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Scientific accomplishment

a) Title of the scientific accomplishment

Publication cycle: Relativistic Quantum Information.

b) (Authors, publication titles, publication year, journal name)
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c) Description of the scientific goal of the above mentioned works,

obtained results and prospects of applications.

Research papers [1-7] listed above give rise to the present habilitation submission and
references [8-23] refer to the remaining publications of the applicant not included in the
cycle. Introduction to the topic of research is presented in Sec. 4.1, the phenomenon of
dependence of entanglement on the observational reference frame is discussed in Sec. 4.2,
Sec. 4.3 discusses the idea of quantum gates realized by motion, in Sec. 4.4 we review the
work on quantum detection of the acceleration of the reference frame and finally Sec. 4.5

summarizes the discussion.

4.1 Introduction

The theory of quantum information originating from the 1980’s has achieved an undoubted
success. It is presently one of the most important branches of contemporary physics, both
theoretical, and experimental. Questions concerning quantum non-locality, teleportation,
cryptography, estimation, communication, or quantum computations are studied in most
of the leading research centers in the world. Experimental results based on the theory of
quantum information already found practical and commercial applications, fundamental
experiments are carried out in scales reaching hundreds of kilometers, and the idea of bul-
ding a quantum computer is currently one of the most important goals of contemporary
science. The theory itself is a direct generalization of the classical theory of information
developed by Shannon. The generalization involved taking into account quantum effects
in the description of physical carriers of information and consequently replacing a clasi-
cal notion of a bit with a qubit - the basic unit of information encoded in the simplest
possible state of the quantum system. This paradigm shift allowed one not only to gene-
ralize previously known results, but most of all discover new possibilities in the theory of
information, not allowed in its classical version. A perfect example are the quantum cryp-
tographic protocols allowing one to encode the transmitted classical information in a way
that is impossible to decrypt by an unauthorized party due to fundamental limitations of

the quantum theory. Although it could be expected at first that the quantum theory could



only lead to further limitations stemming out, for example, from the Heisenberg principle
of uncertainty, it turned out that the quantum theory used creatively leads to the new
possibilities not allowed within the realm of classical physics.

Reality is, however, not only quantum, but also relativistic. Therefore a natural question
arises: how relativity can influence phenomena described by the theory of quantum infor-
mation? Does it lead only to new limitations, or perhaps it could also lead to improvements
of the known results or even going beyond limitations imposed by the non-relativistic the-
ory? Almost all important results of the quantum information theory are obtained within
the non-relativistic approximation, or the assumption that the whole scheme is placed in
a fixed, inertial frame of reference. In most of these examples it is not clear how the obta-
ined results would change if non-inertial observers or gravitational effects were taken into
account. Quite often already the correct formulation of a given scheme in the relativistic
language operating with the notions of quantum field theory, can be a serious problem.
The question worth asking at the beginning is, why should we make such an effort? One
could argue that the relativistic effects can be completely neglected in most of the known
experiments.

One has to notice a few relevant facts in this context. It is known that general-relativistic
effects play a crucial role in achieving high precision of the GPS devices. Without taking
into account relativistic corrections, positioning of these devices would lead to a significant
increase of the errors. This indicates that one has to carefully analyze influence of these and
similar effects onto the quantum experiments carried out in increasingly large scales. The
moment, when GPS becomes replaced by its upgraded, quantum version, this knowledge
will be absolutely crucial.

There is also a number of other reasons pointing out at the need for generalizing the
quantum information theory to the relativistic case. The famous Hawking’s work [24] on
the evaporation of black holes seems to suggest that the physical information does not have
to be necessarily preserved in all physical processes. There are arguments suggesting that
in some extreme cases quantum information can be irreversibly erased, therefore leading
to a non-unitary evolution of quantum states. Within the present-day formulation of the
quantum information theory, such a possibility is absolutely excluded. If the Hawking’s

hypothesis about the erasure of the quantum information was true, all of the present-day
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quantum information theory would only be an approximation of an unknown, relativistic
theory of quantum information. Can there be an observation that is more important from
the point of view of this theory?

