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Randomness: Intuition, algorithmic complexity and physical processes
Gilles Pütz, Nicolas Gisin
Gilles Pütz (Gap-Quantique) and Nicolas Gisin (GAP-Quantique)

The concept of randomness is naturally linked to the intuitive idea that there are events that are unpredictable.
But unpredictable for whom? Events that are intrinsically unpredictable for everyone are truly random. True
randomness automatically leads to privacy, as truly random events are only known to those that have observed
them. The standard mathematical denition of randomness is based on algorithmic complexity of sequences of
bits (Kolmogorov, Chatain, etc). Note that these sequences of bits are thought of as existing since ever and forever in some Platonic world. But this does not capture the concept of true randomness, as copies of the random
sequence of bits could be in the hands of others for whom the sequence is easily predictable. In the world of
physics it is more natural to look for random processes that happen in space-time. If the intuitive notion of physical distance makes senses, then one can prove that \quantum non-locality" guarantees the existence of random
processes that dynamically produce truly random { and thus private { sequences of bits. This randomness from
quantum non-locality can be based solely on observations. The only additional assumption is that there is no \
universal conspiracy", i.e. that the world is not fully determined by its initial conditions at the big bang. In the
nal part of this introduction we show that this no-conspiracy assumption (sometimes called measurement independence, free choice or even free will) can be arbitrarily weakened, while still providing the same conclusions.

Should we believe in random processes?
Roger Colbeck
University of York

Random processes are important in a range of applications. Taking a physicist’s perspective, I will explain how
randomness can be defined and sets of assumptions under which we can certify its generation.

(Quantum) randomness as limited indeterminism
Prof. Dr. Thomas Müller
FB Philosophie, Universität Konstanz

Indeterminism is the negation of the metaphysical doctrine of determinism. Thus, indeterminism means that
there is more than one possibility for the future to turn out. This purely negative characterization leaves it completely unspecified in which way the future can be open -- basically, under indeterminism, anything could happen. Randomness such as described by the Born rule of quantum mechanics, on the other hand, is not a matter
of “anything goes”, but a highly constrained affair: exactly one of a number of possible outcomes will occur, and
the probabilities of all the outcomes are given beforehand.
In my talk, I will first discuss conceptual arguments purporting to show that the notion of indeterminism itself is
untenable. I will argue, following Prior, that such arguments do show that it is hard (perhaps impossible) to make
sense of unlimited, “anything goes” indeterminism, but that they leave open the possibility of limited indeterminism. I will then suggest that we can understand (quantum) randomness as a kind of limited indeterminism.
At the end of my talk I will discuss whether the notion of limited indeterminism can also help us understand the
notion of free choice that is employed in everyday talk and in the analysis of quantum correlation experiments.
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Worrying about quantum non-locality
Jeremy Butterfield
University of York

I will begin by contrasting the realistic outlook of results severely limiting superluminal causal explanations
of quantum non-locality (by Acin, Bancal, Gisin, Pironio, Scarani et al: cf. 1110.3795; and 1210.7308, 1304.0532,
1401.0149) with the pragmatist view of quantum theory of Healey (1008.3896, and later: applied to non-locality
at 1207.7064 1405.3254). Then I will report and endorse the Budapest school’s formulation of Bell’s local causality
condition (especially Hofer-Szabo and Vercsenyes 1201.5848, 1204.5708, 1407.3610).

Certifying quantumness: Benchmarks for the optimal processing of
generalized coherent and squeezed states
Gerardo Adesso
University of Nottingham

Yuxiang Yang, Giulio Chiribella
Tsinghua University

Quantum technology promises revolutionary advantages in information processing
and transmission compared to classical
technology; however, determining which
specific resources are needed to surpass
the capabilities of classical machines often
remains a nontrivial problem. To address
such a problem, one first needs to establish the best classical solutions, which set
benchmarks that must be beaten by any implementation claiming to harness quantum
features for an enhanced performance. Here
we introduce and develop a self-contained
formalism to obtain the ultimate, generally
probabilistic benchmarks for quantum information protocols including teleportation
and approximate cloning, with arbitrary
ensembles of input states generated by a
group action, so-called Gilmore-Perelomov coherent states. This allows us to construct explicit fidelity thresholds for the transmission of multimode Gaussian and non-Gaussian states of continuous variable systems,
as well as qubit and qudit pure states drawn according to nonuniform distributions on the Bloch hypersphere,
which accurately model the current laboratory facilities. The performance of deterministic classical procedures
such as square-root measurement strategies is further compared with the optimal probabilistic benchmarks, and
the state-of-the-art performance of experimental quantum implementations against our newly derived thresholds is discussed. This work provides a comprehensive collection of directly useful criteria for the reliable certification of quantum communication technologies.
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How random are random numbers generated using photons?
Jorge G. Hirsch.
Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México

Aldo Solis, Alí M. Angulo Martínez, Roberto Ramírez Alarcón, Hector Cruz Ramírez, Alfred B. U’Ren
Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México

Quantum randomness can be proven incomputable; that is, it is not exactly reproducible by any algorithm,
while software-generated random numbers, known as pseudo-random, can be reproduced if the computer code
and the seed are known. Is it possible to distinguish a quantum random string from a pseudo-random one?
Single-photon polarization measurement outcomes pass the NIST suit of test as well as computer-based random number generators [1].
Algorithmic randomness provides a quantitative method to assess the Borel normality of a given sequence of
numbers, a necessary condition for it to be considered random. Employing it, evidence of differences between
quantum and non-quantum sources have been reported [2]. They performed finite tests of randomness on large
pseudo-random strings (finite sequences) generated with software (Mathematica, Maple), which are cyclic (so,
strongly computable), the bits of pi, which are computable, but not cyclic, and strings produced by quantum
measurements (with the commercial device Quantis and by the Vienna IQOQI group).
We have used Borel normality to investigate the randomness of ten sequences of bits generated from the differences between detection times of photon pairs generated by spontaneous parametric downconversion (SPDC).
These sequences fulfill the randomness criteria without difficulties [3].
To understand these diverging observations, we are extending out study, analyzing strings generated with
longer photon-derived random sequences, obtained both with an attenuated laser and SPDC light, and with a
beamsplitter introduced both in one arm of an SPDC source and on the path of an attenuated laser. The latest
findings will be reported.
[1] D. Branning, M. Bermudez, J. Opt. Soc. Am. B 27 (2010) 1594.
[2] C. S. Calude, M. J. Dinneen, M. Dumitrescu, K. Svozil, Phys. Rev. A 82 (2010) 022102.
[3] A. Solis et al, Physica Scripta in press, arXiv:1502.05882.
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A self-testing quantum random number generator
Joseph Bowles
University of Geneva

Jonatan Bohr Brask, Charles Ci Wen Lim, Nicolas Brunner, Anthony Martin, Hugo Zbinden
University of Geneva

A central issue in random number generation (both quantum
and classical) is the problem of estimating the entropy of the bits
that are generated by a device. When a good entropy estimate
is available, appropriate post-processing (termed randomness
extraction) can be applied to extract true random bits from the
raw data. In classical random number generation, poor entropy
estimation represents one of the main difficulties, and quantum
devices promise to overcome such problems by exploiting the
intrinsic randomness present in quantum mechanics. Nevertheless, an accurate characterization of the experimental setup may
still be required, leading to potential errors.
In this work, we present a proposal and experimental realization
[1] for practical quantum random number generation based on
the preparation and measurement of quantum systems between
two devices, making use of the dimension witness introduced
in [2]. Importantly, we do not require accurate characterization
of the devices but only that the experiment satisfy some natural
assumptions: that the dimension of the sent systems is upper
bounded, and that the two devices act independently. Our work
can be seen as intermediate between the fully device independent scenario and one in which devices are fully characterized,
which I will discuss in the context of randomness generation.
[1] Lunghi et al. “A self-testing quantum random number generator” arXiv:1410.2790
[2] Bowles et al. “Certifying the Dimension of Classical and
Quantum Systems in a Prepare-and-Measure Scenario with Independent devices”, PRL 112, 140407.

Quantum chaos and quantum randomness a unifying information-theoretical
perspective
Thomas dittrich

Departamento de Física, Universidad Nacional de Colombia

Quantum chaos, the quantum suppression of classically chaotic behaviour, is understood most appropriately
as a consequence of the fundamental limits quantum mechanics imposes on the information density in phase
space. In a similar vein, this suppression in turn breaks up in open systems owing to fresh information that infiltrates from ambient degrees of freedom, allowing the dynamics to resume symptoms of classical chaos.
This interpretation, hinging heavily on the concept of information, suggests to be generalized towards the
broader question of quantum randomness. In particular, random outcomes of quantum measurements, for
example in EPR-like setups, are thus related to the inevitable coupling to a macroscopic apparatus, tracing the
random bit of information generated in each measurement back to the quantum dynamics of the apparatus. I
shall develop this line of reasoning, illustrate it with specific examples, and expound its consequences for the
understanding of quantum randomness.
6

Eigenvalues of disordered systems from free probability theory and their
stochastic dynamics
Ramis Movassagh
University of Geneva

The method of “Isotropic Entanglement” (IE), inspired by Free Probability Theory and Random Matrix Theory,
predicts the eigenvalue distribution of quantum many-body systems with generic interactions. At the heart is
a “Slider”, which interpolates between two extrema by matching fourth moments. The first extreme treats the
non-commuting terms classically and the second treats them isotropically. Isotropic means that the eigenvectors are in generic positions. We prove that the interpolation is universal. We then show that free probability
theory also captures the density of states of the Anderson model with arbitrary disorder and with high accuracy.
Theory will be illustrated by numerical experiments.
Lastly and time permitting, we shall present a very recent result applicable to non-Hermitian models. We prove
that the complex conjugate eigenvalues of a real asymmetric matrix “attract”.The motion of the eigenvalues can
be seen as a many-body system; we derive their stochastic dynamics in the complex plane. References: Phys.
Rev. Lett. 107, 097205 (2011) Phys. Rev. Lett. 109, 036403 (2012) arXiv:1404.4113 [math.SP] (2014)t

Limited preparation contextuality in quantum theory leads to Cirel’son bound
Ashutosh Rai

