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Project summary

Objective
Investigate the role of complexity in the quantum to classical transition for systems in
contact with many complex environment channels.

Target university partner competences
Quantum Darwinism, Quantum information and Quantum Shannon theory.

ACT provided competences
Quantum physics, Decoherence theory and Quantum Darwinism.

Keywords
Quantum to classical transition, decoherence, quantum Darwinism, objectivity, branch
structure, quantum information, quantum communication, quantum Shannon theory.

Study Objective
As of now, space is the only way to accomplish intercontinental quantum communication [Liao
et al., 2018; Neumann et al., 2018]. However, losses limit what can be achieved. Quantum Shan-
non theory is a framework that encompasses protocols like quantum teleportation, entangle-
ment distillation and quantum key distribution in a unifying way and provides theoretical
bounds on what can be achieved [Wilde, 2013]. Quantifying the performances of a quantum
communication setup thus heavily relies on the concepts introduced by quantum information
theory.

Besides, quantum information theory is also used in the modern understanding of the fun-
damental problem of the quantum-to-classical transition, altogether with decoherence. Yet,
many questions remain to be clari�ed especially concerning the role of the complexity of
the systems involved. Particularly, a possibility has been discussed that for su�ciently com-
plex and large systems decoherence will always occur due, for instance, to the gravitational
force. Near future experiments with massive objects should be performed in space to test those
macroscopic decoherence e�ects [Kaltenbaek et al., 2016; Vennekens et al., 2018].

In this study, we aim at understanding the quantum-to-classical transition from the per-
spective of quantum Shannon theory. This will lead us to investigate the role of complexity in
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the quantum-to-classical transition, the emergence of objectivity (quantum Darwinism) and of
a classical branch structure within a global wavefunction. Furthermore, a clear understanding
of those complex situations might shed a new light on multipartite quantum communication,
as well as insights on how to mitigate the losses in those cases.

Background and Study Motivation
Quantum theory is the fundamental framework in which all of modern physics but gravity is
based on. Its counter-intuitive aspects like superposition and entanglement which, although
unsettling when the theory was built, have now been mostly understood, tested experimen-
tally and even be used to design new technologies. Quantum communications are foreseen
to be one of the major byproducts of these technological evolutions. It has recently been
demonstrated that intercontinental quantum key distribution was feasible with the Micius
sattelite [Liao et al., 2018]. Beyond this proof-of-concept, lightweight CubeSat missions [Neu-
mann et al., 2018] are now envisioned to provide space-based quantum communications.

Even though photons propagate freely in vacuum, losses are expected both from atmo-
spheric traversal and from the spreading of the beam. As a consequence, noise will a�ect the
quality of the quantum communication, which is by nature fragile. However, for photons trav-
elling through the atmosphere, it has been demonstrated that quantum protocols can come to
the rescue and restore the quality of the communication. In the framework of quantum Shan-
non theory, those protocols are transformation of resources like entanglement, classical or
quantum communications. Quantum Shannon theory then tells us to what extent or at what
cost some resources can emulate other ones. Moreover, quantum noise may limit or even pre-
vent the possibility of quantum communication [Wilde, 2013]. To be able to predict whether
or not a transformation is possible in the presence of a (noisy) environment, quantum Shan-
non theory makes an extensive use of quantum information quantities. However, even though
the situation involving two agents is well understood, multipartite situations, when one agent
broadcast information to several others is much more intricate.

This situation is of prime importance to understand the very fundamental problem of
quantum-to-classical transition. This major issue, one aspect of which is called the mea-
surement problem, consists in the transition between the quantum behaviour of particles and
atoms to the purely classical one we experience on a daily basis. It has been partly clari-
�ed thanks to the decoherence phenomena [Wheeler and Zurek, 1983; Zurek, 2003, 2008], a
generic feature of quantum open system. The presence of an environment composed of a
tremendous amount of degrees of freedom makes it impossible for an observer to track all
the interaction processes taking place. Information about the quantum state of the system
is leaked into the environment and remains lost, for all practical purposes. This loss of in-
formation leads to a destruction of quantum coherence and the disappearance of quantum
interferences in a speci�c basis. Many experiments in cavity quantum electrodynamics and
condensed matter physics have observed and studied the dynamics of open quantum systems
and decoherence [Haroche and Raimond, 2013]. In the words of communication theory, quan-
tum decoherence corresponds to quantum communication from the system to the observer
through a very noisy channel.

Yet, the situation we have considered here is still ideal. A more realistic approach would
be to consider an ensemble of observers, each of them gathering information on the system
by performing their measurement in some fraction of the environment. Indeed, reading is not
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performing some measurement on the paper itself but rather gathering photons re�ected on
the paper. We are thus monitoring a (small) part of the electromagnetic environment of the
paper. This situation corresponds to the broadcasting of quantum information between the
system and several observers or into several environmental channels as depicted on �g. 1.
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Figure 1: Decoherence theory studies the in�uence of a monolithic environment on the system,
leading to its classical behaviour. However, in order to be closer to our actual experience, we
need to understand how di�erent observers reach a consensus on the state of the system by
having access to partial information on some small part of the whole environment. Quantum
Darwinism starts with the more re�ned structure of the environment represented on the right.

We all know that di�erent readers reading the same paper will have access to a di�erent
subset of photons and yet will agree on what’s written on the paper. Therefore, a re�nement
of the standard decoherence picture is needed in order to understand the consensus between
di�erent observers and which states are better suited to broadcast their information into many
di�erent environmental channels. This is the goal behind the quantum Darwinism approach
which is an extension of the standard decoherence theory [Ollivier et al., 2004; Zurek, 2009].

