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Quantum non-locality in Networks 
N. Gisin 

Université de Genève, Switzerland 
e-mail: nicolas.gisin@unige.ch 

 
Quantum non-locality, i.e. the violation of some Bell inequality, has proven to be an extremely useful concept in 

analyzing entanglement, quantum randomness and cryptography, among others. In particular, it led to the fascinating field 
of device-independent quantum information processing.  

Historically, the idea was that the particles emitted by various quantum sources carry additional variables, known as 
local hidden variables. The more modern view, strongly influenced by computer science, refers to these additional 
variables merely as shared randomness. This, however, leads to ambiguity when there is more than one source, as in 
quantum networks. Should the randomness produced by each source be considered as fully correlated, as in most common 
analyses, or should one analyze the situation assuming that each source produces independent randomness, closer to the 
historical spirit? 

The latter is known, for the case of n independent sources, as n-locality. For example, in entanglement swapping there 
are two sources, hence “quantumness” should be analyzed using 2-locality (or, equivalently, bi-locality). The situation 
when the network has loops is especially interesting. Recent results for triangular networks will be presented. 



Quantum Shannon Theory with Superposition of Causal Orders 
G. Chiribella 

University of Oxford, UK 
email: giulio.chiribella@cs.ox.ac.uk 

 
Shannon's theory of information was built on the assumption that the information carriers were classical systems. Its 
quantum counterpart, quantum Shannon theory, explores the new possibilities arising when the information carriers are 
quantum systems. In the standard framework, it is assumed that the communication takes place in a background spacetime 
with a fixed causal structure, known to all the communicating parties. An interesting question is how the communication 
is affected if the communicating parties are embedded in a spacetime where the causal relations are in a quantum 
superposition. In this talk I will describe an abstract communication model inspired by this scenario, exploring some of 
the curious features arising when communication channels are used in a superposition of alternative orders.  
 



Communication through Quantum Causal Structures 
F. Costa 

The University of Queensland, Brisbane, Australia 
e-mail: f.costa@uq.edu.au 

 

In a communication network, delays can produce uncertainty in the timing different nodes send and receive information. 
Traditional quantum information tools are not suited to such scenarios, as they typically presuppose sender and receiver 
to be in a fixed, known causal relation. An understanding of communication in general—uncertain or quantised—causal 
structures will be necessary for future quantum networks of increasing complexity. It is also instrumental for an 
information-theoretical approach of joint studies of quantum theory and relativity, where causal relations can be 
fundamentally undefined. Here I show how to describe communication scenarios for quantum processes without fixed 
causal structure. I present a generalised Holevo bound, limiting the amount of classical communication achievable through 
a general process. I further present bounds on both classical and quantum information capacity for causally separable 
processes, that is, with classical uncertainty of causal order. 



Causal structures in higher-order quantum theory 
P. Perinotti 

University of Pavia, Italy 
e-mail: paolo.perinotti@unipv.it 

 
Conventional quantum processes are described by quantum circuits, that represent evolutions of states of systems from 
input to output. Here we move beyond this paradigm. We start introducing maps that represent transformation of input 
circuits to output circuits, axiomatically imposing minimal admissibility conditions. At this level, all the processes 
complying to such conditions have in principle a physical realisation scheme. In The construction of a hierarchy of maps 
then proceeds defining maps from transformations of a given type to transformations of another type and imposing 
admissibility conditions. 
In these higher orders one encounters admissible maps that involve indefinite causal structures. Still, many of the maps 
in the hierarchy can be proved to have a realistic physical interpretation. In order to study the hierarchy, we classify all 
possible types of maps, introducing a simple rule for constructing new types from known ones. We use the hierarchy of 
types to introduce a partial order, which allows us to prove properties by indiction. We will then use induction proofs to 
discuss the characterisation of mathematically admissible maps of every level. We show an important structural result for 
a subclass of higher-order maps, and we conclude with the open question of their physical achievability. 
 



Experimental Entanglement of Temporal Orders 
G. Rubino 

University of Vienna, Austria 
e-mail: giulia.rubino@univie.ac.at 

 
The study of causal relations, a cornerstone of physics, has recently been applied to the quantum realm, leading to the 
discovery that not all quantum processes have a definite causal structure. While such processes have previously been 
observed, these observations opened a 'loophole' whereby the observed process could be explained by an underlying 
theory with a definite causal structure. Here, we present the first experimental demonstration of entangled temporal orders, 
resulting in a process that is incompatible with a large class of generalized probabilistic theories which are local and have 
a definite temporal order. We experimentally invalidate this class by violating a Bell inequality. We thus conclude that 
nature is incompatible with the class of theories requiring a local definite temporal order. 
 



