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27�29 ãðóäíÿ 2023 ðîêó íà êàôåäði òåîðåòè÷íî¨ ôiçèêè iìåíi ïðîôåñîðà Iâàíà Âàêàð÷óêà òà ôi-
çè÷íîìó ôàêóëüòåòi Ëüâiâñüêîãî íàöiîíàëüíîãî óíiâåðñèòåòó iìåíi Iâàíà Ôðàíêà âiäáóâàëèñÿ 27-i
Ðiçäâÿíi íàóêîâi äèñêóñi¨, ïðèñâÿ÷åíi 70-ði÷÷þ ôiçè÷íîãî ôàêóëüòåòó. Òðàäèöiéíî ïðåäìåòîì îáãî-
âîðåííÿ áóëè ïðîáëåìè êâàíòîâî¨ ìåõàíiêè, ôàçîâèõ ïåðåõîäiâ, ñòàòèñòè÷íî¨ ôiçèêè, àñòðîôiçèêè,
êîñìîëîãi¨, òåîði¨ ñêëàäíèõ ñèñòåì, ôiçèêè òâåðäîãî òiëà, ìàòåìàòèêè òà iñòîði¨ íàóêè. Óñi äîïîâiäi
âèêëèêàëè çàöiêàâëåííÿ àâäèòîði¨ òà ñïðè÷èíèëè àêòèâíi äèñêóñi¨. Íèæ÷å ïîäà¹ìî àíîòàöi¨ âèãîëî-
øåíèõ äîïîâiäåé.

THE FATE OF ERNST ISING AND THE FATE OF HIS MODEL: A HUNDRED YEARS ON

Yurij Holovatch1,2,3
1Institute for Condensed Matter Physics NASU, Lviv,

2L4 Collaboration & Doctoral College for the Statistical Physics of Complex Systems,
Leipzig�Lorraine�Lviv�Coventry

3Centre for Fluid and Complex Systems, Coventry University, United Kingdom
4Complexity Science Hub Vienna, Vienna, Austria

The talk is based on an ongoing project that aims to prepare a bilingual, commented edition of Ernst
Ising's doctoral thesis [1]. This project emerged through collaborations enabled by the Ising lectures [2],
a workshop that started in Lviv in 1997 with `traditional' statistical physics and has recently broadened
its scope to encompass a more general context of complex systems [3]. Gradually, the workshop gave
rise to various research projects centered around the Ising model and its history [4�6]; some collected
historical documents and memoirs are displayed publicly with permission of Ernst Ising's family at http:
//www.icmp.lviv.ua/ising.
The model suggested by Wilhelm Lenz for ferromagnetism in 1920 was formulated and solved in one

dimension by his doctoral student Ernst Ising in 1924. That work of Lenz and Ising marked the start
of a scienti�c direction that delivered extraordinary successes in explaining collective behavior in a vast
variety of systems, both within and beyond natural sciences. Some of the milestones in this direction will
be a subject of this talk.
Another goal of the talk is to present a personal story of Ernst Ising, who had to struggle to survive

during the years of the Nazi regime. The story of his fate stirs special feelings today, when its background
is repeated by an (academic) community supporting a dictator, and supporting aggression � in this case
the Russian aggression against Ukraine.

[1] B. Berche, R. Folk, Yu. Holovatch, R. Kenna, in preparation
[2] Ising lectures in Lviv (1997�2017), edited by M. Krasnytska, R. de Regt, P. Sarkanych (Lviv, ICMP, 2017).
[3] Yu. Holovatch, R. Kenna, S. Thurner, Eur. Journ. Phys. 38, 023002 (2017).
[4] T. Ising, R. Folk, R. Kenna, B. Berche, Yu. Holovatch, Journ. Phys. Stud. 21, 4001 (2017).
[5] R. Folk, Yu. Holovatch, Eur. J. Phys. H 47, 9 (2022).
[6] R. Folk, in: Order, Disorder and Criticality. Advanced Problems of Phase Transition Theory. Vol. 7, Yu.

Holovatch (editor) (World Scienti�c, Singapore, 2023), pp. 1�77.
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INVARIANT IDEMPOTENT *-MEASURES FOR ITERATED FUNCTION SYSTEMS

N. Mazurenko1, Kh. Sukhorukova2, M. Zarichnyi2
1Vasyl Stefanyk Precarpathian University, Ivano-Frankivsk

2Ivan Franko National University of Lviv

A triangular norm (t-norm) is a continuous, associative, commutative and monotonic operation on the
unit segment [0,1] for which 1 is a unit. Every t-norm * determines the notion of idempotent *-measure,
i.e., a functional on the spaces of continuous functions on a space that preserves constant, maxima, and
is *-homogeneous [1].
In [2] the invariant idempotent measures for iterated function systems are de�ned and the existence

and uniqueness theorem for such measures is proved. The proof is based on functional representation
of measures. In [3] the authors proved the existence and uniqueness of invariant idempotent measures
by using Zaitov's metric [4] as well as modi�ed Bazylevych�Repov�s-Zarichnyi metric on the space of
idempotent measures [5] and applying the Banach contraction principle.
In the talk, we provide a simple proof of existence and uniqueness of invariant idempotent measures

that works also for the ∗-idempotent measures.

[1] Kh. Sukhorukova, Matem. Studii 59, 215 (2023).
[2] N. Mazurenko, M. Zarichnyi, Carpathian Math. Publ. 10, 172 (2018).
[3] R. D. da Cunha, E. R. Oliveira, F. Strobin, J. Fixed Point Theory Appl. 25, 8 (2023).
[4] A. A. Zaitov, Appl. Gen. Topol. 21, 35 (2020).
[5] L. Bazylevych, D. Repov�s, M. Zarichnyi, Topology Appl. 157, 135 (2010).

APPLICATION OF A QUANTUM WAVE IMPEDANCE APPROACH FOR 1D INFINITE
PERIODIC MEDIA

Orest Hryhorchak
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko Lviv National University of Lviv
Orest.Hryhorchak@lnu.edu.ua

Our objective is to demonstrate the applicability of a quantum wave impedance approach in describing
periodic structures, commonly used as models for crystals. To solve a quantum-mechanical problem of an
electron which is subjected to a periodic potential caused by positive ions even in the case of omitting an
electron�electron interaction is feasible only for speci�c forms of such potentials. Therefore, developing an
e�ective approach for investigating models with periodic potentials is crucial for practical applications.
The approach we used involves reformulating the Bloch�Floquet theorem in terms of a quantum wave

impedance. By doing so, we derive an expression for a quantum wave impedance function in the presence
of a periodic potential. The resulting formula, when combined with matching conditions for the quantum
wave impedance function, facilitates a more straightforward derivation of dispersion relations for quantum
mechanical in�nite periodic systems. To illustrate our methodology, we apply it to two speci�c models:
the in�nite Dirac comb model and the Kronig�Penney model. Using these examples, we demonstrate the
e�ectiveness of our approach in describing the behavior of non-interacting electrons in one-dimensional
periodic media.

ÌÎÄÅËÜ IÇÈÍ�À Â ÑÒÀÒÈÑÒÈÖI ÐÅÍI

Â. Â. Iãíàòþê, À. Ï. Ìîiíà
Iíñòèòóò ôiçèêè êîíäåíñîâàíèõ ñèñòåì ÍÀÍ Óêðà¨íè, Ëüâiâ

Äîñëiäæåíî òåðìîäèíàìi÷íi õàðàêòåðèñòèêè îäíîâèìiðíî¨ ìîäåëi Içèí à â ñòàòèñòèöi Ðåíi. Íà
âiäìiíó âiä òðàäèöiéíîãî ïiäõîäó [1�3], êîëè ñèñòåìà ¹ â íàïåðåä âèçíà÷åíîìó ôiêñîâàíîìó îòî÷åí-
íi ñêií÷åíîãî ðîçìiðó, ìè ðîçãëÿäà¹ìî ÿê ðåçåðâóàð ïåâíó ÷àñòèíó ñàìî¨ äîñëiäæóâàíî¨ ñèñòåìè.
Íàêëàâøè óìîâè, ùîá âíóòðiøíÿ åíåð iÿ ëàíöþæêà ñïiíiâ ó ñòàòèñòèöi Ðåíi UR äîðiâíþâàëà âíó-
òðiøíié åíåð i¨ â ìiêðîêàíîíi÷íîìó àíñàìáëi Umicro, à �ôiçè÷íî ñïîñòåðåæóâàíà� [2] òåìïåðàòóðà
TR çáiãàëàñÿ ç òåìïåðàòóðîþ Tmicro, ìè îòðèìó¹ìî ñèñòåìó òðàíñöåäåíòíèõ ðiâíÿíü äëÿ âèçíà÷åííÿ
ïàðàìåòðà Ðåíi q òà ìíîæíèêà Ëà ðàíæà T , ïîâ'ÿçàíîãî ç òåìïåðàòóðîþ ñèñòåìè. Ïàðàìåòðè q∗ òà
T ∗, ÿê ðîçâ'ÿçêè öi¹¨ ñèñòåìè ðiâíÿíü, çíàõîäèìî çà óìîâè ìàêñèìóìó åíòðîïi¨ Ðåíi SR.
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Çàãàëîì öi ïàðàìåòðè ¹ ôóíêöiÿìè äîâæèíè ëàíöþæêà L òà êiëüêîñòi ïàð ðiçíîíàïðÿìëåíèõ ñïiíiâ
M , ÿêà çà ôiêñîâàíîãî ðîçìiðó âñi¹¨ ñèñòåìè N âèçíà÷à¹ ¨¨ òåìïåðàòóðó Tmicro. Ïîêàçàíî, ùî îáèäâà
ïàðàìåòðè ìàþòü ñòðèáîê çà çáiëüøåíîãî ðîçìiðó ëàíöþæêà, ïiñëÿ ÷îãî åíòðîïiÿ SR ñòà¹ íåàäèòèâ-
íîþ ôóíêöi¹þ L. � ïiäñòàâè ââàæàòè, ùî öåé ñòðèáîê âèçíà÷à¹ åíòðîïiéíèé ôàçîâèé ïåðåõiä, ÿêèé
çà çíà÷åíü ε = 1 − q ≪ 1 äîáðå âèâ÷åíèé[1]. Îäíàê, íà âiäìiíó âiä òðàäèöiéíî¨ òåðìîñòàòèñòèêè
Ðåíi [3], ìè ìîæåìî îïèñóâàòè ïîâåäiíêó ñèñòåìè â óñié äiëÿíöi çíà÷åíü ïàðàìåòðà q: âiä q → 1, ùî
âiäïîâiäà¹ êàíîíi÷íîìó ðîçïîäiëó �iááñà, äî q → 0, ùî âiäïîâiäà¹ ìiêðîêàíîíi÷íîìó ðîçïîäiëó.
Îêðåìî ðîçãëÿíóòî ìîæëèâiñòü âiäòâîðåííÿ òåìïåðàòóðíî¨ çàëåæíîñòi UR(TR), ìàêñèìàëüíî íà-

