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JULIAN HIRNIAK, AN EARLY PROPONENT OF PERIODIC CHEMICAL
REACTIONS

Niklas Manz1, Yurij Holovatch2,3,4,5, John Tyson6

1College of Wooster, Department of Physics, USA
2Institute for Condensed Matter Physics NASU, Lviv

3L4 Collaboration & Doctoral College for the Statistical Physics of Complex Systems,
Leipzig�Lorraine�Lviv�Coventry

4Centre for Fluid and Complex Systems, Coventry University, United Kingdom
5Complexity Science Hub Vienna, Vienna, Austria

6Virginia Polytechnic Institute and State University,
Department of Biological Sciences, Blacksburg, USA

We present and discuss the work and scienti�c legacy of Julian Hirniak, the Ukrainian chemi-
st and physicist who published two articles in 1908 [1] and 1911 [2] about periodic chemical reacti-
ons. Over the last 110+ years, his theoretical work has often been cited favorably in connection with
Alfred Lotka's theoretical model of an oscillating reaction system. Other authors have pointed out
thermodynamic problems in Hirniak's reaction scheme. Based on English translations of his 1908
Ukrainian and 1911 German articles, we show that Hirniak's claim (that a cycle of inter-conversions
of three chemical isomers in a closed reaction vessel can show damped periodic behavior) violates the
Principle of Detailed Balance (i.e., the Second Law of Thermodynamics), and that Hirniak was aware
of this Principle. We also discuss his results in relation to Lotka's �rst model of damped oscillations in
an open system of chemical reactions involving an auto-catalytic reaction operating far from equilibrium
[3]. Finally, we examine historical and factual misunderstandings related to Julian Hirniak and his
publications [4].

[1] Þ. Ãiðíÿê. (J. Hirniak), Ïðî ïåðiîäè÷íi õåìi÷íi ðåàêöè¨. (About periodic chemical reactions), Çáiðíèê
Ìàòåìàòè÷íî-Ïðèðîäîïèñíî-Ë¨êàðñüêî¨ Ñåêöè¨ Íàóêîâîãî Òîâàðèñòâà iìåíè Øåâ÷åíêà, (Proceedings
of the Mathematical-Natural Sciences-Medical Section of the Shevchenko Scienti�c Society in Lviv) 12, 1
(1910) .

[2] J. Hirniak, Zur Frage der periodischen Reaktionen (On the question of periodic reactions), Z. Phys. Chem.
75U 675 (1911).

[3] A. J. Lotka, Zur Theorie der periodischen Reaktionen (On the theory of periodic reactions), Z. Phys. Chem.
72U, 508 (1910).

[4] N. Manz, Yu. Holovatch, J. Tyson, Julian Hirniak, an early proponent of periodic chemical reactions, React.
Kinet. Mech. Catal. 37 2507 (2024).

ÀÍÀËIÇ ÑÒIÉÊÎÑÒI ÌÅÐÅÆ ÂIÐÓÑ�ÃÎÑÏÎÄÀÐ ÇÀ ÄÎÏÎÌÎÃÎÞ
ÌÅÐÅÆÅÂÈÕ ÕÀÐÀÊÒÅÐÈÑÒÈÊ I ÒÅÐÌÎÄÈÍÀÌIÊÈ

À. Ðîâåí÷àê, Ì. Ãóñ¹â

Êàôåäðà òåîðåòè÷íî¨ ôiçèêè iìåíi ïðîôåñîðà Iâàíà Âàêàð÷óêà,
Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà, Óêðà¨íà

Ðîçóìiííÿ âçà¹ìîäié âiðóñ�ãîñïîäàð ìà¹ âàæëèâå çíà÷åííÿ äëÿ ïðîãíîçóâàííÿ ñòàáiëüíîñòi
ìåðåæi çà ðiçíèõ âïëèâiâ. Ó öüîìó äîñëiäæåííi ìè ïðîïîíó¹ìî àíàëiç ìåðåæ âiðóñiâ äëÿ êiëüêîõ
îðãàíiçìiâ (Homo sapiens, Mus musculus, Gallus gallus), ùî ìiñòÿòü ÿê ñïðÿìîâàíi, òàê i íåíàïðàâëå-
íi çâ'ÿçêè. Ìè ðîçðàõîâó¹ìî íèçêó ìåðåæåâèõ ïàðàìåòðiâ, çîêðåìà ïîâ'ÿçàíèõ iç òåðìîäèíàìiêîþ,
ùîá îòðèìàòè óÿâëåííÿ ïðî ñòðóêòóðíó ñòiéêiñòü i äèíàìi÷íó ïîâåäiíêó ìåðåæ. Ùîá îöiíèòè ñòié-
êiñòü, ìè ìîäåëþ¹ìî äâà ðiçíi ñöåíàði¨ âèäàëåííÿ âóçëiâ: íàöiëþâàííÿ íà íàéâïëèâîâiøi ç íèõ òà
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âèïàäêîâèé âèáið. Íàøi âèñíîâêè ñïðèÿòèìóòü ç'ÿñóâàííþ ìîæëèâîñòåé òåðìîäèíàìi÷íîãî ïiä-
õîäó äî âèâ÷åííÿ ìåðåæ òèïó âiðóñ�ãîñïîäàð i ãëèáøîìó ðîçóìiííþ ¨õíüî¨ äèíàìiêè.

COLLECTIVE DECISION-MAKING WITH HETEROGENEOUS BIASES: ROLE OF
NETWORK TOPOLOGY AND SUSCEPTIBILITY

Yunus Sevinchan1,2, Petro Sarkanych3,4, Abi Tenenbaum 5, Yurij Holovatch 3,4,6,7

1Institute for Theoretical Biology, Humboldt Universit�at zu Berlin, Germany
2Research Cluster of Excellence �Science of Intelligence�, Berlin, Germany

3Institute for Condensed Matter Physics NASU, Lviv
4L4 Collaboration & Doctoral College for the Statistical Physics of Complex Systems,

Leipzig�Lorraine�Lviv�Coventry
5Yale University, Department of Physics, New Haven, Connecticut, USA

6Centre for Fluid and Complex Systems, Coventry University, United Kingdom
7Complexity Science Hub Vienna, Vienna, Austria

The e�ect of prior information and biases on collective decision making has become a popular
research topic in recent years. In 2016 Hartnett et.al.[1] proposed a model that takes into account
heterogeneous preferences of individuals, i.e. biases. However, the e�ect these biases have on the decision
making was only analysed in the case of lattice topology and complete graph[2, 3]. On the other hand,
social structures often have a topology of a random network. In this work, we aim to investigate how
network topology a�ects collective decision making in cases when each individual has bias.

[1] A. T. Hartnett, E. Schertzer, S. A. Levin, I. D. Couzin, Phys. Rev. Lett. 116, 038701 (2016).
[2] P. Sarkanych, M. Krasnytska, L. G�omez-Nava, P. Romanczuk, Yu. Holovatch, Phys. Biol. 20, 045005 (2023).
[3] P. Sarkanych, Y. Sevinchan, M. Krasnytska, P. Romanczuk, Yu. Holovatch, Condens. Matter Phys. 27,

33801 (2024).
[4] Y. Sevinchan, P. Sarkanych, A. Tenenbaum, Yu. Holovatch, P. Romanczuk, preprint arXiv:2411.19829

(2024).

STUDYING 1D SEMI-INFINITE PERIODIC STRUCTURES USING QUANTUM
MECHANICAL IMPEDANCE

Orest Hryhorchak

Professor Ivan Vakarchuk Department for Theoretical Physics,
Ivan Franko National University of Lviv, Ukraine

e-mail: Orest.Hryhorchak@lnu.edu.ua

The concept of allowed and forbidden energy bands can be readily understood through the study
of in�nite, perfectly periodic systems, making them widely used models for simulating real crystals.
However, these models neglect the in�uence of surfaces and internal inhomogeneities on a crystal's
energy structure. Addressing this challenge requires breaking the ideal lattice periodicity, which is
known to cause the emergence of energy levels within forbidden zones. When these levels arise due to
the presence of a surface, they are referred to as surface levels.

In this work, we examine one of the simplest cases of periodicity violation: the presence of a single
side edge, representing a class of semi-in�nite systems. We reformulate the analysis of such systems
within the framework of quantum wave impedance. Using this approach, we investigate the semi-in�nite
Dirac comb and derive the conditions for the existence of surface states.
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ÌÎÄÅËÜ IÇÈÍÃÀ Ó ÑÒÀÒÈÑÒÈÖI ÐÅÍI: ÅÍÒÐÎÏIÉÍI ÔÀÇÎÂI ÏÅÐÅÕÎÄÈ
ÒÀ ÐÎÇÌIÐÍI ÅÔÅÊÒÈ

Â. Â. Iãíàòþê1,2, À. Ï. Ìîiíà1

1Iíñòèòóò ôiçèêè êîíäåíñîâàíèõ ñèñòåì ÍÀÍ Óêðà¨íè, Ëüâiâ, Óêðà¨íà
2Êàôåäðà òåîðåòè÷íî¨ ôiçèêè iìåíi ïðîô. Iâàíà Âàêàð÷óêà, Ëüâiâñüêèé íàöiîíàëüíèé

óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà, Óêðà¨íà

Îñíîâíi çàñàäè ñòàòèñòèêè Ðåíi [1] çàñòîñîâàíî äëÿ îïèñó åôåêòiâ ñêií÷åíîãî ðîçìiðó ó îäíî-
ìiðíié ìîäåëi Içèíãà. Íà âiäìiíó âiä òðàäèöiéíîãî ïiäõîäó [2-3], êîëè ñèñòåìà çíàõîäèòüñÿ â íà-
ïåðåä âèçíà÷åíîìó ôiêñîâàíîìó îòî÷åííi ñêií÷åíîãî ðîçìiðó, ìè ðîçãëÿäà¹ìî â ÿêîñòi ðåçåðâóàðà
ïåâíó ÷àñòèíó ñàìî¨ äîñëiäæóâàíî¨ ñèñòåìè. Âíóòðiøíÿ åíåðãiÿ òà òåìïåðàòóðà ñèñòåìè ðîõðàõî-
âàíà ç âèêîðèñòàííÿì ðîçïîäiëó Ðåíi òà ââàæàþòüñÿ ðiâíèìè àíàëîãi÷íèì âåëè÷èíàì, îá÷èñëåíèì
ó ìiêðîêàíîíi÷îìó àíñàìáëi. Öå äîçâîëÿ¹ ñàìîóçãîäæåíî ðîçðàõóâàòè iíäåêñ Ðåíi q òà ïàðàìåòð
Ëàãðàíæà T , ïîâ'ÿçàòè ¨õ ç ôiçè÷íî ñïîñòåðåæóâàíîþ òåìïåðàòóðîþ Tph i ïîêàçàòè, ùî ó øèðî-
êîìó äiàïàçîíi òåìïåðàòóð ó ñèñòåìi ìîæëèâi åíòðîïiéíi ôàçîâi ïåðåõîäè [4]. Çîêðåìà ïîêàçàíî,
ùî ùî îáèäâà ïàðàìåòðè (q òà T ) ìàþòü ñòðèáîê ïðè çáiëüøåííi ðîçìiðó ïiäñèñòåìè L, ïiñëÿ ÷îãî
åíòðîïiÿ Ðåíi SR ñòà¹ íåàäèòèâíîþ ôóíêöi¹þ L. Âîäíî÷àñ, î÷iêóâàíî âiäñóòíié òåìïåðàòóðíèé
ôàçîâèé ïåðåõiä.

