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4.1. Final publishable summary report

4.1.1 Summary

The purpose of the COQUIT project was to study quantum systems which allow only a
partial control by a constrained set of quantum operations. Typical examples are many
particle quantum systems like cold atoms in optical lattices or other multi-atom ensembles,
which can be manipulated collectively but not individually. Such restrictions are currently

one of the biggest obstacles against working quantum devices.

To get a detailed understanding of the potentials and — in particular — restrictions of current
technical equipment and techniques we have gathered (with the help of a number of
outstanding experimental groups) information about existing experiments and
experimental techniques, and brought them into a form which is appropriate for further
theoretical analysis. This research led to a number of models for limited control tailored for
different contexts like gate models, lattice systems or continuous variable systems. Based
on these results we have developed a number of applications which finally led to a number
of exciting new experimental proposals, which have already in part been realized. In
parallel to this application oriented research line, we have also made advances on more
general, model independent theories which have the potential for significant impact in

several areas, particularly on the theory of the simulation of quantum systems.
Major scientific highlights of the project include:
* Ageneral theory of quantum circuits suitable for optimization purposes.
* Adetailed structural theory of quantum cellular automata.

* New applications of continuous variable systems including in particular Bell

inequalities and the simulation of quantum fields.

* We have advanced the theory of matter-light interactions by using mean-field

methods. In this context we have made proposals for multi-mode quantum memory.

* Fault ignorant quantum computation — a new concept to deal with noise — was

introduced.

» Several exiting new experiments including the simulation types of quantum walks,

quantum reading and higher-order quantum computation were proposed.



4.1.2 Project context and objectives

In spite of the remarkable progress in the experimental control of quantum systems
achieved in recent years, the goal of building a quantum computer has remained rather
elusive. In theory the requirements seem quite simple: one has to realize only a small set
of quantum operations, known as a “universal gate set”, from which arbitrarily complex
quantum operations can then be composed. Several experimental projects, using quite
different physical systems, have by now achieved the goal of providing such a gate set, at
least in principle. Yet none of these systems has achieved the accuracy and the

composability, which would allow the realization of a large scale quantum computation.

Typically, in each realization there is a set of “easy” operations, which can be performed
quickly and with high fidelity. On the other hand, some operations in the universal gate set
may be “hard” in the sense that they require much larger experimental effort, hence
typically require longer time, and are subject to more error sources. The basic idea of this
project is to take this distinction seriously, and to develop theoretical tools to deal with it,

and to make more efficient use of the easy operations.

Moreover we want to address the still unresolved question of scalability. This is a rather
essential restriction for most of the current experimental proposals. We are therefore
particularly interested in possibilities to design algorithms which can be implemented in
terms of easy operations on many particle quantum systems. We expect that this class is
already big enough to address interesting problems not just on a “proof of concept” stage

but also on a level which is potentially useful beyond the quantum information community.

The core of the project will be the utilization of the easy/hard distinction, with a particular

focus on large scale systems. The concrete objectives are the following:

« Easy vs. hard. Analyze the distinction between easy and hard operations in
concrete experimental situations and express it in an abstract implementation
independent way. Important in this context are in particular quantitative statements,
because the easy/hard distinction will never be absolute. A full account of the
system should therefore assign “control costs” to each operation, and the aim of
the theoretical analysis would be to find a sequence of operations minimizing the

overall costs.

 Computational power. For a given set of quantum gates, together with a

classification of easy and hard operations we will investigate the computational



power. This includes in particular the question, whether the given set can be
simulated efficiently on a classical computer. Results on the contrary would point

us towards problems which can not be solved efficiently on a classical computer.

Errors. The identification and furthermore the analysis of reasonable error models
is also a major part of our research program. For example even easy operations
are subjected to noise. Hence, one question will be to analyze how a product of
easy operations may drift away from the mathematically defined easy subgroup.
More generally, we will look at error correction under the special conditions of a
distinction between easy gates and hard gates, as well as high fidelity gates vs.

noisy gates.

Quantum simulations. We want to find interesting applications for the easy gate
sets identified so far. Even if a model is to restrictive to allow for universal quantum
computation, it is not necessarily useless. Indeed the simulation of a specific
quantum system does not need quantum gates which can generate all possible
quantum operations, but only those which allow for an approximation of the time
evolution induced by the system's Hamiltonian. An important subproblem concerns
again classical simulability. Since in the foreseeable future only a few “hard”
operations will be possible in an experiment, it is of interest to see just how far one
can get with a fixed number of these while the rest of the algorithm can run on a

classical computer.

Drafting new experiments. Of course, the extensive theoretical study of realistic
restriction models will not only answer questions about their computational power,
but will also point us towards new setups. Hence, another major part of our
research program will consist of developing proposals for new experimental setups
explicitly taking into account experimental imperfections as discussed with our
experimental partners. Moreover, our analysis will help to identify roadblocks, i.e.,

experimental limitations whose removal would be especially rewarding.



4.1.3 Main S&T results/foregrounds

To achieve the goals described in the last section, the project had to bridge concrete
experimental experiences in many different areas of quantum information science with
abstract theoretical and mathematical concepts. To guarantee a sufficiently intensive flow
of information in both directions, the proposal followed two different strategies: Since the
project was, nevertheless, purely theoretical, the consortium joined few theory groups,
each of which with outstanding expertise in abstract quantum information theory, as well
as at least one more specialized area such as quantum optics or many particle physics.
They were supplemented by a small number of leading experimental scientists which
cover different areas of experimental quantum information (NMR quantum computation,
quantum optics, atomic ensembles, optical lattices and microfabricated optical devices).
Their task was to supply the information about possibilities and limitations of current

experimental setups which was crucial for the success of the project.

The second strategy we followed was the special organization of the project into work
packages and their relation to each other. The basic idea was to divide the six scientific

work packages into three main groups resembling different levels of abstractness.

* Work package WP1 was devoted to the interface between concrete experimental
implementations and the lowest level of theoretical abstraction. The task was in
other words to gather information about current experiments and to formulate them
in a language concrete enough to suit the needs of the experimental partner
groups, while being at the same time powerful enough to allow further abstraction in
other work packages. A second important objective was to check the more abstract
results of other work packages for experimental feasibility and to make concrete

proposals for new experiments

* The information gathered in WP1 was processed in WP2, WP3 and WP4 each of
which was devoted to a different type of experimental limitation: non-universal sets
of gates in WP2, lattice models suffering from limited addressability in WP3, and in
WP4 the need for non-Gaussian operations within continuous variable modes. The
mathematical language used here was much more abstract than in WP1 and
perfectly suited for the needs of the systems in question. This included groups of
unitaries like Clifford gates in WP2, quantum cellular automata in WP3 and phase-
space quantum mechanics in WP4. The objectives were: to reformulate the results

from WP1 accordingly, to develop an appropriate structure theory, and to apply the



abstract methods to be developed in WP5 and WP6.

