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26 October 2023

09:30–09:40 Registration and opening
(12, Drahomanov St., Professor Ivan Vakarchuk Department for Theoretical Physics)

Chairman: V. Tkachuk

09:40–10:00 Yu. Golovaty, Quantum graphs: Coulomb-type potentials and exactly
solvable models

10:00–10:20 Kh. Gnatenko, Motion in a gravitational field in noncommutative phase
space with preserved rotational and time-reversal symmetries

10:20–10:40 Y. Humenyuk, Continuous and discontinuous waves in an ASEP with
pockets

10:40–11:00 M. Tsizh, V. Tymchyshyn, F. Vazza, M. Baldi, Stability of Cosmic
Webs in terms of Betti curves

11:00–11:40 Coffee break

Chairman: A. Duviryak

11:40–12:00 A. Drzewiński, M. Marć, W. W. Wolak, M. R. Dudek, Strong adsorp-
tion of methylene blue cations in acidic solution by a hybrid material based
on silica gel and iron oxide nanoparticles

12:00–12:20 M. Klempka, M. Elantkowska, Ja. Ruczkowski, Semi-empirical analysis
of the Co I structure in context of Bose–Einstein condensation

12:20–12:40 M. Haydukivska, V. Blavatska, J. Paturej, Predicting universal size ra-
tios for complex polymers

12:40–13:00 S. Kondej, Quantum systems with resonances induced by symmetry
disruption

Lunch

Chairman: A. Nazarenko

15:00–15:20 V. Krasnov, Quasiordering of single-file water molecules confined in
single-wall carbon nanotube

15:20–15:40 O. Gavrilik, O. Mykhailiv, The induced gravity based on the µ-thermo-
dynamics and solutions of the µ-deformed Einstein equation

15:40–16:00 O. Hryhorchak, Quantum wave impedance approach for finding eigenen-
ergies of a system with an arbitrary piecewise constant potential

16:00–16:20 P. Sapriianchuk, Kh. Gnatenko, Studies of two-qubit quantum states
concurrence on IBM’s quantum computer
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27 October 2023

Chairman: Kh. Gnatenko

10:00–10:20 M. Dudek, M. Marć, W. Wolak, A. Drzewiński, S. Mudry, I. Shtablavyj,
Perspectives on 2d printing technology for flexible magnetoelectronics sys-
tems using magnetic nanoparticles

10:20–10:40 Z. Ficek, Mutual exclusion of the first- and second-order correlations in
a multi-mode system

10:40–11:00 A. Duviryak, On the rotation of conductive and dielectric spheres in a
static uniform electric field

11:00–11:40 Coffee break

Chairman: B. Padlyak

11:40–12:00 A. Kuzmak, V. Tkachuk, Protocol for detecting the purely imaginary
Fisher zeros on a quantum computer

12:00–12:20 A. Nazarenko, A. Gavrilik, Axionlike dark matter model involving two-
phase structure and particle composites

12:20–12:40 I. Kindrat, B. Padlyak, A. Drzewiecki, Y. Kulyk, Y. Hordieiev, V. Goleus,
R. Lisiecki, Optical spectroscopy and local structure of lead-containing glasses
with different compositions

12:40–13:00 Sz. Mieloch,  L. Pi ↪atkowski, M. Schmidt, J. Sobkowski, J.  Lyskawa,
G. Szawio la, D. Stefańska, Preliminary investigations of spectral dependence
of ODMR signal in NV-colour centres in diamonds

Lunch

Chairman: A. Kuzmak

15:00–15:20 B. Novosyadlyj, Yu. Kulinich, O. Konovalenko, V. Zakharenko, Global
signal in the redshifted 21-cm line from Dark Ages: theoretical predictions
and detection possibilities

15:20–15:40 M. Samar, Modelling of q-deformed harmonic oscilator on quantum
computer

15:40–16:00 B. Padlyak, I. Kindrat, Y. Kulyk, A. Drzewiecki, V. Adamiv, I. Tes-
lyuk, Local structure and spectroscopic properties of the Li2B4O7:Cu,Eu and
Li2B4O7:Cu,Sm glasses

16:00 Closing
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QUANTUM GRAPHS: COULOMB-TYPE POTENTIALS AND EXACTLY
SOLVABLE MODELS

Yuriy Golovaty
Department for Mathematical Statistics and Differential Equations,

Ivan Franko National University of Lviv, Ukraine

We construct exactly solvable models for some non-relativistic quantum processes in ramified struc-
tures. The main object of the study is Schrödinger operators on non-compact star graphs with the
Coulomb-type potentials having singularities at vertices (see Fig. 1). The convergence of regularized
Hamiltonians Hε with cut-off Coulomb potentials coupled with (αδ+βδ′)-like ones is investigated. The
1D Coulomb potential [2] and the δ′-potential [3] are very sensitive to their regularization method.
Our analysis of the Coulomb Hamiltonian can be viewed as a continuation of [2], where we have found
conditions of the norm resolvent convergence of Hε on the line and have constructed the solvable models
for the one-dimensional hydrogen atom. The conditions of the norm resolvent convergence of Hε on star
graphs depending on the regularization are established. The limit Hamiltonians give the Schrödinger
operators with the Coulomb-type potentials a mathematically precise meaning, ensuring the physi-
cally motivated choice of vertex conditions. We also describe all self-adjoint realizations of the formal
Coulomb Hamiltonians on the star graph.

Our results remain valid for general quantum graphs. In this model, there is no interaction between
vertices, and only the behavior of the Coulomb-type potential in the vicinity of a vertex is significant.
Since we are interested in vertex couplings caused by the Coulomb singularity, we study the case of a
star-shaped quantum graph.