Faculty of Computing, University of Latvia

Kochen-Specker (KS) theorem establishes impossibility of explaining predictions of quantum theory by any
noncontextual ontological model. However, unlike for showing Bell-nonlocality, structure of quantum mechanics is exploited in the usual demonstration of KS contextuality. Interestingly, the idea of KS contextuality has
been recently generalized for arbitrary operational theories, rather than just quantum theory, and for arbitrary
experimental procedures, rather than just sharp measurements.
Preparation contextuality has operational usefulness as it powers parity-oblivious multiplexing (POM), a
two-party secure computation task [Spekkens et al., Phys. Rev. Lett. 102, 010401 (2009)]. Spekkens et al. derived
a noncontextuality inequality placing a bound on any operational theory that admits a preparation noncontextual ontological model. The success probability in a POM game played with only classical resources is restricted
by the same constraint (inequality), therefore, any operational theory is preparation contextual if it can beat the
classical bound in a POM task. In performing a POM task, quantum resources do better than any classical resource, thus proving that QM is a preparation contextual theory.
We take maximum success probability for a POM task in an operational theory as a measure to quantify preparation contextuality of the concerned theory. Then, we show that there exists an operational (toy) theory, namely
‘box-world’, which can do better than QM; thus, the amount of preparation contextuality in QM is limited. Moreover, we find that this restricted feature of QM implies the limit (Cirel\’son bound) on the success probability of
winning the Bell-CHSH game in quantum world. Therefore, our result brings the qualitative connection between
preparation contextuality and nonlocality explored previously to a quantitative footing. From a different motivation, recent results in [Chailloux et al., arXiv:1404.5153] give optimal quantum values for general POM tasks
adopting a different approach.
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Randomness and Information in Quantum Mechanics
Jeffrey Bub

University of Maryland

Schrodinger is often quoted as saying that entanglement is ‘the characteristic trait of quantum mechanics,
the one that enforces its entire departure from classical lines of thought.’ One could add that the outcome of a
measurement on a quantum system in an entangled state must be intrinsically random, in the sense that it is
independent of any information available before the measurement in any reference frame. So perhaps it would
be better to say that the characteristic trait of a quantum world is the possibility of correlated events that are separately intrinsically random. I will explore the implications of this idea, with some thoughts on what one might
mean by an information-theoretic interpretation of quantum mechanics.

Quantum-enhanced learning agents
Vedran Dunjko

University of Innsbruck

Many aspects of research in artificial intelligence have, in recent years, been experiencing a rejuvenation, if not
a revival. The latest flux of novel efficient quantum solutions to computational problems in the closely related
field of machine learning only gives more reason for enthusiasm. However, can quantum mechanics also help
autonomous agents in actual learning from experience? Here we show that, even in this setting, signs point to
yes.
We will review Projective Simulation (PS), a novel framework for the design of learning agents, which is founded on simple stochastic dynamics - random walks - which are utilized as the central resource for decision-making. This structure paves way for a meaningful quantization of the PS model. As a key feature, we show that
the resulting quantumenhanced learning agent exhibits a quadratic speed-up for active learning as a genuine
problem of artificial intelligence.

Randomness: between faith and reality
Yaoyun Shi

University of Michigan

Randomness is a faith: it is impossible to test directly. In fact, we can’t even know for sure its existence. Yet randomness is also indispensable in reality: it is the mother secret that gives life to the security of modern cryptography. When blind faith is not virtuous, how much of it is necessary for ensuring true randomness? In this talk,
I will argue that it is not too much. Based on joint works with Kai-Min Chung and Xiaodi Wu [arXiv:1402.4797],
and with Carl A. Miller
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A quantum random number generator for loophole-free Bell tests
Morgan Mitchell

ICFO Institut de Ciències Fotòniques, Castelldefels, Barcelona
2ICREA { Institucio Catalana de Recerca i Estudis Avan9cats, 08015 Barcelona, Spain

Carlos Abellan1,Waldimar Amaya1, Daniel Mitrani1, Valerio Pruneri1, 2
1) ICFO Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain
2) ICREA Institucio Catalana de Recerca i Estudis Avan9cats, 08015 Barcelona, Spain
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The Born rule without probabilities
Renato Renner
ETH

The purpose of the Born rule is to link the mathematical Hilbert space formalism to actual observations. However, the Born rule is usually stated in terms of probabilities, which are still a purely mathematical notion, whose
operational interpretation is ambiguous. In this talk, I will present an approach to formulate the Born rule without probabilities, referring to observations more directly. Remarkably, this approach enables a derivation of
the Born rule from basic operational postulates. (joint work with Daniela Frauchiger)

Chance Laws and Quantum Randomness
Carl Hoefer

The Rotman Institute of Philosophy

The laws of nature could be indeterministic, in the sense that they simply fail to be deterministic. There are
numerous examples of determinism-failure even in classical physics. A different idea entirely is that of irreducibly probabilistic laws of nature: laws whose contents are, or entail, putative objective probabilities or chances
for events. I will raise concerns about how well we understand the notion of an irreducible probabilistic law
in general, arguing that we face an interpretive dilemma where both options are very problematic. And I will
offer some comments on how we may be able to understand specifically quantum chances, the probabilities
prescribed by the Born rule in QM.

“Random choices” and the locality loophole
Stefano Pironio

Université Libre de Bruxelles

I discuss how to choose the measurement settings in an actual Bell experiment from the perspective of closing the locality loophole and the related ``freedom-of-choice” or ``measurement independence” loophole. The
standard practice so far has been to use quantum random number generators for selecting the measurements. I
argue that this is highly unsatisfactory and that an experiment using instead a pseudo-random (but fundamentally completely deterministic) mechanism for selecting the measurement settings would represent a much more
convincing test against local hidden-variable models.
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Implications of Computer Science Principles for Quantum Physics
Ariel Bendersky

ICFO Institut de Ciències Fotòniques, Castelldefels, Barcelona

The Church-Turing thesis is one of the pillars of computer science; it postulates that every classical system
has equivalent computability power to the so-called Turing machine. While this thesis is crucial for our understanding of computing devices, its implications in other scientific fields have hardly been explored. What if we
consider the Church-Turing thesis as a law of nature? In this talk I will present our first results in connection with
quantum information theory [1] by showing that computer science laws have profound implications for some
of the most fundamental results of quantum theory. First I will show how they question our knowledge on what
a mixed quantum state is, as we identified situations in which ensembles of quantum states defining the same
mixed state, indistinguishable according to the quantum postulates, do become distinguishable when prepared
by a computer (or any classical system). Then I will introduce a new loophole for Bell-like experiments: if some
of the parties in a Bell-like experiment use a computer to decide which measurements to make, then the computational resources of an eavesdropper have to be limited in order to have a proper observation of non-locality.
[1] Bendersky, A., de la Torre, G., Senno, G., Figueira, S., & Acin, A. (2014). Implications of computer science
principles for quantum physics. arXiv preprint arXiv:1407.0604.

de Finetti reductions in the context of non-local games
Rotem Arnon-Friedman

Institute for Theoretical Physics, ETH-Zürich, CH-8093, Zürich, Switzerland

Renato Renner1 and Thomas Vidick2
1) Institute for Theoretical Physics, ETH-Zürich, CH-8093, Zürich, Switzerland
2) Department of Computing and Mathematical Sciences, California Institute of Technology, Pasadena, CA, U S

Device independent (DI) protocols, such as randomness expansion and amplification, received huge attention
in the last several years, and yet, no generally applicable method to exploit symmetry and simplify the analysis
of complex DI tasks has been known. In a talk we would like to present a new de Finetti theorem, specialised for
the device independent setting, with its first application to parallel repetition of non-local games.
A new de Finetti theorem for correlations [1]. Quantum de Finetti-type theorems, e.g. [3–6], enable a simplified
analysis of information-processing tasks in various areas, such as quantum cryptography [5,7] and others [6,
8, 9]. The idea is that instead of carrying out the analysis for any possible state it is sufficient to consider one
particular “de Finetti” state, that is, a convex combination of independent identically distributed (i.i.d.) states.
de Finetti states are usually much easier to handle than general states due to their simple structure. Moreover,
most established information-theoretic techniques can be applied only to i.i.d states, and therefore while not
applicable when considering general states, they can be used when considering de Finetti states. Therefore, a
reduction to such states can significantly simplify calculations and proofs of various quantum information processing tasks.
The above mentioned variants of the quantum de Finetti theorem depend on the dimension of the quantum
states and their internal structure. They are therefore not applicable to a large class of applications in which the
underlying physical states are unknown or their dimension cannot be bounded. Among them are the so-called
DI protocols (such as DI quantum key distribution or DI randomness amplification) and the investigation of
non-local games in general (such as Bell inequalities [10, 11])
For such applications it was thus necessary to prove a de Finetti theorem without making any assumptions regarding the internal structure of the states. In a recent work [1], the first two authors had proven a new de Finetti
theorem for correlations (i.e., conditional probability distributions) which makes no reference of the dimensions
of the underlying states or the non-signalling conditions between their subsystems. This new de Finetti theorem
opens new possibilities and strictly extends the range of applications in which de Finetti theorems can be used.
Application to parallel repetition of non-local games [2]. As a first application of the new de Finetti theorem,
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we use it to investigate the behaviour of non-signalling correlations under parallel repetition of games. More
specifically, the parallel repetition problem can be phrased as follows: given a game G (e.g., any game which is
defined via a Bell inequality) and its repeated version Gn (in which n games are played together, in parallel), can
the separated players, who are not allowed to communicate, use strategies that are substantially better than
ones in which each game is played independently? This question is relevant in physics for the study of correlations and plays an important role in computer science in the context of complexity and cryptography. We give a
negative answer to this question, which tells us that “one cannot fight independence with correlations”. As long
as the questions are asked, and the answers are verified, in an independent way, creating correlations between
the different answers using a correlated strategy cannot help much1.
The main difficulty in proving a parallel repetition result comes from the arbitrary correlations that the players
can introduce between the different rounds of the game. Yet, there is one symmetry which one can take advantage of – permutation invariance symmetry. As the game Gn itself is invariant under joint permutation of the tuples
of questions and answers, we can restrict our attention to permutation-invariant strategies, strategies which are
indifferent to the ordering of the questions given by the referee, without loss of generality.
Once we restrict our attention to permutation-invariant strategies, de Finetti theorems seem like a natural tool.
They suggest one may be able to reduce the analysis of general permutation-invariant strategies to the analysis
of a de Finetti strategy, i.e., a convex combination of i.i.d. strategies. As the behaviour of i.i.d. strategies is trivial
under parallel repetition, such a reduction could simplify the analysis of parallel repetition theorems. As in the
multiplayer game setting one does not wish to restrict the structure of the players’ strategy (e.g., the dimension
of the states or the correlations between the rounds) the previously known de Finetti theorems were not applicable. The new de Finetti theorem for correlations is therefore the only known de Finetti theorem which can be
used to prove parallel repetition. By using it we present a completely new proof technique for parallel repetition,
which sheds new light on the behaviour of correlations under repetitions of non-local games For the full version
papers see [1, 2]. See Section IA in [2] for the exact statements and a full comparison with the previously known
results [12, 13].
References
[1] Rotem Arnon-Friedman and Renato Renner. de Finetti reductions beyond quantum theory. arXiv preprint
arXiv:1308.0312, 2013.
[2] Rotem Arnon-Friedman, Renato Renner, and Thomas Vidick. Non-signalling parallel repetition using de F
netti reductions. arXiv preprint arXiv:1411.1582, 2014.
[3] Carlton M Caves, Christopher A Fuchs, and Rüdiger Schack. Unknown quantum states: the quantum de-Finetti representation. Journal of Mathematical Physics, 43:4537, 2002.
[4] Renato Renner. Symmetry of large physical systems implies independence of subsystems. Nature Physics,
3(9):645–649, 2007.
[5] Matthias Christandl, Robert König, and Renato Renner. Postselection technique for quantum channels with
applications to quantum cryptography. Physical Review Letters, 102(2):020504, 2009.
[6] Fernando GSL Brandao and AramWHarrow. Quantum de Finetti theorems under local measurements with
applications. In Proceedings of the forty-fifth annual ACM symposium on Theory of computing, pages 861–870.
ACM, 2013.
[7] Anthony Leverrier. Composable security proof for continuous-variable quantum key distribution with coherent states. arXiv preprint arXiv:1408.5689, 2014.
[8] Matthias Christandl and Renato Renner. Reliable quantum state tomography. Physical Review Letters,
109(12):120403, 2012.
[9] M. Berta, M. Christandl, and R. Renner. The quantum reverse shannon theorem based on one-shot information theory. Communications in Mathematical Physics, 306(3):579–615, 2011.
[10] John S Bell et al. On the Einstein-Podolsky-Rosen paradox. Physics, 1(3):195–200, 1964.
[11] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt. Proposed experiment to test local hidden-variable
theories. Physical Review Letters, 23(15):880–884, 1969.
[12] Thomas Holenstein. Parallel repetition: simplifications and the no-signaling case. In Proceedings of the
thirty-ninth annual ACM symposium on Theory of computing, pages 411–419. ACM, 2007.
[13] Harry Buhrman, Serge Fehr, and Christian Schaffner. On the parallel repetition of multi-player games: The
no-signaling case. arXiv preprint arXiv:1312.7455, 2013.
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Unbounded randomness certifcation from one arbitrarily little entangled state
Florian John Curchod