* The last group consisting of WP5 and WP6 represented the highest level of
abstraction. Here the results from WP2, WP3 and WP4 were generalized and
supplemented, to form a general theory, being as far as possible implementation
independent. The main objectives were to develop approximation methods (which
allow to decide whether a given information theoretical tasks can be performed
within a given setup), design guidelines for the implementation of such tasks (both

in WP5), and strategies to cope with errors and decoherence (in WP6).

4.1.3.1 WP1. Experimental interface

The COQUIT project aimed at a systematic study of the quantum computational tasks
which can be performed already with present-day technologies. Among the six research
work packages which were developed for this reason, WP1 played a quite special role. Its
objective was to collect and summarize information about current experimental setups for
the purpose of further theoretical analysis in the rest of the work packages (WPs 2-6). At
the end of the project we have used the theoretical models developed that way to go back
to the experimentalists and to make explicit proposals for new experiments and

improvements of general methods of operation.

Gathering information

To achieve the first aim, it was important to gather enough reliable information from
research groups that have been dealing with different aspects of experimental quantum
information. For this reason we contacted and visited five outstanding experimental partner
groups (R. Blatt, Innsbruck; |. Bloch, Munich; S. Glaser, Munich; J. O'Brien, Bristol; E.

Polzik, Copenhagen), and organized a series of workshops.
» Coquit project meeting “Atomic Ensembles”, Copenhagen, July 21-24 2009
* (hosted by the group of E. Polzik)

» Coquit project meeting “Optical lattices and NMR Quantum Computing”, Munich,
November 22-26,2009 (hosted by the groups of I. Bloch and S. Glaser )

» Coquit project meeting “lon traps”, Innsbruck, January 27-29, 2010 (hosted by the
group of R. Blatt)

» Coquit project meeting “Microfabricated Optical Circuits”, Bristol, April 25-28, 2010



(hosted by the group of J. O'Brien)

In the course of collecting information from our experimental partners, our efforts
concentrated on finding and selecting the common aspects of the different approaches. To
compare the various experiments, we elaborated a series of questions about the current
status of implementable quantum information devices, concentrating on their limitations,
i.e., which operations can be performed and which cannot, and which are the main
sources of errors. We wanted to be acquainted with the opinions of our partners on the

following four big topics:

1. System. As a first step we wanted to understand what the whole system studied in
the experiment is composed of, more precisely, what are the subsystems which can
be identified either as experimental or theoretical entities. Furthermore, we wanted
to know which of these parts are treated classically and which quantum
mechanically. We asked them to describe the effective system Hamiltonian,
including which part of the Hamiltonian can be tuned and controlled. Finally, we
requested answers on the experimentally accessible observables, i.e., which

quantities they measure in the labs.

2. Approximations. This second big topic includes the following issues: what are the
standard approximations and their empirical and theoretical justification; what are
the different types of possible choices of truncations of the whole Hilbert space;
what are the levels with physical “meaning” and levels nearby which have to be
included for the simulation of the dynamics; how to identify useful levels (working

levels, allowed ancilla levels).

3. Operations and Control. This topic includes the following two main questions.
Firstly, which quantum operations can be performed, which are the “easy”
operations, i.e., which can be performed many times easily with high fidelity?
Secondly, what are the tunable parameters and how well can the change of

parameters be controlled, monitored and verified?

4. Errors. Finally, we were also interested in the most important and typical sources of

errors in the different experiments.

The conclusions of the results of the workshops and the opinions of our experimental
partners regarding the four main topics above are summarized at the Internet page [1].
Although we did not get in any case the information we asked for (or not as precise as

expected) this part of the project was very fruitful and influenced several research lines in
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other work packages in an essential way. This includes in particular:

1. The general theory of quantum circuits developed in WP2, and in particular its

application to passive optical devices.

2. A detailed study of quantum walks in WP3 which led to an intensive collaboration
with various experimental groups, including several experimental proposals and

implementations.

3. In WP3 and WP4 we studied several aspects of matter-light interactions, which
were mainly motivated by the Copenhagen meeting. Apart from an intensified
collaboration with the group of E. Polzik, this includes in particular the development

of mean-field techniques.

4. The visit of the group of S. Glaser initiated a close collaboration concerning various

aspects of quantum control, which lead important results in WP5.

Experimental proposals

Already in the first project year, much earlier than expected, we were able to provide
important feedback to experimentalists. This development continued during the second
and third year of Coquit, such that we are now able to present a number exciting, new
experiments and several powerful new techniques and tools. They are summarized in the

following. A more detailed description can be found in the Third Year Report.

Quantum walks
In WP3 a lot of research is done concerning quantum walks. This has lead to three
contributions with important experimental implications. Corresponding experiments are

already carried out or under consideration.

Molecular binding in interacting quantum walks. We showed that the presence of an
interaction in the quantum walk of two atoms leads to the formation of a stable compound,
a molecular state. A setup for the experimental realization is proposed in addition to a

sketch of the possibility to observe quasiparticle effects in quantum many body systems.
[2]

Quantum Walks with Non-Orthogonal Position States. \We have developed a theory for
quantum walks using non-orthogonal position states. This allows for substantial

improvements in experimental implementations, including in particular experiments with

smaller step size and more steps. [3]
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Time-reversal symmetry breaking quantum walks. We have investigated how breaking
time-reversal symmetry in continuous time quantum walks can enable directional control,

enhancement, and suppression of quantum transport. [4]

Matter-light interactions

We have made progress in setting up the theoretical framework for atomic-ensemble
quantum memories that can store many-mode states of light. The mean-field analysis of
matter-light interactions described in WP3 leads furthermore to better understanding of
noisy states which are far away from the fully depolarized case. This is a crucial

improvement in handling decoherence of such systems. [5][6][7][8]

Quantum Reading
Quantum reading is a method to use quantum information techniques for reading classical
information stored in optical memory (cf. WP2). Our research lead to an experimental

realization by the group of M. Dusek. [9][10]

Higher-order quantum computation

We considered a new kind of quantum computation, where the connections between gates
are themselves programmable on the state of quantum registers (cf. WP2). A first
experiment was drafted in detail by the Quantum Optics group at Northwestern University,
lllinois. [11][12][13]

Tools and techniques
In addition to explicit proposals for new experiments we have also provided a number of
techniques which can significantly improve existing experiments and help to plan new

ones; cf. also WP5.

Compressed sensing. We have developed an algorithm for quantum tomography which
is basically the quantum version of the highly successful theory of “compressed sensing”.
It can reduce the complexity of the classical post-processing in many experimental
situation [14][15]

Quantum control with Fermions. We have developed a control for Fermions. It makes
existing control algorithm available for the design of experiments with Fermionic systems.
[16]
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4.1.3.2 WP2. Gates

Task 2.1. Restricted gate sets

The aim of this task was to design quantum circuits subject to restrictions in the availability
of quantum gates.

