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HHEPEIMOBA

HayxoBa 1 HaykoBo-nenaroriuna nisnpHICTh FOpis MenitonoBuua Jlomcanse 3
1955 1 nmo 1979 poky Hepo3puBHO TIOB'si3aHa 3 (GI3MYHUM  (HaKyJIbTETOM
VY KropoJICbKOro  Jiep>kaBHOro  (HMHI —  HAIlOHAJIBHOIO)  YHIBEPCUTETY Ta
VY KropoJICbKuM BIAAUIOM Teopii raapoHiB IHctutryty Teopermunoi ¢izuku HAH
VYkpainu. Ik BucokokBami(pikoBaHuii Ppizuk-TeopeTuk BiH copmyBaBcs y 50-X pokax
MUHYJIOTO CTOJITTS Ha (i3uyHOMy (akyabTeTi MOCKOBCHKOTO JEpKaBHOTO
yHiBepcurtety iM. M.B. JlomoHOCOBa, /1€ y T1 4acu MpairoBaio SCKpaBe Cy3ip’si BUSHUX
(JI.A. Jlangay, M.A. Mapkos, 1.€. Tamm, M.M. Boromro60oB Ta iamii). Y 1954 porti Bin
3aXMCTUB KaHAMJIATChKy pauceprauito “IIpo CHHIYISpHICTH €JE€KTPOMAarHiTHOIO
MOTEHINAy Y BUIIUX HAOMMKEHHSIX Teopli 30ypeHb’ IMiJl HAYKOBUM KEPiBHUIITBOM
akanemika M. MapkoBa, a Bxke y BepecHl 1955 poky mepeixkkae no Ykropoja i
[OYMHAE TMpaIOBaTH Ha Kadeapl EKCIEpUMEHTAIbHOI Ta TEOPETUYHOI (I3UKHU
VY KropoJIcbKoro Jep>kaBHOro yHiBepcurery. Came B VYKropoii Homy BJIajocs
peani3yBaTu CBii HEaOUSAKUI TalaHT OpraHi3aTopa HayKu, BU€HOro 1 neaarora. ¥ 1959
poli BIH OYOJIMB HOBOCTBOpEHY Kadeapy TeopeTHuHOi (GI3MKH Ha (PI3HYHOMY
(bakyJIbTeTi YKropoJAChKKOT0 YHIBEPCUTETY. Y CIiIITHA HAYKOBa poO0Ta CIIIBPOOITHUKIB
Kadenpu Ta JOCITHYTI pe3yibTaTH CTaJM MIATPYHTSIM Uit 3acHyBaHHA y 1970 pori
YKropoJicbkoro BiiIiTy Teopii ragpoHiB [HcTuTyTy Teopetuunoi ¢izuku AH YPCP,
sk ogosmB Takox FO.M. Jlomcanze. 3aaym FO.M. Jlomcanse BIAKPUTTS B YKTropo/ii
BIIUTY Teopli aapoHiB IHctuTyTy TeopernuHoi (izukum Axagemii Hayk YPCP
MiITpUMay Taki Bigomi BueHi, sik akagemiku AH CPCP B. O. ®oxk, M. A. Mapkos,
npod. . . IBanenko. OcoOnuBO BapTO BIA3HAYUTH CIPHUSHHS Ta JIONOMOTY
npodecopa B. II. Illenecra, sikuil y TOi 4ac O4OIIOBaB HOBOCTBOPEHHU I[HCTUTYT
teopetuunoi ¢izuku AH YPCP.