áëèæåíî¨ äî Umicro(Tmicro), êîëè âèáèðà¹òüñÿ òà ôiêñó¹òüñÿ ëèøå îäíà ïàðà ðîçâ'ÿçêiâ (q∗, T ∗). Ðå-
çóëüòàòè îá÷èñëåíü ïîêàçóþòü, ùî íàäiéíå âiäòâîðåííÿ ìîæëèâå ëèøå â äiëÿíöi L < Lcr, êîëè ùå
çáåðiãà¹òüñÿ àäèòèâíà ïîâåäiíêà åíòðîïi¨.

[1] A. G. Bashkirov, in: Chaos, Nonlinearity, Complexity: The Dynamical Paradigm of Nature (Springer-Verlag
Berlin, Heidelberg, 2006), pp. 114�161.

[2] E. Ruthotto, preprint arXiv:cond-mat/0310413v1 (2003).
[3] A. S. Parvan, T. S. Bir�o, Phys. Lett. 374, 1951 (2010).

ÎÁÅÐÒÎÂÀ ÄÈÍÀÌIÊÀ ÄÈÏÎËÜÍÈÕ ×ÀÑÒÈÍÎÊ Â ÅËÅÊÒÐÎÑÒÀÒÈ×ÍÎÌÓ ÏÎËI
Ç ÓÐÀÕÓÂÀÍÍßÌ ÐÅÀÊÖI� ÂÈÏÐÎÌIÍÞÂÀÍÍß

À. Äóâiðÿê
Iíñòèòóò ôiçèêè êîíäåíñîâàíèõ ñèñòåì ÍÀÍ Óêðà¨íè, Ëüâiâ

Íà îñíîâi óìîâè áàëàíñó ìîìåíòó iìïóëüñó ñôîðìóëüîâàíî ðiâíÿííÿ ðóõó äèïîëüíî¨ êîìïîçèòíî¨
÷àñòèíêè ÿê òâåðäîãî òiëà â åëåêòðîñòàòè÷íîìó ïîëi ç óðàõóâàííÿì êðóòíîãî ìîìåíòó ðåàêöi¨ âèïðî-
ìiíþâàííÿ. Âèùi ïîõiäíi â ïðàâié ÷àñòèíi ðåäóêîâàíî çà äîïîìîãîþ íåçáóðåíèõ ðiâíÿíü Îéëåðà òà
¨õíiõ äèôåðåíöiéíèõ íàñëiäêiâ. Äëÿ ÷àñòèíêè ç àêñiàëüíî-ñèìåòðè÷íèì åëiïñî¨äîì iíåðöi¨ ðiâíÿííÿ
ðóõó ëiíåàðèçîâàíî â îêîëi íåðóõîìèõ òî÷îê, ïðîàíàëiçîâàíî ñòiéêiñòü ñèñòåìè òà ¨¨ õàðàêòåðèñòè÷íi
÷àñòîòè. Ïîêàçàíî, ùî ÷àñòèíêà çi øâèäêèì âëàñíèì îáåðòàííÿì ìîæå ïåðåéòè â ðåæèì �ñïëÿ÷î¨�
äçè è. ßêùî æ êîìïîçèòíó ÷àñòèíêó ðîçãëÿäàòè ÿê ãàíòåëü ç ïðîòèëåæíèìè çàðÿäàìè íà êiíöÿõ
àáî, çàãàëüíiøå, ÿê ïîëÿðèçîâàíèé òîíêèé ñòðèæåíü, òî ñèñòåìà çâîäèòüñÿ äî çáóðåíîãî ñôåðè÷íî-
ãî ìàÿòíèêà. Òàêó ìîäåëü àíàëiçó¹ìî ìåòîäîì óñåðåäíåííÿ íåëiíiéíî¨ äèíàìiêè. Ïîêàçàíî, ùî äëÿ
øâèäêîãî îáåðòàííÿ äçè è õàðàêòåðíå ñòåïåíåâå ñïîâiëüíåííÿ, ÿêå àñèìïòîòè÷íî ïåðåõîäèòü â åêñ-
ïîíåíöiéíå çàãàñàííÿ êîëèâàíü äèïîëÿ íàâêîëî íàïðÿìêó éîãî ðiâíîâàãè (òîáòî çîâíiøíüîãî ïîëÿ).
ßê ïðèêëàäè ðîçãëÿíóòî êîìïîçèòíi ÷àñòèíêè ç âåëèêèì ïåðìàíåíòíèì äèïîëüíèì ìîìåíòîì, ÿê-îò:
öåëþëîçíi íàíîêðèñòàëè òà DAST-íàíîêðèñòàëè. Îöiíåíî åôåêòèâíiñòü ñòàáiëiçàöi¨ òàêèõ ÷àñòèíîê
ó çîâíiøíüîìó ïîëi.

ÇÀÏËÓÒÀÍIÑÒÜ ÑÏIÍÓ S = 1 Ç IÍØÈÌÈ ÑÏIÍÀÌÈ Â ÃÐÀÔÎÂÎÌÓ ÑÒÀÍI ÄËß ÐIÇÍÈÕ
ÏÎ×ÀÒÊÎÂÈÕ ÑÒÀÍIÂ ÑÏIÍIÂ

Ðîñòèñëàâ Êîëåñíèê
Êàôåäðà òåîðåòè÷íî¨ ôiçèêè iìåíi ïðîôåñîðà Iâàíà Âàêàð÷óêà,

Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà

Çíàéäåíî çàïëóòàíîñòi ñïiíó S = 1 ç iíøèìè ñïiíàìè â ãðàôîâîìó ñòàíi ç óðàõóâàííÿì éîãî
ñòóïåíÿ âóçëà. Çàïëóòàíîñòi çíàéøëè, âèêîðèñòîâóþ÷è åíòðîïiþ ôîí Íåéìàíà äëÿ ñòóïåíiâ âóçëà
k = 1, 2, 3. Ñòóïiíü âóçëà k = 1 ìè óòâîðþ¹ìî çà äîïîìîãîþ îïåðàòîðà åâîëþöi¨ U12 = eiαS

x
1S

x
2 , ïîäi-

ÿâøè íèì íà ïî÷àòêîâèé ñòàí |ψ0⟩ = |000 . . . 0⟩. Ñòóïåíi âóçëà âèùîãî ïîðÿäêó óòâîðþ¹ìî äîáóòêîì
ïîäiáíèõ îïåðàòîðiâ åâîëþöi¨. Îñêiëüêè òàêi îïåðàòîðè åâîëþöi¨ êîìóòóþòü ìiæ ñîáîþ, òî ìè ìîæå-
ìî âïëèâàòè??? íèìè íà ïî÷àòêîâèé ñòàí |ψ0⟩ äîâiëüíî. Âèÿâëåíî, ùî ìàòðèöÿ ãóñòèíè äëÿ äîñëi-
äæóâàíîãî ñïiíó â ãðàôîâîìó ñòàíi çàâæäè çâîäèòüñÿ äî îäíàêîâî¨ ôîðìè. Ïîáóäîâàíî çàëåæíiñòü
çàïëóòàíîñòi âiä ïàðàìåòðà åâîëþöi¨ äëÿ êîæíîãî ñòóïåíÿ âóçëà. Çíàéäåíî ñåðåäíþ çàïëóòàíiñòü
äëÿ âñiõ ñòóïåíiâ âóçëà òà ïîáóäîâàíî çàëåæíiñòü ñåðåäíüî¨ çàïëóòàíîñòi âiä ñòóïåíÿ âóçëà. Àíàëî-
ãi÷íi îá÷èñëåííÿ áóëè ïðîâåäåíi òàêîæ äëÿ âèïàäêó, êîëè äîñëiäæóâàíèé l -òèé ñïií ¹ â ñòàíi |1⟩,
òîáòî ïî÷àòêîâèé ñòàí óñiõ ñïiíiâ çàäà¹òüñÿ íàñòóïíîþ õâèëüîâîþ ôóíêöi¹þ: |ψ0⟩ = |000 . . . 1 . . . 0⟩.
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PHASES OF BOSE�FERMI MIXTURES IN 4− ϵ DIMENSION

V. Pastukhov
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko Lviv National University of Lviv

We discuss universal properties of strongly interacting mixtures of bosons and spin-polarized fermions in
the dimension close to d = 4. In four dimensions precisely, the system exhibits a stable phase comprising
dimers composed of one bosonic and one fermionic atom, as well as nondimerized fermions. At some
critical density of bosons, the BEC transition emerges, signaling an instability of the mixed state. A
small ϵ completely changes the phase diagram of the system enriching it with various p-wave fermionic
super�uids. A further increase in bosonic density leads to the formation of a three-component mixture
with the fermions, dimers and trimers involved.

