. Shimony and
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[3] A. Dot, A. Borne, K. Bencheikh, B. Boulanger,
and J.A. Levenson, Phys. Rev. A, under press
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Quantum physics is a unique source of a valu-
able property used in most of common cryp-
tography applications - randomness. Whereas
any device based on laws of classical physics can
provide only pseudorandom outcome (and thus
possibly correlated to some adversary), Quan-
tum Random Number Generators (QRNG) relay
on the intrinsic quantum randomness originat-
ing from measurements in complementary bases.
Even though QRNG reached a state where they
are commercially available, they partially rely on
classical post-processing and are potentially vul-
nerable against side-channels attacks.

However the intrinsic randomness is not the
only advantage of quantum physics if used for
cryptography. As we show here, a simple use of
a quantum channel in a prepare-measure setting
(where pure states of qubits are prepared and
they are measured exclusively in their bases) can
significantly enhance the security of communica-
tion by using a classically (or even quantumly)
prepared imperfect random key.

Imagine a following scenario. Alice would like
to send a secret bit to Bob, whereas they share
a secret random key with its level of randomness
expressed via the min-entropy

H∞(Z) = min
z∈Z

(− logPr (Z = z)) . (1)

We denote a source as (l, b)-source if it is emit-
ting l-bit strings drawn according to a probability
distribution with min-entropy at least b. Notice
that for b = l − c, the probability of each l-bit
string is upper bounded by 2c 1

2−l
and parameter

c is called min-entropy loss.

In the classical scenario, Alice would use the
random key to encrypt the bit and send it to
Bob. The probability of any adversary to cor-
rectly guess the bit is lower bounded by [1]

p ≥


1 for 2 ≤ c ≤ l
1
2 + 2c

8 for 2− log2 3 ≤ c ≤ 2
2c

2 for 0 ≤ c ≤ 2− log2 3.

(2)

In quantum scenario with one-qubit channel,

Alice would decode the secret bit into one of a
set of states of a qubit depending on the random
key. Bob, knowing the key, would just measure
the state in the correct basis and always decipher
correctly. The amount of information accessible
to the adversary is limited by his ability to adjust
his basis correctly and can be upper bounded by

p = 1− h/4 = 1− 2−c−1. (3)

In the Figure 1 we show the comparison be-
tween the classical and quantum bound. As one
can see, the security for the quantum scenario
is always higher than in the classical one, more-
over, quantum scenario allows for a certain level
of security even if only very weak randomness
is provided, which deeply contrasts the classical
results, where the loss of just two bits of random-
ness causes complete revealing of the transmitted
information. More detailed analysis can be found
in [2].

The work was supported by the SoMoPro
project funded under FP7 (People) Grant Agree-
ment no 229603 and by South Moravian Region,
by Czech Science Foundation GAČR project
P202/12/1142, as well as projects CE SAS
QUTE and VEGA 2/0072/12.

FIG. 1: Comparison of the probability of a success-
ful guess by the attacker, if Alice and Bob use classi-
cal channel (full line) and quantum channel (dashed
line).
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Unification theories, predicting extra dimen-
sions, have made the study of higher-dimensional
models of great importance. One surprisingly
simple question, which has not been completely
answered yet, is what happens to ordinary atoms
when more than the usual three dimensions are
present.

Although many existing articles cover the topic
of N-dimensional hydrogen atoms, the poten-
tial therein is mostly considered to be propor-
tional to 1/r, irrespective of the the number of
spatial dimensions. However, as many authors
have pointed out (see e.g. [3–6]), the physi-
cally more justified potential is that which corre-
sponds to the solution of Maxwell’s equations in
N-dimensional space, i.e. VN (r) ∼ r2−N . Ques-
tions of stability, arising by defining the hydrogen
potential in such a manner, are still open.

The present work focuses on the case of four-
dimensional spaces. First, we consider the extra
space-like dimension to be non-compactified. For
charge Z < 1 there are no bound states and for
Z > 1 the continuous spectrum is unbounded
from below. The latter fact is also shown by us-
ing a trial function. Hence, the hydrogen atom
is not stable if the additional dimension is non-
compactified (cf. [2, 3]).

However, the main scope of this work is to ex-
plore the consequences of one additional com-
pactified dimension for the stability of the non-

relativistic hydrogen atom, defined through the
potential

V (x) := −
∞∑

n=−∞

Z

x2
1 + x2

2 + x2
3 + (x4 − cn)2

where r2 := x2
1 + x2

2 + x2
3, cn := 2πn, see details

in [2].

We have argued that, as a result of compact-
ification, a lower bound is present in the en-
ergy spectrum and the four-dimensional hydro-
gen atom in a compactified universe is stable for
Z < 1, i.e. with the same critical charge as in the
non-compactified version. The rigorous approach
using Hardy inequality will be presented in [1]. It
uses a local modification of the Hardy inequality
and the KLMN theorem.

Finally, we argue that for Z > 1, the hydro-
gen atom is no longer stable. To show this, we
employ a trial function to show that the contin-
uous energy spectrum extends to minus infinity.
Details will be given in [1].
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Fractionalization of quantum numbers has at-
tracted a lot of attention in the last years, since
it was shown to be connected to most of the fun-
damental concepts in condensed matter physics,
such as conductivity, topological order, degener-
acy or criticality. The same applies to locality,
that is, those properties in quantum many body
systems arising from local interactions. Moti-
vated by a Quantum Information perspective, a
lot of effort has been devoted lately to under-
standing the complexity that these systems can
generate by showing, on the one hand, that they
are simple enough to obey an area law [1] and, on
the other, that they still keep enough complexity
to make their study intractable [2].

Quantum Information and, in particular, the
concept of entanglement, has produced a consid-
erable impact on the understanding of strongly
correlated quantum systems, shedding new light

on the behavior of quantum phase transitions,
topological order and renormalization. Many of
these contributions have been made using the so-
called Matrix Product States (MPS) [3, 4] and
their higher dimensional generalization [5], which
have proven to be the exact family of quantum
states needed to explain low energy sectors of lo-
cally interacting quantum systems.

In this talk, I will explain how using MPS the-
ory we can put on mathematical grounds the be-
lief that a large fractionalization of a quantum
number, such as magnetization, or the impossi-
bility of understanding a quantum state as the
ground state of a local Hamiltonian, must re-
quire large entanglement in the considered sys-
tem. This shows that MPS are powerful enough
to provide formal proofs of believed statements
on strongly correlated spin systems that were
lacking a mathematical treatment.
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According to quantum theory, measurements
generate random outcomes, in stark contrast
with classical mechanics. This raises the ques-
tion of whether there could exist an extension of
the theory which removes this indeterminism, as
suspected by Einstein, Podolsky and Rosen [1].
Although this has been shown to be impossible,
existing results do not imply that the current the-
ory is maximally informative. Here we ask the
more general question of whether any improved
predictions can be achieved by any extension of
quantum theory.

We make two assumptions:

Assumption QM: quantum theory is correct in
the sense that (a) measurement outcomes obey
the statistical predictions of quantum theory, and
(b) all processes within quantum theory can be
considered as unitary evolutions if one takes into
account the environment.

Assumption FR: measurement settings can be
chosen freely, i.e., to be independent of all vari-
ables not in their future lightcones.

Consider then a measurement which depends
on a setting A and produces an output X. Ac-
cording to Assumption QM, we can associate a
quantum state and measurement operators with
this process such that the distribution PX|A is
that predicted by quantum theory. An exten-
sion of quantum theory would provide us with
additional information, Z, that would enable a
better prediction of the outcome, X. Conversely,
if Z doesn’t provide better predictions, we have
PX|AZ = PX|A.

Main claim: under the above assumptions, no
extension of quantum theory can give more in-

formation about the outcomes of future measure-
ments than quantum theory itself.

The argument consists of three parts. In the
first two, we use a Bell-type setting, involving
measurements on a maximally entangled state.
We consider two spacelike separated measure-
ments, denoting the measurement choices A and
B, and the respective outcomes X and Y and,
as above, we introduce some additional informa-
tion, Z. In Part I of the argument, we show that
Assumption FR implies that PX|ABZ = PX|AZ
and PY |ABZ = PY |BZ . In Part II, inspired by
a result in quantum cryptography [2], we show
that for a particular set of bipartite correlations
(the chained Bell correlations [3, 4]), if the above
conditions hold, then there cannot exist any Z
that gives better predictions about the outcome
X. In the final part of the argument, we use the
second part of Assumption QM to argue that this
conclusion also applies to all measurements on an
arbitrary (pure) quantum state. Together, these
establish our claim.

We remark that several other attempts to ex-
tend quantum theory have been presented in the
literature, the de Broglie-Bohm theory [5, 6] be-
ing a prominent example (this model recreates
the quantum correlations in a deterministic way
but uses non-local hidden variables). Our result
implies that such theories necessarily come at the
expense of violating Assumption FR.

Our result has significance for the foundations
of quantum mechanics as well as applications to
tasks which exploit the inherent randomness in
quantum theory, such as quantum cryptography.

For more details, see the full paper [7], joint
work with Renato Renner.
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The boundary between the quantum and the
classical world is undoubtedly of fundamental im-
portance to a broad range of disciples from cos-
mology to quantum and atom optics to quantum
measurement theory. Impetus has been provided
on some of these fronts by developments in quan-
tum information science, which make available
tools for the direct observation of systems that
straddle the gap between the quantum and the
classical. In that spirit, I will discuss the presence
of quantum discord as a signature of quantum-
ness. The classicality of a state induced by quan-
tum discord is defined in terms of its eigenvec-
tors. This is quite different from the distinction
between separable and entangled states, which
pays no attention to the properties of the joint
state’s eigenvectors; a state is separable if and
only if it has an ensemble decomposition- not an
eigendecomposition - in terms of product states.
Interestingly, for pure quantum states, these two
conditions, based on discord and entanglement,
coincide. This reveals that mixedness, or the lack
of purity of a quantum state must play a fun-
damental role in deciding the quantum-classical
boundary. This is a facet of the problem that is

rarely explored, but I will discuss.

Quantum information science provides us
with an operational perspective for exploring
the boundary between quantum and classical
physics. More concretely, given a particular in-
formation processing task, if a system or strat-
egy can perform it better than the best known
classical system or strategy, then the system or
strategy should be considered non-classical. Ev-
idently, the notion of non-classicality is task de-
pendent. I will discuss instances from computa-
tion [1] and communication [4] that flesh these
out in detail. The presence of quantum entan-
glement is often seen as a definitive signature of
quantumness or non-classicality in a system. As I
will discuss, it now appears that this may not be
the whole story, and in fact, certain non-classical
advantages can be availed from systems with lim-
ited or no entanglement. I will dwell upon some
of the possible issues that this raises [3, 4] and the
role that more general notions such as quantum
discord or other measures play in the demarca-
tion of the quantum classical divide.
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Collapse models are phenomenological mod-
els developed to solve the measurement prob-
lem in Quantum Mechanics. In these models,
one assumes that the wave function undergoes
a spontaneous collapse in space. In order to
describe this collapse process, one has to mod-
ify the Schrödinger equation, by introducing new
non linear and stochastic terms [1]. Accordingly,
collapse models make different prediction than
Quantum Mechanics, so they can be tested. In
recent years there was an increasing attention on
looking for possible experiments where the col-
lapse effect can be seen [2]. Here we will work
with the Continuous Spontaneous Localization
(CSL) and the Quantum Mechanics with Univer-
sal Position Localizations (QMUPL) models. In
this models it is supposed the existence of a noise
field that is coupled with every physical system
in a non linear and stochastic way. The direct ef-
fect of this noise field is to ensure that the wave
function associate to a macroscopic system will
be always well localized in space. In this way sit-
uation like the one described in the Schrödinger
cat paradox are forbidden, and the measurement
problem is solved. Moreover there are also indi-
rect effects due to this noise field that can be used
to test these models, like the spontaneous emis-
sion of electromagnetic radiation. The idea is the
following one: in quantum mechanics a system in
its ground stationary states can’t emit radiation.
Conversely in these collapse models every system
interacts with the noise field and this can induce
(if, as in ordinary matter, the system is made of
electrically charged particles) radiation emission.
The effect was computed with perturbative meth-
ods for the CSL model [3, 4] and in the exact way
for the QMUPL model [6] and it has been shown
to be very small. Anyway these two result, that
were expected to be the same, were different by
a factor 2. Moreover, when we use more realistic

models with colored noise (instead of the white
noise) this difference becomes even worse. Here
we will show that the origin for this discrepancy
is that perturbative computations, in the asymp-
totic limit t→∞, can’t be used naively. Indeed,
using the exact results found with the QMUPL
model, it can be show that there are some expo-
nential terms that, in the limit t→∞, goes to 0.
But the same terms, when computed with pertur-
bative methods, give finite contributions even in
the asymptotic limit. The physical reason of this
behavior is that the noise field interact always
with the system and so, even if this interaction
is very weak, when we take the asymptotic limit,
these effect becomes relevant and treat them as
perturbations is not correct anymore.