ICFO{Institut de Ciencies Fotoniques, 08860 Castelldefels (Barcelona), Spain.

Antonio Acn1, 2, Remigiusz Augusiak1, Matty J. Hoban1, 3, Markus Johansson1, and Peter Wittek1
1) ICFO{Institut de Ciencies Fotoniques, 08860 Castelldefels (Barcelona), Spain.
2) ICREA-Institucio Catalana de Recerca i Estudis Avan13cats, Lluis Companys 23, 08010 Barcelona, Spain
3) Department of Computer Science, University of Oxford, Parks Road, Oxford OX1 3QD, UK

One of the most puzzling aspects of quantum theory is its non-local predictions, implying that some phenomena are incompatible with local causality. The fact that the outcomes of some experiment do not admit any locally
causal explanation in turn implies the existence of true randomness. Non-locality thus serves for randomness
certication, where the randomness of some numbers can be trusted based solely on the (non-local) properties
of the produced probability distributions, i.e. without having to know anything about the internal machinery
of the experiment. On the other hand, the relation between entanglement (that is a necessary resource for the
generation of non-locality), non-locality and randomness is still poorly understood. In the quantitative sense, an
entangled state was shown to be capable of generating an innite sequence of non-local probability distributions
when subjected to sequential (weak) measurements [1]. Also, in [2] it was shown that any pure entangled two
qubit state or some non-local distributions lying arbitrarily close to the local set were capable of perfect randomness certication.
In this work, we show that entanglement is even more inequivalent to non-locality and randomness than what
was previously thought (see [2] for example). Here we prove that arbitrarily little entanglement from the simplest entangled quantum state of two qubits is sucient for unbounded generation of almost extremal non-local
probability distributions and for unbounded randomness certication. To show this, we start by building a family
of POVMs that can be tuned all the way from being projective to being non-interactive (weak measurements),
allowing us to play with the trade-o between information extraction from the state and entanglement conservation in the post-measurement state. In other words, we are able to choose how much information we want to
extract from the state at the cost of destroying some amount of entanglement. These POVMs, if non-projective,
map the initial pure two-qubit entangled state on another post-measurement pure entangled state for all outcomes. Such measurements, together with the family of Bell-like inequalities characterized in [2] allow us to generate arbitrarily many non-local probability distributions by measuring the state repeatedly. Interestingly, each
such probability distribution can be made arbitrarily close to the boundary of the quantum set, meaning that it
violates some Bell inequality almost maximally. This contrasts with the results of [2], where the non-locality had
to be shared by the sequence, implying that only one of them could theoretically be made asymptotically close
to extremal. Consequently, we show that entanglement is not a nite resource for non-locality generation, in the
sense that an arbitrarily little entangled pure two-qubit state, the simplest possible state, can lead to arbitrary
many probability distributions that violate some Bell inequalities almost maximally.
This also implies, via results of Ref.[2], that our construction allows for the generation of an unbounded amount
of true randomness. Indeed, we prove that each additional non-projective measurement made on the state can
be certied to generate a bit that is arbitrarily close to a perfectly random one. We thus show that the smallest
amount of entanglement, i.e., a two qubit state that is arbitrarily little entangled, is enough to generate an innite
amount of randomness by measuring it repeatedly, proving at the same time that entanglement and randomness are inequivalent resources.
Most of the existing protocols for randomness gen- eration make use of projective measurements, implying
that the post-measured states are separable and thus useless for further nonlocality (and thus randomness) generation. For example, in the case of two qubits, the maximal possible amount of (local) randomness certi- ably
using projective measurements is only two bits. More generally, for any nite dimensional system, the possible
amount of certiable randomness is also limited to being nite if projective measurements are to be made on the
system. Our work thus represents a dramatic im- provement in both the qualitative and quantitative sense. To
summarize our results, we show that entangle- ment and nonlocality are inequivalent resources, and so are
entanglement and randomness. More precisely, an arbitrarily little entangled two-qubit state can be used to
generate an innite sequence of non-local probability distributions, each of them violating some Bell inequality
almost maximally. Then, it follows from Ref. [2] that each such non-local distribution certies almost one local bit
of perfect randomness, and so arbitrarily little entanglement suces to generate any amount of true randomness.
[1] R. Silva, N. Gisin, Y. Guryanova, S. Popescu, arXiv:1408.2272
[2] A. Acn, S. Massar, S. Pironio, Phys. Rev. Lett. 108, 100402
13

Randomness Amplification Without Markov Condition
Hanna Wojewodka
University of Gdansk

Andrzej Grudka2 , Karol Horodecki1 , Michal Horodecki1 , Pawel Horodecki3 , Ramanathan Ravishankar1
1) University of Gdansk
2) University of Poznan
3) Gdansk University of Technology

We consider randomness amplification of SV sources, using no-signalling correlations. Unlike in previous
papers (e.g. Colbeck & Renner, Nature Physics 8, 450-454 (2012), Gallego et al., Nature Communications 4, 2654
(2013), Grudka et al., Phys. Rev. A 90, 032322 (2014)), we do not assume Markov condition and show that, nonetheless, randomness can be amplified. By Markov condition we mean that sources and boxes may only be
correlated with each other through the no-signaling eavesdropper.
In classical information theory, randomness amplification is unattainable. However, it becomes possible, if
quantum non-local correlations are used and no-signalling principle is assumed. Colbeck & Renner test the
chained Bell inequality and prove that it is possible to amplify randomness of ε-SV sources, provided ε< 0,086.
The result is done by Grudka et al., who give the tight treshold for the chained inequality . Gallego et al. use
Mermin inequality and show that full randomness may be certified for 0<ε< 0,5. However, the hashing function
used to compute the final random bit is not explicitly provided and a large number of space-like separated devices is required.
The above papers are based on Markov assumption. We consider the scenario wchich allows any possible correlations between a source and a device and analyse even such attacks which are based on sending to Alice and
Bob the boxes selected for their measurements settings, so that they observe optimal Bell values, while in fact
the boxes do not even violate the chained inequality.
In our scenario randomness amplification may still be obtained for ε<0,029. The threshold is weaker than the
optimal one, but it is still positive, which indicates that assuming Markov condition is not the key reason for
possibiliy of randomness amplification.
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How does Quantum Randomness Emerge from Deterministic Bohmian
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I.

After more than a century, some fundamental issues of
Quantum Mechanics, like the origin of the quantum randomness, are still intriguing and unexplained. What is
the origin of quantum randomness? Are quantum probabilities epistemic (because of our ignorance) or ontological
(in the thing per se)? Even more, Can a fully deterministic theory explain quantum randomness? Answers to
these question are not simple and depend on the theory
used to explain quantum phenomena.
In this conference, we will mention answers from different theories. In particular, we will show how Bohmian
Mechanics (a deterministic theory in which the motions
of the particles, having definite positions, are choreographed by the wave function) provides affirmative answer to the last question. Finally, we will show an example on why looking for such philosophical answers can be
relevant for practical physical computations.

II.

QUANTUM RANDOMNESS

The randomness in classical systems can be reduced
by just improving our technological ability to fix the initial conditions. On the contrary, there are some part of
the randomness in quantum systems that cannot be reduced by any technological means (Acı́n et al. call them
“extrinsic” and “intrinsic” randomness respectively1 ).
Let us briefly describe how the Orthodox (Copenhagen)
Interpretation2,3 , the GRW-type theories4 and Bohmian
Mechanics5,6 explain the origin of this “intrinsic” randomness occurring in quantum experiments.
II.1.

II.2.