DETAILED PHOTOIONIZATION MODELING OF THE NEBULAR ENVIRONMENT
IN DWARF GALAXIES

B. Melekh, O. Buhajenko, I. Koshmak
Department for Astrophysics, Ivan Franko National University of Lviv

Photoionization modeling allows us to determine the ionization structure of nebular plasmas surrounding
the central active star formation region in a dwarf galaxy. Such modeling is based on spatial distributions of
gas density, chemical abundances, and temperature in the superwind region provided by chemo-dynamical
simulations (ChDS) of such objects. We perform the multicomponent photoionization modeling (MPhM)
of the ionized nebular gas with a detailed calculation of the di�use ionizing radiation (DCDIR) transfer
using 2-D ChDS result of a dwarf galaxy. To reproduce the relative intensity of important emission lines,
a thin dense shell (TDS) was arti�cially added between the superwind region and the outer part of the
nebular environment. Emissivities and opacities obtained in this way for emission lines and continuum
are used in the following iterations to calculate the di�use ionizing radiation �uxes in a detailed way with
adaptive selection of integration steps.
After the convergence of the ionization structure (spatial distributions of gas density and temperature as

well as ionization fractions of chemical elements and emissivities of important emission lines), the modeling
ionization structure (IoS) was analyzed. It was concluded that the IoS of the nebular environment is quite
di�erent from the one calculated in the popular and fast OUTW approximation.
The so-called diagnostics Te- and R23-methods were used to derive the chemical abundance of oxygen

based on MPhM+DCDIR emission lines obtained for a synthetic small central aperture as well as a long
slit and tested for reproducing the oxygen abundance assumed in the model. Also, we tested the popular
Kennicutt's estimator for star formation rate using the Hα MPhM+DCDIR luminosity.

STRUCTURAL FEATURES AT FORMATION OF STRETCHABLE ELECTRONICS SYSTEMS
ON THE BASE LIQUID In�Ga�Sn AND MAGNETIC NANOPARTICLES

S. Mudry1, I. Shtablavyi1, M. Dudek2, M. Mar�c2, W. Wolak2 A. Drzewi�nski2
1Department for Physics of Metals, Ivan Franko National University of Lviv,

2Institute of Physics, University of Zielona G�ora, Poland

Gallium-based alloys due to their low melting point attract the attention of researchers in various areas
of industry, among which is also �exible electronics, revealing signi�cant progress over recent years. In
this work, we present the results of an investigation into the possibilities of using a liquid In�Ga�Sn alloy
of ternary eutectic composition as a functional element for the creation of stretchable electronic systems
containing magnetic nanoparticles. A few rows of nanoparticles, with nanoscale distances between them,
were arranged on the surface of a thin polymer �lm, and the space between these rows was �lled with liquid
In�Ga�Sn. This system can be used as an active element in various devices, wherein the current in the
metallic melt excites a spin wave in a row of magnetic nanoparticles. Creating the optimal thermodynamic
and kinetic conditions for spin wave excitation and their passage is a very important problem. For this
reason, in the initial stage, we investigated the structural changes that occur when magnetic nanoparticles
are mixed with the In�Ga�Sn eutectic melt.
Based on X-ray di�raction data, it was shown that there are no signi�cant changes in the structure

of the molten alloy and nanoparticles. However, it should be noted that the size of the structural units
(clusters) in the melt is slightly reduced due to contact with the nanoparticles. This e�ect is likely more
pronounced at the boundaries between the melt and the nanoparticles. These features, as inferred from
the XRD results, are also con�rmed by electrocoductivit and DSC measurements.

1998-4



LOCAL STRUCTURE AND SPECTROSCOPIC PROPERTIES OF COMPLEX LEAD SILICATE
GLASS DOPED WITH Cu

I. I. Kindrat1, B. V. Padlyak1,2, Y. O. Kulyk3, A. Drzewiecki1, Y. S. Hordieiev4,
V. I. Goleus4, R. Lisiecki5

1Institute of Physics, University of Zielona G�ora, Poland
2Vlokh 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
5Division of Optical Spectroscopy, Institute of Low Temperature and Structure Research of the PAS,

Wroc law, Poland

The glass, with a base composition of 0.521PbO�0.371SiO2�0.068ZnO�0.027K2O�0.013BaO, doped with
CuO (or PbSiZnKBaO:CuO) was obtained by using the standard melt quenching method. The glass was
then characterized using various techniques, including XRD, EPR, IR transmission, optical absorption,
and photoluminescence (emission and excitation spectra and decay kinetics) [1]. The glassy-like XRD
pattern of the PbSiZnKBaO:CuO glass was analyzed in order to obtain the radial distribution function.
The average interatomic distances and coordination numbers for SiO4 and PbOn (n = 4 − 6) structural
units, as well as the Pb�Pb interatomic distances in the network of the studied glass, were determined.
The observed characteristic axially-symmetric EPR spectrum of the Cu2+ (3d9, 2D5/2) paramagnetic
ions was adequately described by the spin Hamiltonian formalism. The IR transmission spectrum of the
PbSiZnKBaO:CuO glass in the spectral range of 400�4000 cm−1 was registered and analyzed.
The optical absorption spectrum shows a broad band with a maximum around 870 nm attributed to

the 2B1g →2B2g transition of Cu2+ ions. The fundamental absorption edge was analyzed to determine
the optical band gap and the Urbach energy of the PbSiZnKBaO:CuO glass. Photoluminescence spectra
(excitation and emission) and decay kinetics of the studied glass were registered and interpreted. The weak
emission band observed in the blue spectral range, with a luminescence lifetime of 0.56µs, is attributed to
the 3d94s−1 → 3d10 transition of Cu+ (3d10, 1S0) ions. The intense broad emission band observed in the
green spectral range, with very fast decay kinetics, was attributed to the intrinsic luminescence as a result
of the band-to-band electron-hole recombination. The CIE chromaticity diagram for the Cu+ emission
and intrinsic luminescence in the studied glass was constructed and discussed.

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

LONG-WAVELENGTH PROTEIN CRYSTALLOGRAPHY AT DIAMOND LIGHT SOURCE

V. B. Mykhaylyk
Diamond Light Source, Harwell Campus, Didcot, UK

The long wavelength I23 beamline at Diamond Light Source stands out as an exceptional facility
designed for advancing the resolution of crystallographic phase problems. Its primary focus is to conduct
X-ray di�raction (XRD) experiments near the atomic absorption edges of light atoms naturally present in
proteins. Operating within a core wavelength range spanning 1.2 to 5�A, this beamline provides a valuable
experimental setup that complements the capabilities of �ve other XRD beamlines available at Diamond
Light Source.
To mitigate absorption e�ects, the entire beamline, including the end station equipped with a goniometer

and detector, functions within a vacuum environment (< 10−7 mbar). The cooling process for samples
during storage, transfer, and data collection is executed through a network of conductive links connecting
pulse tube cryocoolers with sample storage and the kappa goniometer. Featuring a large cylindrical Pilatus
12M detector, the beamline facilitates access to di�raction data up to 2θ = ±90◦, coupled with the absence
of X-ray scattering, ensuring superior quality di�raction data.
The beamline supports a diverse array of phasing experiments, including sulphur/phosphorus single

wavelength anomalous dispersion (S/P-SAD). This versatility is further highlighted by recent results
obtained from the beamline, and the discussions will explore the newly discovered possibilities it o�ers
for macromolecular crystallography, particularly with the extension of the wavelength range towards the
sulfur and phosphorous K-absorption edges.
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Examples showcasing the identi�cation of biologically crucial ions such as Ca2−, K+, or Cl− through
anomalous contrast will be presented. Additionally, insights into structures solved on the beamline based
on the anomalous signal from elements like S, Cl, I, K, Ca, V, etc., will be explored.