If a set of gates is not universal its computational power is usually limited. This is known
from Clifford gates and matchgates. In [17] we have complemented these results with the
surprising fact that IQP circuits (i.e. circuits involving only commuting gates) can not be
efficiently simulated classically (or the polynomial hierarchy collapses).

To consider more sophisticated restrictions we have developed a general theory of circuit
optimization, the theory of “Quantum combs” [18]. We have applied it to quantum
automatic learning [19] and to an impossibility proof for quantum bit commitment [20].
Input from WP1 was used for some work that started at the end of the first year and is still
in progress. This consists in the formulation of a general theory of computations that can
be performed through some particular micro-fabricated optical circuits that the group of J.
Rarity and J. O’Brien in Bristol showed during the WP1 phase. In this context, the
comparison of suboptimal circuits—involving only “cheap” gates (i.e. those acting on a
single qubit) and a limited amount of “expensive” ones (i.e. those involving two-qubits)—

with optimal circuits can be easily formulated in an algebraic framework.

Task 2.2. Computational power of restricted gate sets
Identify criteria for classical simulability and evaluate the results for the gate sets under
consideration. Investigate the applicability of the gate set (identified in WP1) to quantum

computational tasks beyond the classical.

Restricted gate sets are often related families of simple groups. We have concentrated in
particular to orthogonal groups which belong to quasi free Fermionic systems. In this
context we have studied entanglement distillation [21] and quantum control [16].

Another approach starts from the theory of quantum combs, mentioned in Task 2.1. Within
this theoretical framework it is possible to represent every admissible quantum circuit
through a single positive operator. In [22] an algorithm was developed which generates a
concrete implementation of a protocol (i.e a sequence of isometries) from its associated
Choi operator. Related results can be found in [11] where a complete classification of
extremal elements in the convex set of Choi operators representing quantum protocols

was provided, and [23] where the amount of quantum memory (in terms of the dimension
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of the Hilbert space) which is needed at any step of a given quantum protocol is quantified.

Task 2.3. Cost functions and reachable computations
Assign different costs to the available operations and estimate (and where possible

minimize) the overall cost of the computation.

For general many-body systems, during the first year the LUH investigated the
implementation of natural dynamics via controlled k-body interactions in the gate model.
We achieved it for the case of particles on a lattice [24]. Our plan is to obtain a sub-
Riemannian geometry arising from 2-body interactions. Further we want to investigate the
time complexity of effective k-body interactions and the asymptotic realizability of general
unitary operations in polynomial time.

During the third year, the theory of combs was expanded and completed with a crucial
feature that is aimed to tackle one instance of task 2.3: The minimization of the memory

cost of a given computation, keeping the performances unchanged [23].

Task 2.4. Theoretical description of typical errors
Identify typical errors occurring in experimental setups and include them in our theoretical
model. Provide classification schemes by means of structural similarities. Refine this

analysis via WP1. Provide knowledge for error handling strategies tackled in WP6.

We have abandoned this task after our approach towards errors changed substantially. For

details cf. the discussion in the last year report.

Task 2.5. Implementable strategies and protocols
Identify optimized feasible protocols by maximizing a suitable figure of merit over all
constrained ones by handling constraints, e.g., through the well-established method of

Lagrange multipliers.

Using comb theory, in the second year UNIPV solved the optimization of
information/disturbance tradeoff in the estimation of a unitary channel [25], and in the third
year learning [26] and cloning [27] of von Neumann POVMs. It is remarkable that, applying
the result of Ref. [22], simple implementations for all these protocols were provided, which
are feasible with current technology. Furthermore we have analyzed circuits containing
only passive optical devices using the linear optics counterpart of the general theory of
quantum circuits developed in the first year [28]. As an additional line of investigation we

studied the discrimination of linear passive optical devices [9]. A proposal for an

13



experimental realization of this last application is under examination. Besides these lines
of research during the second year we studied the possible connection between the causal
structure of a quantum protocol and the resources needed in order to implement it [29].
Finally the optimization of protocols was fruitfully continued in the last year with the
analysis of the general problem of parallelization and optimization of tasks involving the
transformation of a given representation of a group of gates (oracles) to a different

representation [30].

Task 2.6 Error-influence on computational power
Examine the dependence of the computational power on type and strength of errors and
its propagation while computation. Evaluate complexity criteria under the presence of

noise. Investigate how different types of errors amplify each other.

Based on the independent error model, during the second year UNIPV studied the
correction of quantum measurements [31]. In collaboration with the CORNER project,
UNIPV considered error correction in the presence of correlated noise, which is typical in
correlated systems like ions in optical lattices, or liquid and solid state NMR samples. This
analysis was published in Ref. [32]. Finally, in [33] we analyzed under which
circumstances two operations, each of which is specified by a pair of states (reflecting

input and output), can be implemented simultaneously.

Task 2.7 Drafting proposals for new experiments

Produce proposals for new experiments in supporting activities of WP1.

Quantum reading. Quantum reading can be schematized as an optical implementation of
information encoding into quantum gates rather than states. The idea of quantum reading
is based on the observation that digital optical memories store classical information in the
optical properties of a media. In the engineering of optical memories and readers, a
tradeoff among several parameters must be taken into account. High precision in the
retrieving of information is surely an indefeasible assumption, but also energy
requirements, size and weight can play a very relevant role for applications. In quantum
reading of optical devices, the quantum properties of light are exploited in order to retrieve
some classical digital information stored in the optical properties of a given medium,
making use of as small amount of energy as possible. In this context quantum reading of
optical devices can be recast as a discrimination among different optical devices, with low
energy and high precision. The experimental realization was performed thanks to a

collaboration between the Pavia node and M. Dusek’s group at the Department of Optics,
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of the Palacky University, Czech Republic [10][9].

Higher-order quantum computation. In Ref. [11][12] the Pavia node considered a new
kind of quantum computation, where the connections between gates are themselves
programmable on the state of quantum registers. It was shown that these dynamical
quantum networks are more powerful than the usual quantum computers in the sense that
they reduce the query complexity for some tasks. This was proved for the case of
programming the permutations of N different unitary channels, where the number of uses
of each input channel is dramatically reduced from N to 1. The ultrafast switch of Ref. [34]
is a sufficient optical element for the implementation of the quantum switch, being able to
route entangled photons at high speed without disturbing the quantum state. This practical
possibility makes the implementation of QS feasible in the near future, opening important
new options and perspectives in the design of new quantum algorithms. The experiment
was drafted in detail by the Quantum Optics group at Northwestern University, lllinois, as
reported in Ref. [13].

4.1.3.3 WP3. Lattices
In this work package we have investigated spatial constraints of quantum system. The
main reason for having devoted a separate work package to this issue is that they play an

important role in the experiments (ion traps, optical lattices, etc.).

Task 3.1 Theoretical description of the experimental setups
Use the concept of quantum cellular automata (QCA) and incorporate the restrictions
identified within WP1. Obtain a theoretically manageable dynamical description of the exp.

setup.