INTRODUCTION

Quantum Randomness in Copenhagen theory

A fundamental tenet of the Orthodox Interpretation
is that the evolution of the wave function of a system is
deterministic and unitary (according to the Schrödinger
equation) when it is not measured, while the wave function evolves stochastically (i.e. collapses) when the system is measured. Thus, according to the Orthodox Interpretation, the “intrinsic” quantum randomness has an
ontological character and it appears because of the measurements process itself. If a measurement is just an
interaction between two systems (the so-called quantum
system and the apparatus), why are there interactions
(that we call measurement process) that introduce randomness and other interactions (the rest) that do not?

Quantum Randomness in GRW theory

The “intrinsic” quantum randomness in GRW-type
theory is ontologically incorporated in the dynamical evolution of the wave function, independently of the measurement or not of the system. In the GRW theories, the
dynamical evolution of the wave function given by the
Schrödinger equation is modified by introducing a new a
term that is the responsible of an spontaneous collapse.
However, some doubts appears: Which is the frequency
of this spontaneous collapse? How much perturbation of
the wave function it implies? The specific answers to this
question are still not clear7 .
II.3.

Quantum Randomness in Bohmian theory

Bohmian Mechanics is a quantum theory in which
the complete description of a system of N particles is given by the wave function Ψ(x1 , x2 , ..., xN , t)
and by the actual positions of the particles X(t) =
{X1 (t), X2 (t), ..., XN (t)}. The former evolves according
to the usual (deterministic) Schrödinger equation and the
latter evolves according to the so called (deterministic)
guidance equation:
dXi

=
Im
dt
mi



∇i Ψ
Ψ





x=X(t)

,

(1)

where mi is the mass of the ith particle. Because of
the equivariance and quantum equilibrium hypothesis5 ,
it can be shown that the Bohmian theory is empirically
equivalent to the orthodox theory (i.e. they imply the
same statistical predictions). Let us mention that there
is no measurement postulate in the Bohmian theory because it treats the system-apparatus interaction as any
other type of (deterministic) interaction. Since all the dynamic laws are fully deterministic, Bohmian explanation
of the “intrinsic” quantum randomness is epistemological.
However, how can quantum randomness emerge from a
deterministic theory?
There are two main sources of randomness in the
Bohmian theory. The first source of randomness appears when looking only at a subsystems (ignoring the
rest of the world). Let us define X1 (t) as the particle
of a quantum (sub)system and X2 (t) as the particle of
another (sub)system (for example, the center of mass of
the pointer of an apparatus). The (Big) wave function
of the complete system is Ψ(x1 , x2 , t). When the pointer
of the apparatus indicates a definitive value X2 (t), the
wave function of the first (sub)system can be defined as
ψ(x1 , t) ≡ Ψ(x1 , X2 (t), t). We refer to ψ(x1 , t) as the
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conditional wave function 5,6 of the subsystem which is a
concept that makes sense uniquely in Bohmian mechanics. The detailed Bohmian analysis of this measurement
process leads to the deduction of the collapse of the wave
function of the measured subsystem. The evolution of
ψ(x1 , t) can be viewed as an stochastic and irreversible
process, due to the typical arguments used for open system.
The second source of randomness has no similarities
with other theories. According to Bohmian mechanics,
it is impossible to know exactly the trajectories of the
Bohmian particles (with a unique experiment9 ). In order
to get the exact Bohmian position X1 (t), a strong perturbation (channelization) of the wave function is mandatory. Therefore, the precise definition of the initial state
(i.e. X1 (0), X2 (0) and Ψ(x1 , x2 , 0)) remains unaccessible to us. This is a consequence of the “absolute uncertainty” discussed by Dürr, Goldstein and Zanghı̀5 .
Thus, the outcome in each single experiment becomes
unpredictable8 . Since this type of randomness cannot be
reduced experimentally, it is an “intrinsic” randomness
in the sense mentioned by Acı́n et al.1 .
In summary, from a philosophical point of view, the
randomness in Bohmian Mechanics (which is a fully deterministic theory) has an epistemic origin due to our
ignorance of the precise state. Additionally, part of
this quantum randomness is “intrinsic” in the sense that
part of our ignorance cannot be reduced experimentally.
In other words, “intrinsic” and epistemic are two compatible adjectives for quantum randomness according to
Bohmian Mechanics.

report in Fig. 1 the Fano factor for a Resonant Tunneling Diode, calculated as the ratio of the spectral density
at zero frequency S(0) over twice the charge for the average current 2qI. The Fano factor is related to the
quantum noise of the considered device, i.e. related to
both the “intrinsic” and “extrinsic” randomness in each
experiment (the particle being transmitted or reflected,
the thermal fluctuations of the energy, .etc).

FIG. 1. Fano Factor F defined as F = S(0)/(2q I), evaluated using the current fluctuations directly available from the
BITLLES simulator (Color figure online)

IV.

In summary, the explanation of the origin of the “intrinsic” quantum randomness with the Orthodox Interpretation or GRW-type theories has still some unanswered issues. In the authors’ opinion, however, Bohmian
mechanics provides a more natural, common and understandable explanation (when dealing with the conditional
wave function 5,6 ) on the origin of randomness and irreversibility in quantum experiments. Such satisfactory
explanation has been already implemented in a physical
simulator for quantum transport10 .

III. IS THIS BOHMIAN EXPLANATION
USEFUL FOR PRACTICAL COMPUTATIONS?

In order to show the practical utility of the ideas discussed here, we show a simulator for quantum transport
in nanoelectronic devices named BITLLES10 , developed
by some of the authors, which uses Bohmian mechanics
to calculate average currents and its fluctuations. Specifically, it calculates the electrical current, I α,h (t) incorporating, both, the uncertainty on the initial position of the
particles (α-distribution, accounting for the “intrinsic”
randomness) and the uncertainty on others parameters
of the injected wave packet (h-distribution, accounting
for the “extrinsic” randomness). To show the capability
of Bohmian Mechanics and of the BITLLES simulator we
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Locating value indefiniteness with a variant of the Kochen-Specker theorem
Alastir Abbott

University of Auckland

Cristian Calude1 , Karl Svozil2
1) University of Auckland2) Vienna University of Technology

Quantum mechanics is often considered to be intrinsically random in the sense that measurements do not
reveal pre-existing elements of reality. This “value indefiniteness” is often justified by appeal to the Bell and
Kochen-Specker theorems, which further rely on the assumption that definite values should behave non-contextually. However, these theorems, in particular the latter, show only that there exist certain sets of observables
which cannot all be value definite. They do not, unfortunately, show that all observables are value indefinite,
and hence fail to fully justify quantum indeterminism. Given that quantum randomness and cryptography rely
on the indeterministic nature of quantum measurements, understanding theoretically value indefiniteness is an
important endeavour.
We build on previous results to prove a variant of the Kochen-Specker theorem showing that, under the same
assumption of noncontextuality used in the original theorem, if a system is prepared in a state |ψ>, then every
observable A is value indefinite unless |ψ> is an eigenstate of A. In contrast to standard proofs of the Kochen-Specker theorem, this stronger result requires a constructive method of reduction between Kochen-Specker sets. This result shows that: a) the set of value indefinite observables has measure one, that is, almost all
observables are value indefinite; and b) value indefiniteness can be localised, that is, we can identify precisely
which observables are value indefinite.
The result of measuring a value indefinite observable is indeterministic, and represents a formal notion of
quantum randomness. By localising value indefiniteness we show the extent of the the non-classicality in quantum mechanics, and provide the justification of indeterminism often claimed, but not delivered, by the Kochen-Specker theorem.

From Arnold’s cat to Schrodinger’s cat: how purely epistemic models can fully
explain the indistinguishability of quantum states
Joseph Emerson
University of Waterloo

A series of recent papers have attempted to show that a certain kind of epistemic interpretation of the quantum
state, known as $\\psi$-epistemic, is implausible because it can not fully account for the quantum indistiguishability of certain pairs of non-orthogonal states. The above results require the implicit assumption that the measurement response functions in such models must be represented with point indicator functions. However, this
assumption is (i) unnatural because it is violated by all known $\\psi$-epistemic models (for subsets of quantum
theory) and (ii) provably incompatible with the $\\psi$-epistemic assumption. Moreover, purely epistemic models, in which both the states \\emph{and} the measurements have an epistemic nature, are consistent with the
existence of pairs of states where their indistinguishability is dominated by their $\\psi$-epistemic nature of the
state and other pairs of states where their indistniguishability is dominated by the coarse-grained nature of the
measurements. A simple example of this comes from the probability description of complex classical systems,
where, e.g., Arnold\’s disappearing cat is an illustration of Gibbs\’ argument for the appearance of irreversibility
and the second law of thermodynamics under arbitrarily small coarse-graining representing finite measurement precision. This implies that the rich structure of quantum indistinguishability is not only consistent with
$\\psi$-epistemic models but actually new evidence supporting them. Indeed the interesting lesson is that you
have to go ``full epistemic\’\’ to recover the quantum predictions with any $\\psi$-epistemic ontological model.
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Device-independently secure randomness expansion using photonic
Bell tests
Stephen Jordan
NIST

Bell experiments were originally proposed as a way to prove that nature cannot be described by any \classical”
model obeying local realism. Recently, it was discovered that Bell experiments also have a practical application:
the production of truly random bits that can be trusted even if the much of the hardware used to generate them
is untrusted. I will report on the current eort at NIST to perform a \loophole-free” Bell experiment using entangled photons and demonstrate device-independently secure randomness expansion.

Understanding nature from experimental observations: a theory independent
test for gravitational decoherence
Stephanie Wehner

Delft University of Technology

Quantum mechanics and the theory of gravity are presently not compatible. A particular question is whether
gravity causes decoherence - an unavoidable source of noise. Several models for gravitational decoherence
have been proposed, not all of which can be described quantum mechanically. In parallel, several experiments
have been proposed to test some of these models, where the data obtained by such experiments is analyzed
assuming quantum mechanics. Since we may need to modify quantum mechanics to account for gravity, however, one may question the validity of using quantum mechanics as a calculational tool to draw conclusions from
experiments concerning gravity.
Here we propose an experiment to estimate gravitational decoherence whose conclusions hold even if quantum mechanics would need to be modified. We first establish a general information-theoretic notion of deco18

herence which reduces to the standard measure within quantum mechanics. Second, drawing on ideas from
quantum information, we propose a very general experiment that allows us to obtain a quantitative estimate
of decoherence of any physical process for any physical theory satisfying only very mild conditions.Finally, we
propose a concrete experiment using optomechanics to estimate gravitational decoherence in any such theory,
including quantum mechanics as a special case.
Our work raises the interesting question whether other properties of nature could similarly be established
from experimental observations alone - that is, without already having a rather well formed theory of nature like
quantum mechanics to make sense of experimental data.
Joint work with C. Pfister, J. Kaniewski, M. Tomamichel, A. Mantri, R. Schmucker, N. McMahon and G. Milburn.