Figure. The “classic” and exotic Coulomb potentials

[1] Y. Golovaty, Quantum graphs: Coulomb-type potentials and exactly solvable moels. Ann. Henri Poincaré
24, 2557 (2023).

[2] Y. Golovaty, 1D Schrödinger operators with Coulomb-like potentials. J. Math. Phys. 60(8), 082105 (2019).

[3] Y. Golovaty, R. Hryniv, Norm resolvent convergence of singularly scaled Schrödinger operators and δ′-
potentials. Proc. Edinburgh Math. Soc. A 143, 791 (2013).

MOTION IN A GRAVITATIONAL FIELD IN NONCOMMUTATIVE PHASE SPACE
WITH PRESERVED ROTATIONAL AND TIME-REVERSAL SYMMETRIES

Kh. P. Gnatenko
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine

The idea of deformation of commutation relations for operators of coordinates and operators of
momenta for description of the features of space structure at the Planck scale is considered. Noncom-
mutative algebra with canonical noncommutativity of coordinates and canonical noncommutativity of
momenta which does not lead to violation of the time-reversal and rotational symmetries is examined.
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The algebra was proposed in [1]. In noncommutative phase space with preserved rotational and time-
reversal symmetries the motion of a particle is examined in the gravitational field. We have found
expression for the period of the circular motion in the space up to the second order in the parameters of
noncommutativity. Also, on the basis of studies of the perihelion shift of the Mercury planet the upper
bound for the minimal length have been obtained. In addition the weak equivalence principle has been
studied and the way to solve the problem of violation of the principle has been proposed.

[1] Kh. P. Gnatenko, M. I. Samar, V. M. Tkachuk, Phys. Rev. A 99, 012114 (2019).

CONTINUOUS AND DISCONTINUOUS WAVES IN AN ASEP WITH POCKETS

Yosyp A. Humenyuk
Institute for Condensed Matter Physics, NAS of Ukraine, Lviv, Ukraine

One-dimensional transport phenomena are ubiquitous in nature. We encounter them among pro-
cesses in narrow channels

[1], traffic flows
[2], biological systems
[3], etc.
They are usually described by stochastic models.
One of such models is the asymmetric simple exclusion process (ASEP) which has been considered

as fundamental in non-equilibrium statistical mechanics. It is defined by dynamic rules, rather than a
Hamiltonian. Particles preferentially hop along the chain to neighbouring sites interacting only through
the hard-core repulsion. Each site of the chain can accommodate at most one particle.

We consider a geometric modification of the ASEP in which each site of a one-dimensional chain
is attached to a lateral dead-end site (called pocket). Though this model has an uncorrelated steady
state on a ring, it shows rich density-profile dynamics on large space and time scales.

We analyse various density waves emerging from initial step-wise profiles. The most interesting
feature is that even without additional interaction and steady-state correlations this model demonstrates
traveling rarefaction and contraction waves with a discontinuity at the leading edge.

[1] V. Kukla et al., Science 272, 702 (1996).

[2] A. Schadschneider, D. Chowdhury, K. Nishinari, Stochastic transport in complex systems: From molecules
to vehicles (Elsevier, New York, 2010).

[3] T. Chou, K. Mallick, R.K.P. Zia, Rep. Prog. Phys. 74, 116601 (2011).

STABILITY OF COSMIC WEBS IN TERMS OF BETTI CURVES

M. Tsizh1,3, V. Tymchyshyn2, F. Vazza3, M. Baldi3
1Astronomical Observatory of Ivan Franko National University of Lviv, Ukraine

2Bogolyubov Institute for Theoretical Physics, Kyiv, Ukraine,
3Dipartimento di Fisica e Astronomia, Università di Bologna, Italy

In our work, we explore Betti curves of the Cosmic webs of several simulations. In particular, we
consider the halo catalogs of Bolshoi, Multidark and HOWLs simulations. Their mass (and spacial)
resolution differ a lot, being the lowest for the HOWLs and the highest for the Bolshoi simulation. All
of them have almost the same ΛCDM cosmologies. We study the snapshots of the universes starting
from redshifts z = 2.5 to z = 0. In each snapshot we build alpha-complex of the pointcloud of halos
and study its Betti curve. We have discovered, that Betti curves of the Cosmic web do not evolve
with cosmological time, if the subpopulations of narrow mass range are considered. We propose log-
normal-like function to approximate the Betti curves of both 1- and 2-dimentional homology features.
These features can be associated with filament loops and voids correspodingly. We find evolution of
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the parameters of approximation functions, which show almost no evolution. The Betti curves do not
depend either on mass resolution of simulation, nor on redshift of the snapshot, nor on cosmic variance.
There is light dependence of the parameters on the mass range of subpopulations. It can be explained by
different halo mass function inside even in narrow mass range. With our research, we confirm the effect
earlier dubbed as “topological bias”, which can be formulated as follows: populations of heavier halos
forms larger structures. We also note that Betti curves of higher dimension have larger characteristic
scales and lager dispersion.

Our study opens possibility to use Betti curves and other topological data analysis tools as cosmo-
logical tests in the future.

STRONG ADSORPTION OF METHYLENE BLUE CATIONS IN ACIDIC SOLUTION
BY A HYBRID MATERIAL BASED ON SILICA GEL AND IRON OXIDE

NANOPARTICLES

A. Drzewiński, M. Marć, W. W. Wolak, M. R. Dudek
Institute of Physics, University of Zielona Góra, Poland

We present a way to increase the adsorption capacity of silica in acidic solutions by decorating its
mesoporous structure with nanoparticles of material with a much higher zero charge point value than
in the case of pure silica. Because inside the silica pores, as the Debye length becomes comparable to
the average pore size, the positive ionic layers formed around the iron oxide nanoparticles merge and
fill the entire interior of the pore entrances, thus acting as anchored centers of positive electric charge.
As a result, the silanol groups surrounding the pores on the outer surface of silica are deprotonated
by electrostatic interactions up to the Debye length. It leads to a radical change in the Zeta potential
of mesoporous silica gel in the pH range from 3.5 to 6.5 and a significant increase in its adsorption
properties, as evidenced by the adsorption of methylene blue cations.