The basic theoretical tool for the description of lattice systems with large scale translation
invariance is a quantum cellular automaton. In this work package we identified restrictions
of experimental setups to obtain theoretically manageable descriptions for the
implementation of quantum cellular automata (QCA) in these setups. This task has been

finished within the first year and has output the publications [35][36][37]

Task 3.2 Classical vs. quantum simulation
Identify such QCAs being complex enough to solve classically intractable simulation
problems. Separate for a given simulation problem the subparts which admit an efficient

classical description from the ones which can only be done by a quantum simulator.

15



Within this task we investigated the fractal structure of cellular automata on abelian
groups, i.e. Clifford cellular automata. This task has not been fully finished, in particular
due to change of personnel, but still has led to interesting results summarized in the

following publication: [38]. We plan to build future research in this achievement.

Task 3.3 Models of typical errors

Identify typical errors occurring in experimental setups for lattice systems and include
them into our theory, in particular, in view of non-translationally invariant reversible QCAs
and irreversible QCAs. Refine this analysis via WP1. Provide knowledge for error handling

strategies tackled in WP6.

In this task, which is closely tied to task 3.5, we focused on error models for quantum
walks, which can be considered as a basic building block for general QCA. The results
include the asymptotic evolution of quantum walks with random coin [39] and disordered
quantum walks in one lattice dimension [40]. See the second-year report for details.

Further related results are summarized in task 3.5.

Task 3.4 Quantum codes

Linked to the results from WP1 and WP6, give construction procedures for quantum error
correcting codes under restricted control upon the lattice system. Clarify, according to
experiments, which models are implementable and how such a system could be

manipulated. Analyze the computational complexity of topologically ordered systems.

In this task we investigated the memory requirements for convolutional codes [41],
throughout the runtime of Coquit. The research on the computational complexity of
topologically ordered systems has not been finished, in particular, because of the lack of
suitable methods. However, the distal split property, which was recently developed,
constitutes such a method. Research on this is in progress, as described in detail in the

third-year report.

Task 3.5 Error-influence on the computational power

Examine the dependence of the computational power on type and strength of errors and
its propagation while computation. Investigate the interplay between different error-types,
i.e. boundary-conditions and lattice defects. Derive bounds on the number of steps that

can be executed by a QCA, before a given error-threshold is exceeded.

In this task we gained several results, spreading over a diverse range of models. On the
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one hand, we investigated the influence of different error models in quantum walks [3][42].
On the other hand, we investigated the influence of the necessary continuous monitoring
in search algorithms [43]. Furthermore, we investigated simulation issues of quantum
channels and the local approximation of observables and commutator bounds [44][45][46].

Details on these results are given in the third year report.

Task 3.6 Drafting proposals for new experiments

Produce proposals for new experiments in supporting activities of WP1.

Building on the results of the previous tasks, we developed proposals for Simulating
Quantum Fields with Cavity QED [47], the implementation of Quantum Walks with Non-
Orthogonal Position States [3] and simulating Molecular binding in interacting quantum
walks [2]. With these results, for which the details are given in the third-year report, the
task can be considered to be finished. However, with the ongoing project of fluctuations of
mean-field quantum systems (See task 3.7) it is expected that the improved description of
matter-light interactions will lead to new ideas for experiments. Furthermore we
investigated the influence of time-reversal symmetry breaking in continuous quantum
walks, in collaboration with Ben Lanyon (Innsbruck) from one of the earlier contacted
experimental groups and several other members of the Quantum Information Unit of ISI

[4]. Details are provided in the third-year report.

Task 3.7 Mean field theory and quantum memory.
Use methods of mean field theory to describe matter light interactions.

The promising project of mean-field fluctuations, which was started in the third year of
COQUIT, is still ongoing research. We developed a set of conditions for the existence of a
fluctuation limit for permutation invariant systems consisting of many qubits and derived a
description of the dynamics in the limit [7][8]. This enhances the understanding of the
atomic-ensemble experiments, e.g. by the group of Eugene Polzik. In particular, the results
are applicable beyond the Holstein-Primakoff transformation. However, the whole potential
of the mean-field fluctuations has not been exploited, yet. For further details see the third-

year report.
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4.1.3.4 WP4. Continuous variables

Task 4.1. Limitations of Gaussian operations and measurements.

Identify new limitations for Gaussian operations (preserving entanglement over long
distances). For a given figure of merit discuss the existence of Gaussian optimizers
among all operations. Determine the accuracy of Gaussian approximations by delivering

quantitative bounds.

The limitations of Gaussian operations were analyzed in a joint work between COQUIT
and one of the experimental partners [5] (see also task 4.6) which led also to a followup
publication [6]. Another line of research within this task concerned Gaussian operations of
Fermionic systems where phase space techniques for fermion systems are developed
[48]. In [21] these anticommutative phase space techniques are applied to analyze
entanglement of Fermionic Gaussian states. The main result is a technique to identify and
extract the most entangled subsystem, in terms of an analysis of the two-point correlation

matrix.

After successful delivery of previous results (at the end of year 1) a rather spectacular
effect of superactivation of the quantum capacity of Gaussian channels has been
observed [49]. We proved in [50] that the more easily implementable and in some contexts
more natural passive interactions, which conserve the total number of excitations, should
not suffice for superactivation and we address in [51] the question how squeezing — as a
resource — is most efficiently used, when the more easily implementable passive

operations are for free.

Other results, connected to the semigroup structure of Gaussian channels are presented
in publications [52][53][54].

Task 4.2. Non-Gaussian addons.

Identify non-Gaussian resources which are sufficient for the successful implementation of
a given protocol (e.g. photon counting). Analyze their implementability and computational

power.

Within this task, closely related to the previous one, we have analyzed the combination of
Gaussian and non-Gaussian operations having in mind the future realization of a loophole-
free Bell test [55] and provided a comparably feasible scheme to observe a large violation

of Bell inequalities with continuous-variable measurements. We have also worked on
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continuous variable quantum information protocols and extended the protocol used to
define Information Causality [56] and demonstrated its inequivalence with the principle of
Macroscopic Locality [57]. In [58] our research on the non-Gaussianity show that the
geometry of non-Gaussian states in the neighborhood of a Gaussian state is definitely not
trivial and cannot be subsumed by a differential structure. This task was part of deliverable

10 finished in year 2.

Task 4.3. Continuous variable Bell inequalities.

Based on the fact that Homodyne-based measurements allow for a high detection

efficiency, invent new methods for the construction of continuous variable Bell inequalities.

We invented a new way of deriving Bell inequalities from multi-linear contractions [59]. The
derived inequalities exploit higher moments of the observables in a way which for three or
more parties allows for unbounded violations. In [60] we consider Einstein-Podolsky-
Rosen (EPR) entanglement criterion that allows the nonclassicality of a quantum system to
be observed in entangled quantum systems which may not violate a Bell inequality, for
instance in Gaussian systems. The consequences of these results on cryptographic

security has been studied in [61]. This task was part of deliverable 10 finished in year 2.