We also know that the quantum state itself, being in the very heart of the quantum
theory of information, undergoes non-trivial changes due to the change of a reference
system. One of the most well known examples of this phenomenon is the Unruh effect
[25], according to which a quantum vacuum of a relativistic quantum field for one inertial
observer is actually a thermal state filled with particles for another, uniformly accelerated
observer. This fact has s great impact onto the construction and description of quantum
information protocols carried out between arbitrary, and not only inertial, observers. It
seems that taking into account the motion of the parties of the quantum communication
protocols, as well, as the effect of gravity onto these protocols in some circumstances can
crucially affect most of the presently known results.

One can also ask constructive questions: can the theory of relativity provide new ways
to improve efficiency of the known protocols of the quantum information? An interesting
example is so called entanglement of the vacuum [26]. It is known that the vacuum state
of the quantum field observed by a pair of non-inertial observers reveals a rich structure
of entanglement. In various models of interaction between matter and quantum fields one
can show that this entanglement can be extracted and possibly used in communication
protocols, such as teleportation. This indicates that relativity provides a way to explore new
quantum resources, completely unavailable in the non-relativistic vervions of the theory. It
is therefore worth asking about the feasibility of this type of resource in a realistic physical
situation.

In this submission we present a number of new results concerning relativistic exten-
sion of the quantum theory of information as a step towards the full understanding of the
concept of information and its relation with the basic laws of physics. In the presented
works we pose and solve problems being on the front of contemporary studies of relativi-
stic quantum information. We attempt to put a stress on giving the obtained results an
operational sense, and in some cases we point out possible experimental realizations within
the present-day or near-future experimental setups allowing one to empirically test these

ideas.



4.2 Dependence of entanglement on the observer

One of the most fundamental phenomena of the quantum information theory is the depen-
dence of the quantum state on the observer. Let us assume that some observer prepares
a given entangled state and another observer measures it. In general, the outcomes will
depend on the relative motion or absolute acceleration between these two frames, which
is of a crucial importance in communication protocols. If a given quantum state of two
subsystems is used for teleportation of information between two observers being in two
different frames of reference, the efficiency of teleportation may directly depend on the
relative motion of the two [27]. This phenomenon is particularly interesting, when one of
the observers is at rest and the other undergoes a relativistically accelerated motion. Ac-
cording to Einstein’s principle of equivalence, this physical situation is equivalent to the
case, when one of the observers is influenced by a static gravitational field. Therefore this
scheme allows one to test the effect of gravity onto the quantum entanglement. First works
on this topic [28] were, as it was found later, assuming impossible conditions and the first
mathematically correct description of the dependence of the amount of entanglement on
the acceleration of the observer was given in [7]. In this paper we have considered a ma-
ximally entangled state of modes A and B of the scalar, real Klein-Gordon field assuming
that the mode A is measured by the same inertial observer, who prepared the overall state,
and the mode B undergoes measurements carried out by another, uniformly accelerated
observer. The Bogolyubov transformation from the inertial (Minkowski) frame to the uni-
formly accelerated (Rindler) frame can be decomposed into two stages by introducing an
intermediate basis of (Unruh) modes sharing the same vacuum state with the Minkowski
modes. Unruh modes are constructed in such a way that the Bogolyubov transformation
M — U represents a change of basis not mixing the positive and negative frequencies, and
the transformation U — R is diagonal, i.e. it does not mix-up different positive frequencies,
but changes the state of the vacuum. Also, the mathematical form of the transformation
U — R is particularly simple and convenient in calculations, therefore it is useful to study
the quantum state expressed in terms of the Unruh modes basis in order to easily trans-
form it to the accelerated frame of reference. The proposed method turned out not only

to be very successful and simple to apply, but also proved to be easy to be generalized to



many other types of fields and states [29]. We have studied spinor fields, Grassman scalars,
and in [5] we have extended the analysis to complex scalar fields allowing electric charge
discriminating between particles and antiparticles.