SEMI-EMPIRICAL ANALYSIS OF THE Co I STRUCTURE IN CONTEXT OF
BOSE-EINSTEIN CONDENSATION

Marcin Klempka1, Magdalena Elantkowska1, Jaros law Ruczkowski2
1Institute of Materials Research and Quantum Engineering, Poznan University of Technology, Poland

2Institute of Robotics and Machine Intelligence, Poznan University of Technology, Poland

Cobalt is an element belonging to the iron group with an open 3d-shell. Its structure is interesting
in various fields, astrophysics in particular. Determining its abundance is crucial for testing stellar
atmosphere models, exploring galactic chemical evolution and examining the cobalt nucleosynthesis
process. Co I was chosen for this study due to a plethora of highly reliable experimental measurements
published research groups. While cobalt has long held significance in astrophysical research, we have
reasons to believe it may also prove to be a compelling candidate for Bose–Einstein condensate creation.

The Bose–Einstein condensate (BEC) is among the most notable quantum materials. This remark-
able state of matter holds promise for an array of applications, from the creation of ultra-precise time
standards and the measurement of very weak magnetic fields to its potential role in quantum comput-
ing. As a macroscopic material that uncovers the profound quantum nature of matter, it can serve as
an invaluable testing platform for the principles of quantum mechanics and electrodynamics, thanks to
the relatively straightforward manipulation of its quantum state. Hence, understanding how to achieve
BECs in various elements is crucial for advancing quantum technologies. To achieve this goal, it is
needed to advance our knowledge of the energy structure and radiative transition parameters within
atoms of elements that have yet to experience the cooling necessary for condensate formation.

The aim of our research is to determine the energy structure, the values of radiative lifetimes
and oscillator strengths for Co I, based on the most recent experimental data, using a semi-empirical
approach. The method of parameterization of the atomic structure and the appropriate program package
have been developed for many years by Dembczyński, Elantkowska and Ruczkowski [1]. The software
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for semi-empirical calculations is a set of programs enabling a complete description of all attributes
of the atomic structure and can be used for any atom or ion occurring in nature, with any chosen
arrangement of electronic configurations. Its effectiveness has been confirmed over several years of
studies. The semi-empirical method embraces three pivotal phases in unraveling the energy structure
of an atom: calculation of eigenvectors pertaining to the atom’s fine structure, determination of the
hyperfine splittings, and parameterization of radiative transitions. All these steps collectively deepen the
understanding of the electron shell structure within the atom, laying the groundwork for the potential
realization of Bose–Einstein condensation in the chosen element. The presentation highlights very
promising results achieved to date in the process.

[1] M. Elantkowska, J. Ruczkowski, J. Dembczyński, Eur. Phys. J. Plus. 130, 14 (2015).

[2] M. Klempka, M. Elantkowska, J. Ruczkowski, J. Quant. Spectrosc. Radiat. 301 108537 (2023)

[3] M. Klempka, M. Elantkowska, J. Ruczkowski, J. Quant. Spectrosc. Radiat. 303, 108594 (2023)

[4] J. Ruczkowski, M. Klempka, M. Elantkowska, J. Quant. Spectrosc. Radiat. 310, 108748 (2023).

PREDICTING UNIVERSAL SIZE RATIOS FOR COMPLEX POLYMERS

K. Haydukivska1,2, V. Blavatska2,3, J. Paturej1,4
1Institute of Physics, University of Silesia, Chorzów, Poland,

2Institute for Condensed Matter Physics, NAS of Ukraine, Lviv, Ukraine,
3Leibniz-Institut für Polymerforschung Dresden e.V., Germany

Dilute polymer solutions also rare in practical applications play an important role in studying poly-
mer architecture due to large distances between macromolecules and thus neglectably small interactions.
Experimental measurements in static light scattering provide the values for the gyration radius of the
molecules in question among other parameters.

Since the early days of polymer physics there where numerous attempts and methods to predict
the size of the macromolecule in solution. In practice for such predictions a ratio between a branched
architecture and it’s linear counter part is considered as such a ratio is universal and does not depend
on chemical details of the macromolecule.

One of the more successful models for gyration radius calculations is a continuous chain model.
However for a quantitative comparison with experiments it requires at least two orders of perturbation
expansions which is often unreachable for complex architectures. In 1984 Douglas and Freed proposed
an approximation that allows to get a good quantitative prediction from just the first order calculations.

In resent decades new synthesis methods allowed to receive well controlled synthesis of complex
architectures for a wide range of applications. Thus this chain of studies was dedicated to predictions
of the size ratios using the Douglas Freed approximation and molecular dynamics simulations. It was
shown that for a range of architectures the approximation provides good results while failing at some
others.