Low-energy behavior of one-dimensional disordered boson systems
Janek Wehr

Department of Mathematics, University of Arizona

I will present several results concerning the ground state and low energy states of systems of bosons on a
one-dimensional lattice in the presence of a random potential. The discussion of the noninteracting case will
include a simple mathematical proof of Lifshits tail behavior of the density of states in the one-dimensional Anderson model with a random potential taking two values

The crucial role of extremely rare events in social dynamics
Andrzej Nowak

University of Warsaw, Florida Atlantic University

The presentation will focus on the role of rare events in social dynamics. Some mechanisms by which rare
events may be most influential will be considered.
In social sciences prediction is based on measures of central tendency and dispersion. Experiments provide
the ultimate method for verifying theories. These methods are not adequate for discovering rare events and for
analyzing their role. In real life most of the events that is important happen as a consequence of rare events.
Social sciences lack models and tools to study rare events in the social domain.
Rare events may acquire crucial importance for social dynamics in several ways. Computer simulation models
as well as empirical data showing how rare events can shape social reality will be presented. A model of dynamics of intractable social conflicts based on rare events dynamics will be presented in detail.
Some consequences for psychology and individual well being strategies will be discussed, for example, research in psychology suggest that the ability to perceive rare events may underlay the individual characteristic
of having luck in life
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Indeterminism from Relativistic Causality + Quantum Correlations
Wayne C. Myrvold

Department of Philosophy The University of Western Ontario

It has been known for some time that no deterministic theory that satisfies the conditions of Parameter Independence and Free Choice of experimental settings can produce Bell-Inequality violating correlations. More
recently there have been a number of theorems strengthening this, showing that from conditions motivated
by relativistic causality there can be no theory that reproduces quantum correlations as mixtures of distributions that are less indeterministic than quantum theory. In this talk I will discuss the nature of these causality
conditions and the results that can be derived from them. I will address, in particular, a potential objection to
the significance of such results, namely, the claim that any theory that violates the Bell Inequalities must violate
relativistic causality.

Trusted providers, uncharacterized devices
Jean-Daniel Bancal

Centre for Quantum Technologies

Devices performing measurements on quantum systems can produce random numbers. This randomness can
sometimes be certified even in absence of a previous characterization of the devices, i.e. in a device-independent
manner. At the same time, practical randomness generation requires some level of trust in the device providers.
We explore the consequences of this assumption for quantum randomness certification in various situations.

Device Independent Quantum Key Distribution without Random Number
Generators
Marcin Pawlowski

National Quantum Information Centre in Gdansk

In the Device Independent (DI) QKD one usually assumes that the parties have access to perfect, secure random
number generators (RNGs). This assumption is really difficult to justify as not only it is in clear violation of DI
paradigm but also because in practice RNGs are the most common target of attacks on cryptographic systems.
Recent advances in quantum randomness expansion and amplification show that even from a small amount
of initial randomness (not necessarily of good quality) one can obtain a large amount of trusted random bit.
However, this does not change the problem of how to obtain this initial random data. Therefore, it was widely
believed that cryptography without trusted RNGs is impossible. I show that this belief is not true by exploiting
an assumption so basic that it is almost never mentioned in the analysis of security: The eavesdropper does not
know in advance the message which is going to be transmitted. It is a very safe assumption. If the eavesdropper
knows the message whatever we do in the protocol cannot make our situation worse. If she does not, there is
randomness in it, at least from her point of view. We were able to exploit this fact and use the message as a seed
for DI randomness amplification and expansion on Alice’s side. We show that resulting randomness is uncorrelated (or at least very weakly correlated) to the message and can be used in a DI QKD without Eve learning more
about the message than she knows in advance.
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Randomness in Pure Mathematics
Gregory Chaitin

Universidade Federal do Rio de Janeiro (UFRJ)

Irreducible complexity is ubiquitous in pure mathematics and provides a link between mathematics and biology. We discuss the role of conceptual complexity in metaphysics, in metamathematics and in metabiology, and
how to measure the complexity of a scientific theory, of a formal axiomatic theory, and of a mutation from one
organism into another.
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Long term operation of a quantum random number generator as a public
internet service
Michael Wahl
PicoQuant GmbH

Michael Berlin , Oliver Benson
Humboldt University, Berlin

Randomness is an invaluable resource in many areas of science and technology ranging from Monte Carlo
simulations to secure encryption in communication and data storage. While computer generated random numbers can be used for some applications, they remain fundamentally non-random in the sense that anything
generated by an algorithm is at least in principle predictable. In constrast, strong theoretical and experimantal
evidence shows that quantum physics provides randomness with inherent unpredictability.
An easily accessible and convenient source of quantum randomness is ubiquitously available in the form of
single photons. Several photon based random number generators utilizing quantum indeterminism have been
proposed and realized in the past. However, not many implementations so far were reliable and/or cost efficient enough for routine use beyond the physics laboratory.
Nearly five years ago we developed a quantum random number generator (QRNG) based on photon arrival times [1]. Together with the physical device we developed and deployed a Linux
based server system delivering the QRNG data to users across
the internet. The QRNG device has meanwhile been made available as a commercial product and the server has been in continuous operation since November 2010. More than 1 Petabyte of
data have been delivered since then. We report on some implementation details of the QRNG and the server, its known usage
scenarios and related client software developed by some user
communities. We also show results of initial and more recent tests of the statistical quality of the delivered data.
[1] Michael Wahl, Matthias Leifgen, Michael Berlin, Tino Röhlicke, Hans-Jürgen Rahn and Oliver Benson “An
ultrafast quantum random number generator with provably bounded output bias based on photon arrival time
measurements” Appl. Phys. Lett. 98, 171105 (2011); http://dx.doi.org/10.1063/1.3578456

Locating possible sources of physical randomness
Karl Svozil

Institute for Theoretical Physics, Vienna University of Technology

We shall present a brief historical account of indeterminism and randomness in physics, followed by a discussion of the origin and physical sources of physical random number generators and the associated gaps in the
laws of physics. The present situation in physics is this: on the one hand, virtually all and there is not a single
exception from this rule individual events such as the creation, the scattering, or the annihilation of a quantum
(particle), occur spontaneously, {\\it ex nihilo}, and indeterministically. Indeed, this author believes that, when it
comes to the maintenance of both the unitary state evolution in-between irreversible measurement, as well as
the reduction postulate during irreversible measurements, quantum mechanics is inconsistent.
We shall discuss three scenarios:
(i) instability of some deterministic evolution due to an extreme sensitivity against variation of initial values
(nowadays often subsumed under the term deterministic chaos);
(ii) quantum beam splitters and state reduction;
(iii) quantum vacuum fluctuations.
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In the first scenario one could locate the gap at the assumption that the initial value is a random real; and that
it belongs to a mathematical continuum. Whether or not this is a viable formalization remains questionable, in
particular, because so far no capacity of the continuum such as hyper-Turing computability has manifested itself
as a physical capacity. The Church-Turing thesis holds as strong as ever. The second scenario also gives rise to
various issues. For instance, it is unclear exactly where the generation, or rather emergence, of this type of randomness is located: Is it at the beam splitter? Or is it at the detector after the beam splitter? Or is it at Wigner\’s
friend? The third, field theoretic, scenario also remains problematic, as quantum field theory is just a quantum
theory of many particles; and inherits many issues within quantum theory.

Any rational agent with ‘free choice and belief ‘
is described by quantum mechanics
Yohan PELOSSE
University of Swansea

In this paper, we establish a connection between the random choices generated by the \’free choices and beliefs\’ of a rational agent in game and decision theory and the \’irreducible randomness\’ of physical systems in
quantum mechanics. Using the notion of \’freedom of choice\’ introduced by Colbeck and Renner, we say that
the choices and beliefs of an agent are free if they are uncorrelated with any other variables, except those that lie
in the future of the agent in the chronological structure. Under this postulate, we show that the epistemic state
of a rational agent is described by a pure quantum state and the probabilities of his choices automatically satisfy
the Born rule of QM. We notably show that the choices-beliefs pairs of the agent are incompatible variables in
the same sense as position and momentum are conjugate variables in QM.
These results strongly suggest that the assumption of free choice of experimental parameters, e.g., which
state to prepare or which measurement to carry out in physics experiments, imply that observers are already
quantum systems. At an even more fundamental level, these results also suggest the existence of a unifying
fundamental principle behind human decisions and the response of any physical system.

Limited preparation contextuality in quantum theory leads to Cirel’son bound
Ashutosh Rai

Faculty of Computing, University of Latvia

Kochen-Specker (KS) theorem establishes impossibility of explaining predictions of quantum theory by any
noncontextual ontological model. However, unlike for showing Bell-nonlocality, structure of quantum mechanics is exploited in the usual demonstration of KS contextuality. Interestingly, the idea of KS contextuality has
been recently generalized for arbitrary operational theories, rather than just quantum theory, and for arbitrary
experimental procedures, rather than just sharp measurements.
Preparation contextuality has operational usefulness as it powers parity-oblivious multiplexing (POM), a
two-party secure computation task [Spekkens et al., Phys. Rev. Lett. 102, 010401 (2009)]. Spekkens et al. derived
a noncontextuality inequality placing a bound on any operational theory that admits a preparation noncontextual ontological model. The success probability in a POM game played with only classical resources is restricted
by the same constraint (inequality), therefore, any operational theory is preparation contextual if it can beat the
classical bound in a POM task. In performing a POM task, quantum resources do better than any classical resource, thus proving that QM is a preparation contextual theory.
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We take maximum success probability for a POM task in an operational theory as a measure to quantify preparation contextuality of the concerned theory. Then, we show that there exists an operational (toy) theory, namely
‘box-world’, which can do better than QM; thus, the amount of preparation contextuality in QM is limited. Moreover, we find that this restricted feature of QM implies the limit (Cirel\’son bound) on the success probability of
winning the Bell-CHSH game in quantum world. Therefore, our result brings the qualitative connection between
preparation contextuality and nonlocality explored previously to a quantitative footing. From a different motivation, recent results in [Chailloux et al., arXiv:1404.5153] give optimal quantum values for general POM tasks
adopting a different approach.