The obtained results enabled a much better understanding of the mathematical struc-
ture of the Unruh effect and a related effect - degradation of entanglement due to accelera-
tion and gravity. However, on the path to the full understanding of all the aspects of this
phenomenon there were still a few crucial steps missing . Most of all, Unruh modes are,
just as plain waves, a family of global modes. Moreover, their spatial structure is heavily
complicated, practically impossible to implement experimentally. It would be much more
desirable for the considered entangled states to involve spatially localized modes, even if
the wave-packets were only to vanish sufficiently fast in the infinity. The mode localization
would allow for a much clearer physical interpretation of the results, because the proper
acceleration in the Rindler frame depends crucially on the position. Moreover, the mathe-
matical scheme used in the works [7, 5] allowed only to analyze the entanglement in the
Rindler frame characterized by a uniquely chosen acceleration parameter. Consequently,
for each individual acceleration it was necessary to consider another entangled state. It
would be worth to find another scheme, where a fixed considered entangled state could be
analyzed by a family of different, uniformly accelerated observers. Such a model has been
introduced and studied in [1]. We have considered a decomposition of the field operator
into the family of localized (up to sufficiently decaying tails) wavepackets, prepared in a
state measured by a pair of observers: one resting, and the other uniformly accelerated.
Since the Bogolyubov transformation is linear, the proposed model was particularly use-
ful for applications to the family of Gaussian states that does not change under linear
transformations. The simplest Gaussian state is the vacuum, whose properties have been
studied and compared with the known from the literature results obtained with other me-
thods [30]. Using localized modes we have studied the Unruh effect, as well as the vacuum
entanglement effect and the dependence of the observable entanglement on the proper ac-
celeration of the detectors. Apart from the full agreement within the range of applicability
of all the models, we have also determined a previously unknown correction to the Unruh
effect stemming from the finite size of the measurement apparatus.

A model of the field state measurement in the uniformly accelerated frame has been
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used to study the dependence of the entanglement on the proper acceleration of the me-
asuring device. In [3] we have considered a two-mode squeezed state of two localized modes
as an input. The state was prepared in a resting, inertial frame. One of the modes was
measured in the same frame, while the other one by a similar detector, but moving with a
relativistic acceleration. The analysis has shown, how the measured entanglement decays
with the increasing proper acceleration of one of the detectors. It has turned out that in the
limit of large accelerations, the entanglement vanishes completely. We have also asked a qu-
estion, whether this entanglement degradation due to acceleration can be compensated in
order to maximize the extracted non-local correlations from the considered state. In order
to solve this problem we have considered an accelerated detector, whose characteristics can
be modified depending on the acceleration. We have managed to find an optimum setting
leading to the best possible efficiency of entanglement extraction. It turned out that the
degradation of entanglement can be almost perfectly compensated in a large regime of ac-
celerations. Only for the accelerations, for which the considered mode inevitably submerges
under the event horizon (approaching the detector with increasing proper acceleration), the
amount of the detected entanglement must be reduced. What is more interesting, in the
limit of infinitely large accelerations a fraction of the initial entanglement is still measura-
ble, because for geometrical reasons only a half of the considered mode can be submerged
under the event horizon. Therefore some part of the mode will always stay within the reach
of the accelerated detector and even in the limit of infinitely high acceleration some part
of the entanglement will always be available. This result, which is different from the result
of the analysis using non-localized Unruh modes, shows how carefully one has to study the
problem of mode localization of a given quantum state. Emerging differences stemming
from the localization of the field modes have been analyzed in detail and explained in [4].
In this work we have also studied the dependence of all the non-local correlations on the
acceleration of the observer, including the discord. The analysis was carried out both for
localized and non-localized modes.