Ïåðåâiðåíî ÷èñëîâèì ÷èíîì, ùî íàø ïiäõiä çàäîâîëüíÿ¹ ñïiââiäíîøåííÿ q ≈ 1+kB/CV E ó âñié
îáëàñòi L çëiâà âiä òî÷êè ôàçîâîãî ïåðåõîäó, äå CV E îçíà÷à¹ òåïëî¹ìíiñòü ðåçåðâóàðó. Ñïðàâà âiä
òî÷êè ïåðåõîäó ó âóçüêié îáëàñòi L ðåàëiçó¹òüñÿ iíøå âiäîìå ñïiââiäíîøåííÿ q ≈ 1 − kB/CV E

[1]. Êðiì òîãî, â òî÷öi ïåðåõîäó ñïðàâäæó¹òüñÿ âiäîìà ç ôëóêòóàöiéíî¨ òåðìîäèíàìiêè ãðàíèöÿ
limη→0 ∂SR/∂η = 1/2CV , äå η = 1−q âiäiãðà¹ ðîëü �ïàðàìåòðà ïîðÿäêó�, à CV îçíà÷à¹ òåïëî¹ìíiñòü
ïiäñèñòåìè.

Òàêîæ äîñëiäæåíî òåìïåðàòóðíó çàëåæíiñòü âíóòðiøíüî¨ åíåðãi¨ U(Tph) ïðè ôiêñîâàíîìó q
òà âïëèâ åôåêòiâ ñêií÷åíîãî ðîçìiðó íà òåðìîäèíàìiêó ñèñòåìè. Ñëiä çàóâàæèòè, ùî íà âiäìiíó
âiä òðàäèöiéíî¨ òåðìîñòàòèñòèêè Ðåíi [3], ìè ìîæåìî îïèñóâàòè ïîâåäiíêó ñèñòåìè â óñié îáëàñòi
çíà÷åíü ïàðàìåòðà q: âiä q → 1, ùî âiäïîâiäà¹ êàíîíi÷íîìó ðîçïîäiëó Ãiááñà, äî q → 0, ùî âiäïî-
âiäà¹ ìiêðîêàíîíi÷íîìó ðîçïîäiëó. Iíøèìè ñëîâàìè, ñàìîóçãîäæåíèì ÷èíîì ìîæíà äîñëiäæóâàòè
óçàãàëüíåíó òåðìîäèíàìiêó îá'¹êòiâ �ñêií÷åíà ïiäñèñòåìà ÿê ÷àñòèíà òi¹¨ æ ñàìî¨ ïîâíî¨ ñèñòåìè
ñêií÷åííîãî ðîçìiðó�.

[1] A. G. Bashkirov, in: Chaos, Nonlinearity, Complexity: The Dynamical Paradigm of Nature (Springer-
Verlag, Berlin, Heidelberg, 2006), p. 114.

[2] E. Ruthotto. Physical temperature and the meaning of the q parameter in Tsallis statistics, preprint arXiv:
cond-mat/0310413v1 (2003).

[3] A. S. Parvan, T. S. Bir�o, Phys. Lett. 374, 1951 (2010).
[4] V. V. Ignatyuk, A. P. Moina, Condens. Matter Phys. 27, 43603 (2024).

HETEROPHASE FLUCTUATIONS IN HARD DISKS CONFINED TO A NARROW
PORE

Andrij Trokhymchuk1,2

1Faculty of Chemistry and Chemical Technology, University of Ljubljana, Slovenia
2Institute for Condensed Matter Physics, NASU, Lviv, Ukraine

By a combination of computer simulations [1] and a unit cell model approach [2], we study the
apparent bimodality of local structural ordering in a two-dimensional (2D) array of hard disks bei-
ng con�ned laterally within a quasi-1D hard wall channel of the width commensurate with the bulk
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2D triangular lattice at disk close packing [3]. It is shown that such a system possesses heterophase
�uctuations that have not yet been observed for the 2D bulk or con�ned hard disks. The heterophase
�uctuations occur in the range of packing densities associated with the freezing-melting transition in
bulk 2D hard disks. In the literature this phenomenon is physically unexpected for con�ned quasi-1D
hard disks [4,5].

[1] A. Huerta, T. Bryk, V.M. Pergamenshchik, A. Trokhymchuk, Phys. Rev. Res. 2, 033351 (2020) .
[2] A. Huerta, D. Henderson, A. Trokhymchuk, Phys. Rev. E 74, 061106 (2006).
[3] A. Huerta, T. Bryk, V.M. Pergamenshchik, A. Trokhymchuk, Front. Phys. 9, 636052 (2021).
[4] Y. Hu, P. Charbonneau, Phys. Rev. Res. 3, 038001 (2021).
[5] A. Trokhymchuk, V. M. Pergamenshchik, A. Huerta, T. Bryk, Phys. Rev. Res. 3, 038002 (2021).

MULTIMODAL NON-CONTACT LUMINESCENCE THERMOMETRY USING
OXIDES DOPED WITH TRANSITION METAL IONS

V. B. Mykhaylyk

Diamond Light Source, Harwell Campus, UK

Luminescence thermometry is a non-contact technique that utilises the temperature-dependent
variation of emission characteristics in selected luminescence materials for temperature monitoring. This
approach is particularly valuable in harsh environments where physical contact is impractical due to
isolation requirements, shielding, or the non-stationary nature of the object. Expanding the applicability
of luminescence thermometry to cryogenic temperatures necessitates the discovery of materials with
luminescence properties optimized for such extreme conditions. Materials doped with transition metal
(TM) ions are especially promising for thermometric applications due to their luminescence properties'
high sensitivity to temperature changes. In this presentation, I will share the results of systematic
studies examining the temperature-dependent luminescence behaviour of oxides doped with Cr3+ and
Mn4+ ions, across the 4.5�300 K temperature range. The responsivity of the luminescence characteristics
that can be used for the non-contact measurements of temperature i.e. luminescence intensity ratio,
wavelength shift and decay time constant is evaluated. Additionally, the primary features in�uencing
the performance of luminescence thermometry at cryogenic temperatures are identi�ed and discussed.

THE ANALYSIS OF EJECTA STRUCTURE IN TYCHO'S AND KEPLER'S SNRS

T. Kuzyo, O. Petruk, M. Patrii

Pidstryhach Institute for Applied Problems of Mechanics and Mathematics, NAS of Ukraine, Lviv,
Ukraine

High-resolution observational data of Galactic supernova remnants (SNRs) o�er detailed insights
into the morphology of such objects. In particular, thermal X-ray maps of SNRs serve as important
resources for investigating the structure and spatial distribution of supernova ejecta, which hold the
imprints of explosion dynamics and subsequent SNR evolution.

From observations we can see signi�cant di�erences between individual SNR morphologies, so
analyzing the maps from observational data we can obtain some quantitative characteristics that would
describe such di�erences. This information would allow us to make conclustions about conditions in the
supernova during the explosion and formation of inhomogenuity in its ejecta.

By bridging the gap between observations and theoretical models, we hope to improve our understandi-
ng of physical processes in supernova remnants and their impact on the interstellar medium.
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QUANTIFYING THE ENTANGLEMENT OF QUANTUM HYPERGRAPH STATES
GENERATED BY RZZY GATES
N. A. Susulovska, Kh. P. Gnatenko

Professor Ivan Vakarchuk Department for Theoretical Physics,
Ivan Franko National University of Lviv, Ukraine

Quantum hypergraph states have garnered a lot of interest in recent years due to their wide appli-
cability as a computational resource in various quantum schemes and algorithms (for instance, see [1]).
These states can be uniquely described by mathematical hypergraph structures with hypergraph verti-
ces representing qubits and hyperedges indicating interactions in multi-qubit clusters, thus generalizing
the well-established notion of graph sates, where only bipartite interactions are permitted. Studying
physical properties of hypergraph states such as entanglement presents an important research task both
fundamentally and in the light of practical quantum computing.

We consider 3-uniform hypergraph states generated by the action of parameterized gates
RZZYijk(θijk) = exp(−iθijkσz

i σ
z
jσ

y
k/2) acting on subsets of qubits {i, j, k} of the multi-qubit system ini-

tialized in state |++...+⟩. Given the structure of utilized three-qubit operators, such states are mapped
to weighted directed hypergraphs. To quantify the entanglement of hypergraph states we leverage
the geometric measure of entanglement and its explicit relation to mean spin [2]. Quantum states
corresponding to hypergraphs of speci�c structures including chains, stars, regular lattices and binary
trees are investigated in detail. We obtain an expression for the geometric measure of entanglement of
an arbitrary qubit with other qubits in such states represented by arbitrarily weighted hypergraphs and
establish its dependency on state parameters. In the case when all the hyperedges are assigned equal wei-
ghts, we show that the geometric measure of entanglement of a qubit is determined by the degree of its
corresponding hypergraph vertex. Additionally, we prepare special cases of hypergraph states of investi-
gated structures on IBM's quantum simulator Qiskit Aer [3] and estimate their entanglement based on
mean spin measurements. The obtained result of quantum computations and theoretical calculations
are in a close agreement.

[1] M. Rossi, M. Huber, D. Bruß, C. Macchiavello, New J. Phys. 15, 113022 (2013).
[2] A. M. Frydryszak, M. I. Samar, V. M. Tkachuk, Eur. Phys. J. D 71, 233 (2017).
[3] Qiskit Aer Documentation; https://qiskit.github.io/qiskit-aer/getting_started.html.