Quantum superpositions of causal orders as an operational resource

Márcio M. Taddei,1 Ranieri V. Nery,2 and Leandro Aolita1

1Instituto de Fı́sica, Federal University of Rio de Janeiro, P. O. Box 68528, Rio de Janeiro, Brazil
2International Institute of Physics, Federal University of Rio Grande do Norte, P. O. Box 1613, Natal, Brazil

Causal nonseparability refers to processes where events take place in a coherent superposition of different
causal orders. These may be the key resource for experimental violations of causal inequalities and have been
recently identified as resources for concrete information-theoretic tasks. Here, we take a step forward by de-
riving a complete operational framework for causal nonseparability as a resource. Our first contribution is a
formal definition for the specific notion of quantum control of causal orders, a stronger form of causal non-
separability – with the celebrated quantum switch as best-known example – where the causal orders of events
for a target system are coherently controlled by a control system. We then build a resource theory – for both
generic causal nonseparability as well as quantum control of causal orders – with a physically-motivated class
of free operations, based on process-matrix concatenations. We present the framework explicitly in the mindset
with a control register. However, our machinery is totally versatile, being directly applicable also to scenarios
with a target register alone. Moreover, an important subclass of our operations is free not only with respect to
causal nonseparability and quantum control of causal orders but it also preserves the very causal structure of
causal processes. Hence, our treatment contains, as a built-in feature, the basis of a resource theory of quantum
causal networks too. As applications, first, we establish a simple sufficient condition for pure-process free con-
vertibility. This imposes a hierarchy of quantum control of causal orders with the quantum switch at the top.
Second, we prove that causal-nonseparability distillation exists. More precisely, we show how to convert multi-
ple copies of a process with arbitrarily little causal nonseparability into fewer copies of a quantum switch. Our
findings reveal conceptually new, unexpected phenomena, with both fundamental and practical implications.
arXiv:1903.06180



Quantum Measurements of time
Lorenzo Maccone

Dip.Fisica ``A.  Volta'' & INFN Sez.Pavia, Universita' di Pavia, via Bassi 6, I-27100 Pavia, Italy
e-mail:   maccone@unipv.it

We propose a time-of-arrival operator in quantum
mechanics by conditioning on a quantum clock. This
allows us to bypass the problems that afflict previous
proposals, and to obtain a Hermitian time of arrival
operator  whose  probability  distribution  arises  from
the  Born  rule  and  which  has  a  clear  physical
interpretation. The same procedure can be employed
to measure the ``time at which some event happens''
for arbitrary events (and not just specifically for the
arrival time of a particle).

Textbook  quantum  mechanics  cannot  describe
measurements of time, since time is a parameter and
not a quantum observable.  This is a clear fallacy of
the  theory,  since  time  measurements  are  routinely
carried out in laboratories using quantum systems that
act as clocks. Clever and creative tricks were devised
to  overcome  this  fallacy.  However,  many  of  these
proposals  give  conflicting  predictions  and  none  of
them provides  a  prescription that  applies to  generic
time  measurements:  they  all  focus  on  specific

measurements,  e.g.  the  time  of  arrival,  at  a  given
position, of a particle subject to a specific potential. In
this  talk  we  provide  a  general  prescription  for
quantum  measurements  of  the  time  at  which  an
arbitrary  event  happens (the time of arrival  being a
specific  instance).  It  entails  quantizing the temporal
reference frame, namely employing a quantum system
as clock. Then, textbook quantum mechanics can be
applied to describe time measurements through joint
quantum observables of the system under analysis and
the quantum clock.  A simple Bayes conditioning of
the Born rule probability of the joint state allows one
to  recover  the  full  distribution  of  the  time
measurement.

This  is  work  performed  in  collaboration  with
Krzysztof  Sacha,  and  is  based  on  the  paper
arXiv:1810.12869 .



Geometry from Order and Number: Causal Sets 
R. Sorkin 

Perimeter Institute for Theoretical Physics, Waterloo, Canada 
e-mail: rsorkin@perimeterinstitute.ca 

 

Among the various ideas put forward in the search for a theory of quantum gravity, the causal set hypothesis is 
distinguished by its logical simplicity and by the fact that it incorporates the assumption of an underlying spacetime 
discreteness organically and from the very beginning. After presenting the problem of quantum gravity in general, I will 
precis the causal set programme and touch on some old and some recent developments. 