Randomly Walking Towards a Higher Bit Rate
James Grieve

Centre for Quantum Technologies, National University of Singapore

Alexander Ling
Centre for Quantum Technologies, National University of Singapore

As a special class of physical random number generators (PRNGs), quantum random number generators derive their entropy explicitly from the inherent randomness present in quantum theory. This approach may be
preferred for demanding applications which require the highest possible guarantees regarding, among other
things, the uniqueness of each sequence of bits.
We are investigating a PRGN design employing a large random walk with many output modes, such that the
detection of a single photon may provide several bits of entropy. These devices should enable a higher random
bit rate for a given set of detectors, when compared to existing schemes with two output channels. Large random walks with over 100 output modes have been demonstrated via waveguide-based platforms, with their
inherent stability enabling operation over long timescales. Devices will employ photon pair generation via spontaneous parametric downconversion (SPDC). With each random walker heralded by its SPDC sister, only output
detector events which are coincident with a herald detection are used to produce the random bit stream. This will
reduce the influence of thermal processes within the detectors, and may also be used to provide an additional
source of entropy.
In our work we explore this theme, posing the question “what are the practical limits of such a device?” In particular, we address questions of: photon losses during propagation; the trade-offs between detector efficiency and
dead time; and the cummulative impact of dark counts as the number of detectors increases. We consider both a
nested array of couplers and a planar array of continuously coupled modes, evaluating the effects of structured
output on the bit rate, as a function of number of detectors.
There is an ongoing research effort at the Centre for Quantum Technologies to realise these devices, and progress towards this goal will also be detailed.
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Communication strength of boxes violating monogamy relations
Michał Oszmaniec

Center for Theoretical Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, 02-668 Warszawa, Poland

Remigiusz Augusiak1 , Waldemar Kłobus2 , Andrzej Grudka2
1) ICFO-The Institute of Photonic Sciences Mediterranean Technology Park Av. Carl Friedrich Gauss, 3 08860 Castelldefels (Barcelona), Spain
2) Faculty of Physics, Adam Mickiewicz University, 61-614 Poznan, Poland

In recent years a lot of research has been devoted to probabilistic nonsignalling theories. They are formulated
in terms of boxes, that is, families of probability distributions describing correlations generated in a Bell-type
experiment by spatially separated observers.
The boxes are required to satisfy the no-signalling principle which means that expectation values seen by
some of the observers cannot depend on the measurement choices made by the remaining ones. A particular
example of a theory obeying the no-signalling principle is quantum mechanics. It was realized, however, that
there exist nonsignalling theories which lead to higher violations.
One of the most interesting features of the nonsignalling correlations is that they are monogamous. This
means that strengths of correlations between different parties participating in Bell-like scenario are not arbitrary but are subject to certain constrains known as monogamy relations. Violation of such a relation implies
that correlations arising in the experiment must be signalling, and, as such, they can be used to send classical
information between parties.
In this work we study the amount of information that can be sent with the usage of correlations that violate
monogamy relations. To this aim, we first associate to boxes the classical channels whose capacities are then
used to quantify the usefulness of these correlations in sending information. We Finally, we determine the minimal amount of information that can be sent using signalling correlations violating the monogamy relation
associated to the chained Bell inequalities.
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The lack of realism of quantum mechanics led to a very big controversy about the fundamental randomness
of QM predictions and a possible incompleteness of the theory. Trying to extend the celebrated result of Bell to
the realm of macroscopic objects, Leggett and Garg designed a test for the principles of (i) Macrorealism (MR),
i.e., the existence of a definite value for a macroscopic quantity at any time, (ii) Non Invasive Measurability
(NIM), i.e., the possibility of measuring such value without perturbing it. Recently this LG tests have attracted
increasing attention and several experimental falsifications of (MR)+(NIM) have been made, mainly still using
microscopic systems.
However, apart from testing it using macroscopic systems, one should address the inconclusiveness of the falsification due to possible explanations of the result in terms of ``clumsy\’\’ measurements, the so-called ``clumsiness loophole. Here we propose an approach to address this loophole, designed for an LG test in atomic
ensembles with quantum nondemolition (QND) measurements. We substitute (NIM) with a weaker Monotonical
Invasivity (MI) and explain how to introduce and compute an invasivity quantifier to add to the original LG expression. A falsification of this modified LG-like test would prove that either (i) the system is not macrorealistic
or (ii) the system is macrorealistic but a macroscopic rotation of the atomic ensemble between two seemingly
26

non invasive measurements can strongly disturb the system. Furthermore, we also show that the invasivity
parameter that we defined tends ideally to zero for sufficiently high optical depths and that this falsification is
feasible with current technology. To conclude we present a classical model that explains some disturbing features of the QND measurement, to clarify to which extent is possible to weaken the clumsiness loophole and show
that we are very close to reach this goal.
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Expansion and amplification of weak randomness with untrusted
quantum devices has recently become a very fruitful topic of research. Here we contribute with a procedure for amplifying a single
weak random source using tri-partite GHZ-type entangled states. If
the quality of the source reaches a fixed threshold R=1/4 log 10 (the
logarithm is in base 2) perfect random bits can be produced. This
technique can be used to extract randomness from sources that
can\’t be extracted neither classically, nor by existing procedures
developed for Santha-Vazirani sources. Our protocol, as opposed
to existing protocols, works with a single fault-free device decomposable into three non-communicating parts, that is repeatedly
reused throughout the amplification process.
The inputs for the device are chosen by dividing a weak 2n bit string (taken from a (2n,2Rn)--min-entropy source) into 2 bit substrings. Each of these substrings is mapped to a single input for a GHZ test. Because the validity
of the GHZ test in a given round depends on the conditional entropy of its input pair (conditioned on the values
of previous pairs), we represent the weak source by a tree structure depicted in the image. The analysis consists
of finding a tree with maximal number of branches (number of branches is lower bounded by min-entropy of the
source), such that each branch contains at most half vertices with degree 4. Such vertices correspond to rounds
of the protocol in which the devices cannot win with probability 1 without producing randomness. Such trees
correspond to the deterministically cheatable strategies. We argue that the strategies represented by trees not
fullfiling this simple condition, there exists a tradeoff between the randomness produced and the probability to
fail the test.
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Device-independent information processing has received a lot of attention recently, mainly in the context of
randomness expansion and quantum key distribution (QKD). In these two cases the power of device-independent protocols and the limitations they come with are reasonably well understood. We consider the scenario in
which two potentially mistrustful parties want to interact to perform a certain task while revealing as little private information as possible. While quantum information theory does not allow to perform such tasks securely
against an all-powerful adversary, security can be proven again technologically limited adversaries, e.g.~whose
quantum storage is bounded or more generally noisy. Here, we consider a universal primitive called weak string
erasure. In weak string erasure Alice and Bob want to produce a random string known to Alice but only partially
known to Bob. Can two-party cryptography be made device-independent?
Our main contribution is a protocol implementing device-independent weak string erasure. Bob prepares two
quantum devices sharing a large number of EPR pairs, which he passes to Alice. She tests the devices by observing the CHSH inequality violation and if the observed violation is high enough she uses one of them to produce
randomness by measuring in two incompatible bases. The other device is passed to Bob and since he cannot
store the whole quantum system perfectly, he cannot wait until Alice announces the basis information and he
is forced to measure. Wherever he measures in the correct basis, he establishes perfect correlations (this is the
set he is allowed to learn) but the rest of the string he will be ignorant about. We prove security for memoryless
devices and we develop techniques which will (hopefully) allow us to tackle the most general case of fully untrusted devices with memory.

Can non-local boxes be computable?
Gabriel Senno

Departamento de Computacion, FCEN, Universidad de Buenos Aires, Buenos Aires, Argentina

Ariel Bendersky1 , Gonzalo de la Torre1 , Santiago Figueira2, Antonio Acín1
1) ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain
2) CONICET, Argentina