NUMERICAL GROUND STATE ENERGY PREDICTION VIA NEURAL VARIATIONAL MONTE
CARLO WITH EVOLUTION STRATEGIES

M. Moroz, O. Bovgyra
Department for Solid State Physics, Ivan Franko National University of Lviv

e-mail: michael08840884@gmail.com

Variational Monte Carlo (VMC) is a well-studied method originating in the late 1940s. However, it
gained prominence only in the 1970s due to advancements in computer power and the development of
more powerful algorithms. Traditionally, VMC has primarily been employed for computing the initial
wavefunction ansatz, which is then used in Di�usion Monte Carlo (DMC) methods to obtain a more
precise prediction of the ground state energy. Historically, the main limitation of VMC has been its
functional form and optimization method. Despite some advancements, such as incorporating Jastrow
factors, back�ow transformations, and stochastic recon�guration, VMC has remained restricted in terms
of its expressiveness and performance. In today's era, thanks to the rapid progress of neural network
models, we can optimize large parametric functions for any type of data with the desired level of precision.
Furthermore, hardware optimization for these types of computations continues to improve steadily.
Recently, it has been proposed and shown that one can use such neural networks as the base ansatz for

a wave function. Due to the striking similarity between stochastic gradient descent optimization methods
and VMC optimization methods, it has been a very natural progression to use machine learning techniques
to optimize these ansatzes with remarkable accuracy, often surpassing the need for DMC. Some of the
more prominent recent advances include reaching chemical accuracy on a set of molecules using a model
called FermiNet by Pfau et al. [1], computing excited state energies [2], computing band spectra of real
solids in second-quantization formalism [3] etc.
In this study, we present a novel approach to optimize neural network wave function ansatzes using

Evolution Strategies (ES) within a VMC framework. Evolution Strategies enable the e�ective optimization
of intricate functions that are inherent in many-electron systems.
Our ES-VMC method can accurately predict the ground state energy of simple systems with higher

precision compared to Hartree-Fock methods. For instance, in the case of Lithium, our method achieved a
highly accurate energy prediction of −7.45 Hartree, closely approximating the exact energy value of −7.47
Hartree. Likewise, for Methane, our method yielded an energy value of −40.292 Hartree, demonstrating
a narrow margin of error of only 0.5% compared to the exact value of −40.514 Hartree.
These results highlight the potential of ES-VMC as a promising alternative to classical optimization

methods used in VMC. The method's ability to optimize functions without relying on their gradients
makes it faster and capable of optimizing more challenging functional forms of di�erent ansatzes.

[1] D. Pfau, J. S. Spencer, A. G. D. G. Matthews, W. M. C. Foulkes, Phys. Rev. Res. 2, 033429 (2020).
[2] D. Pfau, S. Axelrod, H. Sutterud, I. von Glehn, J. S. Spencer, arXiv:2308.16848 [physics.comp-ph] (2023).
[3] N. Yoshioka, W. Mizukami, F. Nori, Commun. Phys. 4, 106 (2021).

SEMICLASSICAL LIMIT OF QUANTUM LOGIC: INFORMATION LOSS

Maksym Teslyk1,2, Olena Teslyk1
1Taras Shevchenko National University of Kyiv, Ukraine

2University of Oslo, Norway
e-mail: machur@ukr.net

Quantum logic expressions can be reduced to their classical counterparts by applying the semiclassical
limit ℏ → 0. This reduction enables us to estimate the extent of information loss that occurs in each
gate from the complete set. Notably, expressions containing non-commuting operators exhibit the most
signi�cant loss. This observation suggests that non-commutativity can be regarded as a resource for
quantum speed-up. To illustrate these �ndings, we apply the reduction technique to the quantum discrete
Fourier transform and the Grover search algorithms.
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ÊÂÀÍÒÎÂI ÔËÓÊÒÓÀÖI� ÒÀ ÊÂÀÍÒÎÂÈÉ ÕÀÎÑ ËÎÊÀËIÇÎÂÀÍÈÕ ÑÒÀÍIÂ:
ÏÎÇÀ×ÀÑÎÂÎ ÂÏÎÐßÄÊÎÂÀÍI ÊÎÐÅËßÖIÉÍI ÔÓÍÊÖI� ÄËß ÌÎÄÅËI

ÔÀËIÊÎÂÀ�ÊIÌÁÀËÀ

À. Øâàéêà
Iíñòèòóò ôiçèêè êîíäåíñîâàíèõ ñèñòåì ÍÀÍ Óêðà¨íè, Ëüâiâ

Äîñëiäæåíî êâàíòîâi ôëóêòóàöi¨ é êâàíòîâèé õàîñ ëîêàëiçîâàíèõ ñòàíiâ äëÿ ñèëüíîñêîðåëüîâà-
íèõ åëåêòðîííèõ ñèñòåì. Çîêðåìà, äëÿ ìîäåëi Ôàëiêîâà�Êiìáàëà, ùî îïèñó¹ ñèñòåìó âçà¹ìîäiéíèõ
êîëåêòèâiçîâàíèõ òà ëîêàëiçîâàíèõ åëåêòðîííèõ ñòàíiâ, ðîçðàõîâàíî ïîçà÷àñîâî âïîðÿäêîâàíi êîðå-
ëÿöiéíi ôóíêöi¨, ÿêi ñëóãóþòü ìiðîþ ïîøèðåííÿ/ïåðåìiøóâàííÿ êâàíòîâî¨ iíôîðìàöi¨. Óñòàíîâëåíî
òðè ðåæèìè ïîâåäiíêè ñèñòåìè. Äëÿ ìàëèõ çíà÷åíü êóëîíîâî¨ âçà¹ìîäi¨ ñèñòåìà øâèäêî õàîòèçó¹òüñÿ
âíàñëiäîê òåðìi÷íèõ ôëóêòóàöié. Äëÿ áiëüøèõ çíà÷åíü êóëîíîâî¨ âçà¹ìîäi¨ ëîãàðèôìi÷íà ïîõiäíà
(âiäïîâiäíèê ïîêàçíèêà Ëÿïóíîâà) ïðîÿâëÿ¹ êîëèâàííÿ íàñè÷åííÿ, ÿêi ìîæíà ïîâ'ÿçàòè ç ðåçîíàí-
ñàìè Ðþåëÿ�Ïîëëiêîòòà äëÿ ñòîõàñòè÷íèõ äèíàìi÷íèõ ñèñòåì. Äëÿ ùå áiëüøî¨ êóëîíîâî¨ âçà¹ìîäi¨
äèíàìiêà ñèñòåìè óñêëàäíþ¹òüñÿ ç ðóéíóâàííÿì ðåçîíàíñiâ Ðþåëÿ�Ïîëëiêîòòà çà âåëèêèõ ÷àñiâ.

UNEXPECTED LOCAL DENSITY BIMODALITY IN 2D HARD DISKS UNDER EXTREME
CONFINEMENT

Andriy Trokhymchuk1,2
1Faculty of Chemistry and Chemical Technology, University of Ljubljana, Slovenia

2Institute for Condensed Matter Physics NASU, Lviv, Ukraine

By using , NV T, computer simulations and cell theory, we show that a two-dimensional (2D) array
of hard disks, which is laterally con�ned within a narrow (quasi-1D) hard wall channel of a width that
aligns with the vertical triangular lattice, exhibits a bimodal distribution of local density. This unique
characteristic has not been previously reported in either bulk or con�ned systems of hard disks.
We contend that the simplicity of a quasi-1D system of hard disks provides us with a signi�cantly

enhanced and more quantitative understanding of both the gas-liquid and liquid-to-solid transformations
observed and discussed in condensed matter.

ÑÈ�ÍÀË Ó ËIÍI� ÃIÄÐÎÃÅÍÓ 21 ñì Ç ÐÀÍÍÜÎÃÎ ÂÑÅÑÂIÒÓ: ÒÅÎÐÅÒÈ×ÍI
ÏÅÐÅÄÁÀ×ÅÍÍß ÒÀ ÑÏÎÑÒÅÐÅÆÍI ÏÅÐÑÏÅÊÒÈÂÈ

Á. Íîâîñÿäëèé, Þ. Êóëiíi÷
Àñòðîíîìi÷íà îáñåðâàòîðiÿ, Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà

Àíàëiç ôîðìóâàííÿ ëiíi¨ íàäòîíêî¨ ñòðóêòóðè 21 ñì íåéòðàëüíîãî ãiäðîãåíó â ðàííüîìó Âñåñâiòi,
â åïîõè Òåìíèõ âiêiâ, Êîñìi÷íîãî ñâiòàíêó òà Ðåéîíiçàöi¨ âêàçó¹ íà òðè ñïåêòðàëüíi îñîáëèâîñòi,
äåòåêòóâàííÿ ÿêèõ ìîæå ñòàòè âàæëèâèì êîñìîëîãi÷íèì òåñòîì ùîäî ïðèðîäè ÷àñòèíîê òåìíî¨ ìà-
òåði¨ ÷è âåëè÷èíè ïåðâiñíîãî ìàãíiòíîãî ïîëÿ. Ó ñòàíäàðòíié ΛCDM-ìîäåëi öèìè ñïåêòðàëüíèìè
îñîáëèâîñòÿìè ¹ ëiíiÿ ïîãëèíàííÿ íà ÷àñòîòi ∼ 15 ÌÃö, ùî ôîðìó¹òüñÿ â åïîõó Òåìíèõ âiêiâ íà
÷åðâîíèõ çìiùåííÿõ 80 ≤ z ≤ 90, ëiíiÿ ïîãëèíàííÿ íà ÷àñòîòi ∼ 80 ÌÃö, ùî ôîðìó¹òüñÿ â åïîõó
Êîñìi÷íîãî ñâiòàíêó íà 12 ≤ z ≤ 20, òà ëiíiÿ âèïðîìiíþâàííÿ íà ÷àñòîòi ∼ 120 ÌÃö, ùî ôîðìó¹òüñÿ
â åïîõó Ðåéîíiçàöi¨ íà 6 ≤ z ≤ 10. Ëiíiÿ, ùî ôîðìó¹òüñÿ â åïîõó Òåìíèõ âiêiâ, ÷óòëèâà äî äîäàòêî-
âèõ ìåõàíiçìiâ éîíiçàöi¨ òà íàãðiâàííÿ, ÿêi íàÿâíi â ìîäåëÿõ ç ðîçïàäíîþ/ñàìîàíiãiëÿöiéíîþ òåìíîþ
ìàòåði¹þ ÷è çà íàÿâíîñòi ïåðâèííîãî ìàãíiòíîãî ïîëÿ, à òàêîæ äî äîäàòêîâîãî îõîëîäæåííÿ â ìî-
äåëÿõ ç íå ðàâiòàöiéíîþ âçà¹ìîäi¹þ áàðiîííî¨ é òåìíî¨ ìàòåði¨. Ñè íàë ó öié ëiíi¨ ìà¹  ëîáàëüíèé
õàðàêòåð � îäíàêîâèé ó ðiçíèõ íàïðÿìêàõ íà íåái. Ëiíiÿ ç åïîõè Êîñìi÷íîãî ñâiòàíêó âèçíà÷à¹òüñÿ
ëîêàëüíèì ñïåêòðàëüíèì åíåð åòè÷íèì ðîçïîäiëîì âèïðîìiíþâàííÿ ïåðøèõ äæåðåë ñâiòëà, çîêðå-
ìà ñïiââiäíîøåííÿì Lyα i Lyc êâàíòiâ, ÿêå âèçíà÷à¹ ïîëîæåííÿ ëiíi¨, ¨¨ õàðàêòåð (ïîãëèíàííÿ ÷è
âèïðîìiíþâàííÿ) òà iíòåíñèâíiñòü. Öå îçíà÷à¹, ùî ñè íàë â ëiíi¨ 21 ñì ãiäðîãåíó ç öi¹¨ åïîõè íå ¹  ëî-
áàëüíèì, ùî ïîÿñíþ¹ ðiçíèöþ â ðåçóëüòàòàõ åêñïåðèìåíòiâ EDGES (2018) i SARAS 3 (2022). Îöiíêà
î÷iêóâàíèõ ñè íàëiâ ó ëiíi¨ 21 ñì íåéòðàëüíîãî ãiäðîãåíó ç åïîõè Òåìíèõ âiêiâ i Êîñìi÷íîãî ñâiòàí-
êó âêàçó¹ íà ìîæëèâîñòi ¨õ äåòåêòóâàííÿ ñó÷àñíèìè íàé÷óòëèâiøèìè òåëåñêîïàìè äåêàìåòðîâîãî
òà ìåòðîâîãî äiàïàçîíó äîâæèí õâèëü íàçåìíîãî áàçóâàííÿ. Ïåðñïåêòèâíèìè ¹ ïðî¹êòè ðîçòàøó-
âàííÿ òåëåñêîïiâ äëÿ äåòåêòóâàííÿ öèõ ñè íàëiâ íà çâîðîòíié ñòîðîíi Ìiñÿöÿ äëÿ óñóíåííÿ çàâàä
òåõíîãåííîãî õàðàêòåðó.
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ION MIGRATION PATHWAYS IN CRYSTALS WITH SCHEELITE-TYPE STRUCTURE
Volodymyr Shevchuk, Ihor Êayun

Faculty of Electronics and Computer Technologies, Ivan Franko National University of Lviv
shevchuk@electronics.lnu.edu.ua

The study presents data obtained from computer calculations and stereo-atomic crystal structure
analysis applied to AMO4 compounds (A = Ba,Ca,Cd,Pb,Sr,Zn,Eu; M = W,Mo), as well as solid
solutions based on these compounds. The focus of the investigation is on exploring the potential migrati-
on 3D-paths and channels for W or Mo ions within nano-sized scheelite- and wolframite-type structures
of AMO4. The TOPOS program package was utilized for calculating the ion migration in real crystals.
In our previous paper [1], we presented an analysis of the pathways for W- or Mo-ion migration in

scheelite-type crystals. The study identi�ed four in�uencing factors (structural factors, partial cationic
substitution, temperature, and technological conditions of compound growth technique) that can lead to
changes in the possible ion migration path, eventually resulting in the formation of continuous migration
pathways. Furthermore, the proposed approach demonstrated its usefulness as a tool for investigating
structural point defects. The talk discussed both the calculated and experimental data on ion migration
in crystals.

[1] V. N. Shevchuk, I. V. Kayun, Electron. Inform. Technol. 19, 3 (2022).

ÂÈÑÎÊÎÒÎ×ÍÀ ÏÎËßÐÈÌÅÒÐIß ÊÐÈÑÒÀËIÂ Rb2SO4

I. Ïðèøêî1, Í. Ôòîìèí1, Â. Ñòàäíèê1, ß. Øîïà2
1Êàôåäðà çàãàëüíî¨ ôiçèêè, Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà

2Óíiâåðñèòåò êàðäèíàëà Ñòåôàíà Âèøèíñüêîãî, Âàðøàâà, Ïîëüùà

HAUP (High-accuracy universal polarimeter) ïîëÿðèìåòðiÿ òà ñïîðiäíåíi ç íåþ ìåòîäèêè ¹ íàéòî÷íi-
øèìè â ñó÷àñíîìó îïòè÷íîìó åêñïåðèìåíòi é øèðîêî çàñòîñîâóþòüñÿ äëÿ âèìiðþâàííÿ òåìïåðàòóð-
íèõ i ñïåêòðàëüíèõ çìií ïàðàìåòðiâ ìàòåðiàëiâ (îïòè÷íà àêòèâíiñòü, ëiíiéíå äâîïðîìåíåçàëîìëåííÿ,
ëiíiéíèé òà öèðêóëÿðíèé äèõðî¨çì). Âèñîêîòî÷íi ïîëÿðèìåòðè ïîñòiéíî óäîñêîíàëþþòüñÿ, çîêðå-
ìà, âèêîðèñòîâóþòüñÿ ÏÇÇ (ïðèëàäè iç çàðÿäîâèì çâ'ÿçêîì) ëiíiéêè [1], çàñòîñîâóþòüñÿ ñõåìè ç
äâîìà ëàçåðàìè (äâà äæåðåëà ñâiòëà ç áëèçüêèìè äîâæèíàìè õâèëi � äâîïðîìåíåâà ïîëÿðèìåòðiÿ
[2]) òîùî. Òîìó ðåçóëüòàòè, îòðèìàíi íà îñíîâi ïîëÿðèìåòðè÷íîãî åêñïåðèìåíòó, õàðàêòåðèçóþòüñÿ
âèñîêîþ íàäiéíiñòþ.
Îñíîâîþ íàøî¨ ìåòîäèêè ¹ âèìiðþâàííÿ îïòè÷íîãî ïðîïóñêàííÿ ñèñòåìè, ÿêà ñêëàäà¹òüñÿ ç ïîëÿ-

ðèçàòîðà çðàçêà òà àíàëiçàòîðà (ñèñòåìà PSA Polarizer�Specimen�Analyzer). Âiäíîñíà iíòåíñèâíiñòü
ñâiòëà J íà âèõîäi ç òàêî¨ ïîëÿðèçàöiéíî¨ ñèñòåìè çàëåæèòü âiä àçèìóòiâ ïîëÿðèçàòîðà (θ) òà àíàëi-
çàòîðà (χ) é îïèñó¹òüñÿ êâàäðàòè÷íîþ ôóíêöi¹þ J (θ, χ). Îäíi¹þ ç îñîáëèâîñòåé ìåòîäèêè ïîëÿðè-
ìåòði¨ ¹ àíàëiç HAUP-ìàï (ñóêóïíiñòü êðèâèõ äðóãîãî ïîðÿäêó, ÿêi óòâîðþþòüñÿ ïåðåðiçîì ïîâåðõíi
îïòè÷íîãî ïðîïóñêàííÿ ïëîùèíàìè îäíàêîâî¨ iíòåíñèâíîñòi). Îñîáëèâó óâàãó ïðèäiëåíî òàêîæ óðà-
õóâàííþ ïàðàìåòðiâ íåäîñêîíàëîñòi ïîëÿðèçàöiéíèõ åëåìåíòiâ (ïîëÿðèçàòîðà òà àíàëiçàòîðà), ÿêi
âèêîðèñòîâóþòü ïiä ÷àñ âèìiðþâàíü. Îñêiëüêè ïîâåðõíi çðàçêiâ, ÿêi çàñòîñîâàíî â íàøié ìåòîäèöi,
çàçâè÷àé õàðàêòåðèçóþòüñÿ âèñîêîþ ÿêiñòþ, òî äîâîëi ÷àñòî ìîæóòü ñïîñòåðiãàòèñÿ åôåêòè áàãàòî-
êðàòíîãî âiäáèâàííÿ ñâiòëà.
Ìåòà öi¹¨ ðîáîòè � ïîëÿðèìåòðiÿ êðèñòàëiâ Rb2SO4 (êðèñòàëè ãðóïè K2SO4). Îïòèêî-

åëåêòðîííi äîñëiäæåííÿ ïàðàìåòðiâ öèõ ìàòåðiàëiâ îïèñàíî â [3]. Âèìiðþâàííÿ ïðîâîäèëè íà
êîìï'þòåðèçîâàíîìó ëàçåðíîìó ïîëÿðèìåòði äëÿ òðüîõ äîâæèí õâèëi âèïðîìiíþâàííÿ (λ = 532,
635, 650 íì). Âèêîðèñòîâóþ÷è àíàëiòè÷íi ñïiââiäíîøåííÿ äëÿ êóòà íàõèëó ìiíiìiçîâàíèõ iíòåíñèâ-
íîñòåé ∂χ/∂θ, îòðèìàëè òåìïåðàòóðíi çàëåæíîñòi âåëè÷èíè cos Γ (Γ = (2π/λ) d∆n, d � òîâùèíà
çðàçêà, ∆n � ëiíiéíå äâîïðîìåíåçàëîìëåííÿ). Ïðîàíàëiçîâàíî òåìïåðàòóðíó åâîëþöiþ êóòà íàõèëó
ãîëîâíèõ îñåé åëiïñiâ íà HAUP-ìàïàõ. Ðîçðàõîâàíî âåëè÷èíó ëiíiéíîãî äâîïðîìåíåçàëîìëåííÿ öèõ
êðèñòàëiâ ó òåìïåðàòóðíîìó äiàïàçîíi âiä 20 äî 100◦C.