Kono naykoBux intepeciB FOpis MenitoHoBHUYa OyJI0 HAI3BUYANHO MIUPOKUM:
BiJl GDyHIAMEHTAIBHUX MUTaHb KBAHTOBOI Teopii moiia 10 (inocodchkux mpodiaem
cydacHoi (i3uku. BiH yMiB He TUIbKM OI[IHUTH POJ3WHKY HOBOI HAYKOBOI MPOOJIEMH,
aje ¥ ogHOYacHO c(OpMyBaTH 1JI€I0 SIK PO3B’sI3aTH 110 MpoOiemy. Takuit CTUIb
pobotu IOpis MeniToHOBHYAa CHOPUSIB CTBOPEHHIO TBOpUOi aTMochepu B
OpraHi30BaHMX 3a HOro aKTUBHOI y4acTl HAyKOBHMX MIAPO3/iJaX, HAYKOBUN MPECTUK
AKuX 1 3apa3 € BucokuM. [lig kepiBHUIITBOM mpodecopa Jlomcanaze Oynu oTpumani
HAJ3BUYAIIHO Baromi pe3yjbTaTH B Taly3l akCciIOMaTHYHOI Teopii Moy Ta
eJIeMEHTapPHUX YaCTUHOK, YCIIIIHO OPTaHi3aBaHO Ta MPOBEACHO B Y KTOPO/I1 ICKiIbKa
BCECOIO3HUX KOH(MEpEeHIlH 3 eKCHEePUMEHTAIbHOI Ta TEOopeTUdHOoi (i3uKu
€JIeMEHTapHUX YaCTUHOK, 3 KBAHTOBOI TEOpIi MOJIsA, a TaKOoXK — 3 (UIOCOPCHKUX Ta
METOI0JIOTIYHUX MPoOJeM (Di3UKH.
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3nauenns nismpHOCTI FO.M. JloMcan3e BU3HAYa€THCS HE TUIBKH HOTO HAYKOBUMU
pesynbratamu. Bin OyB OMMCKy4YHM menaroroM i 6araTo yBaru NpuiisisiB BUXOBAHHIO
Mosiogux yudeHux. Lls cropona #oro AisIbHOCTI MpHU3BeNia J0 CTBOPEHHS MEPIIOi
KoM (13UKIB-TEOPETHUKIB B YKIOPO/Ii, sIKa cTajia 100pe BIJJOMOIO CBITOBIM HAyKOBIN
rpoMajchbKoCTi. BapTo 3a3HaumTH, 10 cepel THX, Koro BuxoBana mikoja FO.M.
Jlomcanze, ABaHAALATH TOKTOPIB 1 0111 60 KaHAMAaTiB (13UKO-MaTEMAaTUYHUX HaYK,
K1 TPaLOIOTh HE TIIBKU B YKpaiHi, ajle i B HAyKOBUX YCTAaHOBAX y PI3HUX KyTOUKax
CBITY.

Mixunapomna xoHdpepeniis g0 100-piyuas mpodecopa HO.M. Jlomcamse
NPUCBSYEHA CBITIIM Mam’sITi BUAATHOTO BUYEHOTO, SIKWUUA 3pOOMB 3HAYHHI BHECOK Y
PO3BUTOK BITYU3HSHOI Ta CBITOBOI HaykH. L{eit HaykoBHil hopyM € He JTuIe CHMBOJIOM
BU3HaHHA aocsirHeHb FO.M. Jlomcanse, ane ¥ CBIIYEHHSIM TOro, IO HOro HayKoBa
CHaJIIMHA 3aJTUIIAETHCS KUBOIO 1 BAXJIMBOIO JUIsl HACTYMTHUX TOKOJIIHb HAyKOBIIIB.
Kondepeniiist 00’eqHana HayKoOBIIB, BUKJIAJayiB Ta acHipaHTIB JJisl OOrOBOPEHHS
HaWCyYacHIINX JOCATHEHb y raixy3l (pi3MKU BUCOKUX €HEprii, KBAHTOBOI MEXaHIKH,
KBAaHTOBUX KOMII'FOTEPIB, TEOPIi €IEMEHTApHUX YaCTHHOK. Y KOH(EpeHIl B3sUIH
y4acTh HE JIMIIE POBIIHI YKpAaTHCHKI BUEHI, a i 3aKOPAOHH1 (PaxiBIli 3 YHIBEPCUTETIB
€pponu Ta CHIA, 1110 TiAKPECIUIIO 11 MIXKHAPOAHUM PIBEHb 1 aKTYaJIbHICTh. Y paMKax
3axony OyJio MPOBEACHO HU3KY AMCKYCI Ta JONOBIAEH, MPUCBIYEHUX MaM ATI
npogecopa FO.M. Jlomcanze, a Takox Impe3eHTalll JOCHIIKEHb, 1110 MalOTh BaroMe
3HAYEHHS 7151 TIOJANTBIIOTO PO3BUTKY TEOPETUYIHOI (Di3UKH.