Quantum mechanics postulates random outputs. However, a model making the same output predictions but
in a deterministic manner would be, in principle, experimentally indistinguishable from quantum theory. In this
work we consider such models in the context of non-locality. That is, we study non-local boxes that produce
outputs deterministically. For this boxes to be non-local at least one of the boxes’ output has to depend on the
other party\’s input via a kind of hidden signaling. We prove that, if the deterministic mechanism is also algorithmic, there is a protocol which, with the sole knowledge of a bound on the time complexity of such algorithm,
extracts that hidden signaling and uses it for the communication of information.
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Local model of a qubit in the interferometric setup
Pawel Blasiak
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We consider typical realisation of a qubit as a single particle in two-path interferometric circuits built from
phase shifters, beam splitters and detectors. It is often taken as a standard example in discussions of various
paradoxes and quantum effects including non-locality. We show that it is possible to simulate behaviour of such
circuits in a classical manner using stochastic gates and two kinds of particles, real ones and ghosts, which conform to the paradigm of locality. The model has built-in limited information gain and state disturbance in measurements which are blind to ghosts. We show that predictions of the model are operationally indistinguishable
from the quantum case and allegedly \’non-local\’ effects arise only on the epistemic level of description by the
agent whose knowledge is incomplete due to the restricted means of investigating the system.
Reference:
P. Blasiak, “Local model of a qubit in the interferometric setup”, arXiv:1502.07308 [quant-ph]
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Violation of Bell inequality is a way of revealing the nonlocality of quantum theory. Non-commutative observables are necessary to obtain the violation for given Bell inequality. Indeed, the correlations obtained from
commutative observables are described by classical probability, hence there is no room for nonlocality. Anti-commutative observables or observables which are related to the mutually unbiased bases (MUBs) play an
interesting role because there is a belief that these observables provide more violation for certain Bell inequality.
Taking the famous CHSH inequality as an example, the maximal quantum value $2\\sqrt{2}$ is obtained by anti-commutative observables. Not only in Bell scenario, but also in the authors\’ recent work, MUBs and operators in Clifford algebra was used to derive steering inequalities which provide large violation (unbounded in the
meaning of increasing the number of measurement settings).
In this paper, we can liberate this requirement of anti-commutativity or mutually unbiased relations by using
so called free observables, i.e, we are able to obtain the same degree of violation for inequalities mentioned
above. We call these observables “free” because they are free independent random variables in free probability
theory. Our results are based on calculating the norm and tensor norm of combination of free random variables.
In the distribution sense free random variable can be approximated by random Haar unitary matrix or Gaussian
unitary ensemble. Thus our results may shed some light on the asymptotic behavior of random observables
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We developed a protocol for quantum random number generators (QRNG) which lets an user Alice to obtain
true secure random bits, i.e. uniform and uncorrelated from any classical or quantum side-information held by
an eavesdropper. This method applies to QRNGs based on the Born\’s rule, i.e. random bits are associated to
the outcomes of measurements on a quantum system A measured in a basis which is complementary to the
preparation one.
True randomness however can be achieved only if the preparation state is pure but real QRNGs have to deal
with mixed states. A mixed state leaves room for quantum side information: an eavesdropper Eve might be able
to know the generated numbers by holding a quantum system E which purifies the state of A. At present time,
the typical Alice over-estimates the amount of secure random bits because she uses the classical min-entropy
which does not account for side information: bits can appear random only because some other degrees of freedom are ignored.
With our protocol Alice can estimate a bound of the correct estimator, i.e. the min-entropy conditioned on the
side information possibly held by Eve. We apply to the QRNG case the entropic uncertainty principle (EUP) for
min- and max- conditional entropies in the presence of quantum memories. Randomly interleaved to the measurements to extract the numbers, we perform additional measurements in the supposed preparation basis of
the system. With these measurements and the EUP we can estimate a bound of the min-conditional entropy.
A randomness extractor calibrated with this bound, enables Alice to eliminate the full fraction of bits possibly
known by Eve.
We present the protocol and the results of its application to a QRNG based on qubits and ququarts.
Physical Review A, 90(5), 052327.
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We introduce the so-called randomized graph states, which arise when a graph state is prepared with imperfect controlled-Z gates. We study both bipartite and genuine multipartite entanglement features of these states.
The presence of bipartite and multipartite entanglement with respect to the success probability of controlled-Z
gates is studied. The method of witness operators used in multipartite entanglement detection is also adapted
to study non-local properties of randomized graph states. We also present the detected threshold probabilities
for entanglement and non-locality of particular randomized graph states.
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We introduce the so-called randomized graph states, which arise when a graph state is prepared with imperfect controlled-Z gates. We study both bipartite and genuine multipartite entanglement features of these states.
The presence of bipartite and multipartite entanglement with respect to the success probability of controlled-Z
gates is studied. The method of witness operators used in multipartite entanglement detection is also adapted
to study non-local properties of randomized graph states. We also present the detected threshold probabilities
for entanglement and non-locality of particular randomized graph states.

Deriving the Born rule from non-probabilistic axioms
Daniela Frauchiger
ETH Zürich

Renato Renner
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The conventional view is that randomness enters the quantum world through the Born rule. However, as it
has been pointed our before, this is unsatisfactory for at least two reasons. First of all it is well known that it is
impossible to even define objective probability consistently. Secondly, even if one accepts that nature can be
described in a probabilistic framework, it is still not clear why the corresponding numerical values should be
exactly the ones given by the Born rule.
In our approach the Born rule is derived from two non-probabilistic axioms. In contrast to the decision-theoretic approach presented by Deutsch and Wallace [1, 2], we do not address the question “Why is it rational to
bet according to the Born rule?” but rather “Why do we observe the frequencies given by the Born rule in experiments?”. Our assumptions are operationally motivated. Informally we demand that if a system described by
a quantum state is measured w.r.t a set of operators (i) we never see outcomes corresponding to a projector
orthogonal to the state (ii) nature is robust under small perturbations of the experiment. We stress that we do
not make use of an unphysical notion of infinite sequences.
[1] D. Deutsch, Quantum theory of probability and decisions, arXiv:quant-ph/9906015 (1999).
[2] D. Wallace, A formal proof of the Born rule from decision-theoretic assumptions, arXiv:0906.2718 (2009).
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We explore the link between two concepts: the level of violation of a Bell inequality by a quantum state and
discrimination between two states by means of restricted classes of operations, such as separable ones. For any
bipartite Bell inequality, we show that its value on a given quantum state cannot exceed the classical bound by
more than the maximal quantum violation shrunk by a factor related to distinguishability of this state from the
separable set by means of some restricted class of operations. The bounds are strong enough to limit the use of
certain states containing private key in the device-independent scenario. This is due to the fact, that for certain
private states on k qubits, only those Bell inequalities can yield large violation, which have number of settings
or outcomes scaling exponentially with k. In other words: despite the states contain quantum private key (and
hence quantum private randomness), extending privacy of key and randomness to the quantum device independent case requires enormous resources in case of high dimensional states. We then consider the general
scenarios where the parties are allowed to perform a local pre-processing of many copies of the state before
the Bell test (asymptotic and hidden-non-locality scenarios). We define the rate of non-locality and, for PPT states, we bound this quantity by the relative entropy of entanglement of the partially transposed state. The same
bound holds for the hidden-non-locality scenario.
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We investigate the relationship between nonlocality and device- independent randomness [1] in the no-signalling framework. While nonlocality is a precondition for certifiable randomness, the converse is not always
true: nonlocality alone does not guarantee the presence of randomness for a particular set of inputs. The sets
of probability distributions from which randomness cannot be certified for given inputs, then, can be viewed as
relaxations of the local polytope, and are themselves polytopes. These polytopes constitute a hierarchy approaching the local polytope as progressively more inputs are fixed. Apart from their physical significance, we have
a second motivation for introducing them: when a given number of inputs is fixed, determining whether a point
belongs to the corresponding polytope can be solved using linear programming in polynomial time in the total
number of inputs and outputs. We thus present our hierarchy as a potentially useful way to identify whether a
point is nonlocal.
References
[1] S. Pironio et al., Nature 464, 1021--1024 (2010).
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1I) FO–Institut de Ci`encies Fot`oniques, 08860 Castelldefels (Barcelona), Spain,
23, Companys
08010 Barcelona,
Spain Spain
2) ICREA–Instituci´o Catalana de Recerca i Lluis
EstudisCompanys
Avanc¸ats, Lluis
23, 08010 Barcelona,
M. Demianowicz1, J. Tura1 and
A. Ac´ın1;2
3

Introduction. Let us start by introducing the notions of entanglement and nonlocality in bipartite
systems. Let ρAB ∈ d ⊗ d be a quantum state shared by two spatially separated observers Alice and
Bob. Following Ref. [1] we say that ρAB is separable iff it admits the following decomposition

pi ρiA ⊗ ρiB
(1)
ρAB =
i

where pi is some probability distribution and ρiA/B are some states representing local subsystems. Otherwise, we say that ρAB is entangled.
Now, let us imagine that on their shares of ρAB Alice and Bob perform some measurements, denoted,
respectively, by M = {Ma } and N = {Nb }, where Ma and Nb are the so-called measurement operators,
i.e., they are all positive and sum up to the identity operator. Moreover, the subscripts a and b denote
their outcomes. Recall that if additionally the measurement operators Ma are supported on orthogonal
subspaces, i.e., Ma Ma = δaa Ma , then we call such a measurement projective; otherwise, we call it
generalizaed or POVM.
Now, one says that the state ρAB admits a local hidden-variable model (LHV) (or simply has a local
model) if for any pair of generalized measurements M and N , the probability of obtaining the outcomes
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dλω(λ)p(a|M, λ)p(b|N, λ),
(2)
p(a, b|M, N ) =
Ω

where λ is some classical information shared by the parties, which is distributed over Ω with some
probability density ω. Quantum states for which such a decomposition exists are named local. States
that does not admit (2) are named nonlocal and they violate Bell inequalities [2].
It is already a well-established fact that both entanglement and nonlocality are essential features of
quantum theory. Moreover, both have turned into key resources for quantum information theory (see,
e.g., Refs. [3, 4, 5]). It is then one of the most important problems of QIT, both from the fundamental
and practical points of view, to understand how these two notions relate to each other. At first sight,
after comparing Eqs. (1) and (2), one might be tempted to conclude that entanglement and nonlocality
are equivalent notions. And, in fact, these notions coincide for pure states as any pure entangled state
always violates a Bell inequality [6]. This intuition is, however, not correct as this relationship becomes
more involved for mixed states: while LHV models trivially exist for separable states, not all entangled
states are nonlocal.
Werner was first to show that entanglement and nonlocality are inequivalent [1]. For this purpose,
he introduced a class of highly symmetric entangled states given by
ρW
AB (p) = p