Task 4.4. Approximation of continuous variable gate families.

Identify gate models in the continuous variable domain based on non-universal sets of

gates that are capable to perform non- classical tasks.

The theory reported in task 3.7 falls well into this task as well. Our study of the fluctuator
dynamics opens the possibility to modify the state of the light field while it is stored in an
atomic-ensemble [7][8]. This leads to new possibility for the manipulation of light. This is

ongoing research.

Task 4.5. Simulating quantum fields.

Employ the results from WP5 and the knowledge about non-Gaussian addons (Task 4.2.)
to construct simulation protocols for relativistic quantum fields by means of continuous

variable systems.

In collaboration with QUEVADIS a new classical methodology for simulating quantum
fields has been developed through a continuous variable generalization of the multiscale

entanglement renormalization ansatz [62]. Further details can be found in WP5.
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Led by the Pavia group, we have also analyzed the possibility of simulating a second-
quantized field by a quantum cellular automaton, in the form of a topologically
homogeneous computational network with graph-dimension equal to the space-time
dimension, the topological homogeneity corresponding to the universality of the physical

law represented by the field theory. [63]

Task 4.6. Drafting proposals for new experiments.
Produce proposals for new experiments in supporting activities of WP1.

A joint work between COQUIT and one of the experimental partners was focused on the
analysis of the experiment described in [5] which constitutes a crucial building block for a
quantum repeater: a quantum memory — implemented in an atomic ensemble which is
capable of storing quantum states of light. The close collaboration between theory and
experiment allowed for a much more rigorous analysis compared to previous works on the
topic. The collaboration with the EU-STREP project QUEVADIS and with one of the
experimental partners of COQUIT, namely the group of E. Polzik in Copenhagen
(QUANTORP) is stressed also by a follow-up publication [6].

4.1.3.5 WP5. Simulation toolbox

Task 5.1. Basic simulation theory

Introduce a set of basic definitions and concepts which give the notion of

quantum simulation a precise mathematical meaning.

A basic scheme of simulation theory was outlined in deliverable D6 of the first-year report.

The related publications are listed in the closely related task 5.2, see below.

Task 5.2. Analysis of sample problems
Reformulate typical classical simulations (e.g. Quantum Monte Carlo algorithms) within the
general scheme developed in Task 5.1. Rewrite a classical algorithm in terms of reversible

“easy gates". Split it into its easy and its hard part.

The investigated sample problems, which were inspired from the collaboration with the
experimental partner groups, involve light-matter interaction, quantum quench, and
equivalence classes between different systems. Details are given in the first-year report.
The results led to the following publications: [64][65][17][66][67][68].
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Task 5.3. Classical versus quantum simulations
Develop general model independent techniques to extract the hard part of a given

simulation problem that can only be done efficiently by means of quantum technology.

The research in this task was two-fold. In the first year of the project we investigated the
relationship between classical and quantum computation from a computer science
perspective. We provided compelling evidence that the task of sampling the output
probability distributions of an IQP circuit is unlikely to be achievable by any efficient

classical means [17]. For details see the first-year report.

In the second year we focused on entanglement properties of many-body systems and
developed methods for classical simulation of quantum systems via a Time-dependent
variational principle for quantum lattices [69]. and Entanglement renormalization for
quantum fields [62], finishing the task. Furthermore we obtained results on the

Entanglement of quasifree Fermions [21]. Details are given in the second-year report.

Task 5.4 Efficiently reachable states
Identify which portion of the state space can be efficiently reached and exploited for
quantum simulations. Analyze which states can be approximated with arbitrary precision

according to the operational criteria established by Task 5.1.

In this task we throughout the project investigated relevant parts of the state space of
different types of quantum systems, partly by adopting techniques developed under task
5.3. The results include the Reachability properties of translation-invariant Fermionic
Gaussian states under Gaussian operations [16], Information propagation for interacting
particle systems [70] and Local approximation of observables and commutator bounds
[44], as well as Variational Matrix Product Ansatz for Nonuniform Dynamics in the
Thermodynamic Limit [71], Quantum Walks with Non-Orthogonal Position States [3]
Molecular binding in interacting quantum walks [2], Decidability questions relating
reachability [72][73][74], Reversed problem of reachability [75]. For details see the second-

year and third-year report.

Task 5.5 Estimation and Tomography
Consider devices used for quantum estimation and tomography. Adapt these techniques

to the case where the sources of states to be reconstructed or estimated are non i.i.d.

In this task we investigated improved schemes for tomography of quantum systems under
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different given conditions. The results include compressed sensing [14][15], tomography
on the permutation invariant submanifold [76] and quantum tomography under prior
information [77]. Furthermore, we developed a description of the full counting statistics of
stationary particle beams [78], an algebraic characterization of extremal generalized
quantum instruments [79] and a characterization of informational completeness for

covariant phase space observables [80]. Details are given in the yearly reports.

Task 5.6 Advanced simulation theory
Develop a general approximation theory for complex systems. Input from WP2 -- WP4 is
needed: adapt the notions for "simulability”, developed by Task 5.1. to more concrete and

realistic scenarios.

This task was devoted to approximation methods for quantum lattice systems in view of
classical simulation. We developed a path integral approach for the continuum limit of a
tensor network [81], a variational matrix product ansatz for non-uniform dynamics in the
thermodynamic limit [71] and an information geometric approach to the renormalization
group [82]. Additionally, we developed a control theory for Fermionic systems [16]. For

details see the third-year report.

Task 5.7 Application design
Build from the results related to Task 5.4. a formalism which enables to give concrete

design rules for simulation protocols

We included concrete design rules for the specific physical systems into the proposals for
new experiments, namely Simulating Quantum Fields with Cavity QED [47] and Quantum
Walks with Non-Orthogonal Position States [3]. Also, we investigated the forgetfulness of
quantum channels [83], which is of fundamental importance for quantum simulation and

computation in a realistic setting. See the third-year report for details.

4.1.3.6 WP6. Errors

Task 6.1. Error types.

Develop techniques for the classification of errors by using the knowledge that has been
attained by WP2 — WP4. Identify those errors which are ‘ignorable”, “correctable” and
“uncorrectable”.

A mathematically precise description of these errors can be found on the corresponding
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wiki page [84]. A general theory of error correction with limited resources is possible, but to
derive interesting and in particular useful results is very difficult. More promising
approaches are to either study special setups and only restricted, very specific error
models or, if we can not get rid of the noise, accept it and try to work around — see results
in task 6.3.

Partially relevant for this task are also [85][86] on joint measurability and non-
destructiveness of measurements where the effects of a measurement induced errors on

subsequent ones is characterized and quantified.

Task 6.2. Error correcting codes.

Provide a constructive approach for finding good quantum error correcting schemes with
constrained operations. by finding optimized encoding and decoding operations.