Another phenomena that could be used to
test the collapse models is particles oscillation.
This oscillation can be seen for every particles
with flavor eigenstates (the one that we found
when we perform a measurement) without def-
inite mass. In such case usually it is supposed
that the flavour eigenstates are superposition of
the mass eigenstates. Since each of the mass
eigenstates has different time evolution, there is a
non zero probability that an initial flavour eigen-
state end up in a different flavour eigenstate after
some time t. It has been show that in Quantum
Mechanics these probability oscillate in time [6].
Even in collapse models we expect to see this phe-
nomena, but with different probabilities, since
the time evolution of the mass eigenstates, due to
the interaction with the noise field, will be differ-
ent. We are still working on a final formula, but
some preliminary computation (and also theoret-
ical arguments) suggest that the oscillating term
should be dumped by an exponential factor, as
it was found in decoherence models [1, 7] and in
gravity induced collapse model [4].
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The study of accelerated atoms interacting
with a quantum field is a fundamental problem,
which has attracted a great deal of attention in
General Relativity. Even though it has been
treated extensively in the literature [1], it still
poses intriguing questions, as well as experimen-
tal challenges for the detection of quantum effects
induced by acceleration. Moreover, the emerging
field of relativistic quantum information has re-
cently increased the attention drawn to the topic,
and in particular the study of correlations and en-
tanglement in non-inertial scenarios [2]. A phys-
ical paradigm in this regime is the detection of
the Unruh effect [3], which, roughly, implies that
an atom accelerated in the vacuum of the field is
excited in the same way as an inertial atom in an
effective thermal field state.

With this work, we intend to show how sim-
ulations in the lab can be implemented for the
case of several accelerated emitters, where we
face a many-body situation which would require
a non-perturbative analysis, very relevant from
the point of view of relativistic quantum infor-
mation, but far beyond the reach of current com-
putational power for a relatively small number
of emitters. With that idea in mind, we estab-
lish an analogy between static quantum emitters
coupled to a single mode of a quantum field and
accelerated Unruh-DeWitt detectors. In particu-
lar, we show that system of accelerated atoms [4]
coupled to a bosonic field in the discrete mode
approximation [5, 6], shares interesting analogies
to time-dependent problems in quantum optics.
Our proposal relies on a periodic driving of single
emitters with a time-dependent amplitude. The
latter yields an effective time-dependence in the
emitter-field coupling which resembles that of an

accelerated relativistic particle.

Our work is motivated by the recent experi-
mental progress that has allowed physicists to de-
velop tools to control the dynamics of single emit-
ters coupled to fields in set-ups such as trapped
ions [7] or circuit QED [8] . The application
of those systems as analog-simulators of acceler-
ated atoms is particularly relevant to many-body
non-perturbative regimes, where numerical cal-
culations are difficult. Furthermore, the insight
gained by such analogies motivates the study of
physical effects that may be relevant to the exper-
imental detection of the Unruh effect. For exam-
ple, collective phenomena such as superradiance
[9, 10] (which are known to amplify the effective
coupling of a set of emitters to the field) could be
used to increase detection sensitivity of quantum
effects in non-inertial scenarios.

We start by presenting the Unruh-DeWitt de-
tector model to characterize an atom coupled to
a quantum field. Working in the interaction pic-
ture from the comoving atom reference frame, we
show how to account for a uniform acceleration
in the Hamiltonian. We then proceed to discuss
the possible physical implementations in trapped
ions and circuit QED. For both cases a model of
emitters with controlled time-dependent atom-
field couplings is presented, which, after some
approximations, yields an identical Hamiltonian.
Then, as an illustrative example, we analyze the
physics in the case of a single atom to predict
the outcome of simple experimental realizations
of our ideas. An analogy to a decoupling process
is explained in terms of the well-known Landau-
Zener formula. Some future research lines on the
topic will naturally emerge from our discussion.
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The feature of many body entanglement has re-
cently been recognized as a fundamental property
of a broad variety of systems. It appears in quan-
tum phase transitions and ionization procedures.
Even biological systems have raised questions as
to whether multipartite entanglement might be
responsible for their astonishing transport effi-
ciency. There are already numerous examples
of possible applications of this quantum feature.
In quantum information processing it facilitates
quantum computation, enables multi-party cryp-
tography and also plays a fundamental role in
many popular quantum algorithms.
In contrast to the well studied bipartite case,

the structure of multipartite entanglement is far
more intricate. Recently, new tools have been
developed to find out whether a given quan-
tum state is multipartite entangled. These how-
ever have strong limitations ( e.g only applicable
to pure states or require a full state tomogra-
phy). In multipartite systems it is of high im-
portance that criteria detecting multipartite en-
tanglement are experimentally accessible without
having to resort to a full state tomography, since
that would require an unfeasible number of mea-
surements.
At this conference I will present our main result,
i.e.: For 1 < m ≤ n

2 , the set of inequalities

Inm[ρ] =
∑
{γ}

|〈d{α}|ρ|d{β}〉|︸ ︷︷ ︸
O{α},{β}

−
√
〈d{α}| ⊗ 〈d{β}|Π{α}ρ⊗2Π{α}|d{α}〉 ⊗ |d{β}〉︸ ︷︷ ︸

P{α},{β}

−ND∑
{α}

〈d{α}|ρ|d{α}︸ ︷︷ ︸
D{α}

〉 ≤ 0

(1)

which holds for all biseparable states, where Π{α}
is the cyclic permutation operator acting on the
twofold copy Hilbert space, e.g. Π{1}|φ1φ2〉 ⊗
|ψ1ψ2〉 = |ψ1φ2〉 ⊗ |φ1ψ2〉 , {γ} = {({α}, {β}) :
|{α} ∩ {β}| = m− 1} and

ND = m · (n−m− 1) . (2)

The inequality is always maximally violated by

the corresponding Dicke state |Dn
m〉, with the

number of excitations m equal to |{α}|, with a
value of

Inm[|Dn
m〉〈Dn

m|] = m. (3)

[1] M. Huber, P. Erker, H. Schimpf, A. Gabriel
and B.C. Hiesmayr, Phys. Rev. A 83, 040301(R)
(2011)



Gauge: Quantum-Electromagnetic and Gravitational
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Unifying the four fundamental forces is a pri-
mary objective of modern theoretical physics. To
the extent that all four forces can be described
as gauge fields, gauge theory promises to realise
such a unification. However, the promise has
yet to be entirely fulfilled. In addition to tech-
nical differences in the mathematical represen-
tations of the four forces as gauge fields (see
[1]), there has been criticism of the conceptual
foundations of gauge theory. Two main points
of criticism concern (i) differences in the em-
pirical statuses of the symmetry transformations
associated with each force (ii) the explanatory
power of the “gauge principle” which claims to
infer the existence of fundamental forces from
symmetry requirements. By carefully develop-
ing an analogy between non-relativistic quantum-
electromagnetism (Q-EM) and general relativity
(GR) suggested by ’t Hooft in [2], we hope to an-
swer both points of criticism.

In [3], Brading and Brown claim that the
external transformations of space-time theories
have a different empirical status from the in-
ternal transformations of “typical” gauge theo-
ries (from which space-time theories of gravita-
tion are excluded). They argue that space-time
transformations have a clear active interpreta-
tion, whereas gauge transformations do not, in
this particular case the phase transformations of
Q-EM. We counter that the empirical status of
phase (gauge) transformations is obscured by the
quantum mechanical characteristics of the elec-
tromagnetic four-potential Aµ and the naturally
gauge-invariant formulation of classical electro-
magnetism. By relating a choice of gauge to
a choice of “coordinate system” on the internal
space, we show that coherent general notions of

active and passive transformations can be defined
which allow for both active and passive inter-
pretations of gauge transformations. As a re-
sult, we hope to revitalize the connection between
the Aharonov-Bohm effect and gauge transfor-
mations suggested by ’t Hooft and attacked by
Brown and Brading.

Criticism of the “gauge principle” abounds (see
for example [4] and [5]). Dissatisfaction stems
from the principle’s apparent ability to get some-
thing (the existence of a fundamental force) from
nothing (a symmetry requirement). We show
that the logic of the gauge principle has its roots
in Einstein’s principle of equivalence. We ar-
gue that, when supplemented with a demand
for background independence, the logical rela-
tion between the geometrization of fundamental
forces and symmetry requirements can be demys-
tified. The symmetry requirement necessitates
an a priori equivalence of coordinate systems
(on external and internal space), while the so-
lutions to the field equations (the “force-fields”)
break this symmetry by determining de facto
privileged coordinate systems [6]. The equiva-
lence of coordinate systems is understood with
respect to the form taken by the laws of physics
in the system. We conclude by deepening the
analogy between general relativity and quantum-
electromagnetism, supporting our argumentation
by an appeal to the fiber bundle formulation of
gauge theory. First we find an analogue in Q-EM
for the inertial coordinate system of GR, which
we call the standard gauge. We then apply this
notion to show that, just as in GR the local iner-
tial coordinate system is defined by gravitation,
in Q-EM the local standard gauge is defined by
electromagnetism.

[1] A. Trautman (1980), Fiber Bundles, Gauge Fields
and Gravitation, in A. Held (ed.) General Rela-
tivity and Gravitation, Vol. 1, New York: Plenum
Press
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Particle Physics in Discrete Space-time: Insights from Quantum Walks
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A single particle evolving in a local, unitary way
in discrete space-time is a particular example of
a quantum walk, which has been studied in con-
nection with particle dynamics in [1–4]. Surpris-
ingly, not only do these quantum walks display
behaviour similar to spin 1/2 particles, such as
Zitterbewegung [3], but for some simple cases the
continuum limit dynamics have been shown to be
identical to particles obeying the Dirac or Weyl
equation [1–4].

The Weyl equation in three space dimensions
is

i
dψ(t)

dt
= ~σ. ~Pψ(t), (1)

where ψ(t) is a two component wavefunction, the
three components of ~σ are the three Pauli matri-

ces, ~P is the momentum operator, and ~ = c = 1.

Essentially, translationally invariant quantum
walks are just quantum particles that live in dis-
crete space-time. So it is interesting that the
continuum limit dynamics of quantum walks can
have Lorentz symmetry, which poses the question
of whether these quantum walks can be used to
simulate physical particles. It also hints at the
possibility that space-time could be discrete.

One interesting result is that a local transla-
tionally invariant quantum walk on a lattice re-
quires an extra degree of freedom [5]; otherwise
the evolution shifts everything in the same direc-
tion, which is trivial, as it can be undone by a
simple change of coordinates. This extra degree
of freedom is analogous to spin or chirality.

Surprisingly, it is possible to show that any lo-

cal translationally invariant quantum walk with
a two dimensional extra degree of freedom obeys
the Weyl equation in the continuum limit (pro-
vided the continuum limit exists) in some inertial
frame [6].

