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State of the art and motivations

In quantum mechanics, the Schrödinger equation regulates the evolution of the state vector
of a given system. As we all know, this gives rise to a unitary evolution. However, an often
unspoken assumption behind the validity of this approach to the dynamics of a quantum system
is its emphclosed nature: there is no other system interacting with the one we are interested in.
However, this is often too strong an assumption to be realistic. Even the best possible quantum
experiment cannot guarantee the absolute isolation of the system to study from the surrounding
world. Therefore, it is normally the case that open-system dynamics should be considered, where
the effects of the interactions with the outside environment are taken in consideration, in a way
or another.

A full characterisation of open-system dynamics is a very challenging problem is modern
quantum mechanics, in particular in those cases where the environment that interacts with the
quantum system of our interest is, per se, a dynamical object that is able to undergo its own
evolution and, possibly, retain memory of the effects that its coupling to our quantum system
has. This case is often referred to as non-Markovian open system dynamics and is, at the same
time, the most challenging and interesting situation that we could encounter.

However, we could think of reversing fully the perspective that we have on the role of the
environment in quantum evolutions, and look at the outside world as our Trojan horse to acquire
information on the actual dynamics of a quantum system. The reason for this is easily explained:
if the environment interacts with the system of interest, information on the state of the latter is
“poured” into properties of the former. If we thus read suitably the properties of the environment,
we might be able to acquire information on the system, which might be difficult to access directly
(it is enough to think, say, of an atomic impurity in a crystal: addressing the impurity directly
could be tough, while probing the properties of the crystal that accommodates it, could be
easier).

If the environment is relatively complex and consists of many parties (as it is usually the
case in practice), how many sub-environments should we probe before we can safely claim to have
enough information on the state of the system? And would such information ever be objective,
i.e. agreed upon by several independent observers? Quantum Darwinism is the answer to these
questions: by studying the way information on the system is spread across a multi-element envi-
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Fig. 1: A quantum system S embodied by a spin impurity in a quantum many-body system interacts
with its environment E (here represented by the nearest-neighbour particles surrounding it). During
their interaction, information is poured from the system to E, causing decoherence, i.e. loss of quantum
information into classical one encoded in the environmental degrees of freedom. The emergence of
quantum Darwinism entails that the elements of the environment all share an equal (in nature and
quantity) amount of information about the state of S. Such information thus becomes an element of
reality upon which observers attached to sub-environments Ej (j = 1, .., 8) all agree.

ronment and individually observing such elements, we are able to both acquire useful (coherent!)
information on the system, and witness the transition of such quantum information (i.e. the
information initially encoded in the quantum degrees of freedom of the system) into an element
of objective reality occurring when the elements of the environment share uniform information
on the system.

While we do not yet know which is the physical mechanism that allows for the emergence
of quantum Darwinism, recent results [1] have shown that it is a general feature of any quanta
dynamics. Observers who acquire indirect information about a quantum system necessarily agree
on the nature and quality of the information that have gathered!

Objectives & Methodology

In this project, we will investigate the emergence of quantum Darwinism when competing with
non-Markovian open-system dynamics. Intuitively, we could expect that a dynamical nature
of the environment, as entailed by non-Markovian evolution, would affect the ability of the
latter to develop classical information on the system, thus modifying the emergence of quantum
Darwinism. This intuition has been confirmed in a preliminary study [2] for the case of harmonic
oscillator only, leaving plenty of space for a well-deserved analysis that aims at ascertaining the
interplay between memory-bearing mechanisms (responsible for the establishment of quantum
non-Markovianity) and the acquisition of elements of objective reality upon which quantum
Darwinism is built.

In particular, we will analyse the role that two of the key mechanisms behind non-Markovianity
play in the trade-off between quantum Darwinism and the latter, namely the establishment of
system-environment correlation and the dynamical changes of the state of the environment itself.
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Our study will address simple, yet interesting, instances of system-environment evolution: we
will focus on the dynamics of quantum spin models where a lattice of spin systems are mutually
coupled and interact with an “impurity” that embodies the system [cf. Fig. 1]. This is a situation
where the emergence of strong non-Markovian feature is favoured. We will thus investigate the
occurrence of quantum Darwinism, and its strength, against the feature of the memory-bearing
dynamics undergone by the system.

Collaborations

The project will be supervised by Prof. Paternostro at the Quantum Technology group (QTeQ)
and Dr. Modi at Monash University (Melbourne, Australia). The perspective supervisors have
a long story of successful collaborations especially in the field of open quantum systems and
the characterisation of non-Markovianity. Dr. Modi is a world-leading expert in the field of
open-system dynamics who has given a number of key contributions to the development of our
understanding of open quantum systems [3]. His expertise will be crucial for the success of
the project. Beside having relevant track-record in the study of various facts of open quantum
systems, Prof. Paternostro has investigated spin systems such as those at the core of the project
from the perspective of quantum information processing and open-dynamics characterisation,
with particular emphasis on the study of non-Markovian features. The project will be developed
in a fully collaborative way with Dr. Modi and his team in Melbourne.

The student will be an important part of QTeQ and will fully participate to its scientific
activities. Moreover, it is expected that the student will spend a significant fraction of his time in
Dr. Modi’s group at Monash Unviersity. Please, check http://web.am.qub.ac.uk/wp/qo/ and
http://monqis.physics.monash.edu/index.html for further information on the two groups.

Required skills

The candidate student will have excellent basic mathematical and physical background. A good
knowledge of Quantum Theory, mathematical methods of quantum information and familiarity
with Statistical Mechanics are required. A natural inquisitive and curious mind associated with
originality and creativity in the approach to problems will be appreciated. Advanced computing
skills are not required, although the student will become familiar with instruments such as
Matlab, Mathematica and Fortran.

Further information

For further information contact Prof. Paternostro and/or Dr. Modi: m.paternostro@qub.ac.uk
or kavan.modi@monash.edu.
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