The series of works [1, 3, 4, 5, 7] described in this section is the first complete descrip-
tion of the phenomenon of degradation of entanglement in accelerated reference frames.
It is worth underlining that for Gaussian states, the introduced formalism allows one to

carry out strict and analytical calculations on the level of the covariance matrix, which



fully characterizes considered states and their measurements outcomes. Therefore the full
physical picture of the situation described in [1, 3, 4] is characterized by giving a sym-
plectic covariance matrix of the dimension 4, representing two modes of the quantum field

measured by two different observers.

4.3 Quantum gates generated by motion

One of the concepts that strongly contributed to the flourishing of the quantum theory of
information is the idea of a quantum computer - a device basing its design on the laws of
quantum physics, not classical binary logic. The notion of a bit is replaced by a notion of a
qubit allowing for the quantum computer to achieve computational power unreachable for
the current technology computers, at least in theory. For example a quantum algorithm
to decompose large numbers into primes would allow one to breach present-day security
cryptographic schemes. Similarly to classical computing, quantum computation is based
on a set of gates transforming input qubit states and using only a finite number of types
of gates one can generate an arbitrary quantum algorithm. Two-qubit gates are built in
practice using non-linear interactions between two quantum systems giving rise to a given
type of evolution. The interactions must be strong enough for the involved qubit to get
entangled, however it is then difficult to get rid of the interactions with the surrounding
environment that leads to decoherence. The main challenge at the moment in the struggle
to build the first quantum computer is to limit the influence of the environment onto the
computation and design efficient error correction codes.

In [2] we have introduced an idea of building multi-qubit quantum gates without the
need of interactions between individual qubits, which could help limiting the effect of the
environment onto the quantum system. In the proposed scheme two input states undergo
a unitary entangling transformation only due to motion of the physical systems. This
purely relativistic effect, completely unknown in non-relativistic theory, has been proposed
based on the scheme of a resonance cavity, whose mirrors move along controllable classical
trajectories. The motion of the cavity causes the quantum state of the field in the cavity to
undergo a transformation depending on the choice of the trajectory. We have shown [2], how

to use natural resonances due to motion in order to generate and enhance entanglement



created between individual modes of the cavity. In order to create measurable amounts of
entanglement, the proper acceleration a of the mirrors must be of the order of a %, where
L is the length of the cavity and c the speed of light. This value is practically impossible
to reach for realistic cavities, however using natural resonances allows one to enhance the
effect even for small accelerations. This is possible by cyclic repetitions of appropriately
chosen trajectory. In [2] we have shown how to choose the trajectory in order for the amount
of generated entanglement grew linearly with the number of cycles.

The scheme proposed in [2] is based on the observation that a Bogolyubov transfor-
mation responsible for the change of the quantum state preserves the family of Gaussian
states. Thanks to that the calculations can be made using covariance matrix formalism,
provided that the initial state of the system was Gaussian. The calculations have been car-
ried out for the cavity prepared initially in the vacuum state of all the modes and we have
characterized the amount of entanglement of the final state using known Gaussian measu-
res of entanglement. We have found that to a good approximation the two first eigenmodes
of the cavity are transformed into a pure, entangled state due to the change in acceleration
of the cavity. The generated entangled state, up to local operations turned out to be just
a two-mode squeezed state and our formalism allowed us to completely characterize that
state for an arbitrary choice of the trajectory. Assuming the full control over the choice of
the trajectory, we could show how to enhance the generated two-mode squeezing using the

natural resonances of the relativistic motion.