T'onosa llpoepamno-opeanizayilino2o komimemy,

unen-kopecnonoenm HAH Ykpainu
I'anna I'omonau
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FOREWORD

Scientific and pedagogical activity of Yuriy Melitonovych Lomsadze since 1955
till 1979 was inseparably related to the Faculty of Physics of Uzhhorod State (now
Uzhhorod National) University and Uzhhorod Department of Theory of Hadrons of the
Institute of Theoretical Physics of the National Academy of Sciences of Ukraine. He
grew as a highly qualified theorist in the 1950s at the Faculty of Physics of Lomonosov
State University in Moscow which then hosted a bright variety of scientists (L.D.
Landau, M.A. Markov, I.Ye. Tamm, M.M. Bogolyubov and others). In 1954 he
accomplished his Ph. D. degree "On the singularity of electromagnetic potential in
higher approximations of theory of perturbations" supervised by Acad. M. Markov and
already in September 1955 poky he moves to Uzhhorod and begins his work at the
Department of Experimental and Theoretical Physics of Uzhhorod State University. It
is in Uzhhorod where he implemented his outstanding talent of scientific manager,
scientist and educator. In 1959 he became the head of a new Department of Theoretical
Physics at the Faculty of Physics of Uzhhorod State University. Fruitful research work
of the staff of the department and their achievements served as the foundation to
establish the Uzhhorod Department of Theory of Hadrons of the Institute of Theoretical
Physics of the National Academy of Sciences of Ukraine in 1970 which was also
headed by Yu. M. Lomsadze. Prof. Lomsadze's idea to found the Department of Theory
of Hadrons of the Institute of Theoretical Physics of the National Academy of Sciences
of Ukraine in Uzhhorod was supported by such famous scientists as Acad. V. O. Fok,
Acad. M. A. Markov, and Prof. D. D. lvanenko. One should most notably remember
the support and assistance of Prof. V. P. Shelest who then was at the head of the
Institute of Theoretical Physics of the National Academy of Sciences of Ukraine.

The field of scientific interest of Prof. Lomsadze was extremely wide: from
fundamental issues of quantum field theory to philosophic problems of modern
physics. He could not only appreciate the zest of a new scientific problem, but
simultaneously formulate the idea how this problem should be solved. Such style of
work of Prof. Lomsadze was promotive of the creative atmosphere in the scientific
teams he organized, the scientific reputation of which is high up to now. Group headed
by Prof. Lomsadze obtained significant scientific results in axiomatic theory of field
and elementary particles, organized several conferences in Uzhhorod devoted to
experimental and theoretical physics of elementary particles, quantum field theory as
well as philosophic and methodological problems of physics.

The significance of activity of Prof. Yu.M. Lomsadze is determined not only by
his scientific results. He was an excellent educationalist and paid great attention to
promoting young scientists. It is his activity that led to the formation of the first school
of theoretical physicists in Uzhhorod which became well known in the international
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scientific community. One should note that the scientific school founded by Prof.
Lomsadze includes twelve doctors of sciences and about 60 Ph.D.'s who work not only
in Ukraine, but also in research institutions all over the world.

International conference devoted to the centenary of Prof. Yu.M. Lomsadze is a
tribute to the memory of the great scientist who made a noticeable contribution to the
Ukrainian and international science. This scientific forum is not only a symbol of
acknowledgment of his achievements, but also an evidence of his scientific heritage
being vivid and important for further generations of scientists. The conference united
researchers, teaching staff and post-graduate students to discuss up-to-date
achievements in the field of high energy physics, quantum mechanics, quantum
computing, theory of elementary particles. The participants of the conference are not
only leading Ukrainian scientists, but also foreign specialists from universities of Europe
and the USA, this being an evidence for its international level and importance. The event
includes numerous discussions and talks devoted to the memory of Prof. Yu.M.
Lomsadze as well as presentations of research results, significant for the further
development of theoretical physics.