2Pasym
2
+ (1 − p) d2 ,
d(d − 1)
d
1
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Macroscopic Leggett-Garg tests using quantum non-demolition
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Making analogies to Bell inequalities [1], Leggett and Garg (LG) [2] proposed a test for quantum behavior of
macroscopic systems undergoing coherent evolution. The resulting Leggett-Garg inequalities (LGIs) aim to distinguish a hypothesized philosophical position of macrorealism (MR) from quantum physics, and ultimately to
test this position against Nature. The MR position holds that arbitrarily low-disturbance measurements should
be possible, in contradiction of the Heisenberg uncertainty principle.
Here [3] we show how a test of macroscopic realism based on Leggett-Garg inequalities (LGIs) can be performed in a macroscopic system. Using a continuous-variable approach [4], we consider quantum non-demolition
(QND) measurements [5] applied to atomic ensembles undergoing magnetically-driven coherent oscillation. We
identify measurement schemes requiring only Gaussian states as inputs and giving a significant LGI violation
with realistic experimental parameters and imperfections. The predicted violation is shown to be due to true
quantum effects rather than to a classical invasivity of the measurement. Using QND measurements to tighten
the “clumsiness loophole” [6] forces the stubborn macrorealist to re-create quantum back action in his account
of measurement [7].
[1] J. S. Bell et al., Physics 1, 195 (1964).
[2] A. J. Leggett and A. Garg, Phys. Rev. Lett. 54, 2724 (1985).
[3] G. Colangelo, C. Budroni, G. Vitagliano, et al, in preparation
[4] G. Colangelo, et al, New J. Phys. 15, 103007 (2013).
[5] R. J. Sewell, Nat. Photon. 7, 517 (2013)
[6] M. M. Wilde and A. Mizel, Foundations of Physics 42, 256 (2012).
[7] G. Vitagliano, C. Budroni, G. Colangelo, et al, in preparation
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We analyze the structure of the so called non-signaling theories respecting relativistic causality but allowing
correlations violating bounds imposed by quantum mechanics such as CHSH inequality. We discuss relations
among such theories, quantum mechanics, and classical physics. In particular we reconstruct the probability
theory adequate for the simplest instance of a non-signaling theory, the two non-signaling boxes world, and exhibit its differences in comparison with classical and quantum probabilities. We show that the question whether
such a theory can be treated as a kind of “generalization” of the quantum theory of the two-qubit system cannot
be answered positively. Some of its features put it closer to the quantum world, for example measurements
must be destructive, on the other hand the Heisenberg uncertainty relations are not satisfied. Another interesting property contrasting it from quantum mechanics is that the subset of “classically correlated states”, i.e. the
states with only classical correlations, does not reproduce the classical world of two two-state systems. Our
results establish a new link between quantum information theory and the well-developed theory of quantum
logics and can shed new light on the problem why quantum mechanics is distinguished among non-signaling
theories.
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Quantum theory allows for a stronger form of randomness which is inexistent in the classical world. One can
guarantee that the randomness present in non-local correlations is not due to a lack of knowledge in our physical description of the world. Furthermore, one can certify the presence of this randomness by looking at the
correlations alone, without knowing the details of the system which gave rise to these correlations (device-independence). Such certifiable randomness is an essential resource for quantum information applications such as
quantum cryptography, particularly in the device-independent framework.
To quantify the randomness present in non-local correlations one usually considers the guessing probability,
which is directly related to the min-entropy, a measure of the number of uniformly random bits that can be extracted from a random variable distributed according to the correlations.
In previously published work [1-2], a method allowing to obtain the device-independent guessing probability
(DIGP) of any set of quantum correlations resulting from a Bell experiment was presented. However, one cannot
apply this method directly to experimental data. Indeed, the method assumes that one has access to the exact
set of quantum correlations corresponding to the experiment. Due to statistical fluctuations, experimental data
will generally differ from the theoretically expected data, and will not generally satisfy the expected properties of
quantum correlations, such as non-signalling. If the observed correlations are signalling, the problem becomes
infeasible.
In this work we consider an adapted formulation of the problem which would allow using the observed experimental correlations directly, and we study its potential in providing close-to-optimal bounds on the DIGP.
[1] Nieto-Silleras O., Pironio S. and Silman J., New J. Phys. 16, 013035 (2014).
[2] Bancal J.-D., Sheridan L. and Scarani V., New J. Phys. 16, 033011 (2014).

Robust self-testing of partially entangled quantum systems using tilted CHSH
inequalities
Cédric Bamps

Université libre de Bruxelles

Stefano Pironio
Université libre de Bruxelles

When dealing with complex quantum apparatus in the realisation of cryptographic tasks such as randomness
expansion, it is often desirable to somehow ensure that the system behaves as intended, free from malfunctions
due for instance to hardware failure or faulty implementation. Moreover, one may not want to trust that the providers of the devices do not intend to maliciously collect information when the task is performed.
In this context, the device-independent approach provides a solution to that problem by aiming to establish
protocols with no assumption made over the presence of attackers or any detail of the implementation of the
device such as the dimension of the underlying Hilbert space. Such protocols focus on the observed behaviour
of the system and are designed in such a way that malfunctions or attackers inevitably affect this behaviour in
a way that can be detected. This allows the apparatus to be seen as a black box, which is guaranteed to function
as intended if the behaviour matches that of the ideal system the box is meant to abstract.
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In this work, we show that the tilted CHSH inequalities (Acín et al., 2012) are robust, strong self-tests for their
maximally violating reference systems: in a black-box scenario where the expected violation of a tilted CHSH
inequality achieves the quantum maximum up to a small error, the underlying quantum system is guaranteed to
be the reference system, up to vanishing terms of optimal order in the violation error. Interestingly, this family
of inequalities covers all partially entangled qubit states as reference systems.
So far, only the state was known to be testable (Yang and Navascués, 2013). However, the proof suffered from
technical mistakes. This work confirms the claim and extends it to the self-test of the entire system, including
the measurements.
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When dealing with complex quantum apparatus in the realisation of cryptographic tasks such as randomness
expansion, it is often desirable to somehow ensure that the system behaves as intended, free from malfunctions
due for instance to hardware failure or faulty implementation. Moreover, one may not want to trust that the providers of the devices do not intend to maliciously collect information when the task is performed.
In this context, the device-independent approach provides a solution to that problem by aiming to establish
protocols with no assumption made over the presence of attackers or any detail of the implementation of the
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In the operator space theory was applied to study bipartite Bell inequalities. The aim of the paper is to follow
this line of research and use the operator space technique to analyze the steering scenario. We obtain a bipartite
steering functional with unbounded largest violation of steering inequality, as well as we can construct all ingredients explicitly. Some of the ingredients are of a probabilistic nature. Namely, matrix coecients of the steering
functional and the measurement are constructed by means of a sequence of independent Bernoulli random variables. So, the construction is random in the sense that some of statements are satisfyied with high probability”.
It turns out that the unbounded largest violation is obtained by non maximally entangled state. Moreover, we
focus on the bipartite dichotomic case where we construct a steering functional with unbounded largest violation of steering inequality. This phenomenon is dierent to the Bell scenario where only bounded largest violation
can be obtained by any bipartite dichotomic Bell functiona.
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Taking advantages of the quantum nature of light, quantum walk of photons is considered as a very powerful
model for quantum information science. Integrated photonic devices have proven a versatile architecture for
their implementation and experimental demonstrations range from walks with entangled photons, to analogues of Anderson localization in condensed matter, to the implementation of boson sampling problem with
multi-photon state.
While waveguide structures allow only near-neighbor coupling between up to a few tens of modes, disordered
systems, such as white paint layer or multimode fiber, permit to couple efficiently a huge numbers of optical
modes. Due to their inherent random and lossy nature, these systems have always been considered unpractical for quantum optics experiments. Wavefront shaping methods, developed in the last decade to control light
propagating in complex media [1], permit to move beyond these limitations and make them exploitable with
non-classical light [2].
In this work, we use a multimode fiber as a coherent multimode platform to implement multi-photon quantum
walk. Propagation of indistinguishable pair of photons through a linear system can be fully predicted using the
knowledge of its scattering matrix. Using wavefront shaping techniques, we show that this matrix can also be
used to manipulate the propagation of a two-photon state. We report the observation of a two-photon speckle
pattern and we demonstrate the focusing of a two-photon state of light in a selected output mode of the fiber.
We also characterize the role played by non-classical interferences in the focusing process [3].

In this experiment, we have extended wavefront shaping method, developed with classical light, to the control
of non-classical light in complex media. This capability to manipulate photons performing quantum walks paves
the way of building reconfigurable multimode optical system opening very interesting opportunities for the
quantum information community.
[1] Popoff, S. M. et al. Measuring the transmission matrix in optics: an approach to the study and control of light
propagation in disordered media. PRL 10, 104. 100601 (2010).
[2] Defienne, H. et al. Nonclassical light manipulation in a multiple-scattering medium. Opt. Lett. 39, 6090–6093
(2014).
[3] Defienne, H. et al. Control of two-photon quantum walk in a complex multimode system by wavefront shaping. arXiv:1504.03178 [quant-ph]
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Many cryptographic applications, such as quantum key distribution, rely on the output of random number generators (RNGs). The measurement of a pure quantum state can guarantee true random numbers uncorrelated
to any other measured series of numbers, as opposed to classical physical or algorithmic RNGs. The quantum
mechanical vacuum state is such a pure state. It has been demonstrated that it can be used as a source of random
numbers using homodyne detection. In our work, we discuss the photonic and electronic integration of such
a continuous-variable-based quantum RNG and the associated challenges to achieve rates in the GHz regime.

Minimising the heat dissipation of information erasure
M. Hamed Mohammady
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Landauer’s principle states that reducing the entropy of an object, due to information erasure, must dissipate a minimum quantity of heat to a thermal reservoir. However, it only states that this
lower bound of heat dissipation is obtained for some physical
situation, but not all; in some situations there is even a limit to
how much entropy reduction can be attained. Consequently we
develop the concept of minimal heat dissipation given probabilistic information erasure, provided knowledge of the reservoir’s
Hamiltonian. Precisely, we determine the unitary operator acting on the composite system of object and reservoir so that the probability of preparing the object in a pure state is brought to a desired value. Subsequently,
the unitary operator is optimised to minimise the resulting heat dissipation to the reservoir. We consider two
concrete models of maximising the probability of erasing a qubit. Moreover, for these models we investigate the
effect of energy conserving, Markovian dephasing on the process of information erasure. Finally, we enumerate
the ways in which it is possible to cheat and achieve heat dissipation lower than Landauer’s limit, but in a way
that terms such as heat and temperature would remain applicable.
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We push the limits of the direct use of partially pure entangled states to perform quantum teleportation by
presenting several protocols in many different scenarios that achieve the optimal efficiency possible.
We review and put in a single formalism the three major strategies known to date that allow one to use partially
entangled states for direct quantum teleportation (no distillation strategies permitted) and compare their efficiencies in real world implementation, showing how one can improve the efficiency of many direct teleportation
protocols by combining these techniques.
We then prove the upper bound for the optimal success rate for protocols based on partially entangled Bell
states and show that some of the protocols here developed achieve such a bound.
Finally, we study quantum teleportation under noise, where the input qubit as well as the qubits of the quantum channel are exposed to distinct kinds of decoherence and the efficiency of the protocol is calculated in several noise scenarios. Also, optimal settings for the protocol when noise is present is also determined.

Dynamical Objectivity in Quantum Brownian Motion
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Classical objectivity as a property of quantum states---a view proposed to explain the observer-independent
character of our world from quantum theory, is an important step in bridging the quantum-classical gap. It was
recently derived in terms of spectrum broadcast structures for small objects embedded in noisy photon-like
environments. However, two fundamental problems have arisen: a description of objective motion and applicability to other types of environments. Here we derive an example of objective states of motion in quantum
mechanics by showing a formation of dynamical spectrum broadcast structures in the celebrated, realistic model of decoherence---Quantum Brownian Motion. We do it for realistic, thermal environments and show their
noise-robustness. This opens a potentially new method of studying quantum-to-classical transition.
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