The work on this task was done partly in cooperation with the CORNER project where
error correction strategies against correlated noise are analyzed [32]. The systems where
this type of noise occurs are relevant for COQUIT, too. The promising nature of fault-
ignorant protocols from task 6.3 led us to addressing later task in more depth than the

former one.

Task 6.3. Fault ignorant protocols.

Explore the possibility of fault ignorant protocols: find implementations of protocols where
not the success but merely the run-time depends on the error rate.

This topic provides a very promising alternative to error correction and has been fully
addressed (see the third year report). In [87] we rigorously develop the notion of fault-
ignorant computation and develop a framework for description of algorithms, that work
under any amount of decoherence, unlike error correcting codes that require decoherence
rate below some specific threshold. Fault-ignorant algorithms are then able to deliver
correct results with desired success probability even if the noise rate is unknown and,
hence, can be run even under situations where the decoherence is not fully under
experimental control.

As a specific example an algorithm for noisy quantum search under fault-ignorant setting is
presented, showing that quadratic speedup is possible only under very small amount of
noise. Presented algorithms however prove to be faster than the best classical one also for
(small) decoherence rates where quadratic speedup is not achievable any more. Another
important aspect of presented algorithms is their ignorance of the error rate — the result is

presented independently on the error rate; only the runtime depends on the amount of the
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noise.

Task 6.4. Encoding into complementary variables.

Investigate to what extent a non-local (band limited) encoding prevents from distortion by
local noise. The developed ideas shall be generalized to other pairs of conjugate variables
(not necessarily related by a Fourier transform).

The promising nature of task 6.3 led us to focus attention on fault-ignorant computation

while not addressing this task. We believe that this shift of attention will be accepted.

4.1.4 Potential impact

Our project has developed theoretical models and techniques which enhances our
understanding of quantum systems with limited control and therefore allow the
implementation of new experiments which make more efficient use of the available
equipment, and the development of new experimental techniques which can remove
crucial limitations. Some of our experimental proposals are already realized or will be
realized in the near future, which shows the validity and power of our approach. Moreover,
our research led to some collaborations with experimental groups (or theoretical groups
with very close ties to experimentalists), which will continue after the end of COQUIT to

work on several follow up projects. This includes in particular the following.

* Quantum walks and automata. We have substantially advanced the theory of
discrete quantum systems and our knowledge has already led to new perspectives
in experiments with trapped ions and optical lattices. In fact most of the
experimental proposal we have made belong to this area. We are currently
collaborating with the experimental groups of D. Meschede (Bonn) and T. Schaetz
(Freiburg) on experimental implementations of quantum walks. The continuation of
this collaboration will most likely lead to new results concerning quantum simulation

with discrete quantum systems.

*  Quantum control. The theory of quantum control provide powerful methods to
design quantum devices and circuits, and in the past it was applied very
successfully in NMR experiments. To make these techniques available to more
setups, COQUIT started a collaboration with the experimental group of S. Glaser
(Munich) where know-how on control and on different types of systems (like Bosons
and Fermions) is combined. During the runtime of COQUIT this research has

reached a maturity, where we can start to make proposals towards new
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experimental setups like cold Fermions in optical lattices. More recently new work

on noisy control was started, too.

Matter-light interactions. Already in the beginning of COQUIT we started to
cooperate with the experimental group of E. Polzik (Copenhagen) on matter-light
interactions and its applications to quantum memory. Later this cooperation was
extended to the group of G. Toth (Bilbao). Using methods from mean-field theory
and the theory of quantum fluctuations we were able to extend the theoretical
understanding in this area substantially. On the experimental side the results
developed so far will improve the handling of noise and decoherence (or more
generally the handling of atomic ensembles which are very far away from the fully
polarized states). This includes in particular possibilities to actually use the noise in
a positive way. An explicit example for the latter is a proposal to use a special form
of noise in order to store d(d-1)/2 modes of light in an ensemble of d-level atoms
(rather than the only d-1 modes which we would get with the polarized case). Future
research in this collaboration will concentrate on the one hand on implementation of
the new experimental we have made and on the other on further consolidation of
the theoretical models. The latter concerns in particular a better understanding of

the d>2 case and the treatment of dissipative dynamics.

Superactivation. In the COQUIT topic of Continuous variables (WP4) a
collaboration of TUM partner with external partner of the group of Prof. Glaser has
been established during the project duration. The collaboration, represented by the
current research on the resources needed for superactivation of Gaussian
channels, is still on-going and is now supported by Bavarian elite network QCCC -
an international PhD program of excellence based in Munich and jointly held by
research groups at the TU Munich (department of chemistry), the LMU Munich and

the Max Planck Institute for Quantum Optics.

COQUIT can be regarded as a part of a general trend in the quantum information

community away from abstract and overly ambitious project like quantum computers to

more realistic goals which will most likely lead in the near future to usable quantum

technologies. In this context we are convinced that the followup projects outlined above

will provide substantial contributions to the following two fields.

Quantum simulation. This is currently a very hot research topic and COQUIT has

provided several important results via WP5. The next goal in this area is to develop

25



explicit proposals for simulations which can really outperform their classical
counterparts. We expect that the ongoing work quantum walks and on quantum

control described above will provide important contributions into this direction.

Quantum communication. One big obstacle against large scale usage of quantum
communication and in particular the corresponding cryptography is the lack of
repeaters and routers. Quantum memory and related techniques are an important
building block and the project on matter-light interactions mentioned above should
be able to advance this area substantially. On-going research on superactivation
has also a potential for developing experimentally more feasible schemes for the

study and possible application of this intricate effect.

COQUIT had big impacts also on fundamental questions, since most of the theorertical

research described in this document is deeply rooted in the fundamentals of quantum

mechanics and quantum information theory. COQUIT research with a substantial impact

on fundamental topics include:

Discrete quantum dynamics. This concerns basically all the research in WP3 on
lattice systems. Our work on quantum cellular automata and quantum walks can
and should be regarded as a general structure theory for discrete time, discrete

time dynamics of quantum lattice system (i.e. systems discretized in space).

Continuous quantum dynamics. We have discussed also various aspects of the
dynamics of continuous variable quantum systems. This includes in particular the
relation between Gaussian and non-Gaussian time-evolution, discretization
strategies (e.g. simulation of quantum fields), superactivation of Gaussian channels

and continuum limits, i.e. approximations of discrete systems by continuous ones.

Controlled dynamics. Although quantum control is topic with huge impact on
applied topics and even engineering, it is also important for the discussion of
fundamental questions like reachability and preparabilityy. COQUIT made here

important contributions for Fermionic systems.

Quantum measurements and estimation. Lots of our result on measurement and
more generally on improving experimental strategies have a fundamental aspect,
too. Important examples are our work on Bell-inequalities and the estimation results
in WP5.

Fault-ignorant computation. We have provided quantum search algorithms
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capable of providing desired results irrespective of the noise rate with only the run-
time being affected by the noise. This algorithm provides an example of a new

competitional paradigm for computation under noise and decoherence.