QUANTUM SYSTEMS WITH RESONANCES INDUCED BY SYMMETRY
DISRUPTION

S. Kondej
Institute of Physics, University of Zielona Góra, Poland

We consider a non-relativistic quantum system with asymptotically straight, so called, soft waveg-
uide. We show that the local deformation of the symmetric waveguide can lead to the emerging of the
embedded eigenvalues living in the continuous spectrum. The main problem of the talk is addressed
to the analysis of weak perturbation of the symmetric system. We show that the original embedded
eigenvalues constitute resonances under a weak symmetry disruption. We describe the asymptotics
lifetime of the resonance states in the terms of deformation parameters.
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QUASIORDERING OF SINGLE-FILE WATER MOLECULES CONFINED IN
SINGLE-WALL CARBON NANOTUBE

V. O. Krasnov
Institute for Condensed Matter Physics, NAS of Ukraine, Lviv, Ukraine

In this study, we investigate the behavior of water molecules confined within narrow single-wall
carbon nanotubes (SWCNTs) arranged in a single-file chain. Our approach involves molecular dynamics
simulations, where we use quantum chemistry-derived charges for the water oxygen, ammonia nitrogen,
and hydrogen atoms, along with lattice-model calculations. Our results reveal a temperature-driven
phenomenon: the water dipoles exhibit orientational quasiorder, aligning parallel to the tube axis at
temperatures around 150 K, and a similar reorientation occurs for ammonia dipoles at temperatures
below 100 K.

We delve deeper into this temperature-induced quasiphase transition by conducting additional
quantum chemical calculations to determine the optimal geometry and charges within the water molecules
and the SWCNT system. Utilizing these findings, we propose a simplified lattice model that effectively
replicates the characteristics of one-dimensional confined arrays of water molecules. This lattice model
takes into consideration both short-range and long-range interactions, as well as the constraints imposed
by the narrow tube, offering an explanation for the temperature-dependent orientational ordering. This
ordering persists across a substantial temperature range.

Our theoretical investigations were prompted by experiments conducted by X. Ma and colleagues,
specifically their work on the temperature dependence of photoluminescence spectra in water-filled (6,5)
SWCNTs [1].

[1] X. Ma, S. Cambre, W. Wenseleers, S. K. Doorn, H. Htoon, Phys. Rev. Lett. 118, 027402 (2017).

THE INDUCED GRAVITY BASED ON THE µ-THERMODYNAMICS AND
SOLUTIONS OF THE µ-DEFORMED EINSTEIN EQUATION

O. Gavrilik, O. Mykhailiv,
Bogolyubov Institute for Theoretical Physics, NAS of Ukraine, Kyiv, Ukraine

We propose µ-deformed generalization of Einstein’s equation as a new version of the induced gravity
based on µ-thermodynamics. In this version, the system’s temperature, entropy and mass depend on the
parameter µ and thus induce µ-gravitational field. The derived µ-deformed gravitational field equation
describes some dynamical or field nonlinearities that have an effect on gravity. In the limit of µ → 0,
standard General Relativity gravitational field equation is recovered, which confirms consistency of the
µ-deformed induced approach.

We analyze the solutions of the µ-deformed Einstein equation in the Schwarzschild metric and
compare them with the nondeformed case. The deformed Schwarzschild radius is deduced and possible
connection between deformation and gravitational waves is considered, which could suggest physical
meaning of the µ parameter. Possible implications of this kind of deformations for astrophysics are
briefly discussed.
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QUANTUM WAVE IMPEDANCE APPROACH FOR FINDING EIGENENERGIES
OF A SYSTEM WITH AN ARBITRARY PIECEWISE CONSTANT POTENTIAL

Orest Hryhorchak
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine

It was shown how to get an analytical expression of the characteristic equation for finding energies of
bound states of a system with an arbitrary piecewise constant potential. For this purpose, the approach
of quantum wave impedance was applied. In general case, the obtained characteristic equation can not
be solved analytically, and thus the numerical methods are needed to meet this goal. But having the
analytical expression for characteristic equation, one is able to simplify significantly the complexity of
the task of finding eigenenergies of the quantum mechanical system, comparably to the direct numeric
calculations. As the illustration, it was demonstrated how the approach works for a few samples of a
piecewise constant potential.

STUDIES OF TWO-QUBIT QUANTUM STATES CONCURRENCE ON IBM’S
QUANTUM COMPUTER

P. Sapriianchuk, Kh. Gnatenko
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine

Concurrence of two-qubit quantum states is considered [1]. We present quantum protocols for mea-
suring mean values of the spin on a quantum device and detection of the concurrence. We investigate the
dependence of the concurrence on parameters of three particular states, namely (|00⟩ + exp(iα1) |01⟩ +
exp(iα2) |10⟩ + exp(iα3) |11⟩)/2, cos(θ/2) |01⟩ + sin(θ/2) |10⟩, cos(θ/2) |00⟩ + sin(θ/2) |11⟩. All compu-
tations are made on the quantum computer IBM Lima [2]. The results of quantum calculations are in
agreement with the theoretical ones.

[1] S. M. Fei, M-J. Zhao, K. Chen, Z. X. Wang, Phys. Rev. A 80, 032320 (2009).

[2] IBM Quantum Computing, https://www.ibm.com/quantum.

PERSPECTIVES ON 2D PRINTING TECHNOLOGY FOR FLEXIBLE
MAGNETOELECTRONICS SYSTEMS USING MAGNETIC NANOPARTICLES

Miros law R. Dudek1, Maciej Marć 1, Wiktor Wolak1, Andrzej Drzewiński1,
Stepan Mudry2, Igor Shtablavyj 2

1Institute of Physics, University of Zielona Góra, Poland,
2Department for Metal Physics, Ivan Franko National University of Lviv, Ukraine

TBA

MUTUAL EXCLUSION OF THE
FIRST- AND SECOND-ORDER CORRELATIONS IN A MULTI-MODE SYSTEM

Zbigniew Ficek
Institute of Physics, University of Zielona Góra, Poland

We investigate the first- and second-order correlation functions in a multi-mode system a find several
interesting relations between the correlations. Firstly, the perfect coherence is accompanied by vanishing
anticoherence and vice versa, vanishing coherence is accompanied by a nonvanishing anticoherence.
The modes can be perfectly mutually coherent regardless of the distribution of the population between
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them, the phenomenon known as induced coherence without induced emission [1,2]. Secondly, the
nonvanishing anticoherence corresponds to a situation in which the modes could be entangled [3]. Thus,
interference effects between modes signal the complete separability of the modes while entanglement
signals the modes are mutually incoherent [4]. Thirdly, a linear superposition of two modes interacting
with thermal reservoirs of different temperatures can be perfectly coherent with the other orthogonal
superposition of the modes.