ÌÎÆËÈÂIÑÒÜ ÊÎËÈÂÍÈÕ ÊÂÀÇIÏÅÐIÎÄÈ×ÍÈÕ ÏÐÎÖÅÑIÂ Ó ÊÐÈÑÒÀËI
Ç ÒÎ×ÊÎÂÈÌÈ ÄÅÔÅÊÒÀÌÈ

Â. Í. Øåâ÷óê

Ôàêóëüòåò åëåêòðîíiêè òà êîìï'þòåðíèõ òåõíîëîãié,
Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà, Óêðà¨íà

e-mail: shevchukvololymyr236@gmail.com

Ó ìåæàõ ïðèïóùåíü âëàñíîäåôåêòíîãî ðîçóïîðÿäêóâàííÿ êðèñòàëi÷íî¨  ðàòêè, âçà¹ìîäi¨ òî-
÷êîâèõ äåôåêòiâ òà êâàçiõiìi÷íèõ ïåðåòâîðåíü åëåêòðè÷íî àêòèâíèõ åëåìåíòàðíèõ äåôåêòiâ ó ïðî-
öåñàõ ¨õ àñîöiàöi¨ òà çâîðîòíüîãî � äèñîöiàöi¨ ðîçãëÿäà¹òüñÿ ìîæëèâiñòü ïðîòiêàííÿ êîëèâíèõ çìií
êîíöåíòðàöié ni âêàçàíèõ i�ãî ñîðòó äåôåêòiâ êðèñòàëiâ ç ÷àñîì t. Ïðè öüîìó êðèñòàë çàãàëîì
ïåðåáóâà¹ áëèçüêî áiëÿ òî÷êè òåðìîäèíàìi÷íî¨ ðiâíîâàãè ç ïåâíèì íåçíà÷íèì âiäõèëåííÿì. Òåì-
ïåðàòóðà êðèñòàëó ñëóæèòü ÷èííèêîì âiäõèëåííÿ êîíöåíòðàöié ni âiä ðiâíîâàæíèõ ¨õíiõ çíà÷åíü,
çîêðåìà, â ñèëó çàëåæíîñòi åíåðãi¨ çâ'ÿçêó ñêëàäíèêiâ àñîöiàòà âiä òåìïåðàòóðè. Àïðiîði ââàæà-
òèìåìî, ùî â ìîäåëi ïðîöåñiâ ïåðøîãî ïîðÿäêó øâèäêiñòü çìiíè âåëè÷èíè ni ó íàéïðîñòiøîìó
âèãëÿäi çäiéñíþ¹òüñÿ çà äèôåðåíöiàëüíèì çàêîíîì:

dni/dt = ±kini. (1)
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Ó ïåðøîìó íàáëèæåííi ki � êîåôiöi¹íò ïðîïîðöiéíîñòi, çíàê ÿêîãî âêàçó¹ íàïðÿì êâàçiõiìi÷íî-
ãî ïåðåòâîðåííÿ (çáiëüøåííÿ àáî çìåíøåííÿ âiäïîâiäíèõ êîíöåíòðàöié), à ñèñòåìà ðiâíÿíü (1)
óìîæëèâëþ¹ âèçíà÷åííÿ âåëè÷èí êîíöåíòðàöié. Òi ó ñâîþ ÷åðãó âïëèâàòèìóòü íà ôiçè÷íi âëàñòè-
âîñòi êðèñòàëà, çîêðåìà íà çíà÷åííÿ çàãàëüíî¨ åëåêòðîïðîâiäíîñòi ñåðåäîâèùà, ó ÿêîìó ðåàëiçó-
þòüñÿ ïðîöåñè ïåðåòâîðåíü ç êîëèâíèì õàðàêòåðîì çìiíè ñïiââiäíîøåííÿ êîíöåíòðàöié ó ñèñòåìi
åëåêòðè÷íî àêòèâíèõ (çàðÿäæåíèõ) òà ç íóëüîâèì çàðÿäîì òî÷êîâèõ äåôåêòiâ. Âèêîðèñòîâóþ÷è
ñèìâîëiêó Êðåãåðà-Âiíêà, ðîçãëÿäàþòüñÿ ðiçíi òèïè çìiíè çàðÿäîâîãî ñòàíó äåôåêòiâ íà ïðèêëàäi
êðèñòàëiâ ñòðóêòóðíîãî òèïó øå¹ëiòó òà iíøèõ ñêëàäíèõ îêñèäiâ.

Åêñïåðèìåíòàëüíî âèâ÷àþòüñÿ êiíåòè÷íi õàðàêòåðèñòèêè ïðè ôiêñîâàíèõ òåìïåðàòóðàõ çðàç-
êà ÿê ïðîÿâ ñàìîîðãàíiçàöi¨ ó ñèñòåìi äåôåêòiâ i ïåðåõîäó ¨¨ ó êâàçiðiâíîâàæíèé ñòàí. Äåÿêi êâàçi-
ïåðiîäè÷íi ÿâèùà ó êðèñòàëàõ ðîçãëÿäàëèñÿ ïîïåðåäíüî íàìè [1] òà iíøèìè àâòîðàìè (äèâ., íàïð.,
[2]). Ïðèéìà¹òüñÿ çàäîâiëüíèé îïèñ ñïîñòåðåæóâàíèõ ïåðiîäè÷íèõ ïðîöåñiâ â ðàìêàõ ìàòåìàòè÷íî¨
ìîäåëi, âïåðøå çàïðîïîíîâàíî¨ Þ. Ãiðíÿêîì [3] ïðè àíàëiçi êiíåòèêè ïðîòiêàííÿ ò. çâ. êiëüöåâèõ
õiìi÷íèõ ðåàêöié ïåðøîãî ïîðÿäêó â îäíîðiäíîìó ñåðåäîâèùi áåç êàòàëiçàòîðà òà îáãðóíòóâàííi
íèì ïåðiîäè÷íîãî çàêîíó çìiíè êîíöåíòðàöié ó âèïàäêó òðüîõ ðåàãåíòiâ. Äåòàëüíî îçíàéîìèòèñÿ
ç iñòîði¹þ öüîãî ïèòàííÿ ìîæíà ó ïóáëiêàöi¨ [4] ç âèâ÷åííÿ ïîñòàòi Þ. Ãiðíÿêà.

[1] V. Shevchuk, J. Phys. Stud. 24, 1998 (2020).
[2] M. R. Rijnders, in Periodic layer formation during solid state reactions. TU/E [Phd Thesis 1, Chemical

Engineering and Chemistry] (Technische Universiteit Eindhoven, 1996), Ch. 3.
[3] Þ. Ãiðíÿê, Çàïèñêè Ìàòåìàòè÷íî-Ïðèðîäîïèñíî-Ëiêàðñüêî¨ Ñåêöi¨ ÍÒØ (Ëüâiâ) 12, 1 (1908).
[4] Â. Øåâ÷óê, Ïðàöi ÍÒØ. Ôiç. çáiðí. 10, 261 (2020).

POSSIBLE SMART MATERIALS BASED ON COMPOUNDS WITH VALENCE
UNSTABLE RARE EARTH ELEMENTS

Ivan Shcherba1, Íenrik Noga2, Lev Bekenov3

1Faculty of Physics, Ivan Franko National University of Lviv, Ukraine
2Institute of Technical Sciences, University of the NEC, Krakow, Poland
3G. V. Kurdyumov Institute for Metal Physics, NASU, Kyiv, Ukraine

Despite the impressive number of publications on smart materials, no attempt has yet been made
to classify compounds with a valence unstable rare earth element (R.E.) as smart materials. Our studies
demonstrate that in some compounds the value of the valence of the R.E. can be changed by external
and internal factors. The examples include the external pressure- or temperature-induced change in
the valence value (YbInAu2, EuCu2Si2), the dependence of the valence on the structural type of a
compound (YbNi4In and YbNiIn4), the dependence of the valence on the second component of ternary
intermetallic compounds [YbTÑu4 (T = Au and Mg) and Yb2T3Sn5 (T = Pt and Pd)], the e�ect of
d- and f-level occupancy on the valence state of Ce and Yb in compounds with the ThMn12 structure
(Ce and Yb in RM4Al8), the dependence of the valence on the occupation of d-levels. Changing the
value of the R.E. may signi�cantly alter the electrical and magnetic properties of compounds. Based on
our studies and the review of a considerable number of research papers on the physics of compounds
with intermediate valence, we argue that such compounds may be attributed to such a wide class of
materials that are commonly referred to as smart materials. The most di�cult part of creating smart
materials and systems based on them is to provide feedback between the external impact and the
object's response. Materials become smart when the sensing and actuating elements built on their basis
are combined into a smart structure to achieve the required advanced functionality.
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HIROTA DISPERSIONLESS SYSTEM AND HIDDEN SYMMETRIES OF
HEAVENLY EQUATION

Andriy Panasyuk

Cardinal Stefan Wyszy�nski University, Warsaw, Poland

Joint work with Adam Szereszewski.
In 2021 Konopelchenko, Schief and Szereszewski observed that that solutions of 4D dispersionless

Hirota system also solve the general heavenly equation describing self-dual vacuum Einstein metrics
in neutral signature. They also noticed that the symmetry f → ϕ(f) of the Hirota system essentially
changes the properties of the corresponding metric.

In this talk we shall restate these observations in the context of II Pleba�nski heavenly equation
(IIPHE). Namely, we �rst extend the hierarchy for this equation found by Dunajski and Mason in 2000
to odd dimensions. We then consider the corresponding 5D system from this hierarchy with a special
type of symmetry generalizing the triholomorphic symmetry of IIPHE. The reduction with respect
to this symmetry (which in a sense imitate the reduction of self-dual vacuum Einstein metrics with
respect to a tri-holomorphic symmetry ending in special Einstein�Weyl structures) gives an analogue
of the dispersionless Hirota system for IIPHE. Such a point of view allows to reinterpret the symmetry
f → ϕ(f) mentioned and obtain explicit formulas for the metric depending on ϕ and for its Weyl spinor.
We present some examples showing that this last changes essentially along with ϕ.

ÄÎ ÏÈÒÀÍÍß ÏÐÎ ÐÅËßÒÈÂIÑÒÈ×ÍÓ ÁÐÀÕIÑÒÎÕÐÎÍÓ

Þðié ßðåìêî

Iíñòèòóò ôiçèêè êîíäåíñîâàíèõ ñèñòåì ÍÀÍ Óêðà¨íè, Ëüâiâ, Óêðà¨íà

Áóäå ðîçãëÿíóòî ðÿä ìîäåëåé â ïðîñòîðàõ ç ðiçíèìè ãðóïàìè içîìåòðié (åâêëiäîâîìó, ïñåâ-
äîåâêëiäîâîìó, äå Ñiòòåðà), ÿêi ðîçâ'ÿçóþòüñÿ â òåðìiíàõ çíàìåíèòî¨ êðèâî¨, âïåðøå îòðèìàíî¨
Éîãàííîì Áåðíóëëi â 1696 ð.

MAIN PECULIARITIES OF RELAXED OPTICS

Petro P. Trokhimchuck

Lesya Ukrainka Volyn National University, Lutsk, Ukraine
e-mails: Trokhimchuck.Petro@vnu.edu.ua, trope1650@gmail.com

Relaxed Optics (RO) is a branch of physics that was created to describe the processes of interaction
of laser radiation from the point of view of relaxation of the primary optical excitations of the medium
[1�6]. The need for its creation is due to the development of laser technologies. Roughly speaking, RO is
a synthesis of solid state radiation physics, physical chemistry, physics of critical phenomena, physical
optics, including Nonlinear Optics, and quantum electronics into a single system [1�3].