Anna Gomonai,
Chair of the Programme and Organizing Committee,
Corresponding Member of the National Academy of Sciences of Ukraine
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MATEPIAJY KOH®EPEHIIII
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O. Jlengea

Inemumym enexkmponnoi ¢izuku HAH Yxpainu,
8yn. Ynisepcumemcoka, 21, Yoceopoo

e-mail: alexanderlengyel39@gmail.com

IOPIM MEJITOHOBUY JIOMCA/3E

14 rpynus 2024 poxy BunoBHmIocs 6 100 pokiB Bix AHA HapOHKEHHS BiIOMOTO YKPaiHCBKOTO
BUCHOTO, 3aCHOBHMKA INKOJNW TEOpeTH4YHOi (i3ukn Ha 3akapmarti, memarora, QyHmaropa
HAyKOBHX [OCITI/DKCHb 3 TEOpeTHYHOI (i3WKW, 3aCHOBHHKA KadeIph TEOpeTHIHOi (i3uKu
Y3KropoAChKOTO JepKaBHOTO YHIBEpCHUTETYy Ta BIIAUTY Teopii aApoHiB [HCTUTYTY TeOpeTH4HOI
¢izukn AH YPCP (3romom Bimmimy Teopii elleMEHTapHHX B3aeMoAild [HCTUTYTYy eneKTpOHHOi
¢izukn HAH VYxpainn).

[Tpodecop Opiit MeniTonoBuy Jlomcanze Haponuscs B Mmicti baky 14 rpyans 1924
poky. [lounHaB HaB4YaHHS Ha (I3MKO-MaTeMaTHUYyHOMY (akyapTeTi A3zepOailIKaHChKOIro
JIEp’KaBHOTO YHIBEPCUTETY, MOTIM, SK BIAMIHHUK HaBYaHHS, NEpeBIBCA Ha (QI3UUHUN
dakynprer M/IY. CBoro nurioMHy poboty Ha Temy: “/lo mapHoi Teopii siaepHUX CHIT’,
BUKOHAaHY il HAYKOBUM KEpiBHUIITBOM akaaemika M.A. MapkoBa, BiH omy6iikyBaB y 1949
poui B XKET®, oqHOMY 3 HAWNPECTHKHIIINX HAYKOBUX >KYpHAJIIB.

Cawme mijg yac HaB4aHHS B acmipanTypi y @izuyHomy incTutyTi iM. [1.M. JlebeneBa AH
CPCP mnouanocs popmyBaHHs BUCOKOKBallipikoBaHOTO (hi3mKa-TeopeTuka. Y TpasHi 1954
poky IOpiif MeniToHOBMY yCHIIIHO 3aXMCTUB KaHAMJATCHKY auceprauilo Ha temy “IIpo
CUHTYJISIPHICTD €JI€KTPOMArHiTHOrO MOTEHIIaNy y BUIIKUX HAOIMKEHHSIX Teopii 30ypeHb .

o

: » -
Buknaoaui, cnispobimuuxu ma cmydenmu xageopu meopemuyroi Qizuxu @izuuno2o
Gaxynememy (1965 p.)

TpynoBa nisfibHICTh MailOyTHHOTO Mpodecopa MOYMHANACS 3 BUKIAAAHHS (I3UKU T
MaTeMaTUKU B MEeMIHCTUTYTi. Y BepecHi 1955 poxy IO.M. Jlomcansze mpu3HavaeThes
CTapIIMM BHKJIagaueM Ha Kadeapy eKCHepUMEHTAIbHOI ¥ TeopeTWdyHoi (i3uku
YKropoAchKOro aepaBHOro yHiBepcutery. Y 1966 pomi HOpiit MeniToHOBHY yCHIIITHO
3aXUCTUB JOKTOPCHKY JHCEpPTallil0 Ha TeMy: «AHaNITUYHI BJIACTUBOCTI AaMIUIITYIH
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pO3CiIOBaHHA B KOMIUIEKCHMX (%~ i S—TUIOIIMHAX Ta MOXJIMBOCTI iX 3acTOCyBaHHA» (B
Incturyti ¢pizuxku AH YPCP, m. KuiB). B 1968 p. iiomy niprcBoeHo 3BaHHs mpodecopa.