4.4 Testing the absolute acceleration of the reference frame using

local interactions with a quantum field

The dependence of the quantum state of the motion of the observer leads to various inte-
resting consequences. As was shown in [2], the quantum state of the field can also undergo
transformation if the cavity itself is accelerated. This phenomenon can be used to deter-
mine the absolute acceleration of the observer. In [6] we have investigated the possibility
of using this effect to determine an absolute acceleration of an Unruh-DeWitt particle de-
terctor - a device completely characterized by a quantum degree of freedom described by a

single annihilation operator d [30]. The detector is approximately described by a point-like
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Rysunek 1: Left: uniformly accelerated observer, Rob, measures a state of a resting cavity;

right: a resting observer Bob measures the state of the accelerated cavity.

position and consequently a classical trajectory chosen at will. The description of the de-
tector is therefore quasi-classical, but it does interact with a fully quantum and relativistic

scalar field via minimum coupling introduced through the Hamiltonian:

Hi(r) o e(1)d [2()] ((ie—m + CZTeW) , (1)

where 7 is the proper time along the selected tranectory z(7) of the detector, €(7) is a
time-dependent coupling, ngﬁ is the field operator and w is the gap frequency characterizing
the detector. In [13] we have studied two scenarios concerning the motion of the considered
system, as shown in Fig. 1.

In the first scenario a uniformly accelerated detector moves along the inside of a resting
cavity, as depicted on the left part of Fig. 1. The initial state of the cavity according
to the resting detector is the vacuum state of al the modes. From the perspective of the
accelerated observer the cavity, however, is not empty, but contains particle in all its modes.
One can verify that by studying the final state of the detector after it left the cavity. We
have assumed that the initial state of the detector is the ground state and the interaction

with the field was turned on when the detector entered the cavity. We have calculated [6]

the probability of excitation of the detector the moment it leaves the cavity, depending
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on the introduced proper acceleration. The calculations were carried out in the first order
perturbation expansion.

In the second scenario we have assumed the opposite setting: a resting detector enters
inside an accelerated cavity, which was initially empty according to the co-moving observer
(the proper number of particles inside the cavity vanishes). From the perspective of the
resting detector the cavity is not empty, which again can be verified by calculating the
probability of exciting the detector from its initial ground state.

For small proper accelerations, when the event horizon is far outside the region of inte-
ractions, both scenarios are kinematically equivalent. From the perspective of an observer
co-moving the the detector, in both scenarios the cavity accelerates relative to the detec-
tor. The question that we have studied in [6] is: in what circumstances the probability of
exciting the detector in both scenarios differs. We have found that when the resonance
cavity was initially empty and the scalar field considered was massless - both scenarios
give identical results in the limit of small accelerations. Similarly, when the cavity initially
contains some massless particles (in both scenarios). The situation changes only when the
cavity field becomes massive. For initially empty cavities the two scenarios are still almost
indistinguishable. But when the cavity initially has particles in one of the modes, the two
scenarios lead to different results. The first and the second scenario lead to different exci-
tation rates of the detectors in the limit of small accelerations only when the considered
quantum field is massive and the cavity contains particles (in the co-moving frame of re-
ference). For concreteness we have studied an example of a fixed number of particles (a
Fock state) of one of the modes. Our conclusion gives rise to an interesting contribution to
the discussion of the role of mass in relativity. It turns out that in order to detect absolute
acceleration of the point-like detector one needs a massive field containing particles. Only
in this case such a detector can be used to determine whether it has an asbsolute, or only
relative acceleration. In the considered scheme the way the mass introduced the asym-
metry between considered scenarios was due to violating conformal invariance of the field
equation: only for massless fields (in a 1+1 dimensional space-time that has been studied
for simplicity in [6]) the Klein-Gordon field equation is conformally invatiant. It can be
explicitly shown that the predictions of the Unruh-DeWitt detection model are identical in

both scenarios always, when the quantum field is indeed conformally invariant. The mass
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parameter of the Klein-Gordon equation is responsible for the violation of that symmetry.