The main concepts of RO are kinetic-dynamic, electromagnetic and coherent have a complex
(cascade) structure [3]. Because of this, the main theories and models of Relaxed Optics have a cascade
(chain) structure. Moreover, the elements of the cascade themselves can belong to di�erent branches of
physics, which are included in RO. The photoe�ect model adapted in this way includes photoionization
processes and thermodynamic relaxation [1].

To explain the microscopic nature of the formation of stable donor centers in antimonite and
indium arsenide [1], a cascade model of the step-by-step excitation of the corresponding chemical bonds
in the excitation saturation regime was constructed. The calculations were based on the two-dimensional
lattice of sphalerite [1, 3]. A phenomenological chain of relaxation times was also constructed [1�3].
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A cascade model of excitation of the corresponding number of coordination numbers was used for
silicon and germanium [1�3]. The basis was the phase diagrams of silicon and germanium. This made
it possible to explain the reason for the emergence of hedgehog-like laser-induced structures for these
and other materials.

Cascade processes of a slightly di�erent type lead to the optical breakdown of a substance when it
is irradiated with focused pulsed laser radiation [5, 6]. In this case, next chain process takes place: di-
�raction strati�cation of focused radiation; generation of optically-induced Cherenkov radiation, whose
generating cones are perpendicular to the generating cones of focusing; generation of Cherenkov radiati-
on in each cone; interference of Cherenkov radiation; the interference maxima of the short-wavelength
part of Cherenkov radiation correspond to the observed cascade pattern of optical breakdown [5, 6].
Corresponding models are represented too.

[1] P. P. Trokhimchuck, Foundations of Relaxed Optics. 2-nd ed. (Lesya Ukrainka Volyn University Press
�Vezha�, Lutsk, 2011).

[2] P. P. Trokhimchuck, Nonlinear and Relaxed Optical Processes. Problems of interactions (Vezha-Print, Lutsk,
2013).

[3] P. P. Trokhimchuck, Relaxed Optics: Realities and Perspectives (Lambert Academic Press, Saarbrukken,
2020).

[4] P. P. Trokhimchuck, Relaxed Optics: Modelling and Discussions 2 (AkiNik Publications, New Delhi, 2022).
[5] P. P. Trokhimchuck, Relaxed Optics: Modelling and Discussions 3 (AkiNik Publications, New Delhi, 2024).

MODELLING PHYSICAL SYSTEMS IN QUANTIZED SPACE ON A QUANTUM
COMPUTER
M. I. Samar

Professor Ivan Vakarchuk Department for Theoretical Physics,
Ivan Franko National University of Lviv, Ukraine

We apply a method for detecting energy levels in a spin system to the harmonic oscillator in a
deformed space with minimal length and minimal momentum, utilizing a truncated matrix approach.
A quantum algorithm is presented that successfully identi�es the �rst few energy levels of the harmonic
oscillator in quantized space, yielding results that closely match analytical predictions. Additionally, we
demonstrate the potential for studying anharmonic oscillators using the same spin model and algorithm.

PROPERTIES OF WEIGHTED QUANTUM GRAPH STATES AND THEIR
QUANTIFICATION ON A QUANTUM COMPUTER

Kh. P. Gnatenko

Professor Ivan Vakarchuk Department for Theoretical Physics,
Ivan Franko National University of Lviv, Ukraine

We examine quantum graph states that can be associated with directed and weighted graphs. For
quantum states corresponding to graphs of arbitrary structure, we compute the geometric measure
of entanglement [1] as well as geometric properties such as curvature and torsion [2]. The calculations
were performed both analytically and using quantum computing (speci�cally, IBM's quantum computer
Sherbrooke and the AerSimulator). We found relationships between the properties of quantum states
and the characteristics of the corresponding graphs, namely the weights of the incoming and outgoing
arcs, the outdegree and indegree of vertices, and the sum of the products of edge weights forming
triangles and squares within the graph [1,2].

[1] Kh. P. Gnatenko, Phys. Lett. A 521, 129815 (2024).
[2] Kh. P. Gnatenko, preprint arXiv:2408.01511 (2024).
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ON GEOMETRIC PROPERTIES OF SPACES OF IDEMPOTENT MEASURES
Iurii Marko, Mykhailo Zarichnyi

Department of Mechanics and Mathematics, Iavn Franko Lviv National University, Ukraine
e-mails: marko13ua@gmail.com, zarichnyi@yahoo.com

The idempotent mathematics is a part of mathematics in which the �eld operations are replaced
by an idempotent semi-ring operations, e.g., max and +. If we de�ne x+r y = (xr + yr)1/r, for positive
x, y, and r ≥ 1, then max{x, y} = limr→∞(x +r y), i.e., the idempotent mathematics can be regarded
as an asymptotic version of the ordinary mathematics. Another speculation is that the idempotent
mathematics is a result of dequantization of the ordinary mathematics.

Applications of the idempotent mathematics include mathematical physics, economic theory, opti-
mization etc.

To the notion of probability measure in ordinary mathematics there corresponds the notion of
idempotent measure in the idempotent mathematics. Informally, instead of additivity of probability
measures one has the property µ(A ∪B) = max{µ(A), µ(B)}, for any idempotent measure µ.

Identifying any idempotent measure with the subgraph of its density fuctions, one obtains the
de�nition of the space of idempotent measures on a topological space X as a subspace of the hyperspace
X × [0, 1] satisfying certain natural properties. This allows us to consider various topologizations of the
spaces of idempotent measures which are induced by the hyperspace topologies.

For compact metrizable X, the topology of the space of idempotent measures on X (denoted by
I(X)) is completely described [1]. If X is in�nite, then I(X) is homeomorphic to the Hilbert cube
Q = {(xi)

∞
i=1 ∈ ℓ2 | |xi| ≤ 1/i}. As for noncompact case, the property of being an absolute retract (AR)

for the class of metric spaces is established [2]. In [3] this result is applied to characterization of metric
spaces X such that I(X) is homeomorphic to the space σ of eventually zero sequences in ℓ2.

The aim of the present talk is to �nd spaces of idempotent measures which are homeomorphic to
the space

Σ =

{
(xi))

∞
i=1 ∈ ℓ2 |

∞∑
i=1

(ixi)
2 < ∞

}
(note that this space can be realized as the pseudoboundary of the Hilbert cube Q) as well as another
model spaces of in�nite-dimensional topology.

[1] L. Bazylevych, D. Repov�s, M. Zarichnyi, Topology Appl. 157, 136 (2010).
[2] Iu. Marko, Visnyk Lviv. Univ. Ser. Mech.-Mat. 92, 86 (2021); https://doi.org/10.30970/vmm.2021.92.

086-092.
[3] Iu. Marko, M. Zarichnyi, Visnyk Lviv Univ. Series Mech. Math. 94, 72 (2022).

ÌÎÄÅËÞÂÀÍÍß ÑÂIÒËÎÂÎÃÎ ÇÀÁÐÓÄÍÅÍÍß ÀÒÌÎÑÔÅÐÈ
Ëþáîâ ßíêiâ-Âiòêîâñüêà

Íàöiîíàëüíèé óíiâåðñèòåò �Ëüâiâñüêà ïîëiòåõíiêà�, Óêðà¨íà
e-mail: luba_y@ukr.net

Ñâiòëîâå çàáðóäíåííÿ � îñâiòëåííÿ íi÷íîãî íåáà øòó÷íèìè äæåðåëàìè ñâiòëà, ñâiòëî ÿêèõ
ðîçñiþ¹òüñÿ â íèæíiõ øàðàõ àòìîñôåðè. Îñíîâíèìè äæåðåëàìè ñâiòëîâîãî çàáðóäíåííÿ ¹ âåëèêi
ìiñòà òà ïîòóæíi ïðîìèñëîâi êîìïëåêñè. Ñåðåä íàçåìíèõ îáñåðâàòîðié íàéñïðèÿòëèâiøå äëÿ ñïî-
ñòåðåæåíü íåáî â îáñåðâàòîði¨ Ìàóíà�Êåà íà Ãàâàéñüêèõ îñòðîâàõ. Öÿ îáñåðâàòîðiÿ ðîçòàøîâàíà
íà âèñîòi 4700 ì, äå ÿñêðàâiñòü íåáà ñòàíîâèòü 5.8 × 10−5 êä/ì2. Ó áiëüøîñòi ïðàöþþ÷èõ îáñåð-
âàòîðié ÿñêðàâiñòü íåáà ñòàíîâèòü 10−4 êä/ì2 i òàêi óìîâè äëÿ ñïîñòåðåæåííÿ ââàæàþòüñÿ äóæå
äîáði.
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Øòó÷íå îñâiòëåííÿ íå ïîâèííî çáiëüøóâàòè ÿñêðàâiñòü ôîíó, ÿêà âèìiðþ¹òüñÿ íà âèñîòi 450
ì, áiëüø íiæ íà 10%. Îäèí iç íàñëiäêiâ íàäìiðíîãî âèêîðèñòàííÿ øòó÷íîãî îñâiòëåííÿ ñâiòëî �
öå âòðàòà åíåðãi¨. �Ìiæíàðîäíà àñîöiàöiÿ òåìíîãî íåáà� ñòâåðäæó¹, ùî äëÿ íi÷íîãî îñâiòëåííÿ
ùîðîêó ó ñâiòi âèòðà÷à¹òüñÿ ïîíàä 1.5 ìiëüÿðäà äîëàðiâ ÑØÀ, óòâîðþ¹òüñÿ ïîíàä 12 ìiëüéîíiâ
òîíí âóãëåêèñëîãî ãàçó (CO2), ùî ïðèçâîäèòü äî ïàðíèêîâèõ ãàçiâ.