To be more precise, this result entails embed-
ding the discrete theory into continuous space
and then taking a continuum limit. Then, by
rotating and rescaling the coordinate axes, and
possibly accounting for an overall shift, we see
that the evolution is always identical to that of
a particle obeying the Weyl equation in at most
three space dimensions, meaning the dynamics
has Lorentz symmetry.

Furthermore, an example showing that there
exist quantum walks that have the three dimen-
sional Weyl equation as their continuum limit dy-
namics (see [1]) has evolution operator given by

U = TxTyTz, (2)

where Ta = |↑a〉 〈↑a|Sa + |↓a〉 〈↓a|S†a, with a ∈
{x, y, z}; |↑a〉 and |↓a〉 are eigenvectors of the
Paul matrix σa with eigenvalue +1 and −1 re-
spectively; and Sa shifts the state by one lattice
site in the positive a direction, while S†a shifts the
state by one lattice site in the negative a direc-
tion.

These results naturally prompt the question of
how to study interacting theories of particles or
fields in discrete space-time. This problem is con-
sidered, for example, in [7] from the viewpoint
of Quantum Cellular Automata. This approach
is not straightforward, however, as discretizing
fermions is highly non-trivial.

[1] Iwo Bialynicki-Birula, Weyl, Dirac, and Maxwell
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Stochastic Schrödinger equations (SSEs) are a
powerful mathematical formalism which allows
for insight into physical systems, like e.g. col-
lapse models [1]. Aim of these models is to give a
unique dynamical description, which reproduces
both Quantum Mechanics for microscopic ob-
jects, and Classical Mechanics for macroscopic
ones. This goal is achieved by modifying the
Schrödinger equation introducing new stochastic
terms. The noise is responsible for the wave func-
tion collapse: it kills superpositions and localizes
the wave function in a small region of space.

Another interesting field of application of SSEs
are open quantum systems (OQSs). It is known
indeed that every Markovian master equation al-
lows for a stochastic unraveling, i.e. a SSE whose
ensemble of solutions is described by the starting
master equation. This means that a SSE can be
used to effectively describe the evolution of an
OQS, where the noise simulates the environment.

The SSEs approach is very useful because if
one assumes the noise term to be non-white (i.e.
a noise with a general time correlation function),
one can study the behavior of non-Markovian dy-
namics [2–4]. Furthermore, this is one of the few
methods which allow for an analytic treatment of
these non-Markovian dynamics. In this regard,
some technical difficulties arise since Itô calculus
can be exploited to solve only SSEs with white
noises. This problem is solved by transforming
it into a path-integral problem, which can be ex-
actly solved [4, 6].

In a recent work [6], the problem of the solution
of the following non-Markovian dissipative SSE
has been addressed:

d

dt
φt =

[
− i
~

(
H +

λµ

2
{q, p}

)
+
√
λ
(
q + i

µ

~
p
)
wt

−2
√
λq

∫ t

0

dsD(t, s)
δ

δws

]
φt , (1)

where H is the Hamiltonian of the system, q,

p are respectively the position and momentum
operator, wt is the noise and D(t, s) its corre-
lation function. λ and µ are two coupling con-
stants which set respectively the strength of the
interaction with the noise and of the dissipative
effects, {·, ·} denotes the anti-commutator, and
δ
δws

is a functional derivative with respect to the
noise at time s. Such SSE describes, on the one
hand, the dynamics of a collapse model where the
collapsing field has physical features: a colored
spectrum (non-Markovian) and finite tempera-
ture (dissipative). On the other hand, Eq. (1)
describes an OQS interacting with a finite tem-
perature environment, with non-flat spectrum.

We were able to find the general solution of
Eq. (1) for an harmonic oscillator. The strat-
egy we adopted is the following: we wrote the
solution of Eq. (1) in terms of its Green’s func-
tion, and we expressed the Green’s function itself
in terms of a path-integral, which we eventually
computed. The one we obtained is a completely
analytical result and, as such, a very important
achievement. We were able to compare the col-
lapse process of this model with those of previ-
ous models, showing that in the non-Markovian
dissipative model the collapse is slower. This is
mainly due to the fact that the noise is less en-
ergetic than in the other models. The reason is
twofold: first, since the noise is non-Markovian,
high-energy components of the spectrum are sup-
pressed; secondly dissipation makes the interac-
tion with the noise less effective. For further de-
tails, the reader can refer to [6].

An explicit expression for the master equation
is not available yet. The reason is that, due to the
presence of the momentum operator, one cannot
exploit standard techniques to derive the master
equation from Eq. (1) or from its solution. This
problem will be the subject of future research.
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UV Completion by Classicalization and the Quantum N-Portrait of
Black-Holes
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We review the idea of ”Classicalization” intro-
duced in [1] that provides a novel approach to the
UV-Completion of a class of non-renormalizable
field theories. In these theories, the high-energy
scattering amplitudes get unitarized by produc-
tion of extended classical configurations that are
fully described by the low energy degrees of free-
dom. In this framework, Einstein’s Gravity is
self-complete in the deep UV, but not in the
Wilsonian sense [2, 3].

Furthermore, it has been recently proposed in
[4, 5] that it’s possible to establish a measure of
classicality in the form of the occupation num-
ber, N , of gravitons in a gravitational field. In
the large N limit, this provides a complete quan-
tum mechanical description of a black-hole. In
this picture, classical background geometries can
be viewed as Bose-Einstein condensates of soft
gravitons, and the depletion of this condensate
gives rise to Hawking radiation, with the thermal

spectrum recovered in the limit N =
(
M
Mp

)2

→

∞ with rs =
√
NLp fixed. Within this picture,

we seek to explain the phenomena of:

Thermality: Hawking radiation emerges as a
process in which a single graviton gains an above-
threshold energy by scattering off the collective
potential. This gives the evaporation rate of a
black hole given by

dN

dt
= − 1√

NLp

(
1 +O

(
1

N

))

Bekenstein-Hawking Entropy, in which we
have a degeneracy of N -graviton states that scale
exponentially with N ;

UV Self-Completeness by Classicaliza-
tion, where any few particles state of trans-
Planckian center-of-mass scattering at small im-
pact parameter (b < rs) energy will necessarily
evolve into an N -graviton state of degeneracy eN .
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In considering the validity of quantum theory
at macroscopic scales, Leggett and Garg (LG)
provided a test for quantum coherence: their cel-
ebrated inequality [1]

K12 +K13 +K23 + 1 > 0. (1)

Applying the inequality involves studying the
time evolution of a two level system: Q(ti) = ±1
depending on the state of the system at time ti
and Kij = 〈Q(ti)Q(tj)〉 quantifies the degree to
which the system correlates with itself over time.
If (1) is satisfied, then one can understand the
evolution as a classical binary system stochasti-
cally flipping from one of its states to the other. If
(1) is violated, then one or both of the following
assumptions (under which the inequality is de-
rived) is false: Realism: the system is in exactly
one of its two possibilities at any given time (R),
or Non invasive measurability: it is possible to
measure the state of the system without chang-
ing its subsequent evolution (NIM).

The failure of R represents a signature of quan-
tum coherence - the existence of superposition
states. The violation of (1), however, is also com-
patible with a failure of NIM and so may arise
from a clumsily measured classical system. The
nature of the measurements used to determine
if (1) is satisfied are therefore very significant.
Along with the inequality, LG provided an in-
genious measurement scheme involving ‘null re-
sult’ measurements: one uses a measuring device
which only interacts with the system if it is in the
first of its two possible states, and post-selects
runs where the detector does not click. One then
uses a complementary device which only interacts
with the second possibility, again post-selecting
for runs where no interaction was reported.

The true interest here is in testing LG’s in-

equality in macroscopic systems. This is in light
of several ‘macro-realist’ theories which hold that
quantum theory (the undisputed champion of the
micro-world) breaks down somewhere between
the level of atoms and of human observers, e.g.
on the mass scale [2] or when the number of par-
ticles involved becomes large [3, 4]. The inequal-
ity has been applied to many experimental sys-
tems. To date only one experiment (involving
a superconducting ‘transmon’ qubit) could claim
to be macroscopic [5]. The approach taken in
that particular experiment, and in other proof-
of-principle experiments in microscopic systems
with photons [6, 7] and nuclear spins [8], was de-
ficient. In these cases, null result measurements
were foregone in favour of spurious weak mea-
surements and/or the additional (and highly re-
strictive) assumption of ‘stationarity’ [9].

A demonstration without these shortcomings
was reported in [10]. There the inequality was
generalised to tolerate a low level of corruption
in the null measurement postselection. An iso-
topically pure Si28 crystal impregnated with 1010

Phosphorous impurities consists of an ensemble
of coupled spin- 1

2 qubit pairs: the donor P nuclei
‘adopt’ an electron spin from the bulk, which can
act as the measurement ancilla. By Zeemann-
splitting the spin-state energies in a static field of
3.4T, and cooling the sample to less than 3K, the
corruption in the measurement ancilla was low-
ered to a level where a falsification of R ∩ NIM
was possible in principle. High fidelity control
techniques were then used to manipulate the nu-
clear spin (with radio-frequency) and the electron
spin (with microwave radiation), and a viola-
tion of several standard deviations was extracted.
This experiment paves the way for rigorous ex-
periments on more macroscopic objects.
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In May of 1935 Albert Einstein published to-
gether with Nathan Rosen and Boris Podolsky
his famous EPR paper [1]. In July Einstein pub-
lished together with his assistant Nathan Rosen
a paper which became also famous: The Par-
ticle Problem in the General Theory of Relativ-
ity [6]. In this paper Einstein and Rosen found
the famous Einstein-Rosen-Bridge solutions of

the field equations of general theory of relativity.
Einstein intended to explain elementary particles
with those solution. It is remarkable that both
papers have been published short after each other
and both ask for completeness as foundation of
a theory. We will discuss the relation between
those papers and what it tells us about Einsteins
view of reality.

[1] Einstein, Podolsky, Rosen Can quantum mechan-
ical description of reality be considered complete,
Physical review, 1935

[2] Bohr Can quantum mechanical description of re-
ality be considered complete Physical review, 1935

[3] Heisenberg The development of the interpretation
of quantum theory in ”Niels Bohr and the Devel-
opment of physics”, 1955

[4] Bohm Wholeness and implicate order, 1980
[5] Einstein, Rosen The Particle Problem in the Gen-

eral Theory of Relativity, Phys. Rev. 48, 73 1935



Foundations of quantum mechanics from superstring theory
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Superstring theory (ST) is an advanced ap-
proach toward formulating a theory of quan-
tum gravity, though the 4-d case is still obscure.
Highly non-trivial merge of quantum mechanics
(QM), quantum field theory, general relativity,
geometry, topology and others is realized within
ST such that new mathematics is born. This new
perspective sheds light also on fundamental ques-
tions in QM. We follow this point of view and
observe that i) ST teaches us that geometry is
usually nontrivially involved in the constructions,
ii) non-commutative coordinates appear at some
limits, iii) non-trivial B-field is responsible for
both, new geometry and the non-commutativity
[3]. These indications together with the work
on non-standard smoothness on trivial R4 in ST
(see, e.g. [1, 2, 10–12]), shows that there pre-
sumably exists a fundamental level of ’quantum’
geometry based on exotic R4. The reason is that
exotic R4’s generate non-trivial classes of B-field
and abelian gerbes on S3. Moreover, the non-
commutative geometry is inherently assigned to
small exotic R4’s from fixed radial family, via spe-
cial codimension-1 foliations of S3, namely those
with non-vanishing Godbillon-Vey class.