[1] A.Takanabe, H. Koshima, T. Asahi, AIP Adv. 7, 025209 (2017).
[2] Y. Shopa, M. Shopa, N. Ftomyn, J. Appl. Cryst. 56, 432 (2023).
[3] M. Ya. Rudysh, I. A. Pryshko, P. A. Shchepanskyi, V. Yo. Stadnyk, R. S. Brezvin, Z. O. Kogut, Optik 269,

169875 (2022).
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HARMONIC OSCILLATOR WITH A DELTA-FUNCTION POTENTIAL
AT THE ORIGIN IN DEFORMED SPACE WITH MINIMAL LENGTH

M. I. Samar
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv

In the general case of a deformed space with minimal length, we examine the 1D Schr�odinger equation
with a potential perturbed by a Dirac delta function. A Green's function technique is used to calculate
an exact implicit expression, providing the impact of the 1D delta function potential on the eigenvalues
of bound states. Additionally, it is demonstrated that the weak coupling limit of this expression is in
agreement with the perturbative treatment of the delta function. A few quantum systems are presented
where the e�ect of adding a delta function potential on bound states can be precisely computed. We
explicitly determine the exact transcendental equation for the bound state energies of a one-dimensional
harmonic oscillator perturbed by a single point interaction.

ÂÏËÈÂ ÄÎÌIØÊÈ ÌÀÍ�ÀÍÓ ÍÀ ÎÏÒÈÊÎ-ÅËÅÊÒÐÎÍÍI ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ
ÊÐÈÑÒÀËÀ ÑÓËÜÔÀÒÓ ÊÀËIÞ

Â. É. Ñòàäíèê, Ï. À. Ùåïàíñüêèé, Ð. Ñ. Áðåçâií
Êàôåäðà çàãàëüíî¨ ôiçèêè, Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà

Ñèíòåçîâàíî ÿêiñíèé ìîíîêðèñòàë ñóëüôàòó êàëiþ ç äîìiøêîþ ìàí àíó, âèçíà÷åíî éîãî êðèñòà-
ëi÷íó ñòðóêòóðó, äîñëiäæåíî äèñïåðñiþ ïîêàçíèêiâ çàëîìëåííÿ òà ðîçðàõîâàíî çîííî-åíåð åòè÷íó
ñòðóêòóðó. Ç'ÿñîâàíî, ùî êðèñòàëi÷íó ñòðóêòóðó äîìiøêîâèõ êðèñòàëiâ K2SO4 ìîæíà ðîçãëÿäàòè ÿê
ðåçóëüòàò êðàòíîãî ãåòåðîâàëåíòíîãî çàìiùåííÿ äâîõ àòîìiâ K+ íà îäèí àòîì Mn2+ òà óêëàäàííÿ
êîëîí ç òåòðàåäðiâ SO2−

4 .
Ïîêàçàíî, ùî äíî çîíè ïðîâiäíîñòi ñôîðìîâàíå s- òà p-ñòàíàìè àòîìiâ ñiðêè òà êàëiþ, à âåðøèíà

âàëåíòíî¨ çîíè óòâîðåíà p-ñòàíàìè êèñíþ òà s-ñòàíàìè êèñíþ. Äîìiøêà ìàí àíó â ãóñòèíi ñòàíiâ
êðèñòàëà ñóëüôàòó êàëiþ ïðåäñòàâëåíà âóçüêèì iíòåíñèâíèì ïiêîì d-åëåêòðîíiâ, ùî âiäïîâiäà¹ ðiâ-
íÿì äîìiøêè â çàáîðîíåíié çîíi ïîáëèçó âåðøèíè âàëåíòíî¨ çîíè. Ðîçðàõîâàíà øèðèíà çàáîðîíåíî¨
çîíè äîìiøêîâîãî êðèñòàëà, îòðèìàíà ç âèêîðèñòàííÿì GGA�PBE-ìåòîäó, ñòàíîâèòü Eg = 5.92 åÂ,
òîäi ÿê ÷èñòîãî êðèñòàëà � 5.20 eÂ.
Ç'ÿñîâàíî, ùî ââåäåííÿ äîìiøêè ñïðè÷èíÿ¹ çìiùåííÿ ïîëîæåííÿ öåíòðiâ ÓÔ- îñöèëÿòîðiâ ó äîâãî-

õâèëüîâó äiëÿíêó ñïåêòðà, çìåíøåííÿ ñèëè âiäïîâiäíèõ îñöèëÿòîðiâ, âåëè÷èí ðåôðàêöi¨ çâ'ÿçêiâ òà
åëåêòðîííî¨ ïîëÿðèçîâíîñòi ùîäî ÷èñòèõ êðèñòàëiâ. Ðîçðàõîâàíèé êiëüêiñíèé êîåôiöi¹íò àíiçîòðîïi¨
äîìiøêîâîãî êðèñòàëà âêàçó¹ íà çìåíøåííÿ éîãî àíiçîòðîïi¨ ïîðiâíÿíî ç ÷èñòèì êðèñòàëîì.

LOCAL STRUCTURE AND SPECTROSCOPY OF THE Li2B4O7:Mn,Er GLASS

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

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

High quality glass with Li2B4O7:Mn,Er composition containing 1.0 mol.% MnO2 and Er2O3 impurities
was obtained and studied by using X-ray di�raction (XRD), electron paramagnetic resonance (EPR) and
optical spectroscopy techniques for the �rst time.
Local structure parameters (interatomic distances and coordination numbers) of the Li2B4O7:Mn,Er

were derived from the radial distribution function, calculated from XRD data. Analysis of EPR and optical
spectroscopy (absorption, luminescence excitation, emission, decay kinetics) results shows the presence of
Mn2+(3d5), Mn3+(3d4) and Er3+ (4f11) ions in the Li2B4O7:Mn,Er glass network. Particularly, in the
studied glass three types of the Mn2+ centres have been identi�ed: single Mn2+ (1) centres in the strongly
distorted sites of rhombic symmetry (ratio of rhombic and axial constants |E/D| ≤ 1/3), single Mn2+ (2)
centres in sites of almost cubic symmetry (D ≃ 0, E ≃ 0), and Mn2+ pair centres and their small clusters,
coupled by magnetic dipolar and exchange interactions.
The optical absorption spectrum of the Li2B4O7:Mn,Er glass shows a very broad intense band peaked

at 467 nm that belongs to the 5Eg(D) →5 T2g(D) transition of Mn3+ ions and a number of weak
narrow lines belonging to f − f transitions of the Er3+ (4f11, 4I15/2) ions. The emission spectrum of
the Li2B4O7:Mn,Er glass exhibits a broad band corresponding to the 4T1g(G) →6 A1g(S) transition of
Mn2+ ions. The photoluminescence emission and excitation spectra as well as decay kinetics of Mn2+
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centres in the Li2B4O7:Mn,Er glass were discussed in comparison with the corresponding results obtained
for the Li2B4O7:Mn glass. The absence of the characteristic Er3+ and Mn3+ photoluminescence in the
Li2B4O7:Mn,Er glass is explained by the proposed mechanisms of energy transfer from Er3+ to Mn2+ and
Mn3+ ions.

Acknowledgments. This work was supported by the Ministry of Education and Science of Ukraine
(scienti�c research project No. 0122U001833), realized in the Vlokh Institute of Physical Optics (Lviv,
Ukraine).

ON RANK-ONE PERTURBATIONS OF PT -SYMMETRIC HAMILTONIANS

Oles Dobosevych1, Monika Homa2, Rostyslav Hryniv1,2
1Ukrainian Catholic University, Lviv, Ukraine

2University of Rzesz�ow, Poland
e-mails: {rhryniv, dobosevych} @ucu.edu.ua, mhoma@ur.edu.pl

Perturbation theory o�ers powerful methods to understand how small changes of Hamiltonians a�ect
their spectral properties. Additive rank-one perturbations have attracted much attention since, on the one
hand, they are simple enough to allow an explicit and often closed-form analysis and, on the other hand,
they are rich enough to produce unexpected spectral e�ects.
In this talk, we demonstrate that generic rank-one perturbations of a given Hermitian Hamiltonian with

discrete spectrum can create an arbitrary non-real spectrum. Even more surprising is the fact that a PT -
symmetric rank-one perturbation of a Hermitian PT -symmetric Hamiltonian with discrete spectrum can
produce a fairly generic set of complex bound states. We also discuss the inverse problem of constructing
a rank-one perturbation with the desired spectral e�ect.
The talk is based on the papers [1�3].