Ñâiòëîâå çàáðóäíåííÿ � öå íå ëèøå àñòðîíîìi÷íà ÷è åêîëîãi÷íà ïðîáëåìà, à é ãîñòðà ïðîáëå-
ìà åíåðãîåôåêòèâíîñòi. Åêîíîìi÷íi âèòðàòè íà îñâiòëåííÿ ïiâíi÷íî¨ ïiâêóëi êîñìîñó ñòàíîâëÿòü
ìiëüÿðäè ¹âðî ùîði÷íî. Çãiäíî ç äîñëiäæåííÿìè âiäîìî¨ ôiðìè Philips, ëèøå çàìiíà çàñòàðiëèõ
êîíñòðóêöié ñâiòëîäiîäiâ i äæåðåë ñâiòëà ìîæå ñêîðîòèòè âèêèäè CO2 íà 3.5 ìiëüéîíè òîíí íà
ðiê. Ó äàíié ðîáîòi ïðîàíàëiçîâàíî îñíîâíi ïàðàìåòðè, ùî õàðàêòåðèçóþòü ïðîçîðiñòü àòìîñôåðè;
íàâåäåíî çàêîíîäàâ÷i îáìåæåííÿ ùîäî ñâiòëîâîãî çàáðóäíåííÿ òà çàïðîïîíîâàíî ñó÷àñíi íàóêîâi
ïiäõîäè äî ðîçâ'ÿçàííÿ ïðîáëåìè ñâiòëîâîãî çàáðóäíåííÿ àòìîñôåðè. Çðîáëåíî ñïðîáó ìîäåëþâàí-
íÿ ñâiòëîâîãî çàáðóäíåííÿ ç óðàõóâàííÿì óñiõ ôàêòîðiâ: ìåòåîðîëîãi÷íèõ óìîâ, ñòðóêòóðè äæåðåë
ñâiòëà ìiñò, àíàëiç çàñòîñóâàííÿ iñíóþ÷èõ îäèíèöü âèìiðþâàííÿ ÿñêðàâîñòi. Çàïðîïîíîâàíî iíôîð-
ìàöiéíèé ïiäõiä äî ðîçðîáêè ïàðàìåòðiâ ìàòåìàòè÷íî¨ ìîäåëi ðîçðàõóíêó åôåêòèâíîñòi ñèñòåì
àñòðîíîìi÷íèõ ñïîñòåðåæåíü ïðè ñâiòëîâîìó çàáðóäíåííi àòìîñôåðè, îöiíþâàííÿ åôåêòèâíîñòi
ñèñòåì àñòðîíîìi÷íèõ ñïîñòåðåæåíü òà ïðåäñòàâëåíî ìàòåìàòè÷íèé àïàðàò äëÿ ¨¨ âèçíà÷åííÿ.

VISCOSITY AND PHASE BEHAVIOR OF BI-SPECIFIC ANTIBODIES IN
AQUEOUS SOLUTION

Y. Kalyuzhnyi1, T. Hvozd2, V. Vlachy1

1Faculty of Chemistry and Chemical Technology, University of Ljubljana, Slovenia,
2Institute for Condensed Matter Physics, NASU, Lviv, Ukraine

This study presents theoretical results for physico-chemical properties of system of molecules
modeling bi-speci�c antibodies, such as, dual-variable-domain monoclonal antibodies (DVD-Ig) and
Fabs-In-Tandem Immunoglobulin (FIT-Ig). These molecules are representatives of the engineered protei-
ns that combine the function and speci�city of two monoclonal antibodies. Individual molecules are here
depicted as an assembly of nine (or in case of the Fit-Ig eleven) hard spheres, organized to resemble the
Y-shaped object. The e�ects of the increased size, asymmetry, and �exibility of individual molecules
on measurable properties of such systems of molecules are investigated. We examined the liquid-liquid
phase separation, the second virial coe�cient B2, and viscosity under various experimental conditions.
The calculations are compared with the data for regular monoclonal antibodies and discussed in view
of the experimental results for DVD-Ig solutions available in literature.

SCANNING ELECTRON MICROSCOPY STUDY OF MODEL LIPOSOMES AND
CIRCULATING (METASTATIC) TUMOR CELLS

G. Monastyrskyi1, O. Gnatyuk1, M. Olenchuk1, D. Kolesnik2, G.Solyanik2, G. Dovbeshko1

1Institute of Physics NASU, Kyiv, Ukraine
2R. E. Kavetsky Institute of Experimental Pathology, Oncology and Radiobiology,

NASU, Kyiv, Ukraine

Model liposomes, serving as model systems for biological membranes, play an important role in
understanding a cell membrane morphology and interaction with environment including fusion and
permeability. In turn, knowledge about metastatic cells from which more than 90% of cancer patients die,
is very important too. Here, a scanning electron microscopy (SEM) was used to develop a new method for
preparation and futher study of structural characteristics of liposomes and their interaction mechanisms,
as well to obtain new data about model circulating tumor cells (CTC) of di�erent nature- adhesive and
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de-adhesive. To the best of our knowledge, no microscopic images of these cells were published in
literature so far. SEM images were obtained with a TESCAN MIRA LMU electron microscope in two
modes: secondary electrons and back-scattering electrons. Sample preparation included �xation on the
conductive silicon wafer, dry air and vacuum drying, and magnetron sputtering of 20 nm conducting
gold layer. SEM images of liposomes prepared with nanoparticles of di�erent nature such as MoS2, WS2,
diamond and carbon nanotubes, revealed the nanoparticles inserted into the liposomes and covering the
liposome surface. Average size of liposomes with nanoparticles increases by about 7�15%, and their
surface changes, too. SEM images of CTC cells showing morphology of adhesive and de-adhesivs cells
with di�erent contacts and peculiarities, can be used as a basis of biological knowledge on CTC. Model
liposomes is one of the steps to understanding the cells communication. These data can be e�ciently
used in the treatment of metastatic cancers.

Acknowledgement Authors acknowledge NRFU project No 2021.01/0229 �Biophysical characteri-
stics of circulating metastatic cells as potential targets of antimetastatic therapy�.

X-RAY SPECTRAL ANALYSIS OF Si-, S- AND Fe-REACH EJECTA COMPONENTS
IN THE REMNANT OF KEPLER SUPERNOVA

M. Patrii1, O. Petruk2

1Faculty of Physics, Ivan Franko National University of Lviv, Ukraine
2Pidstryhach Institute for Applied Problems of Mechanics and Mathematics, NAS of Ukraine, Lviv,

Ukraine

Supernova remnants (SNRs) are valuable astrophysical laboratories, providing unique insights into
the �nal stages of stellar evolution, the mechanisms of their explosions, and the interactions between
their shocks and surrounding medium. The remnant of Kepler's supernova, which exploded in the fall of
1604, is one of the most interesting and well-studied young SNRs in our Galaxy. We present results from
the spatially resolved spectral analysis of Chandra's X-ray Observatory data. The maps of key spectral
characteristics, in particular the Doppler shift maps allow us to derive the distribution of line-of-sight
plasma velocities for the most prominent X-ray emission lines of Si-Heα (1.6�2.1 keV), S-Heα (2.3�
2.6 keV) and Fe K-shell (6.0�7.0 keV) in the X-ray spectrum of Kepler SNR. The Doppler velocities,
determined in the SNR's reference frame, give us important clues about the progenitor's initial internal
structure and the anisotropic nature of the ejecta expansion.

DO BULK PROPERTIES OF A SOLID DEPEND ON ITS FORM?

Oleg Derzhko

Institute for Condensed Matter Physics, NASU, Lviv, Ukraine

Usually, the bulk properties of a macroscopically large many-particle system with short-range
interparticle interactions do not depend on its shape. In the present talk, I discuss a speci�c frustrated
quantum spin-lattice system which being placed into a magnetic �eld at low temperatures should provi-
de a counterexample to that general statement. In the example under consideration, the degeneracy of
the states which dominate thermodynamics, rather than their energy, appears to be shape-dependent.

More speci�cally, consider N=2N spins S=1/2 on a kagome-bilayer lattice which interact through
antiferromagnetic Heisenberg interactions in the presence of external magnetic �eld h. The nearest-
neighbor interlayer interaction J2 should exceed a critical value J2c=J1+Jx, J1=Jx=J , where J1 is the
nearest-neighbor intralayer interaction and Jx is the next-nearest-neighbor interlayer interaction. Under
such conditions, the ground states in the subspaces with Sz=N/2, . . . , N/3 are the singlet-product states
with singlets located on the J2 bonds and obeying a hard-rhombi rule: No neighboring J2 bonds can
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be occupied. As a result, the low-temperature thermodynamics around the saturation hsat=J2+4J is
governed by the states which can be visualized as hard-core rhombi on a kagome lattice or, equivalently,
as dimers on a hexagonal lattice. Here the crunch comes: 40 years ago Veit Elser solved exactly the
dimer problem for a hexagonal lattice with general boundary and showed that the entropy of the full
covering s0 depends on the shape of the boundary [1]. In other words, the residual ground-state entropy
s0=s(T=0) just below the saturation hsat depends on a speci�c hexagonal shape. But s(T=0)=s0 enters
the sum rule for the speci�c heat:

∞∫
0

dT
c(T )

T
= ln 2− s0.

And therefore the (bulk) speci�c heat per site c(T ) depends on the shape of the boundary, too. Besides,
in contrast to Ref. [2], the frustrated kagome-lattice quantum Heisenberg bilayer does not exhibit an
order-disorder phase transition. More details about this study will appear soon [3].

My talk is based on ongoing research of a team, which includes Dmytro Yaremchuk, Taras Hutak,
Vasyl Baliha, Taras Krokhmalskii, Oleg Derzhko (Lviv), J�urgen Schnack (Bielefeld), and Johannes
Richter (Magdeburg). T. H., T. K., and O. D. are supported by the EURIZON project (Project No. 3025
�Frustrated quantum spin models to explain the properties of magnets over wide temperature range�),
which is funded by the European Union under Grant No. 871072.

[1] V. Elser, J. Phys. A 17, 1509 (1984).
[2] J. Richter et al., Phys. Rev. B 97, 024405 (2018).
[3] D. Yaremchuk et al., in preparation.

LOCAL STRUCTURE AND SPECTROSCOPY OF THE Li2B4O7:Cu,Sm GLASSES
B. V. Padlyak1, I. I. Kindrat2, Y. O. Kulyk3

1Vlokh Institute of Physical Optics, Lviv, Ukraine,
2Institute of Physics, University of Zielona G�ora, Poland,

3Faculty of Physics, Ivan Franko National University of Lviv, Ukraine

The Cu-Sm co-doped Li2B4O7 glass (Li2B4O7:Cu,Sm) has been obtained by high-temperature
melting technique and studied in details by X-ray di�raction (XRD), electron paramagnetic resonance
(EPR), UV�Vis�NIR absorption and photoluminescence (PL) [1]. The obtained results are compared
with corresponding data obtained by us for Li2B4O7:Cu [2] and Li2B4O7:Sm [3] glasses. The local
structure parameters (average interatomic distances and coordination numbers) are derived from XRD
data analysis. It was shown that the Li2B4O7:Cu,Sm glass network consists of the BO3 (triangles) and
BO4 (tetrahedra) glass-forming units, and LiOn (n = 4− 6) polyhedra as modi�ers. The EPR, optical
absorption, photoluminescence emission and excitation show that Cu and Sm dopants are incorporated
into the Li2B4O7:Cu,Sm glass network as Cu+ (3d10), Cu2+ (3d9), and Sm3+ (4f 5) ions. The Cu2+ ions
(electron spin S = 1/2) in the Li2B4O7:Cu,Sm glass show an EPR spectrum of axial symmetry with
characteristic 4-component hyper�ne structure, caused by nuclei of 63Cu (natural abundance � 69.1%,
nuclear spin, I = 3/2) and 65Cu (30.83%, I = 3/2) isotopes. Precise spin Hamiltonian parameters
(g∥, g⊥, A∥, A⊥) and peak-to-peak �rst derivative linewidths of the hyper�ne components (∆H