As a project on quantum information theory the our main dissemination strategies were
publication in high profile refereed journals including but not restricted to the Physical
Review family, New Journal of Physics, Communications in Mathematical Physics and
Quantum Information and Communication and presentation on international conferences.
In addition all our important results are openly accessible via the e-print archives

http://www.arxiv.org/quant-ph, http://www.arxiv.org/math-ph and http://www.arxiv.org/cond-
mat.
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4.1.5 Project website
The project website can be found at https://coquit.isi.it/ COQUITWiki.
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Section B
All the work done in this project is fundamental research. Therefore the generated

foreground is of the type: “General advancement of knowledge”, and not (yet) exploitable
via patents or other IP rights. Instead, we have started a number of more focused follow-

up projects, which are described in detail in Section 4.1.4 Potential Impact.
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4.3 Societal implications

A General Information (completed automatically when Grant Agreement number is
entered.

Grant Agreement Number: I 233747

Title of Project: [ Collective quantum operations for information technologies

Name and Title of Coordinator: |Dr Michael Kevl

B Ethics

1. Did your project undergo an Ethics Review (and/or Screening)?

e If Yes: have you described the progress of compliance with the relevant Ethics NO
Review/Screening Requirements in the frame of the periodic/final project reports?

Special Reminder: the progress of compliance with the Ethics Review/Screening Requirements should
be described in the Period/Final Project Reports under the Section 3.2.2 'Work Progress and|
U chievements'

2.  Please indicate whether your project involved any of the following issues YES
(tick box) :

RESEARCH ON HUMANS

* Did the project involve children? NO

* Did the project involve patients? NO

* Did the project involve persons not able to give consent? NO

* Did the project involve adult healthy volunteers? NO

* Did the project involve Human genetic material? NO

* Did the project involve Human biological samples? NO

* Did the project involve Human data collection? NO
RESEARCH ON HUMAN EMBRYO/FOETUS

¢ Did the project involve Human Embryos? NO

* Did the project involve Human Foetal Tissue / Cells? NO

* Did the project involve Human Embryonic Stem Cells (hESCs)? NO

 Did the project on human Embryonic Stem Cells involve cells in culture? NO

* Did the project on human Embryonic Stem Cells involve the derivation of cells from Embryos? NO
PRIVACY

* Did the project involve processing of genetic information or personal data (eg. health, sexual NO

lifestyle, ethnicity, political opinion, religious or philosophical conviction)?

* Did the project involve tracking the location or observation of people? NO
RESEARCH ON ANIMALS

* Did the project involve research on animals? NO

» Were those animals transgenic small laboratory animals?

» Were those animals transgenic farm animals?

* Were those animals cloned farm animals?

» Were those animals non-human primates?
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RESEARCH INVOLVING DEVELOPING COUNTRIES

* Did the project involve the use of local resources (genetic, animal, plant etc)? NO
* Was the project of benefit to local community (capacity building, access to healthcare, education
etc)?

DuAL USE
* Research having direct military use NO
» Research having the potential for terrorist abuse NO

IC  Workforce Statistics

3. Workforce statistics for the project: Please indicate in the table below the number of
people who worked on the project (on a headcount basis).

Type of Position Number of Women Number of Men
Scientific Coordinator 0 1

[Work package leaders 0 4

Experienced researchers (i.e. PhD holders) 0 13

PhD Students 0 5

Other 0 0

recruited specifically for this project?

4.  How many additional researchers (in companies and universities) were

Of which, indicate the number of men:

11 (all men)

ID Gender Aspects

5. Did you carry out specific Gender Equality Actions under the project?(O

o}

[Yes
INo

Actions to improve work-life balance

Not at all
effective

Design and implement an equal opportunity policy
Set targets to achieve a gender balance in the workforce

Organise conferences and workshops on gender

Very

effective

ONONON®,

6.  Which of the following actions did you carry out and how effective were they?

Other:

gender considered and addressed?
Yes- please specify

No &

7.  Was there a gender dimension associated with the research content - i.e. wherever people
were the focus of the research as, for example, consumers, users, patients or in trials, was the issue of
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E Synergies with Science Education
8. Did your project involve working with students and/or school pupils (e.g. open days,
participation in science festivals and events, prizes/competitions or joint projects)?
Yes- please specify Buchinger's MD based on COQUIT research
No
9. Did the project generate any science education material (e.g. Kkits, websites,
explanatory booklets, DVDs)?
Yes- please specify | |
X No
F  Interdisciplinarity
10. Which disciplines (see list below) are involved in your project? Quantum Information
Theory, Condensed matter physics, Computer Science, Mathematics
Main discipline': 1.2
Associated discipline: 1.1 ‘ o] ‘
G Engaging with Civil society and policy makers
11a Did your project engage with societal actors beyond the research o Yes
community? (if 'No', go to Question 14) & a No
11b If yes, did you engage with citizens (citizens' panels / juries) or organised civil society
(NGOs, patients' groups etc.)?
No
Yes- in determining what research should be performed
Yes - in implementing the research
Yes, in communicating /disseminating / using the results of the project
Y
11c In doing so, did your project involve actors whose role is mainly to 8 st
organise the dialogue with citizens and organised civil society (e.g.
professional mediator; communication company, science museums)?
12. Did you engage with government / public bodies or policy makers (including

international organisations)

X No
Yes- in framing the research agenda
Yes - in implementing the research agenda

Yes, in communicating /disseminating / using the results of the project

Insert number from list below (Frascati Manual).
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13a  Will the project generate outputs (expertise or scientific advice) which could be used

by policy makers?

Yes — as a primary objective (please indicate areas below- multiple answers possible)

Yes — as a secondary objective (please indicate areas below - multiple answer possible)

X © No

13b If Yes, in which fields?

Agriculture Energy Human rights
Audiovisual and Media Enlargement Information Society
Budget Enterprise Institutional affairs
Competition Environment Internal Market
Consumers External Relations Justice, freedom and security
Culture External Trade Public Health

Customs Fisheries and Maritime Affairs Regional Policy
Development Economic and Food Safety Research and Innovation
Monetary Affairs Foreign and Security Policy Space

Education, Training, Youth Fraud Taxation

Employment and Social Affairs Humanitarian aid Transport

13c¢ If Yes, at which level?
Local / regional levels
National level
European level

International level

H Use and dissemination

14. How many Articles were published/accepted for publication in | 48
peer-reviewed journals?

To how many of these is open access® provided? 13

How many of these are published in open access journals? 13

How many of these are published in open repositories?

To how many of these is open access not provided? 35

Please check all applicable reasons for not providing open access:

X publisher's licensing agreement would not permit publishing in a repository
U no suitable repository available

U no suitable open access journal available

U no funds available to publish in an open access journal

U lack of time and resources

U lack of information on open access

Qother’: ...............