On the other hand, QM is usually formulated
such that its connection with geometry of space-
time is at best vague. Even though ST may shed

light on the relation, our present understand-
ing of this is fragmentary and limited. We pro-
pose and discuss the indications how to proceed
while working on this problem at very basic level.
First, the calculation of the Polyakov path inte-
gral in bosonic strings contains miracle expres-
sion 1 + 2 + 3 + ... = − 1

12 , which is Riemann

ζ-function renormalization, i.e. ζ(−1) = − 1
12

(see, e.g. [13, 14]). The consistent dealing with
this kind of expressions and subsequent deriva-
tion of physical predictions from them, can be
linked to a shift between models of Peano arith-
metic. Such shifts were analyzed some time ago
in context of formalism of QM where also set-
theoretic forcing became important (see, e.g. [4–
6, 8, 9]). Second, one can argue that small exotic
R4’s, as grouped in a radial family, act on mod-
ular functions which, in turn, appear as correla-
tion functions of string theory. This is low level
impact of 4-geometry on string theory quantum
expressions. Finally, set theoretical forcing again
appears as a tool for analyzing special model-
theoretic structures on manifolds, which were re-
lated to exotic R4’s (see, e.g. [6, 7]). Thus, QM
formalism, 4-geometry and string techniques are
correlated non-trivially at very basic set theoretic
level.
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The Copenhagen quantum mechanics is to be
refused on the basis of internal contradictions
following from the assumptions added by Bohr.
Also the inequalities derived by Bell have been
mistakenly interpreted. Consequently, the criti-
cism of Einstein based on ontological approach
has been quite justified. And the so called
hidden-variable theory being equivalent to stan-
dard Schroedinger equation (without adding any
deforming assumptions concerning the Hilbert
space) may be taken as the common theory of the
reality, i.e., of the microscopic as well as macro-
scopic processes. And the physical picture is
practically equivalent to that of classical physics;
only the set of physical states being partially
limited due to energy quantization. The ba-
sic Schroedinger states being determined always
by one Hamiltonian eigenfunction are equivalent
to solutions of Hamilton equations, while their
superpositions correspond to mixtures of corre-
sponding simple classical states [1, 2].

It means that the Schroedinger equation may
provide phenomenological description of physical
situation only. And the new stage of microscopic
physical research should be started that would
contribute to explaining physical mechanism of
quantum phenomena. E.g., in the case of atom
spectra it is not more possible to look only for
some phenomenological agreement of Coulomb
potential with experimental data. It is neces-
sary to go a step deeper and to try to explain the
actual mechanism leading to emergence of quan-
tum states. It is evident that the mere Coulomb
potential is quite insufficient to explain it. Some
short-range repulsive effect (or force) must exist
between electron and proton at small values of
kinetic energy. The other questions concern then
transition mechanism between quantum states
and also correlations between energy and angu-

lar momentum. The attention must be devoted
to values of spins and rest masses of individual
objects and systems, too. However, the physical
particles cannot be interpreted as mathematical
artifacts, but as realistic ontological objects with
given space dimensions and internal structures.

Main attention should be devoted to hydrogen
atom. And the important question should con-
cern the problem how the existence of quantum
states may be influenced by proton structure. It
is necessary to analyze corresponding data from
experiments that might help in this direction;
mainly elastic collision experiments may be very
helpful. However, it is not more possible to look
for a phenomenological description of measured
values only, but for the interpretation of corre-
sponding processes on ontological basis.

However, it may be also helpful to answer the
question how it was possible that the Copen-
hagen alternative was influencing scientific think-
ing greater part of the past century. It followed
from the fact that two different kinds of quantum
physics have existed; one based on the Copen-
hagen quantum mechanics and looking for the
support of quantum paradoxes and the other one
solving in principle successfully different physical
and technological problems on the basis of stan-
dard Schroedinger approach (without mentioning
it explicitedly). It is possible to say that it fol-
lowed from the fact that the scientific thinking in
the modern period was fundamentally influenced
by mathematical philosophy of Descartes refus-
ing ontological approach. It was also the reason
why also Einstein’s criticism based on ontological
argument has been refused by scientific commu-
nity. And our main contemporary task consists in
devoting more attention to the ontological prop-
erties of individual physical objects.
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The quantum fluctuations of the inflaton are currently considered as the seeds for cosmic structure
and their traces are observed in the cosmic radiation background. This idea faces a conceptual
difficulty in that the proposal does not contain any mechanism capable of braking the homogeneity
and isotropy characterizing the primordial (quantum) state of the Universe. In previous works,
it was proposed that a self induced spontaneous collapse of the wavefunction of the inflaton field,
would offer a mechanism for the generation of the primordial inhomogeneities. We will present here
a novel type of signature in the primordial spectrum, characterizing some unusual statistical aspects
that according to these ideas would possibly be associated with the collapse process.

The major success of the inflationary model is
to “naturally explain” the origin of the seeds of
comic structure. Nevertheless, the standard pic-
ture suffers from a conceptual drawback [1]: the
Universe is quantum mechanical and, thus, its
classical description has to be considered as a col-
lection of imprecise characterizations of complex
quantum mechanical states. Our Universe today
is certainly well described, at the classical level,
by an inhomogeneous and anisotropic classical
state. In other words, such description must be
regarded as a concise and imperfect description of
an equally inhomogeneous and anisotropic quan-
tum state. Therefore, if we want to truly con-
sider a theory, in which the early quantum state
of the Universe was perfectly homogeneous and
isotropic (i.e symmetric), then we need to provide
and explanation of why the quantum state that
describes our actual Universe lacks such symme-
tries. Since there is nothing in the dynamical
evolution (as given by the standard inflationary
approach) of the quantum state that can break
those symmetries, then we are left with an in-
complete theory.

In order to address the previous issue, the au-
thors in [1], considered the self-induced collapse
hypothesis. That is, an auto-collapse of the wave
function of the initial quantum state would be
responsible for the departure of the original sym-
metries; they also suggested, inspired by the
ideas of Penrose and Diósi, that gravity could be
responsible of the self-induced collapse. At this
stage of the analysis, the precise physical nature
of such collapse mechanism has not been consid-
ered, however, the analysis was advanced using
phenomenological approach: That is, by char-
acterizing the expectation values of each mode
of the inflaton field ŷ~k (and its canonical conju-
gated momentum π̂~k), in the post-collapse state
|Θ〉, the details of the spectrum can be predicted.

Thus writing 〈ŷR,I~k
(ηck)〉Θ = xR,I~k,y

√
(∆ŷR,I~k

)2
0,

〈π̂R,I~k
(ηck)〉Θ = xR,I~k,π

√
(∆π̂R,I~k

)2
0, where R, I de-

notes the real and imaginary parts of the field,
respectively; ηck is the conformal time of collapse;

(∆ŷR,I~k
)2
0, (∆π̂R,I~k

)2
0 are the uncertainties of each

mode of the field momentum operators in the vac-

uum state; and xR,I~k,y
, xR,I~k,π

are random variables

with a distribution which in principle might be
non-Gaussian, i.e. different modes could be cor-
related.

In [2] a detailed analysis of the collapse pro-
posal indicated that within each set of ran-
dom variables, it would be natural that a cor-

relation between the modes ~k and 2~k would
emerge (and also of course between ~k and
~k/2). This correlation could induce a “small
non-Gaussianity” in the probability distribution
function of the random variables, where the
“smallness” is characterized by the introduc-
tion of a parameter ε. Furthermore, in [3],
we have shown that the observable quantity
Ol, commonly known as the primordial angu-
lar power spectrum, that is related to the tem-
perature anisotropies in the CMB, would then
be modified to: Ol ∝ 1 + εG(l), with Gl ≡
l(l+1)9

√
πΓ(l)/[25/2+lΓ(l+3/2)] 2F1(l,−1/2; l+

3/2, 1/4); the function 2F1(a, b; c, z) is known as
the Hypergeometric function. This is a deforma-
tion from the flat spectrum predicted by the tra-
ditional inflationary model. This signature, due
to modified statistical correlations between each
one of the modes, induced by the collapse mech-
anism, could be in principle searched for observa-
tionally. This shows that the conceptual difficul-
ties in the standard inflationary scenario are not
“just philosophy” but are related to observational
issues. Thus, confronting those problems, open
possible paths to insights about more fundamen-
tal aspects of the physical reality, in particular
in the uncovering the still unclear aspects of the
Quantum Theory.
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Time of flight measurements are very com-
monly performed, for example they are ordinarily
used in spectroscopy to determine the mass of un-
known analytes. In this kind of applications only
the mean value of the arrival time is measured,
and the corresponding theoretical description is
entirely classical.

In some special cases the whole distribution of
arrival times is resolved, but the theoretical de-
scription is usually borne from the simpler cases
and keeps a semi-classical approach. As an ex-
ample, consider a free particle that flies from the
source towards a detector with an initial spread
in position much smaller than the flight path, so
that at every run of the experiment the particle
travels approximately the same distance, and the
distribution of the time of arrival at the detector
is entirely due to the initial spread in momentum.
Therefore, a measurement of the time distribu-
tion is nothing else as a measurement of the ini-
tial momentum distribution. This simple reason-
ing is the standard procedure used for the data
analysis of this kind of experiments and gives well
confirmed predictions.

The problem arises when quantum interference
is relevant. Consider again the previous exper-
imental conditions, but suppose now that the
source emits a superposition of two wave packets
with slightly different momenta, such that they
still overlap when they reach the detector. The
detector is therefore inside the interference re-
gion, and the probability of finding the particle
in its vicinity oscillates in time as the interfer-

ence fringes pass it. The arrival time distribu-
tion should then also have an interference pat-
tern. Despite that, the momentum distribution
of the superposition of two freely evolving wave
packets with the same initial position does not
show any oscillation, and so does not the semi-
classical arrival time distribution as well.

To overcome this kind of problems it is needed
to abandon the semiclassical approach, in favor
of a genuine quantum description. Such a study
has been initiated long ago and has produced sev-
eral proposals for the theoretical prediction of the
outcomes of a time measurement, the most no-
ticeable being the one resulting from the applica-
tion of the orthodox Quantum Mechanics [1], and
the one coming from Bohmian Mechanics [2, 3].
All of these approaches suffer from some theo-
retical problems, on which the discussion is still
open, therefore an experimental investigation is
needed to clarify the situation.

We estimated in which conditions an experi-
ment of the kind described would be able to dis-
cern the interference effects, finding them very far
from present possibilities. We are current explor-
ing the alternative of using superpositions of spin
states instead of superpositions of wave packets
as detectable quantum feature in an arrival time
measurement. In this regard, we are studying a
recent experiment based on a spin echo set-up
where the arrival time statistic has been mea-
sured and for which the effect of the spin preces-
sion is clearly visible [4].
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Bell tests [1] — the experimental demonstra-
tion of a Bell inequality violation — are central to
understanding the foundations of quantum me-
chanics and have played an important role in the
development of quantum technologies. In a quan-
tum Bell test, two (or more) parties perform local
measurements on an entangled quantum state.
After accumulating enough data, both parties
can compute their joint statistics and assess the
presence of quantum nonlocality by checking for
the violation of a Bell inequality. Although en-
tanglement is necessary for obtaining nonlocality
it is not sufficient. Even for sufficiently entangled
states, one needs judiciously chosen measurement
settings. Thus although nonlocality reveals the
presence of entanglement in a device-independent
way, that is, irrespectively of the detailed func-
tioning of the measurement devices, one generally
considers carefully calibrated and aligned mea-
suring devices in order to obtain a Bell inequality
violation. This in general amounts to having the
distant parties share a common reference frame
and well calibrated devices.

Although this assumption is typically made im-
plicitly in theoretical works, establishing a com-
mon reference frame, as well as aligning and
calibrating measurement devices in experimen-
tal situations are never trivial issues. For in-
stance, in the context of quantum communica-
tions via optical fibers, unavoidable small tem-
perature changes induce strong rotations of the
polarization of photons in the fiber. This makes
it challenging to maintain a good alignment,
which in turn severely hinders the performance

of quantum communication protocols in optical
fibers [2].