Ilpoghecop FO.M. Jlomcaose, tioco yuenv npogecop FO. Enninex (CLLA), cuoums n'amuti
cnpasa, ma eukiaoaui i cniepodoimuuxu ¢haxyromemy (1970-i poku).

HMoro mopaneina HAayKoBa TBOPUICTH 30iracThCsl 3i CTAHOBIGHHSAM (Di3MUHOTO
dakynprery YxJV. Lle OyB nepiog OypXJIMBOIO PO3BUTKY CBITOBOI (DI3MYHOI HayKH. 3
imenem IOpiss MenitonoBuua JloMcan3e NOB’si3aHUN OJIMH 13 HAWBaXUIMBIIIMX TIEPIOAIB
PO3BUTKY ¥ CTaHOBJIEHHS T€OpETHUYHOI (i3MuHOi Hayku Ha 3akapnaTti. BumathHuil ¢i3uk-
TEOPETUK, ACKPaBUM y4deHMH 1 menaror, pyHIAaTOp HAyKOBUX JOCHIKEHb Ha (I3UUYHOMY
(bakynabTeTi YKropoJChKOro JEp>KaBHOIO YHIBEPCUTETY, BiH CTaB 3aCHOBHUKOM Kadeapu
TeopeTHuHOi (Pi3uKHM Ta BiaauLy Teopii aapoHiB IHcTuTyTy Teopernunoi ¢izuku AH YPCP
(3romoM BigAULy Teopii eneMeHTapHuX B3aeMmoAiil [HcTutyTy enextponHoi ¢dizuku HAH
VYkpainun). 3rypToByIOYM HaBKOJO cebe 3/110Hy CTYJIEHTChbKY MOJIOJb, MiOHEpH (I3UYHOI
HAyKH pO3MOYalii OpTraHi3alliio HOBUX JabopaTopiil, MpoBeIeHHS B HUX 3aHSATh Ta HAYKOBUX
JOCTI/DKEHh Ha BHCOKOMY piBHI. 3aJadya MacoBOTO pO3BUTKY HAyKH 1 CTBOPEHHS
pEriOHAIbHUX HAaYKOBUX LIEHTPIB, SIK MIPABHUJIO, BUPIIIYETHCS IIISIXOM IIUPOKOTO PO3BUTKY
TEOPETUYHUX JOCHIHKeHb. Peamizaris miei 3amaul ja€ MOXIMBICTD MPU MEHIIMX 3aTpaTax
ICTOTHO pO3MIMPUTH Teorpadito HAYKOBUX AOCHTIKEHb 1, HAUTOJIOBHIIIE, CIIPUATH MiAOOpY i
BHUXOBaHHIO TaJJaHOBUTOI Mool JlocBin mokasas, 110 JIFOJUHA 13 IPYHTOBHUMH 3HAHHAMU
TEOPETUYHOI (h13MKH MOPIBHSIHO JIETKO Peali3oBye ce0e TaKOXK 1 B IHIIMX Taily3sx JOICHKOT
IISITIBHOCTI.
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Axademixu M.M. Bozonrobos
ma /I.1. Broxinyee — 2ocmi Yorceopooa