However, all 48 Articles
have a substantially
identical version on
arxiv.org

2 Open Access is defined as free of charge access for anyone via Internet.
® For instance: classification for security project.
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http://europa.eu/pol/trans/index_en.htm
http://europa.eu/pol/tax/index_en.htm
http://europa.eu/pol/rd/index_en.htm
http://europa.eu/pol/reg/index_en.htm
http://europa.eu/pol/health/index_en.htm
http://europa.eu/pol/justice/index_en.htm
http://europa.eu/pol/singl/index_en.htm
http://europa.eu/pol/inst/index_en.htm
http://europa.eu/pol/infso/index_en.htm
http://europa.eu/pol/rights/index_en.htm
http://europa.eu/pol/hum/index_en.htm
http://europa.eu/pol/fraud/index_en.htm
http://europa.eu/pol/cfsp/index_en.htm
http://europa.eu/pol/food/index_en.htm
http://europa.eu/pol/fish/index_en.htm
http://europa.eu/pol/comm/index_en.htm
http://europa.eu/pol/ext/index_en.htm
http://europa.eu/pol/env/index_en.htm
http://europa.eu/pol/enter/index_en.htm
http://europa.eu/pol/enlarg/index_en.htm
http://europa.eu/pol/ener/index_en.htm
http://europa.eu/pol/socio/index_en.htm
http://europa.eu/pol/educ/index_en.htm
http://europa.eu/pol/emu/index_en.htm
http://europa.eu/pol/emu/index_en.htm
http://europa.eu/pol/dev/index_en.htm
http://europa.eu/pol/cust/index_en.htm
http://europa.eu/pol/cult/index_en.htm
http://europa.eu/pol/cons/index_en.htm
http://europa.eu/pol/comp/index_en.htm
http://europa.eu/pol/financ/index_en.htm
http://europa.eu/pol/av/index_en.htm
http://europa.eu/pol/agr/index_en.htm

15.

How many new patent applications (‘priority filings’) have been 0
made? ("Technologically unique”: multiple applications for the same invention in
different jurisdictions should be counted as just one application of grant).

16.

Indicate how many of the following Intellectual | Trademark

Property Rights were applied for (give number _ ,
Registered design

in each box).
Other

17.

Sle | @ | @

How many spin-off companies were created / are planned as a
direct result of the project?

Indicate the approximate number of additional jobs in these companies:

18.

Please indicate whether your project has a potential impact on employment, in

comparison with the situation before your project:
Increase in employment, or O | In small & medium-sized enterprises

Safeguard employment, or Q | Inlarge companies
Decrease in employment, X None of the above / not relevant to the project

Difficult to estimate / not possible to
quantify

19.

Difficult to estimate / not possible to quantify

For your project partnership please estimate the employment effect | /ndicate figure:
resulting directly from your participation in Full Time Equivalent
(FTE = one person working fulltime for a year) jobs:

I Media and Communication to the general public
20. As part of the project, were any of the beneficiaries professionals in communication or
media relations?
Yes ax No
21. As part of the project, have any beneficiaries received professional media /
communication training / advice to improve communication with the general public?
Yes ax No
22 Which of the following have been used to communicate information about your

project to the general public, or have resulted from your project?

Press Release a Coverage in specialist press

Media briefing a Coverage in general (non-specialist) press

TV coverage / report @ | Coverage in national press

Radio coverage / report O | Coverage in international press

Brochures /posters / flyers O | Website for the general public / internet

DVD /Film /Multimedia O | Event targeting general public (festival, conference,
exhibition, science café)
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23 In which languages are the information products for the general public produced?

Language of the coordinator o English

Other language(s)

Question F-10: Classification of Scientific Disciplines according to the Frascati Manual 2002 (Proposed Standard
Practice for Surveys on Research and Experimental Development, OECD 2002):

FIELDS OF SCIENCE AND TECHNOLOGY

NATURAL SCIENCES

1.1 Mathematics and computer sciences [mathematics and other allied fields: computer sciences and other allied
subjects (software development only; hardware development should be classified in the engineering fields)]

1.2 Physical sciences (astronomy and space sciences, physics and other allied subjects)

1.3 Chemical sciences (chemistry, other allied subjects)

1.4 Earth and related environmental sciences (geology, geophysics, mineralogy, physical geography and other

geosciences, meteorology and other atmospheric sciences including climatic research, oceanography,
vulcanology, palaeoecology, other allied sciences)

1.5 Biological sciences (biology, botany, bacteriology, microbiology, zoology, entomology, genetics, biochemistry,
biophysics, other allied sciences, excluding clinical and veterinary sciences)

2 ENGINEERING AND TECHNOLOGY

2.1 Civil engineering (architecture engineering, building science and engineering, construction engineering,
municipal and structural engineering and other allied subjects)

2.2 Electrical engineering, electronics [electrical engineering, electronics, communication engineering and
systems, computer engineering (hardware only) and other allied subjects]

2.3. Other engineering sciences (such as chemical, acronautical and space, mechanical, metallurgical and materials

engineering, and their specialised subdivisions; forest products; applied sciences such as geodesy, industrial
chemistry, etc.; the science and technology of food production; specialised technologies of interdisciplinary
fields, e.g. systems analysis, metallurgy, mining, textile technology and other applied subjects)

3. MEDICAL SCIENCES

3.1 Basic medicine (anatomy, cytology, physiology, genetics, pharmacy, pharmacology, toxicology, immunology
and immunohaematology, clinical chemistry, clinical microbiology, pathology)

32 Clinical medicine (anaesthesiology, paediatrics, obstetrics and gynaecology, internal medicine, surgery,
dentistry, neurology, psychiatry, radiology, therapeutics, otorhinolaryngology, ophthalmology)

33 Health sciences (public health services, social medicine, hygiene, nursing, epidemiology)

4. AGRICULTURAL SCIENCES

4.1 Agriculture, forestry, fisheries and allied sciences (agronomy, animal husbandry, fisheries, forestry,
horticulture, other allied subjects)

4.2 Veterinary medicine

5. SOCIAL SCIENCES

5.1 Psychology

52 Economics

53 Educational sciences (education and training and other allied subjects)

54 Other social sciences [anthropology (social and cultural) and ethnology, demography, geography (human,
economic and social), town and country planning, management, law, linguistics, political sciences, sociology,
organisation and methods, miscellaneous social sciences and interdisciplinary , methodological and historical
S1T activities relating to subjects in this group. Physical anthropology, physical geography and
psychophysiology should normally be classified with the natural sciences].

6. HUMANITIES
6.1 History (history, prehistory and history, together with auxiliary historical disciplines such as archaeology,
numismatics, palacography, genealogy, etc.)
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6.2
6.3

Languages and literature (ancient and modern)

Other humanities [philosophy (including the history of science and technology) arts, history of art, art
criticism, painting, sculpture, musicology, dramatic art excluding artistic "research" of any kind, religion,
theology, other fields and subjects pertaining to the humanities, methodological, historical and other S1T
activities relating to the subjects in this group]
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