∥
pp and

∆H⊥
pp) for Cu

2+ ions at T = 295 K in the Li2B4O7:Cu,Sm glass were obtained by best �tting of the
simulated EPR spectrum to the experimental spectrum [1]. The Cu2+ cations and O2- anions compose
the elongated octahedrons in the network of Li2B4O7:Cu,Sm glass. The optical absorption spectrum
shows a very broad intense band ascribed to the 2B1g →2 A1g, 2B2g, 2Eg transitions of Cu2+ ions
and a lot of weaker narrow bands assigned to the 6H5/2 →6 P7/2, 6P3/2, 4I9/2−15/2, 6F9/2, 6F7/2, 6F5/2
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transitions of Sm3+ ions. The PL emission and PL excitation spectra as well as PL decay kinetics of
the Sm3+ and Cu+ ions in the Li2B4O7:Cu,Sm glass were registered, analyzed, and discussed. In parti-
cular, the PL emission spectra exhibit a very broad band in the blue spectral range ascribed to the
3d94s1 → 3d10 transition of Cu+ ions and four narrow bands in the yellow-red spectral range assigned
to the 4G5/2 →6 HJ (J = 5/2−11/2) transitions of Sm3+ ions. The PL decay kinetics of Sm3+ and Cu+

ions in the Li2B4O7:Cu,Sm glass are non-single exponential and characterized by a mean lifetime in the
millisecond and microsecond time ranges, respectively. Quenching of the Sm3+ PL intensity, shortening
of the Sm3+ decay time and prolongation of the Cu+ decay time were observed in the Li2B4O7:Cu,Sm
glass in comparison with the Li2B4O7:Cu [2] and Li2B4O7:Sm [3] glasses. The excitation energy transfer
and re-absorption processes from Sm3+ ions to Cu+ and Cu2+ ions have been discussed. A wide range
of emission colors from blue to yellow can be achieved in the Li2B4O7:Cu,Sm glass by varying of the
luminescence excitation wavelength that is important for practical application.

[1] B. V. Padlyak, I. I. Kindrat, V. T. Adamiv, A. Drzewiecki, B. Cieniek, I. Stefaniuk, Phys. Chem. Chem.
Phys. 26, 22006 (2024); https://doi.org/10.1039/d4cp01633e.

[2] B. Padlyak, W. Ryba-Romanowski, R. Lisiecki, O. Smyrnov, A. Drzewiecki, Y. Burak, V. Adamiv,
I. Teslyuk, J. Non-Cryst. Solids 356, 2033 (2010); https://doi.org/10.1016/j.jnoncrysol.2010.05.
027.

[3] I. I. Kindrat, B. V. Padlyak, B. Kukli�nski, A. Drzewiecki, V. T. Adamiv, J. Lumin. 213, 290 (2019);
https://doi.org/10.1016/j.jlumin.2019.05.045.

THE CORRELATION BETWEEN THE LOCALIZATION AND OUTWARD
LEAKAGE OF SURFACE PLASMON POLARITONS DURING THEIR

SCATTERING BY RANDOM INHOMOGENEITIES OF METAL BOUNDARIES
Yu. V. Tarasov, O. M. Stadnyk

O. Ya. Usikov Institute for Radiophysics and Electronics NASU, Kharkiv

We examine the problem of scattering of TM-polarized surface plasmon polariton wave (SPP) by
the �nite segment of metalâ��vacuum interface with either a random impedance or with a random
corrugation of the metal surface. We analyze in detail the solution to the integral equation connecting
the scattered �eld and the incident SPP, which is valid for any strength of the scattering and dissipative
properties of the conducting half-space. For random surface impedance, we show that the norm of
the intermode scattering operator is not only determined by the parameters of the random impedance
(the variance, correlation radius, the length of the heterogeneous section of the interface), but depends
crucially on the metal conductivity [1].

For a small norm of the integral operator, the incident SPP mostly radiates into vacuum, and the
intensity of this leaking �eld is expressed in terms of the pair correlation function of the impedance.
Under strong scattering regime, the radiation into the upper half-space is highly suppressed and the
SPP is mainly backscattered from the heterogeneous surface segment. Such a mirroring should also take
place at small norm of the scattering operator, yet in this case it is related to Andersonâ��s localization
of the SPP within the disordered segment, the e�ect which results from the multiple backscattering of
the SPP [2].

Similar behaviour of the plasmon polariton propagating along the metal interface is discovered
provided the imperfection of the metal surface results from its purely geometrical corrugation. By
using the proper coordinate transformation, we reduce the problem of SPP scattering from a rough
interface region to the problem of its scattering from a �attened region with e�ective 1D random
impedance. The latter problem is then solved converting the impedance perturbation to the e�ective
potentials in the Schrodinger-like equation. We calculate the radiation pattern for the model of one-
dimensional interface roughness and demonstrate its pronounced anisotropy arising due to the interplay
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between di�erent geometrical parameters of the interface roughness [3]. The 1D nature of the interface
disturbance results in pronounced Anderson localization of the SPP penetrating a rough segment, which
most signi�cantly manifests itself in the re�ection of the incident surface wave.

[1] Yu.V. Tarasov, O.M. Stadnyk, N. Kvitka, Ann. Phys. 455, 169378 (2023).
[2] A.V. Shchegrov, A.A. Maradudin, E.R. Mendez, Prog. Opt. 46, 117 (2004).
[3] Yu.V. Tarasov, O.M. Stadnyk, Phys. Rev. B 108, 214202 (2023).

CONFORMATIONAL TRANSITIONS IN STIMULI RESPONSIVE COPOLYMER
BOTTLEBRUSHES: A MOLECULAR DYNAMICS STUDY

Kristine Haydukivska1,2, Jaros law Paturej1,3

1Institute of Physics, University of Silesia, Chorz�ow, Poland
2Institute for Condensed Matter Physics, NASU, Lviv, Ukraine

3Leibniz-Institut f�ur Polymerforschung Dresden, Germany
e-mail: wja4eslawa@icmp.lviv.ua

Stimuli responsive polymers present an intriguing �eld of research due to their wide range of
possible applications and among these macromolecules are bottlebrushes with di�erent types of side
chain or diblock copolymer side chains. Developments in synthesis techniques allow to create �nely
tuned macromolecular architectures. As a result in recent years, a number of di�erent bottlebrushes
with di�erent types of side chains have been created. Those structures are particularly interesting as
under the in�uence of stimuli (pH [1, 2, 3], temperature [4, 5, 2] or light [6]) they undergo a reversible
conformational transition from worm-like to coil-like state. In addition, a collapse of this type was
observed before recent developments produced macromolecules that do not clump together to form
aggregates [4, 2]. This makes them interesting for a number of applications, including targeted drug
delivery, bioimaging, tissue engineering, bioadhesives, etc.

In this work, we consider a bottlebrush with two chains grafted to each bead of the backbone with
two di�erent types of side chains grafted in alternating order. The modeling is done in three-dimensional
space using a bead-spring coarse-grained model [7] with beads of size σ and equal mass m. We consider
the depth of the potential for yellow to be half that of the other beads regarding all interactions.

We aim to study the in�uence of architecture on shape crossovers in copolymer bottle brushes
in particular length of the backbone by keeping side chains length �xed at Ns = 20 beads and
backbones Nb = 50, 100, 150, 200; as well as considering a constant ratio Nb/Ns = 5 and backbones
Nb = 50, 100, 200, 300. We acknowledge that in this work the transition from bad to good solvent
occurs with the temperature increase not decrease as in the experimentally available cases. However
since bead spring model is not only simple but also well studied we chose it as a �rst step to study these
conformational phenomena.

[1] E. W. Kent, E. M. Lewoczko, B. Zhao, Polym. Chem. 12, 265 (2021); https://doi.org/10.1039/

D0PY01466D.
[2] M. T. Kelly, E. W. Kent, B. Zhao, Macromolecules 55, 1629 (2022); https://doi.org/10.1021/acs.

macromol.1c02662.
[3] E. W. Kent, D. M. Henn, B. Zhao, Polym. Chem. 9, 5133 (2018); https://doi.org/10.1039/C8PY01137K.
[4] D. M. Henn, W. Fu, S. Mei, C. Y. Li, B. Zhao, Macromolecules 50, 1645 (2017); https://doi.org/10.

1021/acs.macromol.7b00150.
[5] D. M. Henn, J. A. Holmes, E. W. Kent, B. Zhao, J. Phys. Chem. B 122, 7015 (2018); https://doi.org/

10.1021/acs.jpcb.8b04767.
[6] D. M. Henn, C. M. Lau, C. Y. Li, B. Zhao, Polym. Chem. 8, 2702 (2017); https://doi.org/10.1039/

C7PY00279C.
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[7] G. S. Grest, K. Kremer, T. A. Witten, Macromolecules 20, 1376 (1987); https://doi.org/10.1021/
ma00172a035.

SPECTROSCOPY OF THE LITHIUM TETRABORATE GLASS CO-DOPED WITH
Mn AND Eu

I. I. Kindrat1, B. V. Padlyak1,2, A. Drzewiecki1

1Institute of Physics, University of Zielona G�ora, Poland
2Vlokh Institute of Physical Optics, Lviv, Ukraine

The lithium tetraborate glass co-doped with MnO2 (1.0 mol.%) and Eu2O3 (1.0 mol.%) (Li2B4O7:Mn,Eu)
was obtained by melt quenching method and characterised by XRD, EPR, optical absorption and
photoluminescence (emission, excitation, decay kinetics) techniques [1]. The obtained results were
compared with corresponding data for Mn-doped and Eu-doped Li2B4O7 glasses.

The smooth XRD curve was registered and analysed to obtain the local structure details. It
was found that the BO3 triangles, BO4 tetrahedra and LiOn (n = 4 − 7) units are present in the
Li2B4O7:Mn,Eu glass network. The experimental X-band EPR spectra show Mn2+(1) signal at g iso
= 4.29 without resolved hyper�ne structure, Mn2+(2) signal at g iso = 2.01 with six components of
hyper�ne structure resulting from the 55Mn isotope nuclei (nuclear spin I = 5/2, natural abundance
� 100%), and broad Mn2+�Mn2+ signal around g ∼= 2.0. The manganese impurity is incorporated into
the Li2B4O7:Mn,Eu glass network as isolated Mn2+ (3d5) ions in the strongly distorted and weakly
distorted octahedral and/or tetrahedral sites as well as Mn2+ pairs and small clusters.