It is therefore an interesting and important
question whether the requirements of having a
shared reference frame and calibrated devices can
be dispensed with in nonlocality tests. Here,
we further develop the idea proposed in Ref. [3]
and show, both theoretically and experimentally,
that neither of these operations are necessary: vi-
olation of the Clauser-Horne-Shimony-Holt-Bell
inequalities without a shared frame of refer-
ence, and even with uncalibrated devices, can
be achieved with near-certainty by performing
local measurements in randomly chosen bases.
We first show that whenever two parties per-
form three mutually unbiased (but randomly cho-
sen) measurements on a maximally entangled
qubit pair, they obtain a Bell inequality viola-
tion with certainty—a scheme that requires no
common reference frame between the parties, but
only a local calibration of each measuring de-
vice. We further show that when all measure-
ments are chosen at random (i.e., calibration of
the devices is not necessary anymore), although
Bell violation is not obtained with certainty, the
probability of obtaining nonlocality rapidly in-
creases towards one as the number of different
local measurements increases. Our experimen-
tal scheme makes use of the singlet state of two
photons prepared in a reconfigurable integrated
waveguide circuit [4], based on voltage-controlled
phase shifters. For further details of our work, see
Ref. [5] (see also the related work in Refs. [6, 7]).
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At the heart of any known quantum theory lies
a wave function. In a relativistic setting, one
would expect this wave function to live on config-
uration space R4N (for N particles). While such
a wave function is required by realistic quantum
theories such as relativistic Bohmian mechanics
[1] and relativistic GRW [2], it is not easily ex-
tracted from quantum field theory. The multi-
time formalism (first developed by Dirac in 1932
[3]) considers a set of N wave equations to de-

termine the wave function, reflecting the energy-
momentum relations for each of the N particles.
However, such a set of N wave equations has to
satisfy severe consistency conditions. So far, ex-
plicit multitime wave equations with consistent
interactions are only known for two particles [4].
The purpose of the poster is to clarify this situ-
ation as well as to emphasise the importance of
multitime wave equations for realistic quantum
theories.
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We study transmission of entangled photon
pairs through a diffusely scattering random
medium. The main state of light we are deal-
ing with is a two-photon state, entangled in fre-
quency, and produced experimentally by para-
metrical down conversion. We consider a slab
of disorder media where light is scattered before
reaching two output detectors. Using the scatter-
ing matrix theory with independent transmission
coefficients, following a gaussian distribution, we
study the transmitted light. Its properties are
characterized by the coincidence rate of photon
detection in two transmitted modes. We per-

form the statistical analysis of this rate, which
is a random quantity, and compare our results to
those for a pair of independent photons (separa-
ble state) or coherent (classical) state. This al-
lows us to clearly separate quantum and classical
phenomena in our results. On the one hand, we
show that using entangled photons may be ben-
eficial to probe stationary random media as well
as media evolving in time. On the other hand,
two-photon speckle patterns contain information
about the incident entangled state and can be
used to measure its degree of entanglement.
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Maxwell’s Equations as Mean Field Equations
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In this poster, we present the work done in [1],
where we are interested in the relation between
classical and quantum descriptions of the radia-
tion field created by a large system of charged
bosons. We consider the “microscopic” model
given by the non-relativistic quantum electrody-
namics, which means that, in this model, only the
radiation field is quantized. The “macroscopic”
model is given by the Hartree equation coupled
to the classical Maxwell’s equations. We apply a
new method of mean field analysis (see e.g. [2],
[3], [4]) for these two models. First, we define a

time-dependent comparing functional, which is a
tool to estimate an error made by switching from
the microscopic to the macroscopic model. Then,
under certain assumptions (some of which are left
without proof), we show that initially small er-
rors remain, for relatively small periods of time,
small. In this way, the classical Maxwell’s equa-
tions arise as a mean field limit from the equa-
tions of the non-relativistic quantum electrody-
namics. To obtain a clean proof for the chosen
microscopic and macroscopic models is not that
straightforward, but should be possible.
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The usual approach to the problem of carrying
out quantum measurements in general relativistic
settings has been the use of the so called Unruh-
DeWitt particle detector [1]. The problem with
this model is that it is very challenging to go be-
yond the common point-like approximation even
in the first order of perturbation theory [2].

We introduce a model of a detector that works
in a way similar to the way in which measure-
ments are modelled in quantum optics: by means
of localized projective measurements in quantum
fields but considering that they are defined in
generally curved spacetimes. Our detector can ei-
ther move inertially or accelerate. This detector
does not require perturbative approximations, it
gives direct information about a quantum state
at the time of measurement and only clicks when
particles to which it is sensitive are present [3].
Our model affords the ability to choose the size of
the detector while providing non-perturbative re-
sults and can be used to solved the locality issues
that appeared in the field of relativestic quantum
information [4, 5]

This detector model allows us to probe a single,
physically realisable state of the field. We show
how the model works by studying the simplest
case of the Minkowski vacuum state. We inves-
tigate the Unruh effect with a single accelerated
detector and study how a pair of such detectors
can extract nonlocal correlations present in the
vacuum. We will also explore the possible impli-
cations and outcomes in the field of relativistic
quantum information.

Thermal response of accelerated extended
detectors.– We consider a uniformly accelerated
detector in the presence of the Minkowski vac-
uum field. In this case the detector is assumed
to measure the mode ψD(ξ, τ) that is a func-
tion of the Rindler coordinates (cτ, ξ) related
to Minkowski coordinates (ct, x), x > |t|, by

the transformation:ct = c2

a e
aξ/c2 sinh aτ

c , x =
c2

a e
aξ/c2 cosh aτ

c , where a > 0 is an arbitrary pa-
rameter. We wish to interpret a as the proper ac-
celeration of the detector. This requires that the
mode ψD(ξ, τ) must be spatially localised around
ξ = 0. In addition, the spread must be small such
that all the components of the detector will ap-

proximatively experience the same proper time,
which coincides with Rindler time τ .

We can show that for the Minkowski vacuum
state, |0〉M, and an arbitrary shape of the mode,
ψD, the above count statistics is strictly thermal

P(n) = (〈d̂†d̂〉n)/[(1 + 〈d̂†d̂〉)1+n]. For a Gaus-
sian mode of spatial proper length L and with
frequency spectrum centred in NL/c we find that

kT ≈ }a
2πc

1

1− πc2/aLN
. (1)

One observes deviations from the Unruh temper-
ature formula [6] for finite N . This stems from
the fact that the energy of the mode is not well-
defined due to the finite-sizeness of the detector.
Large N , which corresponds to a peaked energy
spectrum, we recover the celebrated Unruh result
[6].

Vacuum entanglement extraction.– In order to
extract entanglement from the vacuum state we
consider two identical detectors coupled to local-
ized modes, one moving with proper acceleration
a > 0 in the left wedge of the flat spacetime
and the other moving with acceleration −a in
the right wedge. Both detectors are causally dis-
connected. We find that the measurement out-
comes carried out by the detectors are correlated
The entanglement estimator E that quantifies the
non-local correlations extracted by the detectors

[7]: E = log
∣∣∣〈d̂†I d̂I〉+ Re

〈
d̂I d̂II

〉∣∣∣ + C where

C is an arbitrary real constant factor. For the

modes in the limit of N � c2

aL � 1 the estimator
can be approximated by:

E ≈ −πc
2

aL

(
N − πc2

2aL

)
+ C. (2)

We know that the extracted entanglement must
vanish (E → −∞) as a → 0, although for fixed
N our approximations are not valid in this limit.
We find that the largest amount of entanglement
can be extracted from the Minkowski vacuum
state when the proper lengths and proper accel-
erations of the detectors are large and the fre-
quency numbers N are low.
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Inspired by the mathematical facts that a)
small objects are not just smaller than larger
objects of the same shape but also more 2-
dimensional (as indicated by the ratio of sur-
face area to volume), and b) in Euclidean Space
the representation of an object in a higher-
dimensional space takes on in the manner of an
actualizable potentiality all possible manifesta-
tions that depend on the dimension the object
intrinsically lacks, the framework presented here
derives the path integral for the simplest possible
case, a single free particle, from 5 axioms. This
framework, called the Dimensional Theory (DT)
[1][2], postulates that there exists a lower limit in
which spacetime reduces to a 2+1 version, which
for definiteness will be called areatime. Objects
in this limit are subject to a distinct metric inter-
val and consequently a distinct proper time. The
distinctness of their proper times from the proper
time of spacetime objects implies that areatime
objects do not ‘age’ in spacetime, and conse-
quently do not have spacetime histories in their
proper frames. Such objects are postulated to
manifest themselves in terms of all possible his-
tories, while the passage of time for such objects
to the passage of time for spacetime observers is
related via a certain symmetry that can be math-
ematically transformed to the standard quantum

phase ei
S
~ . Associating each history with a path

and each path with the phase factor finally leads
to the path integral.
The dimensional theory supplies a geometric un-
derpinning for the Copenhagen interpretation be-
cause it provides clearer, geometrically based an-
swers to issues which the under that interpreta-
tion remain obscure. For example, according to
it, i) ‘measurements’ reflect situations in which

objects that actually exist in areatime under cer-
tain interactions emerge in spacetime; ii) it is not
meaningful to assign definite properties to quan-
tum objects prior to a ‘measurement’ because
they do not actually exist in spacetime until they
are ‘measured’ iii) the ‘cut’ between the quantum
system and the classical observer reflects the fact
that the former is subject to the areatime metric
interval whereas the latter is subject to the space-
time metric interval iv) the uncertainty principle
arises from the fact that in the limit in which
space vanishes, spacetime does not vanish as well
but reduces to a constant quantity of variable
shape of areatime; and v) particles described by
the same non-separable wavefunction by virtue
of being associated with the same phase factor

ei
S
~ are associated with the same proper time,

and therefore the same areatime metric interval.
This means that they exist in the same region
in areatime until a measurement causes them
to emerge in different regions of spacetime, giv-
ing rise to the well-known correlations between
spacelike separated measurement outcomes with-
out violating special relativity.
This framework sharply segregates the domains
between quantum theory and general relativity
and has significant implications for understand-
ing the relation between quantum theory and
special relativity, as well as our most fundamen-
tal understanding of dynamic concepts such as
mass, energy and momentum. It makes defi-
nite testable predictions of phenomena which are
so unexpected that researchers are not currently
looking for them. In particular, it predicts that
radiation in transit does not produce gravita-
tional fields, much in contrast to the predictions
of general relativity [3][4][5][6][7][8].

[1] A Nikkhah Shirazi available at
http://hdl.handle.net/2027.42/86651 (2011)

[2] A Nikkhah Shirazi available at
http://hdl.handle.net/2027.42/83865 (2011)

[3] R Tolman et. al. Phys. Rev. 37, 602-615 (1931)
[4] A Peres Phys. Rev. lett. 59, 571-572 (1959)
[5] W Bonnor Commun. Math. Phys. 13, 163-174

(1960)
[6] P Aichelburg et. al. Gen. Rel. Grav. 2, 303-312

(1970)
[7] R Mallett Phys. Lett. A, 214-217 (2000)
[8] R Mallett Found. Phys. 33, 1307-1313 (2003)



Entropic Quantum Mechanics in a Relational Set

Andrej Nikonov (LMU)

Given a probability distribution one can assign
probabilities to particular events. But how
can we can come up with a distribution in the
first place? 1957 Edward T. Jaynes introduced
the Maximum Entropy principle as axiom of
Bayesian probability theory. It allows to select
the distribution which best represents our state
of ’knowledge’. Recently Ariel Caticha applied
this principle to derive Quantum mechanics.
In addition to the particles of interest x extra
variables y whose entropy S(x) depends on x
are assumed to exist. The Schrödinger equation
is derived from the coupled dynamics of the
x and y variables. Problems of this approach
concern the nature of the hidden variables that
also relate to specific probabilistic independence
conditions needed for the derivation.
Both the constraints that give rise to the specific
distribution and the extra y-variables can be
motivated further within a framework of a
relational set. This is basically a discrete graph
consisting of vertices representing events and
edges corresponding to causal relations. In
principle the idea is that such a graph might
both reflect configurations of particles and also
the emerging spacetime. Because its intrinsic

non-locality the nature of the hidden y-varibales
in the entropic approach to quantum mechanics
can be demonstrated. A possible extension of
the entropic derivation to relativistic quantum
mechanics or quantum gravity can also be
discussed within this framework.
In a broader sense the idea of the entropic
derivation of quantum mechanics and the given
approach is related to a question about the na-
ture of spacetime. It is the question if spacetime
is of absolute or relational nature. Of course
we already know that it is not absolute in the
Newtonian static sense, but it is dynamic and
matter can react back on spacetime. But still
we make use of spacetime by imagining it being
there independently of the matter that it hosts.
On the other hand Leibniz, Mach, Sciama and
others have promoted the view that spacetime
is of purely relational nature, that means that
particles have no position in spacetime, but
one relative to each other. This approach
might solve some inconsistencies regarding the
self-interaction of the electron or give a simpler
description of Newton’s bucket experiment.