The investigations are illustrated on example of the modes of a tripartite optomechanical system
composed of two cavity modes and a mechanical mode, Figure. We assume that the modes are coupled
to external reservoirs, which are in thermal states of unequal mean photon numbers.

Mutual exclusion of the first- and second-order

correlations in a multi-mode system

Zbigniew Ficek

Quantum Optics and Engineering Division, Institute of Physics, University of
Zielona Góra, 65-516 Zielona Góra, Poland

Abstract

We investigate the first- and second-order correlation functions in a multi-mode
system a find several interesting relations between the correlations. Firstly, the
perfect coherence is accompanied by vanishing anticoherence and vice versa,
vanishing coherence is accompanied by a nonvanishing anticoherence. The
modes can be perfectly mutually coherent regardless of the distribution of
the population between them, the phenomenon known as induced coherence
without induced emission [1,2]. Secondly, the nonvanishing anticoherence cor-
responds to a situation in which the modes could be entangled [3]. Thus, in-
terference effects between modes signal the complete separability of the modes
while entanglement signals the modes are mutually incoherent [4]. Thirdly,
a linear superposition of two modes interacting with thermal reservoirs of
different temperatures can be perfectly coherent with the other orthogonal
superposition of the modes.

ba1
g1 g2

a2

(a) (b)

a1 a2
b

Figure 1: Schematic diagram of a three mode optomechanical system composed
of two cavity modes, a1 and a2 and the membrane mode b.

The investigations are illustrated on example of the modes of a tripartite op-
tomechanical system composed of two cavity modes and a mechanical mode,
Figure 1. We assume that the modes are coupled to external reservoirs, which
are in thermal states of unequal mean photon numbers.

References

[1] L.J. Zou, L.J. Wang, and L. Mandel, Phys. Rev. Lett. 67, 318 (1991).
[2] R. Menzel, A. Heuer, and P.W. Milonni, Atoms 7, 27 (2019).
[3] L. Mandel, Pure Appl. Opt. 7, 927 (1998).
[4] L.H. Sun, Y. Liu, C. Li, K.K. Zhang, W.X. Yang, and Z. Ficek, Entropy
24, 692 (2022).
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Figure. Schematic diagram of a three mode optomechanical system composed of two cavity modes, a1 and a2
and the membrane mode b.

[1] L. J. Zou, L. J. Wang, L. Mandel, Phys. Rev. Lett. 67, 318 (1991).

[2] R. Menzel, A. Heuer, P. W. Milonni, Atoms 7, 27 (2019).

[3] L. Mandel, Pure Appl. Opt. 7, 927 (1998).

[4] L. H. Sun, Y. Liu, C. Li, K. K. Zhang, W. X. Yang, Z. Ficek, Entropy 24, 692 (2022).

ON THE ROTATION OF CONDUCTIVE AND DIELECTRIC SPHERES IN A
STATIC UNIFORM ELECTRIC FIELD

A. Duviryak
Institute for Condensed Matter Physics, NAS of Ukraine, Lviv, Ukraine

Free rotation of neutral spherical particles levitating in the static uniform electric field E has been
considered. The external field E induces in particles the electric dipole moment d which is inclined to
this field due to particle rotation. In turn, the interaction of the particle dipole moment d with the
external field E causes the torque M ≡ d × E braking the particle rotation. Details of this rotary
motion depend on electric properties of particles. Three basic examples has been considered: the Ohm
conductor, the Debye model of polar dielectric, and the Lorentz model of non-polar dielectric. We
assume that the distribution of free of bound charges resulting in a dipole moment follow adiabatically
the change of particle rotation with the characteristic relaxation time τ . The corresponding Euler
equations of particle rotary motion are reduced to quadratures and integrated out. In all cases solutions
reveal common features.

The parallel to the external field E component of angular velocity is unchanged, Ω3 = const, while
the orthogonal component Ω⊥ decreases asymptotically (at t → ∞) by the exponential law Ω⊥ ∼
exp(−t/T ). The same is happens with the dipole moment: d3 = const while d⊥ ∼ exp(−t/T ).

The value of the relaxation time τ varies in wide range, from τ ∼ 6 · 10−19 s for good conducting
golden particles to τ ∼ 5·10−5 s for ice, the polar dielectric. The same is true for the maximal inclination
angle at Ωmax = 2πGHz: from ψmax ∼ 4 · 10−9 to ψmax ∼ π/2. The minimal braking time T is inversely
proportional to the relaxation time τ , thus it varies in wide range too: from T ∼ 106 s for golden
particles to T ∼ 2 · 10−8 s for ice. Despite such a large difference in numbers, the solutions for Ohm
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conductors and Debye polar dielectrics are similar: up to a replacement of parameters, they coincide
and can be represented in an explicit form via the W Lambert function. In particular, they describe
clockwise precession.

In contrast, the simplest Lorentz model of non-polar dielectric characterized by the single resonance
frequency Ω0 leads to more complicated solution which describes the counterclockwise precession in the
infrared region Ω < Ω0.

Results may have application to the design of electromagnetic traps for neutral particles.