[1] O. Dobosevych, R. Hryniv, Linear Algebra Appl. 609, 339 (2021).
[2] O. Dobosevych, R. Hryniv, Integral Equ. Oper. Theory 93(2), 18 (2021).
[3] M. Homa, R. Hryniv, J. Phys. A: Math. Theor. 53, 375202 (2020).

ÊÂÀÍÒÎÂÀ ÒÅÎÐÅÌÀ ÅÐÍØÎÓ

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

Ó ñòàòòi [1] íà êëàñè÷íîìó ðiâíi äîñëiäæåíà çàäà÷à êîíòðîëþ ïîñòóïàëüíîãî òà îáåðòàëüíîãî ðóõó
âåëèêî¨ ìîëåêóëè ÷è íàíî÷àñòèíêè çi ñòàëèì äèïîëüíèì ìîìåíòîì çà äîïîìîãîþ åëåêòðè÷íèõ òà ìà-
ãíiòíèõ ïîëiâ. Öi ïîëÿ  åíåðóþòüñÿ åëåêòðîäàìè òà êîòóøêàìè ïåâíî¨ êîíôi óðàöi¨, ÿêi îáðàìëþþòü
ðîáî÷ó êàìåðó ïàñòêè. Çàâäàííÿ óñêëàäíþ¹òüñÿ òåîðåìîþ Åðíøîó, ÿêà çàáîðîíÿ¹ óòðèìàííÿ ñèñòåì
çàðÿäæåíèõ ÷àñòèíîê (ìîëåêóë ÷è íàíî÷àñòèíîê) òðèâèìiðíèì ñòàòè÷íèì ïîëåì ó ïîëîæåííi ñòié-
êî¨ ðiâíîâàãè [2, �6.3]. Ó öié ñòàòòi íà ïðèêëàäi ìîëåêóëè àòîìà âîäíþ ðîçãëÿíóòî êâàíòîâèé îïèñ
ïðîáëåìè. Iç âèêîðèñòàííÿì íàáëèæåííÿ Áîðíà�Îïåíãàéìåðà çíàéäåíî åëåêòðîííèé ïîòåíöiàë òà
îïèñàíî âiáðàöi¨ ïðîòîíiâ ïîáëèçó éîãî ìiíiìóìó. Îáåðòàííÿ ìîëåêóëè ìîäåëþâàëè ñóïåðïîçèöi¹þ
ñôåðè÷íèõ ãàðìîíiê [2, 3]. Âçà¹ìîäiÿ âèðîäæåíîãî âëàñíîãî ñòàíó âiëüíî¨ ìîëåêóëè ç ôiêñîâàíèì
ìîìåíòîì J

Ψrot
J (θ, φ) =

J∑
M=−J

DJMY
M
J (θ, φ), (1)

iç ìàãíiòíèì ïîëåì öiëêîì çíiìà¹ âèðîäæåííÿ, ðîçùåïëþþ÷è ñïiëüíó åíåð iþ îáåðòàëüíîãî ðóõó
âiëüíî¨ ìîëåêóëè íà 2J + 1 ðiâíiâ. Îñêiëüêè ÷àñòîòè îáåðòàëüíîãî ðóõó çíà÷íî ïåðåâèùóþòü ÷àñòî-
òè, ÿêi õàðàêòåðèçóþòü ðóõ öåíòðó ìàñ, ìè âèêîðèñòîâó¹ìî êâàçiêëàñè÷íèé ïiäõiä [3]: âíóòðiøíþ
äèíàìiêó ðîçãëÿäà¹ìî ÿê êâàíòîâó, à ðóõ öåíòðó ìàñ îïèñó¹ìî êëàñè÷íî. Êâàíòîâå óñåðåäíåííÿ
îáåðòàëüíèõ ðóõiâ ïðèâîäèòü äî êëàñè÷íîãî ãàìiëüòîíiàíà ç ïîòåíöiàëîì, ÿêèé ¹ ôóíêöi¹þ ìîäóëÿ
ìàãíiòíîãî ïîëÿ, à íå îêðåìèõ êîìïîíåíò ç ðiçíèìè çíàêàìè, ÿê öå â êëàñè÷íié òåîðåìi Åðíøîó.
Àíàëîãi÷íèé ðåçóëüòàò îòðèìó¹ìî, äîñëiäæóþ÷è âçà¹ìîäiþ ñòàòè÷íîãî åëåêòðè÷íîãî ïîëÿ ç äâî-

ðiâíåâîþ ñèñòåìîþ

Ψ(θ, φ; t) = e−iEatψa(θ, φ) + e−iEbtψb(θ, φ), (2)
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ñêîìïîíîâàíîþ ç äâîõ âèðîäæåíèõ âçà¹ìíî îðòîãîíàëüíèõ ñòàíiâ

ψa(θ, φ) =

J∑
M=−J

DJMY
M
J (θ, φ), ψb(θ, φ) =

J+1∑
N=−J−1

DJ+1,NY
N
J+1(θ, φ). (3)

Ñòàí çíîðìîâàíèé íà îäèíèöþ: ⟨ψa|ψa⟩ = κ òà ⟨ψb|ψb⟩ = 1 − κ, äå ïàðàìåòð 0 < κ < 1. Åíåð i¨
îáåðòàëüíîãî ðóõó ìîëåêóëè âîäíþ äîðiâíþþòü Ea = BeJ(J + 1) (äëÿ ñòàíó ψa) òà Eb = Be(J +
1)(J + 2) (äëÿ ñòàíó ψb). Òóò Be = 29.3 cm−1 � ðîòàöiéíà êîíñòàíòà ìîëåêóëè âîäíþ. Çîâíiøí¹
åëåêòðè÷íå ïîëå çíiìà¹ âèðîäæåííÿ. Ïiñëÿ êâàíòîâîãî óñåðåäíåííÿ îòðèìó¹ìî ãàìiëüòîíiàí ðóõó
öåíòðà ìàñ iç ïîòåíöiàëîì, çàëåæíèì âiä ìîäóëÿ åëåêòðè÷íîãî ïîëÿ.

[1] M. Przybylska, A. J. Maciejewski, Yu. Yaremko, New J. Phys. 22, 103047 (2020).
[2] R. V. Krems, Molecules in Electromagnetic Fields (John Wiley & Sons, Hoboken, NJ, 2019).
[3] A. Hashemloo, C. M. Dion, J. Chem. Phys. 143, 204308 (2015).

PHILOSOPHICAL, THEOLOGICAL AND CLASSICAL FOUNDATIONS OF MATHEMATICS

Taras Banakh
Department for Algebra, Topology and Fundamentals of Mathematics,

Ivan Franko National University of Lviv

We shall discuss the most basic 14 axioms that lie in the foundations of modern mathematics, their
similarity to the Ten Commandments, analogies between constructing the mathematical universe from
the empty set and creating our physical universe from the singularity, the presence of materialism and
idealism in mathematics, the impact of Occam's razor on the development of mathematics, the concepts
of classes and sets, and other intriguing philosophical aspects of mathematics.

PARTITION PROBLEM AND ITS SOLUTION WITH QUANTUM PROGRAMMING

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

Ivan Franko National University of Lviv
e-mails: khrystyna.gnatenko@gmail.com, voltkachuk@gmail.com

A well-known problem in computer science and number theory is the partition problem. This problem
involves dividing a set of numbers into two subsets in such a way that the sums of the numbers in the
subsets are as nearly equal as possible. In this context, we propose a quantum algorithm for �nding the
absolute di�erence between the sums of subsets using quantum programming. Speci�cally, we demonstrate
that this problem is connected to determining the energy of the ground state of a spin system described by
the Ising model. For solving this problem, quantum algorithms for detecting energy levels of spin systems
can be used. The algorithms are presented in our resent papers [1,2].

[1] Kh. P. Gnatenko, H. P. Laba, V. M. Tkachuk, Eur. Phys. J. Plus 137, 522 (2022).
[2] Kh. P. Gnatenko, H. P. Laba, V. M. Tkachuk, Phys. Lett. A 424, 127843 (2022).