[1] Caticha, A.,”Entropic Dynamics, Time and
Quantum Theory”, arXiv:1005.2357, 2010.

[2] E.T. Jaynes., “Probability Theory: The Logic of
Science”, Cambridge University Press, 2003.

[3] Barbour, J., Phister, H. “Mach’s Principle”,
Birkhäuser, 1995.



Universal entanglement witnesses and Schur-Weyl duality
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Entanglement is one of the features of quan-
tum systems that makes them different from their
classical counterparts. Even since the invention
of this concept there has been an ongoing debate
how to precisely define entanglement and quan-
tify entanglement for various physical systems.
Entanglement is usually identified with correla-
tions in the composite quantum system that are
stronger then any correlations that can be exhib-
ited by any classical system.
In my approach I elaborate the method of en-
tanglement detection that has been already dis-
cussed in the papers by Klyachko [1] and Kuś
[2]. The general idea is as follows. Consider a
Hilbert space H which describes some physical
system. Let K be the symmetry group repre-
sented by the representation π as a subgroup of
the full unitary group U (H). Because the global
phase factor of the wave function is irrelevant one
studies the action of K on the projective space
PH rather then on the Hilbert space itself. Pre-
cise forms of H , K and π vary and depend upon
a given physical situation. In this context one
understands the entanglement in terms of invari-
ants of the action of K in PH. Usually the group
K is a Lie Group (typically semisimple, compact
and simply connected) and because of that one
can use extensive machinery of the representa-
tion theory of Lie groups and Lie algebras [1–4].
In the theory of entanglement one is interested
in entanglement witnesses - these are invariants
of group action that distinguish between separa-

ble (classical) and entangled states [1, 2]. In the
presented work I give the construction of a par-
ticular class of entanglement witnesses that arise
naturally from purely group theoretical consid-
erations. They are constructed from the repre-
sentation of the second order Casimir C2 of the
group K on the symmetrized tensor product of
the Hilbert space H: H ∨ H. In order to com-
pute the representant of C2 one has to decompose
H∨H onto irreducible components with respect
to the action of group K. I present this decom-
position in three cases: distinguishable particles,
bosons and fermions. For bosons and fermions
the celebrated Schur-Weyl duality is used to com-
pute the decomposition.
Except for their group theoretical interpreta-
tion, obtained entanglement witnesses have also
a physical meaning. They can be used to com-
pute a K - invariant variance of a given state
Ψ ∈ PH which measures how “classical” the state
is. This connection is also discussed. Another in-
teresting feature of proposed entanglement wit-
nesses is that they can be computed from expec-
tation values of certain hermitian and mutually
commuting operators on two copies of a physical
state Ψ: Ψ⊗Ψ.
Presented work was done in the collaboration
with my supervisor prof. Marek Kuś. I grate-
fully acknowledge support from the National
Science Center through the project no. DEC-
2011/01/M/ST2/00379.

[1] A. Klyachko Dynamic symmetry approach to en-
tanglement, arXiv: 0802.4008 (2007)

[2] M. Kotowski, M. Kotowski, M. Kuś, Universal
nonlinear entanglement witnesses, Phys. Rev. A
81, 062318 (2010)

[3] A. Sawicki, M. Kuœ Geometry of the local equiva-
lence of states J. Phys. A: Math. Theor. 44 495301
(2011)

[4] B. C. Hall, Lie groups, Lie algebras, and repre-
sentations: an elementary introduction, Springer
(2003)



Quantum encryption with weak randomness using multi-qubit ciphertexts
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Devices based on measurement of quantum
systems are expected to provide uniformly dis-
tributed randomness, however, fail to do so in
practice. Uniform randomness is a valuable
resource and many cryptographic tasks heav-
ily rely on its availability. Nevertheless, real-
world random number generators – based on both
quantum and classical physics – require post-
processing and are potentially vulnerable against
side-channel attacks. These facts led to an in-
vestigation of the properties of non-uniform ran-
domness in cryptography.

As we have shown in our previous work [2], a
simple use of a quantum channel in a prepare-
measure setting (where pure states of qubits are
prepared and they are measured exclusively in
their bases) can significantly enhance the secu-
rity of communication by using a classically (or
even quantumly) prepared imperfect random key.
Here we extend the result for use of multi-qubit
channels and conjecture a unexpected outcome:
with sufficient length of the random key, any en-
tropy loss can be compensated by use of suffi-
ciently large channel to provide arbitrary secu-
rity.

In our scenario, Alice would like to send a
secret bit to Bob, whereas they share a se-
cret random key with its level of random-
ness expressed via the min-entropy H∞(Z) =
minz∈Z (− logPr (Z = z)). We denote a source
as (l, b)-source if it is emitting l-bit strings drawn
according to a probability distribution with min-
entropy at least b. Notice that for b = l − c, the
probability of each l-bit string is upper bounded
by 2c−l and parameter c is called min-entropy
loss.

In the classical scenario, Alice would use the
random key to encrypt the bit and send it to
Bob. The probability of any adversary to cor-
rectly guess the bit is lower bounded by [1]

p ≥


1 for 2 ≤ c ≤ l
1
2 + 2c

8 for 2− log2 3 ≤ c ≤ 2
2c

2 for 0 ≤ c ≤ 2− log2 3.

(1)

In quantum scenario with one-qubit channel,
Alice would decode the secret bit into one of a
set of states of a qubit depending on the random
key. Bob, knowing the key, would just measure
the state in the correct basis and always decipher
correctly. The amount of information accessible
to the adversary is limited by his ability to adjust
his basis correctly and can be upper bounded by
p = 1− h/4 = 1− 2−c−1.

By using more qubit channels, the possibilities
of Alice to choose the secret key are far bigger.
Here the optimization can be performed only nu-
merically for more than two-qubit channels and
the results are shown in Figure 1. Based in these
numerical results we conjecture that for any ε > 0
and c there exist n and l such that probability of
the attacker to guess correctly the ciphertext is
bounded by p < 1

2 + ε if n-qubit channel and
(l, l − c) random source is used.

The work was supported by the SoMoPro
project funded under FP7 (People) Grant Agree-
ment no 229603 and by South Moravian Region,
by Czech Science Foundation GAČR project
P202/12/1142, as well as projects CE SAS
QUTE and VEGA 2/0072/12.

FIG. 1: Comparison of the probability of a successful
guess by the attacker, if Alice and Bob use classical
channel and quantum channel with increasing num-
ber of qubits (from the top to bottom).

[1] J. L. McInnes and B. Pinkas. On the impossibility
of private key cryptography with weakly random
keys. In Crypto’90, pages 421–435, 1991.

[2] J. Bouda, M. Pivoluska, and M. Plesch. Encryp-

tion with Weakly Random Keys Using Quantum
Ciphertext arXiv:1109.1943v1, 2011.



Change of the Pancharatnam phase under unitary transformation and
application to a model three-level Γ-type system specified by a pair of

dipole-coupled excited states
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Interdependence of total, dynamic and geometric (Pancharatnam) phases of the state vector of
a quantum system that are determined in different representations is considered. One finds that
the phases calculated using two different bases of the Hilbert space, which are related by a time-
dependent unitary transformation, are not invariant under this transformation; rather they are
connected by nontrivial and well defined relations. We determine the general relationships between
the phases in different representations and then apply, and verify these transformations in the case of
the physically interesting model of the three-level Γ-type system specified by a pair of dipole-coupled
excited states.

FIG. 1: Comparison of the numerically calculated
geometric phases β(0, t) and β′(0, t), in radians, for
two different bases of the Γ-type three-level system,
unprimed and primed, respectively. The modifying
term β′′(0, t) as a function of dimensionless time t/T
(where T ≡ 2π/ω0 is the optical period) is repre-
sented by the curve labeled β′′(0, t). One finds that
the sum β(0, t)+ω1t+β′′(0, t) coincides with β′(0, t)
testifying to the validity of the relevant equation.

[1] M. Berry, Proc. R. Soc. A 392, 45 (1984)
[2] Y. Aharonov and J. Anandan, Phys. Rev. Lett.

58 1593 (1987)
[3] S. Pancharatnam, Proc. Indian Acad. Sci. A 44

247 (1956)
[4] M. Bernet and R. Parzynski, Phys. Rev. A 82,

023804 (2010)
[5] H. K. Avetissian, B. R. Avchyan and G. F.

Mkrtchain, Phys. Rev. A 77 , 023409 (2008)

This work was supported by the Ministry of
Education and Science of the Republic of Serbia
through the Project No. 171020.



A new experimental upper limit on λ parameter
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The Spontaneous Emission of radiation by
free electrons phenomenon arises from the direct
interaction of a free electron and a fluctuating
scalar field, postulated in the framework of Spon-
taneous Collapse theories as a trigger to obtain
the system wave function collapse and solve the
dualism problem [1]. The important role played
by this new phenomenon in checking such class of
theories is easily understandable considering that
its cross-section is a function of λ, a fundamental
parameter in the Collapse Master Equations.
Nowadays the strongest upper bound on λ is
set by the experimental search of spontaneous
X-ray emitted by the electrons in a low-energy
Ge-based experiment, presented in the work of
Q. Fu [2]. In this work we analyze this result and
present a new upper limit on λ parameter as a
result of the analysis done on data published by
the IGEX collaboration [3].

I. THE NEW EXPERIMENTAL UPPER
LIMIT ON λ

The IGEX experiment is a low-activity Ge
based experiment dedicated to the ββ0ν decay
research. The apparatus is detailed described in
ref. [4]. The IGEX collaboration has released
data for a total exposure of 80 kg day in the en-
ergy region 4-49 keV [3], used in this wok to re-
construct the histogram to be analyzed with the
following formula:

R(k) = (2.76× 10−15)× 4× (8.29× 1024)×
×(8.6× 104)× 80× λ/k (1)

The formula gives the number of emitted
photons by the 4 external Ge electrons in

counts/keV/kg/day for an exposure of 80 kg
day. Here k is the emitted photon energy
in keV, 2.76 × 10−15 = e2/4π2a2m2

e where
a = aGRW = 10−7m is the correlation length.
The new analysis brings the result:

λ < 1.5× 10−16s−1 (C.L. = 95%)

as the new upper limit on λ.
II. A CRITICAL REVIEW OF THE

PREVIOUS ANALYSIS

The simple analysis done in ref.[2] on data
coming from a first step of the IGEX experiment
[5], consist in the theoretical evaluation of the
expected rate R(k) at six different energies com-

pared with the observed data. This ÒpunctualÓ
evaluation of the rate at different energies, which
could be used to evaluate the order of magnitude
of λ and not a reliable upper limit, brings a bias.
The choice as the only trustworthy experimental
observable the point at 11.1 keV, neglecting the
others.

Strictly from the point of view of the anal-
ysis, in this way, there is an evaluation of a free
parameter (λ) using only one bin of the spectrum.
In terms of degree of freedom (d.o.f.) of the anal-
ysis, we have d.o.f.=0, so there isn’t enough in-
formation to evaluate correctly λ. Moreover, in
case of systematic error affecting a region or a bin
of the spectrum, it will affect the analysis result
in a strong way.