AXIONLIKE DARK MATTER MODEL INVOLVING TWO-PHASE STRUCTURE
AND PARTICLE COMPOSITES

A. V. Nazarenko, A. M. Gavrilik
Bogolyubov Institute for Theoretical Physics, NAS of Ukraine, Kyiv, Ukraine

Focusing on the self-gravitating Bose–Einstein condensate (BEC) model of dark matter (DM), we
show that the axionlike self-interaction of ultralight bosons ensures the existence of both rarefied and
dense phases in the DM halo core of dwarf galaxies [1]. In fact, this stems from two independent solutions
of the Gross–Pitaevskii equation corresponding to the same model parameters. The existence of two-
phase structure was also established in previously studied models with polynomial self-interactions,
which actually involve the truncated expansion series of the axionlike self-interaction [2,3,4]. For a
small number of particles, this structure disappears along with the gravitational interaction, and the
Gross–Pitaevskii equation reduces to stationary sine-Gordon equation, the one-dimensional anti-kink
solution of which mimics a single-phase DM radial distribution in the halo core. Quantum mechanically,
this solution corresponds to a zero-energy bound state of two particles in a closed scattering channel
formed by the domain-wall potential with a finite asymptotics. To produce a two-particle composite
with low positive energy and a finite lifetime, we appeal to the resonant transition of one asymptotically
free particle of a pair from an open channel (with a model scattering potential) to the closed channel.
Using the Feshbach resonance concept [5], the problem of two-channel quantum mechanics is solved
in the presence of a small external impact which couples the two channels, and an analytical solution
is obtained in the first approximation. Analyzing the dependence of scattering data on interaction
parameters, we reveal a long-lived two-particle composite (dimer) state possessing a lifetime of millions
of years. This result is rather surprising and supposes important implications of dimers’ being involved
in forming large DM structures. It is shown that the dimers’ appearance is related with the regime of
infinite scattering length due to resonance [6]. The revealed dependence of the DM scattering length a
on the parameters of interactions can theoretically justify variation of a in the DM dominated galaxies
and its role for large DM structures.

[1] A. M. Gavrilik, A. V. Nazarenko, arXiv:2309.03290[asro-ph.GA].

[2] T. Harko, J. Cosmol. Astropart. Phys. 05, 022 (2011).

[3] A. M. Gavrilik, M. V. Khelashvili, A. V. Nazarenko, Phys. Rev. D 102, 083510 (2020).

[4] A. M. Gavrilik, A. V. Nazarenko, Universe 7, 359 (2021).

[5] H. Feshbach, Ann. Phys. 19, 287 (1962).

[6] A. M. Gavrilik, A. V. Nazarenko, Universe 8, 187 (2022).
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PROTOCOL FOR DETECTING THE PURELY IMAGINARY FISHER ZEROS ON A
QUANTUM COMPUTER

A. R. Kuzmak, V. M. Tkachuk
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine

We propose a protocol for the study of the purely imaginary Fisher zeros of the Ising model on
a quantum computer. The protocol is based on the direct relation between the partition function for
purely imaginary temperature and the evolution operator of the Ising model. In this case, the inverse
temperature is equal to the time of evolution. We test this protocol on the IBM quantum computer
in the cases of a 3-spin chain and triangle cluster in the purely imaginary magnetic field, and a 7-spin
cluster (the interaction between spins reproduces the architecture of the quantum computer).

OPTICAL SPECTROSCOPY AND LOCAL STRUCTURE OF LEAD-CONTAINING
GLASSES WITH DIFFERENT COMPOSITIONS

I. I. Kindrat1, B. V. Padlyak1,2, A. Drzewiecki1, Y. O. Kulyk3, Y. S. Hordieiev 4,
V. I. Goleus4, R. Lisiecki 5

1Institute of Physics, University of Zielona Góra, Poland,
2Department of Optical Material, Vlokh Institute of Physical Optics, Lviv, Ukraine,

3Faculty of Physics, Ivan Franko National University of Lviv, Ukraine,
4Department of Ceramics, Glass and Construction Materials,

Ukrainian State University of Chemical Technology, Dnipro, Ukraine,
5Institute of Low Temperatures and Structure Researches, Polish Acad. Sci., Wroc law, Poland

Lead-containing glasses with basic compositions PbO–GeO2, PbO–SiO2, PbO–B2O3, PbO–B2O3–
GeO2, PbO–GeO2–AlF3, PbO–SiO2–AlF3, and PbO–SiO2–ZnO–K2O–BaO–CuO were studied using
X-ray diffraction (XRD), electron paramagnetic resonance (EPR), infrared (IR) transmission, UV–Vis
optical absorption, photoluminescence and decay kinetics [1, 2, 3]. The obtained glassy-like XRD pat-
terns for studied glasses were analysed in order to obtain the radial distribution functions and to define
the Ge–O, Si–O, B–O, Pb–O, O–O, and Pb–Pb average interatomic distances and coordination numbers
of Ge, Si, and B atoms in the first coordination sphere and Pb atoms in the first and second coordina-
tion spheres in the glass network. A characteristic EPR spectrum of the Cu2+ ions was observed in the
PbO–SiO2–ZnO–K2O–BaO–CuO glass, which was described using the spin Hamiltonian formalism.

The registered UV–Vis optical absorption spectra show that fundamental absorption edge of the
studied glasses is located in the UV–blue spectral region that shows a tendency to shift towards longer
wavelengths with increasing of the PbO content. The registered IR transmission spectra show that
transmittance of the studied glasses is relatively high (close to 80%) up to a wavelength of 2.7 µm. The
transmittance decreases to zero at 4–6 µm due to stretching vibrations of hydroxyl groups and glass
forming units. The addition of AlF3 to the PbO–GeO2 and PbO–SiO2 glasses significantly reduces the
absorption of the free and bound hydroxyl groups and increases their transmission cut-off wavelength.