Quantitatively, we have to look at the correlations between the system S and some frag-
ment F of the environment and see how those correlations evolve as a function of the size of
F . The natural information theoretic measure of those correlations (quantum and classical)
is the mutual information I[S,F ] = S[S] + S[F ] − S[S,F ]. When the mutual information
is of the order of the entropy of the system S, which is its classical upper bound in classical
information theory, we expect an observer accessing such a fragment to be able to reconstruct
the state of the system.

The mutual information as a function of the size of the fragment can have two extreme
behaviours, that are pictured on �g. 2. The �rst one, typically observed for a global quantum
state picked at random in the Hilbert space, is a purely quantum one where the mutual stays
almost equal to zero until the fragment are half the size of the total environment where it then
takes its maximum value of 2S[S].

The second behaviour is completely di�erent and happens only for speci�c states: the
mutual information saturates to the entropy of the system S[S] for a very small size of the
fragment and keeps this value until almost all the environment is being measured. The fact
that from a very small part of the environment an observer has access to all the informa-
tion he needs to know the state of the system shows that this information is redundantly
encoded in “many copies”, in many di�erent channels, in the environment. This is this the
typical behaviour we are looking for to obtain the consensus between di�erent observers. The
corresponding states, which broadcast information identifying them among many di�erent
channels, are called pointer states.
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Figure 2: The two extreme behaviours of the mutual information. The blue curve is obtained
from a random state while the red one is the mutual information for a pointer state.

One open question here is to reinterpret those two extreme behaviours in terms of quan-
tum Shannon theory. Each of the fragment of the environment can be seen as part of an
agent capable of local operations and classical (or quantum) communications. Such an agent
is commonly called an observer in physics.

In this setting, we can �rst interpret the dynamics of the system and its environment as a
broadcasting of quantum information from the system to its environment. Notably, this will
lead to explore the dynamical constraints for the emergence of a classical picture for the var-
ious observers from the perspective of quantum communication theory [Brandão et al., 2015;
Knott et al., 2018]. Second, the global quantum state shared by the system and these observers
can be seen as a resource for them. What they can do with this resource using their classical
and quantum information processing capabilities is a natural question within the framework
of quantum Shannon theory. It is of course extremely important in physics since, although
quite well understood in the classical framework (an example being the kinematic framework
of classical �eld theories and of special and general relativity), inter-observer information ex-
change and comparison is still uncharted territory in the framework of quantum theory.

A �rst step would be to understand how a classical representation can emerge using purely
classical capabilities in the quantum Darwinian case. Then, it would be interesting to see what
would happen for a random quantum state and what type of information the observer could
share and what can be done with it. These questions then naturally �nd an echo with the
quantum marginal problem, in which di�erent observers try to reconstruct a quantum state
from their uncorrelated observations [Schilling, 2015]. We also expect those very fundamental
questions to shed some light on multipartite quantum communications [Vrana and Christandl,
2017] in the presence of environmental noise. This could be directly relevant to multipartite
quantum key distribution [Epping et al., 2017; Grasselli et al., 2018].

Furthermore in the Darwinian case, we expect the structure of the wavefunction to be
heavily constrained. Roughly speaking, the wavefunction should contain branches describing
all the possible emerging classical correlations between the system and the di�erent observers.
In this case, the description of the system from the point of view of one of the observers is
only relative to this observer and the surrounding of the system [Everett, 1957]. The issue of
a full mathematical characterization of this branch structure is still open, even though some
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recent results have been obtained [Riedel, 2017]. A better understanding of those questions
in realistic scenarios will also bene�t space-based studies on the foundations of quantum the-
ory [Kaltenbaek et al., 2016; Vennekens et al., 2018]. Indeed, a better theoretical understanding
of the decoherence of complex systems may also lead to explore new experimental possibili-
ties. More generally, these questions also touch the fundamental question of the interpretation
of quantum theory when one tries to apply them not only to a unique subsystem but to a com-
plex structure of nested subsystems some of them being considered sometimes as observers,
sometimes as subsystems observed by another system.

In the course of this Ariadna study, the following research questions will be addressed:

• Clarify the interpretation of the father and mother protocols of quantum Shannon the-
ory in terms of the system-observer duality. How can the resources inequalities be in-
terpreted in this language? How do they explain and/or constrain the emergence of
classical behaviour?

• Can we identify without ambiguities a classical regime and consensus between di�erent
observers?

• What are the dynamical constraints for a classical and Darwinian picture to emerge?

• Can we de�ne the notion of a branch for wavefunctions in information theoretic terms?

• What are the conditions for a shared quantum states to be a resource for quantum com-
munication among several observers.

Proposed Methodology
The following methodology is proposed for this study, though universities are invited to pro-
pose di�erent approaches with the accompanying arguments why these would be more suit-
able to achieve the study objective.

• Establish a dictionary between the di�erent protocols of quantum Shannon theory and
system-observer point of view of quantum Darwinism. This correspondence could be
tested by an analytical analysis of simple known models (like the spin-boson model) and
checked against more realistic ones with numerical simulations.

• Investigate how these protocols lead to and constrain the emergence of a consistent
(classical or quantum) description of the state of a system by many observers.

• Investigate an operational de�nition of a branching wavefunction and understand how
its structure is constrained by the previous results.

• Explore potential experimental applications with simple quantum systems.

ACT Contribution
The project will be conducted in close scienti�c collaboration with ESA researchers. In partic-
ular, ESA researchers will provide technical expertise in the �elds of open quantum systems,
especially decoherence theory and quantum Darwinism. Numerical simulations will be per-
formed by ACT members with the resources available in the team.
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