Ref.[6], where the experimental history of the
two Ge diodes of ref.[2] has been reconstructed,
shows that data analyzed by Fu are affected by a
Gain Stability problem and have to be corrected
(systematic), so the result λ < 0.55 × 10−16s−1

is questionable as estimate of the λ order of
magnitude, and not reliable as its upper limit.

[1] P Pearle et al., Phis. Rev. A . 39 (1989) 2277.
[2] Q Fu, Phys. Rev. A, 56 (1997) 1806.
[3] A Morales et al., IGEX Collaboration, Phys. Lett.

B 532 (2002) 814
[4] C E Aalseth et al., IGEX Collaboration, Phys.

Rev. C 59 (1999) 2108.

[5] H S Miley et al. Phys. Rev. Lett. 65, (1990), 3092.
[6] A Rizzo et al., arXiv:1112.1273v1 [quant-ph].



Estimating 2 qubit interaction in memory channel setting
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Let us have a quantum device, which accepts
a single quantum input in Hilbert space H and
produces a quantum output in the same Hilbert
space. This device is composed of another quan-
tum system, M, which is inaccesible for the ex-
perimenter and which interacts with the input
system with a unitary interaction U :M⊗H 7→
M⊗H, whenever the input is inserted. The re-
peated usage of such device is described by a pure
memory channel [1], where the inaccesible part is
the memory system. Subsequent uses of this de-
vice are thus not independent and correlations
are mediated via the memory system.

FIG. 1: A concatenation of n uses of a quantum de-
vice. The memory system M is reused in each it-
eration, and therefore the outputs are dependent on
all previous inputs in general, therefore introducing
memory effects.

Problem definition: Given these settings, esti-
mate U .

The problem is that the uses of the quantum
device are not independent, hence so are the out-
comes. Since we have no access to memory, we
cannot get rid of these effects. If we would use
an näıve estimation scheme where we have some
set of testing states ρk and testing measurements
with outcomes associated to effects El and mea-
sure the probabilities p(ρk, El), in order to esti-
mate the local input-output channel

E(ρ) = TrM[U(ξ ⊗ ρ)U†] (1)

for some unknown state ξ ∈ M. The result of
the estimation is then dependent on the ordering
of the testing states ρk. The result doesn’t have
to be even a channel, the complete positivity can
be violated.

The answer to this problem is a simple modi-
fication of previous scheme. By randomizing the
sequence of testing states and testing measure-
ments one can be sure that the result of such
estimation will be channels of form

E [1,n](ρ[1,n]) = TrM[U[1,n](ξ ⊗ ρ[1,n])U
†
[1,n]], (2)

where E [1,n] is an average channel of n uses of
the device, the U[1,n] is concatenated interaciton
of over n subsequent uses, ρ[1,n] = ρk1 ⊗· · ·⊗ρkn
is a sequence of n randomly chosen testing states,
the ki are randomly chosen from a set and ξ is
an average state of memory entering the collision.
This state is unknown and depends on the chosen
probability distribution over testing states and
testing measurements.

In the case of two qubit interaction U , the uni-
tary can be fully estimated up to unitary con-
jugation on memory system, which cannot be
known without access to memory system in any
dimension. It is enough to estimate parts of the
channel E [1,2]. No apriory knowledge about the
interaction, apart from the unitarity, is needed.
Thus we show that estimation of interaction pa-
rameters is possible even in memory settings. It
might come surprising that one can extract more
information about the unitary interaction in this
setting, then in memory-less setting, when the
memory relaxes to initial state after each use of
the device.

[1] D. Kretschmann, and R. Werner, Quantum chan-
nels with memory, Phys. Rev. A (2005)



Extraction of past-future entanglement in circuit QED
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It has been recently shown [1] that the vac-
uum of a massless scalar field contains quan-
tum correlations between the future and the past
light cones. A theoretical method of extraction
by transference to detectors interacting with the
field at different times has been proposed [3], us-
ing detectors with time-dependent energy gaps
whose experimental implementation seems ex-
tremely challenging. Another ideal proposal in-
volving cavities transparent to a single mode was
provided in [4], although this setting seems even
more difficult to tackle experimentally.

In this work [2] we propose a simple experi-
ment to test the extraction of past-future vacuum
entanglement by using a pair of qubits interact-
ing with a quantum field at different times. Our
setup consists of a circuit QED [5] design, where
two superconducting qubits P and F separated
by a fixed distance r, interact at different times in
a common open transmission line. First, the in-
teraction of P with the vacuum of the field, which
is tunable in strength, is on for a time interval
Ton - the past. Then, P is disconnected from
the field during a given Toff. Finally, the inter-
action of F is switched on during Ton -the future
- while keeping P disconnected. After this pro-
cedure, we will show that the qubits end up in a

strongly correlated quantum state, in spite of the
fact that they have never interacted with the field
at the same time. Remarkably, the correlations
between different times contained in the vacuum
of the quantum field have been transferred to the
qubits. The success of this result relies on the
ultrastrong nature [6] of light-matter interaction
in circuit QED, and its switchable capability [7].
Indeed, the latter has already been exploited to
propose a feasible experimental test of the extrac-
tion of vacuum entanglement to a pair of space-
like separated qubits [8]. We will finally discuss
the relationship of this effect with the spacetime
region at which the qubits are placed.

The proposed experiment of past-future entan-
glement extraction would constitute a fundamen-
tal proof for the possibility of using the vacuum
state of a field to produce correlations between
a qubit in the past and a qubit in the future,
but this is not the only interesting aspect. From
the quantum technologies point of view, the abil-
ity to extract past-future entanglement from the
field using a pair of qubits could be used to imple-
ment a device which teleports a quantum state in
time - as first suggested in [3] -, or in other words,
we could use the field in the transmission line for
building up a novel kind of quantum memory.

[1] S. J. Olson and T. C. Ralph, Phys. Rev. Lett.
106, 110404 (2011).

[2] C. Sab́ın, B. Peropadre, M. del Rey, and
E. Mart́ın-Mart́ınez, ArXiv e-prints (2012),
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[3] S. J. Olson and T. C. Ralph, Phys. Rev. A
85,012306 (2012).
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[5] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin,
and R. J. Schoelkopf, Phys. Rev. A 69, 062320
(2004).

[6] J. Bourassa, J. M. Gambetta, A. A. Abduma-
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Testing Quantum Foundations with Circuit QED
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Circuit QED provides a framework in which the
interaction of two-level systems with a quantum
field can be naturally considered. The combina-
tion of superconducting qubits with transmission
lines implement an artificial 1-D matter-radiation
interaction, with the advantage of a large exper-
imental accessibility and tunability of the physi-
cal parameters. Using these features, fundamen-
tal problems in Quantum Field Theory hitherto
considered as ideal are now accessible to exper-
iment, as is the case of the recent first physical
realization of the dynamical Casimir effect. [1]

In this talk, we will review some of our experi-
mental proposals for fundamental tests of Quan-
tum Mechanics and Quantum Field Theory with
circuit QED setups, ranging from the first exper-
imental test of the long-lasting Fermi problem on
the microcausality at the atomic level [2] to the
extraction of quantum correlations from the vac-
uum of a quantum field to a pair of qubits [3],

passing through the observation of non-Rotating
Wave Approximation phenomena like ground-
state qubit self-excitations [4] and their impact in
the interpretation of quantum detection at short
times [6].

In particular, in this latter work [6] we have
shown that for typical circuit QED parameters,
a significative amount of time is needed to start
trusting the state of a two-level detector as in-
formative regarding an initially excited two-level
source. This is due to the breakdown of the RWA
in circuit QED. By neglecting the counterrotat-
ing terms a total reliability on the information
coming out of the detector would be wrongly de-
rived for all time-scales. Our result applies to
other setups and quantum detectors, although
it is in the case of circuit QED where it might
affect the interpretation of coming experimental
results.

[1] C. M. Wilson, G. Johansson, A. Pourkabirian, M.
Simoen, J. R. Johansson, T. Duty, F. Nori, P.
Delsing, Nature 479 376-379 (2011).
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(2011).

[3] Carlos Sab́ın, Juan José Garćıa-Ripoll, Enrique
Solano, Juan León, Phys. Rev. B, 81 184501
(2010).

[4] Carlos Sab́ın, Juan José Garćıa-Ripoll, Enrique
Solano, Juan León, Phys. Rev. B, 84 024516
(2011).
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Decoherence in Loop Quantum Gravity
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Recent developments in operator spin foams
(OSF) [1] and the EPRL model [4] have estab-
lished the correspondence between canonical loop
gravity and spin foam models. This allows for
a novel perspective on decoherence in quantum
gravity.

I. Desiderata for decoherence in LQG

(1) A space of physical states, equipped with
the appropriate dynamics (i.e. a space of fine-
grained histories);

(2) a background-independent analogue of the
decoherent histories formalism (cf. [1]): that is,
sequences of projections on a history space, cor-
responding class operators Cα, and a decoherence
functional D(α, α′) which satisfies D(α, α′) ≈ 0,
for any two incompatible α, α′, and a probability
measure p(α) on the space of histories.

(3) some physical process instantiating the
coarse-graining.

II. Fine-grained histories of spin networks

The state space is given by HDiff , the kine-
matical diffeomorphism-invariant Hilbert space
of spin network states spanned by

ψΓ,jl,vn(hl) =
(
⊗ldjlDjl(hl)

)
· (⊗nvn, ) (1)

following the notation in [4].

The fine grained history of a spin network state
ψΓ,jl,vn(hl) is thus given by the amplitude of a
spin foam with boundary (see equation 73 in [4]),
where the boundary spin network has the quan-
tum numbers Γ, jl, vn.

III. Coarse graining on spin network
states

Generic states of a given geometry are given
by linear superpositions of spin network states.

Holomorphic coherent states are given by

ψHl(hl) =

∫
SU(2)

dgn ⊗l∈Γ Kt(gs(l)Hlg
−1h−1

l ),

(2)
where ψ is holomorphic in Hl, and Kt denotes the
analytic continuation to SL(2,C) of the SU(2)
heat kernel. The restriction of generic superpo-
sitions to holomorphic coherent states and trun-
cation to a finite graph may be regarded as a
coarse-graining of a quantum state, the effect of
which is peaking the geometry on semiclassical
states with particular intrinsic and extrinsic ge-
ometry. See procedure in [3].

Transitions between holomorphic coherent
states are given by the spin foam amplitude asso-
ciated with the initial and final states bounding
the spin foam. A class operator is then given by
a spin foam which is restricted to holomorphic
coherent states peaked around particular semi-
classical states. This is analogous to the path
integral expression for the class operator in the
timeless formalism of Hartle, cf. [1].

The probability measure on the collection
of such histories is induced by the Ashtekar-
Lewandowski-Measure on the space Cyl of cylin-
drical functions (cf. [6]).

IV. Quasiclassical trajectories

Decohered spin networks follow quasiclassical
trajectories. This has been shown in [3] for
homogenous and isotropic holomorphic coherent
states, which reproduce Friedmann dynamics for
(i) truncation to a finite graph of the gravita-
tional degrees of freedom; (ii) at first-order in
the vertex expansion and (iii) in the large vol-
ume limit. More work is needed to extend this
result to a more general setting.
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III. INTRODUCTION

Quantum mechanics is standardly formulated
as a theory whose states are vectors (or rays) in
a complex Hilbert space. However, it is also inti-
mately related to theories on complex manifolds,
in particular complex manifolds which carry a
Kahler or hyper-Kahler structure.

This note discusses two such theories, which
I call Geometric Quantum Mechanics (GQM)
and A-model Quantum Mechanics (AQM) re-
spectively.

IV. GEOMETRIC QUANTUM
MECHANICS

GQM is by far the more familiar of the two
(see [1] and [2]). It takes as its starting point
the observation that if we quotient out the un-
physical U(1) phase freedom in a (let us assume
finite-dimensional) Hilbert space Hn+1, we ob-
tain a Kahler manifold (M, g, J)as the reduced
phase space, specifically CPn, whose Riemannian
metric g is the Fubini-Study metric.