ÇÀÏËÓÒÀÍIÑÒÜ ÊÂÀÍÒÎÂÈÕ ÑÒÀÍIÂ ÐÅËßÒÈÂIÑÒÑÜÊÈÕ ÑÈÑÒÅÌ

Â. Ì. Òêà÷óê
Êàôåäðà òåîðåòè÷íî¨ ôiçèêè iìåíi ïðîôåñîðà Iâàíà Âàêàð÷óêà,

Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà

Ìè ðîçãëÿíåìî çàïëóòàíiñòü êâàíòîâèõ ñòàíiâ ó ìåæàõ îäíî÷àñòèíêîâîãî ðiâíÿííÿ Äiðàêà. Âè-
â÷åíî çàïëóòàíiñòü äèñêðåòíèõ (ñïiíîâèõ) òà íåïåðåðâíèõ (êîîðäèíàòíèõ) çìiííèõ ïiä ÷àñ âiëüíîãî
ðóõó ðåëÿòèâiñòñüêîãî åëåêòðîíà. Ïîêàçàíî, ùî ðåëÿòèâiçì ïðèçâîäèòü äî äîäàòêîâî¨ çàïëóòàíîñòi
êâàíòîâèõ ñòàíiâ, ÿêà çíèêà¹ â íåðåëÿòèâiñòñüêié ìåæi.
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ÏÀÌ'ßÒI ÏÐÎÔÅÑÎÐÀ ÎËÅÊÑIß ÃÎÐÄIÉÎÂÈ×À ÌÈÊÎËÀÉ×ÓÊÀ (1931�2024)

IN MEMORY OF PROFESSOR OLEKSIY MYKOLAYCHUK (1931�2024)

12.02.2024 ðîêó âiäiéøîâ ó âi÷íiñòü ïðîôåñîð êàôåäðè
ôiçèêè ìåòàëiâ Îëåêñié Ãîðäiéîâè÷ Ìèêîëàé÷óê. Íàðîäèâ-
ñÿ Îëåêñié Ãîðäiéîâè÷ 15.04.1931ð. â ñåëi Ñèíèöi Õðèñòè-
íiâñüêîãî ð-íó ×åðêàñüêî¨ îáëàñòi. Ôiçèê, êàíäèäàò ôiçèêî-
ìàòåìàòè÷íèõ íàóê (Ñòðóêòóðà è íåêîòîðûå ôèçè÷åñêèå
ñâîéñòâà ñåðíèñòîé ðòóòè â òîíêèõ ïëåíêàõ, 1965; íàóê.
êåð. ß. É. Äóò÷àê), äîöåíò (1967ð.), ïðîôåñîð (1990ð.). Çàêií-
÷èâ ôiçè÷íèé ôàêóëüòåò Ëüâiâñüêîãî óíiâåðñèòåòó 1958 ðîêó.
Ó 1958�59ðð. � ëàáîðàíò êàôåäðè åêñïåðèìåíòàëüíî¨ ôiçè-
êè, ïðîòÿãîì 1959�61ðð. � ñòàðøèé ëàáîðàíò êàôåäðè ôiçè-
êè òâåðäîãî òiëà, óïðîäîâæ 1961�63ðð. � ñòàðøèé iíæåíåð
ïðîáëåìíî¨ ÍÄË ðîñòó i äîñëiäæåííÿ ôiçè÷íèõ âëàñòèâîñòåé
êðèñòàëiâ, ó 1963�66ðð. � àñèñòåíò, ïðîòÿãîì 1966�88ðð. �
äîöåíò, ó1988�96ðð. � çàâiäóâà÷, âiä 1996ð. � ïðîôåñîð êà-
ôåäðè ðåíò åíîìåòàëîôiçèêè, óïðîäîâæ 1973�78ðð. � çàñòó-
ïíèê äåêàíà ôiçè÷íîãî ôàêóëüòåòó.
Âiä ïåðøèõ äíiâ ðîáîòè ìîëîäèé íàóêîâåöü Îëåêñié

Ìèêîëàé÷óê âèÿâèâ çàöiêàâëåíiñòü äî òîäiøíiõ ïðîáëåì
ôiçèêè òâåðäîãî òiëà � âèðîùóâàííÿ êðèñòàëiâ ç ïðàêòè÷íî

âàæëèâèìè âëàñòèâîñòÿìè. Âîäíî÷àñ âií ìàâ òàëàíò áà÷èòè ìàéáóòí¹ öüîãî íàóêîâîãî íàïðÿìó.
Çîêðåìà, éîãî çàöiêàâèëè òàêi óíiêàëüíi îá'¹êòè, ÿê òîíêi ïëiâêè, ùî øâèäêî çàâîéîâóâàëè ñîái ìi-
ñöå â ðiçíèõ òåõíîëîãiÿõ i ñòàâàëè öiêàâèìè ç ïîãëÿäó ôóíäàìåíòàëüíî¨ íàóêè. Îòîæ, ÿê óòâîðèëàñü
íîâà êàôåäðà � ðåíò åíîìåòàëîôiçèêè, âií ó ñêëàäi íîâîãî êîëåêòèâó âçÿâñÿ çà ñòâîðåííÿ ëàáîðàòî-
ði¨ ôiçèêè òîíêèõ ïëiâîê. Íåîáõiäíî áóëî ïðèäáàòè íîâå îáëàäíàííÿ, îñâî¨òè íàÿâíi é ðîçðîáèòè íîâi
ìåòîäèêè ñèíòåçó ìåòàëi÷íèõ i íàïiâïðîâiäíèêîâèõ ïëiâîê, íàâ÷èòèñÿ ïðàâèëüíî é óñåái÷íî àíàëiçó-
âàòè é iíòåðïðåòóâàòè îòðèìàíi ðåçóëüòàòè òà çíàéòè ¨õí¹ ïðàêòè÷íå çàñòîñóâàííÿ. Ó öié íåëåãêié
ïðàöi âií ìàâ ïiäòðèìêó ôóíäàòîðà íîâî¨ êàôåäðè òà êîëåãè � ïðîô. ßðîñëàâà Äóò÷àêà.
Ïðîòÿãîì êîðîòêîãî ÷àñó iíòåíñèâíî¨ ðîáîòè äîñÿãíåííÿ íîâî¨ ëàáîðàòîði¨ ñòàëè âiäîìèìè íàó-

êîâöÿì ñâiòó, ç ÿêèìè ïî÷àëè íàëàãîäæóâàòèñÿ òiñíi çâ'ÿçêè i ÿêi òðèâàþòü äîòåïåð. Ïóáëiêàöi¨ ç
ðîçðîáêè òåõíîëîãi¨ îòðèìàííÿ òîíêèõ ïëiâîê íàïiâïðîâiäíèêîâèõ ñïîëóê i ìåòàëåâèõ ñïëàâiâ, ç ðå-
çóëüòàòàìè äîñëiäæåíü áëèæíüîãî ïîðÿäêó â àìîðôíèõ ìàòåðiàëàõ, êiíåòèêè ôàçîâèõ ïåðåõîäiâ ó
êîíäåíñàòàõ òà ¨õíiõ ôiçè÷íèõ âëàñòèâîñòåé ñòàëè âñåñâiòíüî âiäîìèìè i çíàéøëè ïðàêòè÷íå çàñòîñó-
âàííÿ íà ðiçíèõ ïiäïðè¹ìñòâàõ. Öi ðîáîòè àêòóàëüíi é íà ñüîãîäíi, êîëè òîíêi ïëiâêè ñòàëè îäíèìè
ç îñíîâíèõ îá'¹êòiâ äîñëiäæåííÿ íàíîôiçèêè, íàíîìàòåðiàëîçíàâñòâà òà íàíîòåõíîëîãié. Ïðè¹ìíî
çàçíà÷èòè, ùî âàãîìèé âíåñîê ó öi íàóêîâi íàïðÿìè çðîáèâ ïðîôåñîð Î. Ã. Ìèêîëàé÷óê, ïiîíåðñüêi
ðîáîòè ÿêîãî ç ôiçèêè òîíêèõ ïëiâîê àêòóàëüíi é òåïåð, ïðî ùî ñâiä÷èòü çíà÷íà êiëüêiñòü öèòóâàíü
ó ïðàöÿõ íàóêîâöiâ ñâiòó. Ïðîôåñîð Î. Ã. Ìèêîëàé÷óê ñòâîðèâ êîëåêòèâ íàóêîâöiâ i ïåäàãîãiâ, ÿêi
â ðiçíèõ ëàáîðàòîðiÿõ ïðîäîâæóþòü ðîáîòó, ùî âií ðîçïî÷àâ. Âàãîìiñòü éîãî âíåñêó â íàóêó ïiä-
òâåðäæó¹òüñÿ òèì, ùî Îëåêñié Ãîðäiéîâè÷. áóâ êåðiâíèêîì 27 êàíäèäàòñüêèõ äèñåðòàöié, àâòîðîì
áëèçüêî 500 íàóêîâèõ ïðàöü, 32 ïàòåíòiâ é àâòîðñüêèõ ñâiäîöòâ. Âií âiäçíà÷åíèé, ÿê Ñîðîñiâñüêèé
ïðîôåñîð (1997ð.), çàñëóæåíèé ïðîôåñîð Ëüâiâñüêîãî óíiâåðñèòåòó (2003ð.). Ïðîòÿãîì òðèâàëîãî
÷àñó ïðîôåñîð Î. Ã. Ìèêîëàé÷óê áóâ ÷ëåíîì ðåäêîëåãi¨ �Æóðíàëó ôiçè÷íèõ äîñëiäæåíü� òà �Âiñíèêà
Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà�.

Êîëåêòèâ ôiçè÷íîãî ôàêóëüòåòó òà ÷ëåíè ðåäàêöiéíî¨ êîëåãi¨ ÆÔÄ âèñëîâëþþòü ùèðå ñïiâ÷ó-
òòÿ ðîäèíi òà äðóçÿì Îëåêñiÿ Ãîðäiéîâè÷à. Âií çàëèøèòüñÿ â íàøèõ ñåðöÿõ ÿê ÷óäîâà ëþäèíà òà
ïðîôåñiîíàë.
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