4.5 Summary

The publication cycle [1, 2, 3, 4, 5, 6, 7] concerning the problems of relativistic quantum
information theory is an attempt to go beyond the standard framework of quantum infor-
mation. It happens often that already the relativistic formulation of a given problem can
be challenging, therefore the fact that the problems presented here could be posed and so-
lved, often without the need of using approximations, is undoubtedly a great success. The
paradigm that has been employed here, that says that gravitational effects can be studied
by writing down field equations of a curved background is naturally only a conceptual sim-
plification. It is expected that the still unknown quantum gravity theory should be much
more complicated. However, the approach used here allows one to obtain intermediate re-
sults between the quantum field theory and still unknown quantum gravity. Moreover, it is
also expected that the results obtained with this method should, in some limit, be present
also in the quantum gravity. Consequently, relativistic quantum information theory can be
one of possible methods of studying the asymptotic of the quantum gravity theory. The
questions about the status of the notion of quantum information and its properties in the
relativistic context remind of the questions that were asked in early stages of the quantum
theory. The Bohr’s model of an atom being an attempt to marry the classical theory with
an arbitrary postulate of quantizing the angular momentum was also fundamentally wrong,
however it lead to new insights into the structure of still unknown, at that time, quan-
tum theory of the atom and eventually - the discovery of the Schroedinger equation. The
presented cycle of publications is a step towards deeper understanding of the properties of

quantum information and quantum entanglement, as well as their relativistic structure.

5 Other research accomplishments

a) bibliometric data (as for 25 marca 2014)

21 research papers published in world-leading journals (mainly Phys. Rev. Lett., Phys.
Rev. A, Phys. Rev. D, Class. Quantum Grav.) and 5 preprints with a total number of

13



394 citations and Hirsch index 9 according to Google Scholar and 246 citations and Hirsch
index 8 according to Web of Science. Total Impact Factor: 67.5.

b) research not contributing to the habilitation

Below we present the remaining part of the research studies carried out by the applicant.
It concerns the phenomenon of quantum non-locality (5.1), application of entangled states
in quantum communication (5.2), a single collective measurement of a large number of
particles (5.3), as well as a number of other topics not related directly to the main theme

of the present submission (5.4).

5.1 Quantum non-locality

One of the most interesting aspects of the quantum theory is its non-locality, i.e. the funda-
mental inability to describe the experimental outcomes by a set of local hidden variables.
As a consequence, the nature, as described by the quantum theory, cannot be both deter-
ministic and local. This phenomenon has been studied in [20, 21]. In [21] we consider an
entangled state of a qubit and a coherent state of harmonic oscillator. We have studied an
optimal scheme for revealing non-locality using balanced homodyne detection scheme with
imperfect particle detectors. We have analyzed the violation of Bell’s inequalities depen-
ding on the quantum efficiency of the detectors and the amount of entanglement between
the considered degrees of freedom. We have determined the minimum detection efficiencies
allowing one for the observation of non-locality.

In [20] we have considered a different scheme for violation of the Bell’s inequalities
using a state of a single photon split at a symmetric beam splitter, as well as a two-mode
squeezed state of the vacuum. The detection scheme involved an unbalanced homodyne
detector that measured the parity operator giving a direct insight into the phase-space
structure of the state. It has been shown that by an appropriate choice of the probe-points
in phase-space one can study the non-locality of the input state. We have found an optimum
scheme of detection even for imperfect particle detectors involved, in order to allow for a

direct comparison with the available, realistic experimental setups.
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5.2 Optimum communication using entangled states of light

A cycle of research papers [13, 14, 15, 16, 17| concerning the problem of communication
using entangled states of light was a basis of the PhD dissertation awarded cum laude in
2006 in the Physics Department of the University of Warsaw.

In [17] we have studied the imperfect classical communication through a quantum
channel with ideally correlated noise, i.e. disturbances that affect every transmitted particle
of a given bit in exactly the same way. We have studied and determined the optimal scheme
for encoding the classical information using alphabet of pairs of particles in separable
(classical scenario) and entangled (quantum scenario) states. We have shown that using
the entanglement increases the quantum efficiency of communication by the factor of 2.5
confirming practical usefulness of non-local states of light in communication.