The studied glasses under UV photoexcitation exhibit an intense broad emission band in the blue-
yellow spectral region with a lifetime in the nanosecond range. This emission is caused by band-to-
band electron-hole recombination. The Ge-containing glasses show also the shoulder near 610 nm with
a lifetime in the microsecond range. This emission is related to recombination of electrons with O−

hole centres located in sites of non-bridging oxygen of the GeO4 glass-forming tetrahedra. Besides this,
photoluminescence spectra and decay kinetics of Cu+ ions in the PbO–SiO2–ZnO–K2O–BaO–CuO glass
were registered and interpreted. The CIE chromaticity diagram shows a variation in the emission colour
of studied glasses with a change in their composition.

[1] B. V. Padlyak, I. I. Kindrat, Y. O. Kulyk, S. I. Mudry, A. Drzewiecki, Y. S. Hordieiev, V. I. Goleus,
R. Lisiecki, Mater. Sci. Eng. B 278, 115655 (2022).
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[2] B. V. Padlyak, I. I. Kindrat, Y. O. Kulyk, Y. S. Hordieiev, V. I. Goleus, R. Lisiecki, Mater. Sci. Eng. B
293, 116460 (2023).

[3] B. V. Padlyak, I. I. Kindrat, Y. O. Kulyk, Y. S. Hordieiev, V. I. Goleus, R. Lisiecki, Mater. Res. Bull. 158,
112071 (2023).

PRELIMINARY INVESTIGATIONS OF SPECTRAL DEPENDENCE OF ODMR
SIGNAL IN NV− COLOUR CENTRES IN DIAMONDS

Szymon Mieloch1,  Lukasz Pi ↪atkowski2, Micha l Schmidt1, Jerzy Sobkowski1, Jacek  Lyskawa1,
Gustaw Szawio la1, Danuta Stefańska1

1Institute of Materials Research and Quantum Metrology, Poznan University of Technology, Poland
2Institute of Physics, Poznan University of Technology, Poland

Nitrogen vacancies (NV−) in diamonds are among the most studied colour centres with non-zero
spin, showing the ground state splitting, in wide-bandgap semiconductors. They usually coexist with
NV0 colour centres, which possess no spin. Because NV− defects are well isolated from the rest of
the crystal lattice, their electron states have relatively long quantum coherence times and can be easily
controlled, they have many applications in quantum technologies [1]. The transition between the ground
state sublevels can be induced by microwave radiation; the resonance can be detected by the change of
intensity of laser-excited fluorescence, which is the essence of the ODMR (optically detected magnetic
resonance) method. Excitation is usually achieved with green light (diode or DPSS lasers); however,
in this region probability of exciting NV0 fluorescence (which increases the global fluorescence intensity
and lowers ODMR signal contrast) is still substantial. There were also reports about excitation of
NV− colour centres with yellow light, which highly reduces fluorescence from NV0 vacancies, but no
comparison with green light excitation was made. The fluorescence dependence on excitation light
wavelength (up to 520 nm) was already studied [2], but no papers reported any systematic studies of
this aspect for ODMR signal.

We conducted such investigations with an in-house developed experimental setup, including a self-
made confocal microscope. So far, the ODMR signal was recorded for the excitation wavelength range of
490–540 nm, accessible with available tunable dye lasers. The upper limit was determined by spectrally
selective optical elements, currently optimised for excitation with 520nm wavelength. Fluorescence
spectra were also recorded for the same excitation wavelength range. There was a clear, monotonic
growth of both fluorescence (which was consistent with literature reports for up to 520 nm [2]) and
ODMR signals with increasing excitation wavelength. The correlation between both relationships is
currently under investigation. In the near future, extension of the excitation range towards longer
wavelengths is planned. This might help to determine possible optimal excitation wavelength for the
ODMR signal detection for the colour centres under study.

The research within this work was financially supported by the Ministry of Education and Science,
Poland within project 0511/SBAD/2351.

[1] F. J. Heremans, C. G. Yaleand, D. D. Awschalom, Proc. IEEE 104, 2009 (2016).

[2] A. K. Vershovskii, A. K. Dmitriev, Opt. Spectroscop 116, 384 (2014).
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GLOBAL SIGNAL IN THE REDSHIFTED 21-cm LINE FROM DARK AGES:
THEORETICAL PREDICTIONS AND DETECTION POSSIBILITIES

B. Novosyadlyj1,3, Yu. Kulinich1, O. Konovalenko2, V. Zakharenko2

1Ivan Franko National University of Lviv, Ukraine,
2Institute of Radio Astronomy of NAS Ukraine,
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The report presents the results of the analysis of signal formation in the line of the hyperfine
structure of 21 cm of hydrogen in the Dark Ages (30 ≤ z ≤ 300 ) in various cosmological models and
the possibility of its detection by radio telescopes of the decameter range UTR-2 and GURT of the
National Academy of Sciences of Ukraine.

To study the dependence of the intensity and profile of the line on the values of cosmological
parameters and physical conditions in the intergalactic medium, the evolution of the global (averaged
over the sky) differential brightness temperature in the redshifted 21 cm line was estimated in the
standard and non-standard cosmological models with different parameters. The standard ΛCDM model
with post-Planck parameters predicts the value of the differential brightness temperature in the center
of the absorption line δTbr ≈ −35 mK at z ≈ 87. The line frequency at the absorption maximum is
16 MHz, the effective line width is ≈ 25 MHz. The line depth is moderately sensitive to Ωb and H0,
and weakly sensitive to Ωdm, and insensitive to other parameters of the standard ΛCDM model. But
the line is very sensitive to the additional mechanisms of heating or cooling of baryonic matter during
the Dark Ages, so it can be an effective test of non-standard cosmological models. In the models with
decaying and self-annihilating dark matter, as well as with primordial global stochastic magnetic fields,
the temperature of baryonic matter in this period is higher, the greater the density of these dark matter
components and the strength of the magnetic field. The absorption line becomes shallower, vanishes
and turns into emission at values of the component parameters lower than the upper limits on them,
which result from the observational data.