The optical absorption spectrum shows a broad intense band at 464 nm attributed to the 5Eg(D)
→ 5T2g(D) transition of Mn3+ (3d4) ions and weak narrow bands attributed to the 7F0 → 5L6 and 7F0

→ 5D2 transitions of Eu3+ (4f 6) ions. The photoluminescence emission spectra show �ve narrow bands
assigned to the 5D0 → 7FJ (J = 0 − 4) transitions of Eu3+ ions and one broad band assigned to the
4T1g(G) → 6A1g(S) transition of Mn2+ ions. The emission of Eu3+ and Mn2+ ions is observed in the
orange-red spectral range. The photoluminescence excitation spectra show many narrow bands in the
UV-green spectral range belonging to Eu3+ and Mn2+ ions. The photoluminescence decay times of Eu3+

and Mn2+ ions are in the millisecond time range. The energy transfer processes Eu3+ ↔ Mn2+, Eu3+

→ Mn3+, and Mn2+ → Mn3+ in the Li2B4O7:Mn,Eu glass are noticed and discussed.

[1] B. V. Padlyak, I. I. Kindrat, V. T. Adamiv, I. M. Teslyuk, A. Drzewiecki, Opt. Mater. 154, 115782 (2024).

ÒÎÌÎÃÐÀÔIß ÒÅÌÍÈÕ ÂIÊIÂ I ÊÎÑÌI×ÍÎÃÎ ÑÂIÒÀÍÊÓ Â ËIÍIßÕ
ÃIÄÐÎÃÅÍÓ I ÏÅÐØÈÕ ÌÎËÅÊÓË ßÊ ÒÅÑÒ ÊÎÑÌÎËÎÃI×ÍÈÕ ÌÎÄÅËÅÉ

Á. Íîâîñÿäëèé1, Þ. Êóëiíi÷1, Á. Ìåëåõ2, Ì. Öiæ1,

À. Ðóäàêîâñüêèé3, Ä. Êîâàëü2, Ï. Êîïà÷2

1Àñòðîíîìi÷íà îáñåðâàòîðiÿ, Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà, Óêðà¨íà
2Êàôåäðà àñòðîôiçèêè, Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà, Óêðà¨íà

3Iíñòèòóò òåîðåòè÷íî¨ ôiçèêè iìåíi Ì. Áîãîëþáîâà ÍÀÍ Óêðà¨íè

Ó äîïîâiäi áóäå âèñâiòëåíî àêòóàëüíiñòü, ìåòó òà îñíîâíi çàâäàííÿ ïðî¹êòó 2023.03/0098 �Òîìîãðà-
ôiÿ Òåìíèõ âiêiâ i Êîñìi÷íîãî ñâiòàíêó â ëiíiÿõ ãiäðîãåíó i ïåðøèõ ìîëåêóë ÿê òåñò êîñìîëîãi÷íèõ
ìîäåëåé�, ÿêèé ôiíàíñó¹òüñÿ Íàöiîíàëüíèì ôîíäîì äîñëiäæåíü Óêðà¨íè, à òàêîæ îñíîâíi ðåçóëü-
òàòè 1-ãî åòàïó éîãî âèêîíàííÿ.
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Äîñëiäæåííÿ ðåëiêòîâîãî âèïðîìiíþâàííÿ òà ãàëàêòè÷íi îãëÿäè íåáà çà äîïîìîãîþ ñó÷àñíèõ
òåëåñêîïiâ ñâiòó äàëè óíiêàëüíó iíôîðìàöiþ ùîäî ãëîáàëüíèõ ïàðàìåòðiâ Âñåñâiòó òà éîãî âå-
ëèêîìàñøòàáíî¨ ñòðóêòóðè, àëå ðàçîì ç òèì âêàçàëè íà îáìåæåíiñòü ìîæëèâîñòåé ñòàíäàðòíî¨
êîñìîëîãi÷íî¨ ìîäåëi ç Λ-ñòàëîþ òà õîëîäíîþ òåìíîþ ìàòåði¹þ, òàê çâàíî¨ ΛCDM ìîäåëi, íåñóïå-
ðå÷ëèâî iíòåðïðåòóâàòè óñþ ñóêóïíiñòü ñïîñòåðåæíèõ äàíèõ. Âèíèêëà íåîáõiäíiñòü ¨¨ ðîçøèðåííÿ
ñêëàäíiøèìè ìîäåëÿìè ôiçè÷íî¨ ïðèðîäè ïðèõîâàíèõ êîìïîíåíò � òåìíî¨ ìàòåði¨ i òåìíî¨ åíåðãi¨
òà ñöåíàðiþ ôîðìóâàííÿ çið i ãàëàêòèê. Öå â ñâîþ ÷åðãó âèìàãà¹ ïîøóêó íîâèõ ñïîñòåðåæíèõ
òåñòiâ. Òàêèìè, çîêðåìà ìîæóòü áóòè ñèãíàëè â ëiíi¨ 21 ñì ãiäðîãåíó òà â ëiíiÿõ ïåðøèõ ìîëå-
êóë ç ðàííüîãî Âñåñâiòó � åïîõ Òåìíèõ âiêiâ, Êîñìi÷íîãî ñâiòàíêó òà Ðåiîíiçàöi¨. Ìåòîþ ïðî¹êòó ¹
äîñëiäèòè ôîðìóâàííÿ ãëîáàëüíèõ ñèãíàëiâ i ñïåêòðiâ ïîòóæíîñòi ïðîñòîðîâèõ ôëþêòóàöié iíòåí-
ñèâíîñòåé ó ëiíi¨ 21 ñì ãiäðîãåíó òà îáåðòîâî-êîëèâíèõ ëiíiÿõ ïåðøèõ ìîëåêóë ó ðàííüîìó Âñåñâiòi
íà 6 < z < 300 ó ðiçíèõ êîñìîëîãi÷íèõ ìîäåëÿõ. Ïîáóäóâàòè ìîäåëi ñïåêòðàëüíîãî åíåðãåòè÷íîãî
ðîçïîäiëó âèïðîìiíþâàííÿ ïåðøèõ äæåðåë ñâiòëà â ãàëî òà ìiæ íèìè i îöiíèòè ëîêàëüíi âàðià-
öi¨ ñèãíàëiâ ç åïîõè Êîñìi÷íîãî ñâiòàíêó òà ¨õ ñòàòèñòè÷íi ðîçïîäiëè ïî íåáó íà îñíîâi ìîäåëåé
óòâîðåííÿ ïåðøèõ äæåðåë ñâiòëà. Îñíîâíèìè çàâäàííÿìè ïðî¹êòó ¹: i) ðîçðàõóâàòè òîìîãðàôiþ
ðàííüîãî Âñåñâiòó â ëiíi¨ 21 ñì ãiäðîãåíó òà â ëiíiÿõ ïåðøèõ ìîëåêóë â äiàïàçîíi ÷åðâîíèõ çìiùåíü
6-300 äëÿ ðiçíèõ êîñìîëîãi÷íèõ ìîäåëåé, ii) çìîäåëþâàòè ñïåêòðàëüíó ãóñòèíó åíåðãi¨ ïåðøèõ äæå-
ðåë ñâiòëà â ðåàëiñòè÷íèõ ñöåíàðiÿõ ¨õ ôîðìóâàííÿ, iii) ðîçðàõóâàòè êàðòè òà ñïåêòðè ïîòóæíîñòi
ôëþêòóàöié iíòåíñèâíîñòi äëÿ ñïåêòðàëüíèõ ãóñòèí åíåðãi¨ íà ðiçíèõ åòàïàõ ôîðìóâàííÿ ïåðøèõ
çið i ãàëàêòèê, îöiíèòè ñòàòèñòè÷íi õàðàêòåðèñòèêè ïðîñòîðîâèõ âàðiàöi¨ ñèãíàëiâ äëÿ ðîçðiçíå-
íîñòi ðiçíèõ êîñìîëîãi÷íèõ ìîäåëåé i ñöåíàði¨â ôîðìóâàííÿ ïåðøèõ îá'¹êòiâ.

Ðåçóëüòàòîì 1-ãî åòàïó âèêîíàííÿ ïðî¹êòó ¹ ðîçðàõóíîê òîìîãðàôi¨ ðàííüîãî Âñåñâiòó â ëiíi¨
21 ñì ãiäðîãåíó òà â ëiíiÿõ ïåðøèõ ìîëåêóë â äiàïàçîíi ÷åðâîíèõ çìiùåíü 6 < z < 300 äëÿ
êîñìîëîãi÷íèõ ìîäåëåé ç äîäàòêîâèì íàãðiâàííÿì âíàñëiäîê à) ñàìîàíiãiëÿöi¨ ÷àñòèíîê òåìíî¨
ìàòåði¨, á) ðîçïàäó ÷àñòèíîê òåìíî¨ ìàòåði¨, â) çàãàñàííÿ ïåðâèííîãî ìàãíiòíîãî ïîëÿ.

Àâòîðè âäÿ÷íi Íàöiîíàëüíîìó ôîíäó äîñëiäæåíü Óêðà¨íè çà ôiíàíñîâó ïiäòðèìêó öüîãî ïðî-
¹êòó.

RESONANCES IN TWO-DIMENSIONAL QUANTUM SYSTEMS WITH
PERTURBED WAVEGUIDES

Sylwia Kondej

Institute of Physics, University of Zielona G�ora, Poland

This talk addresses a two-dimensional quantum system characterized by an in�nite waveguide of
width d and a transversally invariant pro�le. At a distance ρ, the system is perturbed by a potential
de�ned through the Kato measure. Under speci�c conditions, we establish the presence of a second-sheet
pole in the Hamiltonian's resolvent, corresponding to a resonance at z(ρ).

The resonance exhibits the asymptotic behavior

z(ρ) = Eβ;n +O

(
exp(−

√
2|Eβ;n|ρ)
ρ

)

for large ρ, where Eβ;n denotes the resonant energy. Additionally, we demonstrate that the imaginary
part of z(ρ) satis�es to Fermi's golden rule, which we explicitly derive.

These results provide insight into the resonance phenomena induced by local perturbations in
waveguide systems.
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QUANTUM MECHANICAL MODELING OF THE INTERACTION OF
CARBON-CONTAINING NANOMATERIAL PARTICLES WITH NICKEL IONS

V. V. Tytarenko

Dnipro University of Technology, Dnipro, Ukraine

Nowadays carbon nanomaterials are widely used in material science as �llers for composite materi-
als. The unique physicochemical properties of electrodeposited composite metal �lms largely depend
on the concentration of CNPs in the metal matrix [1, 2]. In order to investigate an electrodepositi-
on mechanism, we have proposed a set of quantum chemical models for formation metal complexes
of fullerene (C60), single-wall carbon nanotubes (SWNTs) (C48) and ultra-dispersed diamond particles
(UDD) with Ni2+ (Fig. 1).