In [13] we have used stochastical approach in the description of quantum channels to
study other types of noise present in communication and their effect on the communication
efficiency.

One of the simplest realizations of a quantum channel with correlated noise is a single
mode fiber capable of transmitting photon pairs in given polarization input states. Thermal
and mechanical fluctuations disturb the polarization of the transmitted pairs of photons in
such a way that the output polarization state is nearly random. However due to typically
long time-scales of the fluctuations, as compared to the temporal distance between the
transmitted photons, the introduced disturbance is almost identical for both particles. As
a consequence, due to the imperfections of the channel each individual photon of a pair
undergoes the same unitary transformation. This observation allowed one to carry out an
experiment verifying the theoretical results discussed earlier. Works [16, 14] introduce the
experimental scheme that has been built, in which we have generated pairs of photons in
well-controlled entangled states that were coupled to a 20m long single-mode fiber under-
going mechanical distortions. The photons were measured after leaving the fiber . We have
managed to confirm the possibility of communication despite of the effect of the extre-
mely noisy environment. We have reached a full agreement with the theoretical results by
proving that indeed, entangled states of light give rise to substantial improvement of the

communication efficiency using the polarization degree of freedom.
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The source of entangled pairs used in the experiment [16, 14] was a non-linear BBO
crystal generating a parametric down-conversion process. In [15] we have studied quantum-
optical properties of this source of pairs of photons to determine and optimize efficiencies of
photon pair generation and their coupling into single-mode fibers. The analysis was carried
out particularly for the sake of experimental use and aimed at optimizing the generation

and detection rates.

5.3 Single collective measurement of a large number of particles

One of the less known aspects of the quantum theory was the problem of a single collec-
tive measurement of a large number of particles. This gap has been filled partially in by
the research paper [12], where we have studied the probability distribution of obtaining
given histograms in the position measurements of a large number of interfering particles.
Although the result of a single measurement in the quantum theory is in general indefinite
in advance, in the case of collective measurement one can predict general features charac-
terizing the obtained histograms. In [12] we have analytically proven the results that were
previously only studied experimentally and numerically. We have investigated the effect of
interference of two independent Bose-Einstein condensates and showed that even when the
relative phase between the two condensates is indetermined, it will spontaneously induce
itself during the measurement process.

Another problem devoted to the dynamics of the Bose-Einstein condensate, namely
concerning the interaction between the condensate and surrounding thermal cloud, has
been studied in [19]. The calculations were made for the condensate of Helium-4 atoms
in the concrete experimental realization carried out in the experimental group of Vrije

Universiteit in Amsterdam (Holland).

5.4 Other studies

Other research topics of the applicant involve a wide spectrum of problems. The works [8,
18] are related to special relativity: in [18] we have derived a detailed expression describing
observable shapes of objects moving with relativistic speeds taking into account the delay

of light reaching the observer, and in [8] we have presented a new, very simple and general
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derivation of the Thomas precession, i.e. the effect of change of spacial orientation of an
object moving along a time-dependent trajectory.

In [11] we have introduced and studied a model of interaction between a network of
qubits that leads to generation of cluster states, i.e. the basic resource for quantum compu-
ting in the measurement based formulation. We have investigated the conditions for which
the cluster states can be generated simply by cooling down an interacting quantum system
with appropriately chosen Hamiltonian.

The problem of interaction between a qubit and continuous variable system has been
studied in [10] using James-Cummings model. We have analytically shown how entangle-
ment can be swapped between a qubit and a harmonic oscillator system and discussed the
role of collapses and revivals known from the systems having equally spaced spectrum of
energies.

In our work [9] we have proposed a new way of precise measurements of the low tempe-
ratures using Berry phase induced in the Unruh-DeWitt model of interaction for the case,
when the interaction effectively takes place with only a single mode of the quantum field.
We have shown how highly precise measurements can be achieved, although the measure-
ment device does not reach thermal equilibrium with the surrounding environment, as for

the most examples of thermometers.
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