The 21 cm line of neutral hydrogen is informative, but too weak to be detected by traditional
methods even for the world’s largest radio telescope of the decameter wavelength range UTR-2, since
the signal level of the galaxy’s synchrotron radiation, which is the foreground background, is 20,000–
40,000 K at these frequencies. The report highlights the peculiarities of spectroscopy on decameter
waves, interfering factors of natural and hardware origin and ways to eliminate them in order to reliably
detect a signal in the 21 cm line. It is concluded that detection of such a signal using the largest radio
telescopes in the decameter wavelength range is quite possible and can be implemented in the coming
afterwar years in Ukraine.

LOCAL STRUCTURE AND SPECTROSCOPIC PROPERTIES OF THE
Li2B4O7:Cu,Eu AND Li2B4O7:Cu,Sm GLASSES

B. V. Padlyak1,2, I. I. Kindrat1, Y. O. Kulyk3, A. Drzewiecki1, V. T. Adamiv2, I. M. Teslyuk2
1Institute of Physics, University of Zielona Góra, Poland,

2Department of Optical Materials, Vlokh Institute of Physical Optics, Lviv, Ukraine,
3Faculty of Physics, Ivan Franko National University of Lviv, Ukraine

The Li2B4O7:Cu,Eu and Li2B4O7:Cu,Sm glasses containing 1.0 mol.% CuO, Eu2O3, and Sm2O3

impurities were obtained and detailed studied using X-ray diffraction (XRD), electron paramagnetic
resonance (EPR), optical absorption, and photoluminescence (excitation, emission, decay kinetics)
techniques [1,2]. The obtained XRD patterns confirm disordered (vitreous) structure of the studied
Li2B4O7:Cu,Eu and Li2B4O7:Cu,Sm samples. Parameters of local structure (average interatomic dis-
tances and coordination numbers) for Li2B4O7:Cu,Eu and Li2B4O7:Cu,Sm glasses were derived from
radial distribution functions (RDF), calculated from experimental XRD data. The EPR and optical
spectroscopy (absorption, photoluminescence excitation, emission, and decay kinetics) show that the
Cu impurity is incorporated into the Li2B4O7 glass as Cu2+ (3d9, 2D5/2) and Cu+ (3d10, 1S0) ions. The
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EPR spectra of the Li2B4O7:Cu,Eu and Li2B4O7:Cu,Sm glasses reveal an anisotropic axially-symmetric
signal with a characteristic hyperfine structure belonging to the Cu2+ paramagnetic ions. Spin Hamil-
tonian parameters of the observed axial EPR spectra (g∥, g⊥, A∥, A⊥) and peak-to-peak derivative

linewidths (∆H
∥
pp, (∆H⊥

pp) for Cu2+ ions were determined in the Li2B4O7:Cu,Eu and Li2B4O7:Cu,Sm
glasses, which were compared with corresponding parameters for Li2B4O7:Cu glass.

Optical absorption spectra of the Li2B4O7:Cu,Eu and Li2B4O7:Cu,Sm glasses were analysed and
interpreted. Optical band gap and Urbach energy for Li2B4O7:Cu,Eu and Li2B4O7:Cu,Sm glasses have
been evaluated. Optical absorption spectrum Li2B4O7:Cu,Eu glass shows a very broad intense band
attributed to Cu2+ ions (superposition of the 2B1g →2 A1g,

2B1g →2 B2g, and 2B1g →2 Eg transitions)
and several weaker narrow bands attributed to characteristic f − f transitions of the Eu3+ (4f 6, 7F0)
ions. Optical absorption spectrum Li2B4O7:Cu,Sm glass also shows a very broad intense band attributed
to Cu2+ ions and several weaker narrow bands attributed to characteristic f−f transitions of the Sm3+

(4f 5, 6H5/2) ions.
Photoluminescence spectra of the Li2B4O7:Cu,Eu glass reveal broad blue emission band of the Cu+

ions (3d94s1 → 3d10 transition) and 5 narrow emission bands in the orange-red range belonging to the
5D0 →7 FJ (J = 0 − 4) transitions of the Eu3+ ions with characteristic lifetime values [1]. Photolu-
minescence spectra of the Li2B4O7:Cu,Sm also show a very broad blue emission band assigned to the
3d94s1 → 3d10 transition of the Cu+ ions and 4 narrow emission bands in the yellow-red range assigned
to the 4G5/2 →6 HJ (J = 5/2, 7/2, 9/2, 11/2) transitions of the Sm3+ ions. A detailed comparison of
results obtained for the Li2B4O7:Cu,Sm, Li2B4O7:Sm, and Li2B4O7:Cu glasses allows to notice a slight
quenching of the Sm3+ photoluminescence, a shortening of the Sm3+ lifetime, and an elongation of
the Cu+ lifetime in Li2B4O7:Cu,Sm glass. The observed effects are explained by the excitation energy
transfer from Sm3+ to Cu+ and Cu2+ ions [2].
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MODELLING OF q-DEFORMED HARMONIC OSCILLATOR ON QUANTUM
COMPUTER

M. Samar
Professor Ivan Vakarchuk Department for Theoretical Physics,
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We demonstrate a quantum simulation of a q-deformed quantum harmonic oscillator on an IBM
quantum computer. Using the method of detection of energy levels of a spin system on a quantum
computer by probe spin evolution, proposed in [Eur. Phys. J. Plus 137, 522 (2022)], we obtain the
energy levels of both the q-deformed quantum harmonic oscillator and an unharmonic oscillator.
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