TemaTuka mnepmmx TUIUIOMHUX pPOOIT Ha QakynbreTi B Tamy3i (izuku Oyna
CIpsIMOBaHa Ha 3alloYaTKyBaHHSA B YJKrOpoJi HAyKOBUX JOCIHIKEHb Ha PIBHI TOMIIIHIX
MPOBIIHUX HAayKOBUX LIEHTPiB. PO3BUTOK HAayKOBHUX JOCIIKEHb Ha Kadeapi, Ky O4YOJIUB
KO.M. Jlomcan3e, Ta B HAyKOBO-IOCIITHUIBKIN MpobieMHil 1abopatopii, CIpUsB pi3KOMY
MIJBUIICHHIO KBaji(ikamii KajpiB TEOPEeTUYHOi (I3UKU, a TAKOXK CTBOPEHHIO YMOB st
3armovyaTKyBaHHS akaJeMi4HOi Hayku B 3akapmarti. Lleil ¢gaxt OyB BH3HaHMI BHIATHUMU
BUEHUMH, SIKi 1M0OyBanu BIpoaoBxk 60-X pokiB y 3akapmnaTTi, cepes skux akajaemiku M.B.
Kemmum, JILA. Apummoruu, b.€. Ilaron, B.O. ®ok. Ha 3akapmnarti FO.M. Jlomcanze
B1IHAMIIIOB TaJJaHOBUTY MOJIOIb.

[Tig ¥ioro 6e3mocepeHIM KEpIBHUIITBOM Ta KEPIBHUILTBOM HOr0o y4YHIB HaBYAJUCh 1
BHUPOCTAJHU TaKi BiIoMi 0COOUCTOCTI, sik BUIycKkHUKH Y3k /(Y Bononumup IBanouu Jlenawen,
Binbrensm Ly @ymmy, IBan Bacunsosuu Ximiu, Bacumis IBanoBua CaboB, IBan FOpiitoBuu
Kpuscbkuii, Omenss [lerposuu Caban, Jlacno JlacnoBuy €HkoBcbkuit, Onexcanap IBaHoBuu
Jlennen, Cepriii FOpiitoBua Mensenes, Mocun MuxaiinoBuy [Mly6a, €ne EnnppilioBuu
KonTpom, Bonogumup FOpiitoBuu Jlazyp, Muxaiino [Banosud ["aficak, 3ontan 301TaHOBUY
Topuu, Bomomumup IBanoBuu Kenemen, Bononumup ['puropoBuu JlpoOuuu, €Brex
OpiitoBuu Pemera, Bomogumup Muxaitnosuy Cumynuk, Jlroamuna OnexcaHapiBHA
bannypina ta 6araTo iHIINX.

I3 manHOM yacy OuIbII BHPAa3HO BUMAJIbOBYETHCSI Ta Ba)KJIMBa POJIb, SIKY BIJIIPaB
YUYEHHMI Yy CTAHOBJIEHHI Ta PO3BUTKY TEOpeTHYHOi (Pi3uku Ha 3akapnarti. BumyckHukam
¢izuyHoro ¢akynprety YxHY Ham3BuuailHO MOTanlaHWiIO, IO BOHU Malld MOXKIUBICTH
CIlyXaTH JIEKIii Ta MpUIMaTH y4acTh y poOOTI cUCTEeMaTHYHUX HayKOBUX ceMmiHapiB. Came
Ha WOro IIeKIisX Ta MPAKTHYHUX 3aHATTSAX, HABYAJIbHUX Ta HAyKOBHX CEMiHapax
dbopmyBanucs HaykoBi Oiorpadii 6araTbox yKropoJachbKux (i3uKiB.
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IIpogpecopu O.M. Jlomcaosze, B.1. Jlenoen, B.1. Cabog
ma cnigpobimuuxu Biooiny meopii adponis O.11. Cabao,
B.M. I'yniu, €.E. Konmpow (1975 pik).