Figure 1. Location of the adsorbed metal ions on the surface of fullerene (C60) (a),

SWNT (C48) (b) and UDD (c)

∆W, PµV
Number of adsorbed ions (ion charge)
1(+2e) 2(+4e) 3(+6e)

Fullerene (C60) 1.907 1.582 0.240
SWNT (C48) 2.234 1.909 0.567
UDD 0.200 0.126 −0.114

Table 1. The binding energy of the complex particle UDD-Ni ion depending on the amount of adsorbed ions

Comparison of calculated binding energies of the metal-CNP complexes (Table 1) with the energies
of thermal motion has shown that in aqueous solutions of electrolytes, adsorption of Ni ions on the
surface of fullerene (C60), SWNT (C48) and UDD is possible with the formation of stable composite
carbon metal complexes. Complexes 3Ni2+ with the UDD have shown the weakest binding energies,
thus these complexes are suggested to be not stable.

[1] G. K. Burkat, T. Fujimura, V. Yu. Dolmatov, E. A. Orlova, M. V. Veretennikova, Diam. Relat. Mater. 14,
1761 (2005); https://doi.org/10.1016/j.diamond.2005.08.004.

[2] V. V. Tytarenko, V. A. Zabludovsky, E. Ph. Shtapenko, Metallogr. Microstruct. Anal. 9(5), 651 (2020);
https://doi.org/10.1007/s13632-020-00679-6.
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ÄÈÍÀÌIÊÀ ÌÀËÈÕ ÔËÓÊÒÓÀÖIÉ Â ÊIÍÅÒÈÖI ÁÎËÜÖÌÀÍÀ
Î. Ñîêîëîâñüêèé, Ñ. Ëÿãóøèí

Äíiïðîâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Îëåñÿ Ãîí÷àðà, Óêðà¨íà
e-mail: alexander.i.sokolovsky@gmail.com

Â êiíåòèöi Áîëüöìàíà ñèñòåìà îäíàêîâèõ ÷àñòèíîê îïèñó¹òüñÿ ñåðåäíiìè çíà÷åííÿìè ÷èñåë
çàïîâíåííÿ np ≡ η1p(p � ñóêóïíiñòü iìïóëüñó ÷àñòèíêè i ¨¨ âíóòðiøíiõ êâàíòîâèõ ÷èñåë). Îïå-
ðàòîð Ãàìiëüòîíà ñèñòåìè ñêëàäà¹òüñÿ ç îñíîâíî¨ ÷àñòèíè Ĥ0 =

∑
p εpn̂p i ìàëî¨ âçà¹ìîäi¨ Ĥ1

(η̂1p ≡ n̂p = a+p ap � îïåðàòîð ÷èñëà çàïîâíåííÿ). Ôëóêòóàöi¨ â ñèñòåìi áóäåìî îïèñóâàòè ñåðå-
äíiìè çíà÷åííÿìè η2p îïåðàòîðà η̂2p ≡ n̂2

p. Íåðiâíîâàæíi ñòàíè ñèñòåìè ìîæíà äîñëiäæóâàòè â
ìåòîäi ñêîðî÷åíîãî îïèñó Áîãîëþáîâà íà îñíîâi ìîäåëi Ïåëåòìiíüêîãî�ßöåíêà [1]. Íåðiâíîâàæíèé
ñòàòèñòè÷íèé îïåðàòîð (ÑÎ) êiíåòèêè Áîëüöìàíà ρ0(η1) â îñíîâíîìó íàáëèæåííi çà âçà¹ìîäi¹þ ¹
êâàçiðiâíîâàæíèé, òîáòî ìà¹ âèãëÿä

ρ0q = eΩ
0−

∑
p Z0

1pn̂p .

Íåðiâíîâàæíèé ÑÎ êiíåòèêè Áîëüöìàíà ÑÎ ç óðàõóâàííÿì çàçíà÷åíèõ ôëóêòóàöié ρ(η1, η2) â òîìó
æ íàáëèæåííi ¹ òàêîæ êâàçiðiâíîâàæíèé i ìà¹ âèãëÿä

ρq = eΩ−
∑

p (Z1pn̂p+Z2pn̂2
p).

Ïðè öüîìó ñïðàâåäëèâi òî÷íi ñïiââiäíîøåííÿ Spρq = 1, Spρ0q = 1, Spρqη̂2p = η2p, Spρqη̂1p = η1p,
Spρ0q η̂1p = η1p, ÿêi âèçíà÷àþòü âñi âåëè÷èíè â ÑÎ ρ0q, ρq. Ïîâíi ÑÎ ρ0(η1), ρ(η1, η2) âèðàæàþòüñÿ
÷åðåç êâàçiðiâíîâàæíi ÑÎ ρ0q, ρq âiäîìèìè ç òåîði¨ Ïåëåòìèíñüêîãî�ßöåíêà [1] ôîðìóëàìè â òåîði¨

çáóðåíü çà âçà¹ìîäi¹þ Ĥ1. Âñi ñåðåäíi çíà÷åííÿ, ñòîñîâíi êiíåòèêè Áîëüöìàíà, îá÷èñëþþòüñÿ ç ρ0q
ïðàâèëàìè Âiêà. Ïîäiáíèõ ïðàâèë äëÿ ρq íåìà¹ îñêiëüêè â éîãî åêñïîíåíòi ñòî¨òü ôîðìà ÷åòâåðòî-
ãî ïîðÿäêó ïî îïåðàòîðàõ ap, a

+
p . Íàìè äëÿ ïîäîëàííÿ öi¹¨ ïðîáëåìè çàïðîïîíîâàíî îáìåæèòèñü

ðîçãëÿäîì êiíåòèêè Áîëüöìàíà ç óðàõóâàííÿì äèíàìiêè ìàëèõ ôëóêòóàöié, êîëè âåëè÷èíè

η2p − Spρ0q η̂2p = Sp(ρq − ρ0q)η̂2p ≡ δη2p

ìàëi. Íà öié îñíîâi ÑÎ ρq çíàéäåíî ó òåîði¨ çáóðåíü çà ñòåïåíÿìè δη2p. Ïiñëÿ öüîãî îá÷èñëåííÿ
ñåðåäíiõ ç ÑÎ ρq çâîäèòüñÿ äî îá÷èñëåíü ñåðåäíiõ ç ÑÎ ρ0q ç âèêîðèñòàííÿì ïðàâèë Âiêà. Ó ïiäñóìêó

ç óðàõóâàííÿì ðåçóëüòàòiâ Ïåëåòìiíñüêîãî�ßöåíêà [1] òåîði¨ çáóðåíü çà ìàëîþ âçà¹ìîäi¹þ Ĥ1

îòðèìàíî ðiâíÿííÿ äèíàìiêè ìàëèõ ôëóêòóàöié â êiíåòèöi Áîëüöìàíà; ∂tη1p = L1p(η1, δη2), ∂tδη2p =
L2p(η1, δη2).

[1] A. I. Akhiezer, S. V. Peletminsky, Methods of Statistical Physics (Pergamon Press, Oxford, 1981).

ÅÂÎËÞÖIß ÏÎËßÐÈÇÎÂÀÍÎÃÎ ÐÀÄIÎÂÈÏÐÎÌIÍÞÂÀÍÍß ÂIÄ ÇÀËÈØÊÓ
ÍÀÄÍÎÂÎ� SN1987A

Î. Ïåòðóê, Â. Áåøëåé, Ñ. Îðëàíäî, Ì. Ìi÷åëi, Ô. Áîêêiíî

Iíñòèòóò ïðèêëàäíèõ ïðîáëåì ìåõàíiêè i ìàòåìàòèêè ÍÀÍ Óêðà¨íè, Ëüâiâ, Óêðà¨íà
Àñòðîíîìi÷íà îáñåðâàòîðiÿ Íàöiîíàëüíîãî iíñòèòóòó àñòðîôiçèêè Iòàëi¨, Ïàëåðìî, Iòàëiÿ

Çàëèøîê íàäíîâî¨ SN1987A ðåãóëÿðíî ñïîñòåðiãà¹òüñÿ ó ðiçíèõ äiàïàçîíàõ åëåêòðî-ìàãíiòíîãî
ñïåêòðó. Çàâäÿêè éîãî âiäíîñíî áëèçüêîìó ðîçòàøóâàííþ ìîæíà ïðîâîäèòè äåòàëüíèé ïðîñòîðî-
âèé àíàëiç êàðò ÿñêðàâîñòi. Ìîëîäèé âiê çàëèøêà òà öi ïîñòiéíi ñïîñòåðåæåííÿ íàäàþòü óíiêàëüíó
ìîæëèâiñòü äîñëiäèòè ìàãíiòíå ïîëå íàâêîëî çîði-ïîïåðåäíèöi íàäíîâî¨. Ó íàøîìó äîñëiäæåííi
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âèêîðèñòàíî ìàñøòàáíi òðèâèìiðíi ìàãíiòî-ãiäðîäèíàìi÷íi ñèìóëÿöi¨, ÿêi âiäòâîðþþòü åâîëþöiþ
SN1987A âiä ïî÷àòêîâîãî âèáóõó äî ñó÷àñíîãî ñòàíó. Öi ñèìóëÿöi¨ ç âèñîêîþ òî÷íiñòþ âiäòâîðþþòü
êðèâó áëèñêó, äåñÿòèëiòòÿ çìií ðàäiîçîáðàæåíü òà êàðòó ïîëÿðèçàöi¨ ÷åðåç 30 ðîêiâ ïiñëÿ âèáóõó,
ùî äåòàëüíî óçãîäæó¹òüñÿ ç äàíèìè ñïîñòåðåæåíü. Îòîæ, íàøà òðèâèìiðíà ÷èñåëüíà ìîäåëü ñòà¹
iíñòðóìåíòîì äîñëiäæåííÿ åâîëþöi¨ çàëèøêó. Çîêðåìà, ìè äîñëiäæó¹ìî çìiíè ó ñòðóêòóðàõ âåêòî-
ðiâ ïîëÿðèçàöi¨ ç ÷àñîì. Â öåé ñïîñiá âèÿâëÿ¹ìî êîôiãóðàöiþ ìàãíiòíîãî ïîëÿ âñåðåäèíi çàëèøêó
òà äîñëiäæó¹ìî éîãî ðîçïîäië ó íàâêîëîçîðÿíîìó ñåðåäîâèùi äî ñïàëàõó íàäíîâî¨, ùî íàêëàäà¹
îáìåæåííÿ íà åâîëþöiþ çið íà ïiçíiõ ñòàäiÿõ ïåðåä âèáóõîì.

QUANTUM COMPUTATION OF THE GROUND STATE OF THE ISING MODEL

V. M. Tkachuk1, H. P. Laba2

1Ivan Franko National University of Lviv, Ukraine
2Lviv Polytechnic National University, Ukraine

We propose a method for studying the ground state of spin systems, speci�cally the Ising model, on a
quantum computer. The method utilizes the Boltzmann operator, which is implemented as a trace over
ancillary spins of a certain evolution operator. By applying the Boltzmann operator to a superposition
of all possible eigenstates of the spin system in the zero-temperature limit, we obtain the ground state.
The method and the corresponding quantum algorithm have been demonstrated for the Ising model.
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