Quantifying Bell: the Resource Theory of Nonclassicality of Common-
Cause Boxes 

R. Spekkens 
Perimeter Institute for Theoretical Physics, Waterloo, Canada 

e-mail: rspekkens@perimeterinstitute.ca 
 
We take a resource-theoretic approach to the problem of quantifying nonclassicality in Bell scenarios.  We conceptualize 
the resource as a conditional probability distribution for outcome variables given setting variables that arises from a 
particular causal structure, namely, a common cause acting on the different wings of the Bell scenario.  We term such 
resources “common-cause boxes”.  We define the distinction between classical and nonclassical in terms of what type of 
causal model is required to explain a common-cause box, and we quantify their relative nonclassicality by considering 
their interconvertibility relative to the set of operations that can be implemented using a classical common cause (these 
correspond to local operations and shared randomness).  We prove that the set of free operations forms a polytope, which 
in turn allows us to derive an efficient algorithm for deciding whether one resource is more valuable than another. We 
moreover define two distinct monotones with simple closed-form expressions in the two-party binary-setting binary-
outcome scenario, and use these to reveal various properties of the pre-order of resources, including a lower bound on the 
cardinality of any complete set of monotones. In particular, we show that the information contained in the degrees of 
violation of facet-defining Bell inequalities is not sufficient for quantifying nonclassicality, even though they are sufficient 
for witnessing nonclassicality.  Finally, we show that the continuous set of convexly extremal quantumly realizable 
correlations are all at the top of the pre-order of quantumly realizable correlations.  In addition to providing new insights 
on Bell nonclassicality, our work also sets the stage for quantifying nonclassicality in more general causal networks. 
 
Joint work with Elie Wolfe, David Schmid, Ana Belen Sainz, and Ravi Kunjwal 
 



Computational advantage from quantum control of multiple causal orders: 
an experimental demonstration of the N-switch 

L. Aolita 
Universidade Federal do Rio de Janeiro, Brazil 

e-mail: cololocoa@gmail.com 

 

Quantum control of causal orders is perhaps the most pristine form of causal nonseparability, and the only one known to 
date with a clear physical realisation. The best known example is the celebrated N-switch, originally introduced by 
Chiribella, D’Ariano, Perinotti, and Valiron. There, an N-dimensional control register coherently controls the causal order 
in which a target register undergoes events. From the practical point of view, the N-switch is promising as it has been 
identified as resource for a number of interesting information-theoretic problems. In particular, in 2014, Araújo, Costa, 
and Brukner found a decision problem involving commutation relations between black-box untaries for which the N-
switch provides a quadratic speed-up in query complexity (to the black boxes) with respect to any circuit with fixed gate 
ordering, remarkably. However, the protocol requires the target-system dimension to be at least N, making it impractical 
for experiments already for moderate N. In fact, all experimental realisations of the N-switch so far reported are restricted 
to the simple case of N=2. Here, we present a modified decision problem for which the N-switch also provides a quadratic 
speed-up in query complexity but with no constraint on the target-system dimension. In particular, the target register can 
now be a single qubit while N still being arbitrarily large. We experimentally implement such protocol with a photonic 
interferometer based on multi-core fibres coupled to multiport beamsplitters, for N=4 different causal orders. The 4-
dimensional control system is encoded in the spatial degree of freedom of a single photon and the target system is a qubit 
encoded in the polarisation degree of freedom. This experiment represents the first demonstration of quantum control of 
more than 2 causal orders. 



Fix points of quantum evolution on indefinite causal structures 
Ä. Baumeler 

IQOQI Vienna, Austria 
e-mail: aemin.baumeler@univie.ac.at 

 
 
The process-matrix framework allows to describe attainable correlations on indefinite causal structures. Yet, in certain 
setups, it is unknown how to describe the underlying quantum states and their evolution that lead to such correlations; the 
description remains on the level of the process-matrix and the resulting correlations. In light of postselected closed time-
like curves (PCTCs), which can be understood as a generalization of the process-matrix framework, this is not surprising: 
The impossibility to describe the quantum state that travels to the past is generally believed upon. In this talk we present 
preliminary results on an attempt to describe the underlying quantum states that undergo evolution on indefinite causal 

structures: The quantum state recursively describes the fix point of a quantum channel. 
 



Measurement incompatibility and steering are necessary and 

sufficient for contextuality 

A. Tavakoli
1 and R. Uola1

 
1Department of Applied Physics, University of Geneva, CH-1211 Geneva, Switzerland 

e-mail:   armin.tavakoli@unige.ch 

 

Quantum theory postulates properties of states and 

measurements that have no analogy in classical 

physics. Two paradigmatic features are quantum 

measurements that cannot be jointly measured and 

shared quantum states that allow stronger than 

classical correlations. Whereas such features are 

necessary for various quantum effects, a fundamental 

question is whether they also necessitate the failure of 

classical models of experimental statistics. Here, we 

show that incompatibility of measurements [1] and 

steering of entangled systems [2] are necessary and 

sufficient for producing genuinely quantum 

correlations that cannot be explained with a 

noncontextual model [3]. As contextuality is a 

signature of truly quantum effects, the result shows 

that nonclassicality on the level of theoretical quantum 

entities necessitates nonclassicality on the level of 

correlations.  