After this quotienting operation, an observable
O on Hilbert space is represented as a real-valued
function fO on M , and unitary evolution is rep-
resented as the flow of a Hamiltonian vector field
associated to fO. The critical points of this func-
tion represent eigenvectors of the observable.(So
there is a tantalizing connection to Morse the-
ory.)

Evidently, by quotienting out the U(1) gauge
freedom, one can represent a linear algebraic the-
ory (standard Hilbert space QM) as a non-linear,
geometric theory, whose phase space resembles a
‘classical theory’, in the sense that it is also a
symplectic manifold (M,w), albeit one that in
addition carries an integrable complex structure
J , which in conjunction with the symplectic form
ω, defines a Riemannian metric g.

This view-point can be used to understand var-

ious foundational results in QM. For instance,
one proves the no-cloning theorem by showing
that a cloning map does not preserve g, as ar-
gued in [3]. Furthermore, one can prove the
Bell-Gleason theorem by showing that every crit-
ical point of fO is the zero of a Killing vector
field. Since these critical points are isolated,
there is a non-zero angular separation between
them, which can be calculated by means of the
metric g.

V. A-MODEL QUANTUM MECHANICS

AQM has only recently been formulated in the
work of [4] and [5]. It is based on the insight
that one can quantize a 2n-dimensional classi-
cal phase space (i.e. symplectic manifold) M
by complexifying it to obtain a 4n-dimensional
phase space M̂ , and then picking a middle (i.e.

2n)-dimensional Lagrangian submanifold L ⊂ M̂
as the target space of an A-model QFT. (This
particular A-model is the topological ‘twisting’
of a (1 + 1)-dimensional σ-model whose fields

are maps from a Riemann surface Σ to M̂ .) In
fact, in order to obtain an A-model with non-
vanishing correlation functions, M̂ must be cho-
sen to be hyper-Kahler (or almost hyper-Kahler),
i.e. it carries three complex structures I, J,K
which satisfy a quarternionic relation.

Why does this lead to a valid quantization pro-
cedure? Very roughly speaking, the reason is
that (i) complexifying M allows one to construct
integration cycles (including non-standard inte-
gration cycles) for the path-integral via analytic
continuation, and (ii) the condition for a middle-

dimensional submanifold of M̂ to give rise to
an integration cycle is just the condition for it
to have an A-model interpretation. Thus, in a
sense, (But see §3 of [4] for difficulties that arise
when one tries to include a non-trivial Hamilto-
nian.) we have an equivalence between a (0 + 1)-
dimensional and a (1 + 1)-dimensional QFT.
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It follows from the poster presented by M. V.
Lokaj́ıček to this conference that all solutions
of Schrödinger equation correspond to those de-
rived in classical physics (solutions of Hamilton
equations and their statistical superpositions);
only the set of allowed physical states is smaller.
Schrödinger equation may be regarded as valid
for the whole physical reality; differences between
quantum energy values being unmeasurable in
macroscopic region. However, the Schrödinger
equation represents phenomenological descrip-
tion only without contributing to understanding
actual quantum mechanism.

On the other side, it follows from the given re-
sults that it is necessary to return to ontological
approach as proposed already by Aristotle, on the
basis of which practically the classical physics has
been built up. It is not possible to interpret mi-
croscopic physical particles as mathematical arti-
facts only; they must be described as ontological
objects of corresponding sizes and having inter-
nal realistic structure. It is evident that, e.g.,
in the case of hydrogen atom the quantum be-
havior cannot be given by Coulomb interaction
only. Very short-range repulsive effect (force)
must be surely involved, too. This force (rep-
resenting practically contact interaction) may be
hardly mediated by a potential, at the difference
to Coulomb force acting at distance. It means
that the given quantum effect will depend also
on dimensions and internal structures of inter-
acting objects. It is necessary to look for the
corresponding characteristics of theirs.

These characteristics may be obtained by an-
alyzing the experimental data gained in differ-
ent collision experiments. Some new results have
been derived by us from elastic proton-proton
collision experiments, when the ontological ap-
proach has been respected. Instead of commonly
applied description we have made use of the
eikonal model where the probability of different
processes in the dependence on impact param-
eter values may be derived [1]. According to

our recent preliminary studies the proton is to
be regarded as an object existing in diverse in-
ternal states exhibiting different external dimen-
sions [2]. The idea of different internal states is
similar to that proposed by Good and Walker in
predicting diffraction scattering [3].

From the measurements of differential cross
section at ISR energies (53GeV ) it has been pos-
sible to derive some characteristics of these inter-
nal states, as two states exhibiting the greatest
dimensions may be taken as responsible for the
shape of differential cross section of two-proton
elastic collisions corresponding to lowest momen-
tum transfer values (approximately less than 1
GeV in ISR collision experiments).

On the basis of our analysis it has been ob-
tained for these two highest dimensions: 2.15 fm
and 2.05 fm. They are maximum dimensions of
some elongated ellipsoids, while in some perpen-
dicular direction the minimum dimension may
be approximately 0.5 fm, which might repre-
sent hard proton core. It has been also possi-
ble to estimate that the corresponding frequency
of these two structures are approximately 61%
and 16%. The other structures should exhibit
lower extreme dimensions, while the minimal di-
mension should remain practically the same. Our
preliminary values are, of course, very rough as
some simplifying assumption has been made use
of; more realistic analysis is being done at the
present. In the course of our analysis it has been
also derived that the optical theorem (taken usu-
ally as the basic assumption in interpreting elas-
tic scattering data) may hardly hold in the case
of strong interactions [4]. It has not been used in
our new statistical model described in [2].

They are the correlations between the quan-
tum values of energy and angular momentum (or
spins) that should be studied, too; both the quan-
tities being conserved in time evolution according
to classical physics.

[1] V. Kundrát, M. V. Lokaj́ıček: High-energy elastic
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Fidelity between two quantum states charac-
terized by two density operators ρ̂1 and ρ̂2 is de-
fined as the trace of the fidelity operator F̂ ,

F (ρ̂1, ρ̂2) = TrF̂(ρ̂1, ρ̂2) = Tr

√√
ρ̂1ρ̂2

√
ρ̂1.

It is a function that quantifies the distinguisha-
bility between two quantum states. Thus, as two
quantum states defining different macroscopic
phases are expected to have enhanced distin-
guishability, fidelity arises as a natural candidate
for the study of phase transitions (PTs). The
fidelity approach to quantum phase transitions
(QPTs) was introduced in [1], where the sudden
drop of the fidelity along the regions of QPTs
was observed in the Dicke and the XY models.
The thermal PTs were explored in [2], while the
fidelity between partial states was first used to
study QPTs in [3]. Recently, we have shown [4]
that considering a more refined quantity - fidelity
spectrum - could provide even more detailed de-
scription of both the critical phenomena and the
features of quantum phases, such as which partic-
ular modes are responsible for a given transition.

We introduce the spectrum {λi} of the of fi-

delity operator F̂(ρ̂1, ρ̂2), which we denote the
fidelity operator spectrum, and the logarithmic
spectrum {− lnλi}, which we call the fidelity
spectrum. We analyze the fidelity spectrum
and the fidelity operator spectrum of partial
states of different systems: a magnetic impu-
rity in a conventional superconductor, the XX
spin-1/2 chain in a transverse magnetic field,
and a bulk superconductor at a finite temper-
ature. When the density operators are equal,
the fidelity spectrum reduces to the entanglement
spectrum, establishing a connection between the
two information-theoretic approaches to quan-
tum phase transitions: the fidelity and the en-
tanglement spectrum approaches.

We find that the fidelity spectrum can be a
useful tool in giving a detailed characterization
of different phases of many-body quantum sys-
tems, as well as a more refined description of
their phase transitions, providing complementary
information to other techniques. Moreover, it al-
lows to identify the modes that have a larger con-
tribution to the distinguishability between the
states across a phase transition, and singles out
the most divergent contributions to the associ-
ated susceptibility.

In the case of a magnetic impurity in a con-
ventional superconductor, we find that only
one eigenvalue associated with the charge and
one eigenvalue associated with the spin undergo
significant changes as the magnetic impurity-
induced quantum phase transition occurs: the
transition is associated with the capture of one
electron by the impurity having a parallel spin.
In the case of a bulk superconductor at a finite
temperature, we analyze momentum modes, la-
belled by number k, that block-diagonalize the
effective mean-field BCS Hamiltonian (see [2, 4]).
For each 4-dimensional block k, we consider the
associated k-fidelity operator F̂k and its eigenval-
ues. When one density operator represents the
normal phase and the other the superconducting
phase, we observe a clear change of the eigenval-
ues (fidelity operator spectrum) whose momen-
tum k numbers are located only around the Fermi
surface, identifying the modes responsible for the
state distinguishability between different phases.
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Barycentric measure of quantum entanglement

Wojciech Ganczarek1, Marek Kuś2, Karol Życzkowski1,286
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Majorana representation of quantum states by a constellation of n ’stars’ (points on the sphere)
can be used to describe any pure state of a simple system of dimension n + 1 or a permutation
symmetric pure state of a composite system consisting of n qubits. We analyze the variance of the
distribution of the stars, which can serve as a measure of the degree of non-coherence for simple
systems, or an entanglement measure for composed systems. Dynamics of the Majorana points
induced by a unitary dynamics of the pure state is investigated.

Non–classical correlations between composite
quantum systems became a subject of an intense
current research. A particular kind of such cor-
relations, called quantum entanglement attracts
special attention of theoretical and experimental
physicists – see [1] and references therein. One
of the key issues is to workout a practical en-
tanglement measure. Although various measures
of quantum entanglement are known [1–3], they
are usually difficult to compute. An important
class of entanglement measures can be formu-
lated within the geometric approach to the prob-
lem [2, 4].

We present [5] a homogeneous approach to
study the structure of pure quantum states de-
scribing two physical problems: a simple system
consisting of n + 1 levels and the class of states
of an n–qubit system, symmetric with respect to
permutations of all subsystems. Making use of
the Majorana–Penrose [6, 7] representation one
can find a direct link between these two cases as
any constellation of n stars on the sphere deter-
mines a quantum state in both setups.

Physical properties of a given pure state can be
thus related to the distribution of the correspond-
ing collection of n points on the sphere. The vari-
ance of this distribution, related to the radius of
the barycenter inside the ball, can be used to
characterize the degree of non spin coherence of
the states of a simple system or the degree of en-
tanglement for the composite systems. The pro-
posed barycentric measure of quantum entangle-
ment achieves its maximum for these states, for

which the barycenter of the corresponding Majo-
rana points is located at the center of the ball.
This class of states includes the Bell state of a
two-qubit system, the GHZ state of a three qubit
system and several states distinguished by being
most distant from the set of separable states and
called ’Queen of Quantum’ [8]. In the case of
four–qubit states we have explicitly described a
two-parameter class of extremal symmetric states
for which the barycentric measure achieves the
maximal value, EB = 1. All these states are also
highly entangled with respect to the geometric
measure EG, which for them belongs to the in-
terval [1, log2 3].

Any unitary dynamics acting on the n–qubit
system is described by a matrix U of order 2n.
Under assumption that the dynamics does not
break the permutation symmetry, the matrix U
is reducible and can be written as a direct sum of
two unitary matrices, U = V ⊕W . The matrix
V or order n + 1 describes the unitary dynam-
ics in the subspace of symmetric states of the
composed system or the corresponding unitary
dynamics in the space of all states of the (n+1)–
level system. A unitary dynamics of a quantum
pure state leads to a non-linear dynamics of the
corresponding stars of its Majorana representa-
tion. In a simple model evolution investigated
for a two qubit system the velocity of stars is
small if they are far apart, what corresponds to
the highly entangled states, and it increases as
the stars get together and the state is close to be
separable.
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