The connection between measurement 

incompatibility, steering and contextuality allows us to 

use tools from the latter to tackle problems in the 

formers. We exploit this to present specific tests of 

contextuality and evidence that these are both 

necessary and sufficient for i) certifying every set of 

incompatible dichotomic qubit measurements, and ii) 

optimally certifying the steerability of a noisy singlet 

state under any given number of projective 

measurements.  

 

 

 

[1]  P. Busch, P. J. Lahti and P. Mittelstaedt. 

The Quantum Theory of Measurement. Springer 

1996. 

 

[2]  H. M. Wiseman, S. J. Jones and A.C. Doherty. 

Steering, Entanglement, Nonlocality, and the 

Einstein-Podolsky-Rosen Paradox. 

Phys. Rev. Lett. 98, 140402 (2007). 

 

[3] R. W. Spekkens. 

Contextuality for preparations, transformations, 

and unsharp measurements. 

Phys. Rev. A 71, 052108 (2005). 



Experimental device-independent randomness generation within an instrumental 
scenario 

Iris Agresti1 – Davide Poderini1- Leonardo Guerini2- Michele Mancusi1- Gonzalo Carvacho1- Leandro Aolita2- 

Daniel Cavalcanti3- Rafael Chaves4- and Fabio Sciarrino1 
1Dipartimento di fisica, Sapienza Università di Roma, Italy 

2 International Center of Theoretical Physics - South American Institute for Fundamental 
Research, Instituto deFìsica Téorica – UNESP, Sao Paulo, Brazil 

3 ICFO - Institut de Ciencies Fotoniques, Castelldefels, Barcelona, Spain 
4 International Institute of Physics, Federal University of Rio Grande do Norte, Natal, Brazil 

e-mail:  iris.agresti@uniroma1.it 
 

Random numbers generation is a task that finds 
applications in a great variety of fields, both in 
science, as well as in everyday life. Hence, the task 
of certifying the correct functioning of a 
randomness generator has a crucial relevance. In 
particular, when one implements, or adopts, a 
quantum random numbers generator, a wonder 
may be whether it is actually exploiting quantum 
correlations or not, but, at the same time, it could 
be impossible or extremely hard for the inner 
working of the device to be inspected.  

In our work [1], we propose a quantum random 
number generation protocol, which certifies the 
presence of quantum correlations, i.e. of intrinsic 
randomness, through the violation of an 
instrumental process [2] (see Fig. 1’s inset). In this 
scenario, A and B share a bipartite state, generated 
by L. A chooses what measurement to perform, 
according to a random variable X and then sends 
her outcome to B, which chooses its measurement, 
accordingly. If X can assume 3 values and all the 
measurements are binary, Bonet’s inequality [3] 
holds in the classical case. Instead, when the state 
Bob and Alice are sharing is entangled, the upper 
bound (3) shifts, reaching its maximum (1 + 2√2) 
when the bipartite state is maximally entangled. 
We can quantify the lowest amount of randomness 
(min-entropy) which be certified by a violation I, 
with the following maximization:  
𝐻& = −𝑙𝑜𝑔,(𝑚𝑎𝑥1,3,4	(𝑝(𝑎, 𝑏|𝑥)))               (1) 
 given that: 

: 𝑐1,3,4𝑝(𝑎, 𝑏|𝑥) = 𝐼		
1,3,4

 

𝑝(𝑎, 𝑏|𝑥) = 𝑡𝑟(𝑀4
1⨂𝑀A

3	𝜌) 
 
This unfeasible task can be recast as a hierarchy of 
semidefinite programming problems, through the 

NPA hierarchy [4]. In Fig. 1, we show the min-
entropy lower bound obtained at the second level 
of the hierarchy.  

In the randomness generation protocol that we 
propose, after implementing an instrumental 
process on a photonic platform, we perform N 
experimental runs, evaluate the violation I and, 
through the bound in Fig. 2, the corresponding 
min-entropy. In the end, the string made of Alice’s 
and Bob’s outputs is given as input of a classical 
randomness extractor [5], to extract a smaller truly 
random string (its maximum size being N x 
𝐻&(I)). In our work, we were able to reach a 
maximum extracted certified bits rate of 0.38 Hz, 
bringing a proof-of principle demonstration that 
the instrumental scenario can constitute a valid 
alternative to Bell-like scenarios, in the field of 
device-independent tasks. 
 

 
 

Figure 1: Certified Min-Entropy bound versus the extent of 
the quantum instrumental violation, obtained at the second 
level of the NPA hierarchy. The inset represents the causal 
graph of the instrumental scenario. 
 
  [1] arXiv:1905.02027 
  [2] Nature Physics 14, 291-296 (2018). 
  [3] Proc. of the 17th conf. on UAI ’01 48-55 (2001) 
  [4] PRL 98, 010401 (2007) 
  [5] J.ACM. 48, 860-879 (2001) 
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