Bnponosx 25 pokiB HaykoBa W MeJaroriyHa JisJIbHICTh YYEHOIO HEPO3PUBHO
noB’si3aHa 3 ¢izuyHuM QaxyinbreroM YxkJY Ta Inctutyrom teopernunoi ¢izuku HAH
VYkpainu, ne FOpiit MeniToHOBHY pearizyBaB CBiii HEOpJWHAPHMI TaJaHT OpraHizaTropa
HAYKM, Y4EHOTO i menarora. Moro cTwib pOOGOTH CIPHSB CTBOPEHHIO HE3BHYAIHO
MPOIYKTUBHOI aTMOC(epr B OpraHi30BaHUX 33 MOT0 yUacTIO TBOPUUX OCEpeaKaxX, HAyKOBUN
MPECTHXK SIKUX 1 3apa3 € BUCOKMM. Y’K€ B paHHIX HAYKOBHX MpaIlsiX MPOSBUIOCH TTHOOKE
PO3YyMIHHS HHUM OCHOB KBaHTOBOI MEXaHIKM ¥ KBAHTOBOI TeOpil MOJIA, CBIKICTH 1
OpUTIHAJIbHICTh MOrIsiAy. ['MMOOKMII BIJIMB Ha MOJanblly HAyKOBY AlsulbHICTH FOpis
MeniToHOBUYA, SKUH, MO CyTi, BU3HAYUWB CTWJIb HOTO poOOTH, 3pOoOMIM BIJOMI BYEHI,
HeopAMHapHi ocobucrocti — akaaemiku 1.€. Tamm, M.A. Mapkos, M.M. boromxro6os, B.O.
®ok, F0.M. bepeszancokuii, B.b. bepecrenpkuit, €.M. Jlipmin. ['omoBHHMI 3MiICT IIOTO
CTHJIIO TOJISITaB y BUOOP1 HalOUIbll (yHAAMEHTANBHUX, KIIOYOBUX MPOOJIEM TEOPETHUHOT
(i3uKH, CTBOPEHH1 a/ICKBAaTHUX MaTEeMaTHYHUX METOIB fociimkeHHs. Koo inTepeciB FOpis
MernitonoBu4a Oyino HaJA3BUYAHO LIMPOKUM: Bil (yHIAMEHTAJIbHHUX MUTaHb KBAHTOBOI
Teopii moJig A0 ¢inocodchbkux npodiieM cyyacHoi (izuku. byab-sika 3agada, 3a Ky OpaBcs
Opiit MeniToHOBHY, 3aBXIM BiJ3HaYallacsi CBOECI OPUTIHAIBHICTIO W BHUKJIMKAala >KBaBi
JMCKYCIi B HAYKOBUX KOJIax.
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iy J

Kpawi yuni npoghecopa FO.M. Jlomcaose: ooy. U.M 11ly6a, npog. 1.B.Ximiy, npog.
LFO.Kpuscokuil, npog. B.1.Cabo, npogh. B.1.Jlenoven, unen-kop. HAHY B.I. @ywuy

VY BupileHH1 pyHIaMEHTaIbHUX Npo0eM (I3UKU BUCOKHX €HEPriil Ta eleMEeHTapHUX
YacToK, 1110 OypHO po3BuBaznacs B 60-1 poku Munyoro cropivus, FOpiit MeniToHOBHY OTHUM
13 MIepIINX YCB1JIOMUB BEJIMKI MOXKIIMBOCTI Cy4aCHUX METOJIiB MaTeMaTH4HOI (izuku. Cepist
fioro pob6iT pasom 3 yumamu LIO. Kpuscekmm, O.JI. Cabamom i M.M. IllyGoro Gyma
MpUCBSUYCHA HalaKTyaJbHIIIUM ITPpobieMaM akCiOMaTHYHOT KBAHTOBO1 TEOPIi 1MoJIsl, 30KpeMa
eKCIepuMeHTaNbHIN Bepudikalii i 3aralbHUX NPUHIMIIB, B SKUX BTUICHI HAllll CydacHi
YSBIICHHsSI TIPO HalOUIbIl (PyHIaMEHTAlIbHI BIACTUBOCTI MaTepii, mpoctopy 1 dacy. Came
Opito MeniToHOBUYY Bliajocs 3aporoHyBaTH AEMIIHT-(QYHKIIIO 3 TAKUMHU aHATITHYHUMU
BJIACTUBOCTSIMM, $IKI BXX€ Ha TOW dYac BIJKPWIM MOJXIJIMBICTH 13 HAJEKHOIO TOYHICTIO
BepudikyBaTu (i3UYHI NPUHIMIKA KBAHTOBOI Teopii. BoHM mokazamm, 1mo, BUXOASYM 13
3araJlbHUX MPHUHIHUIIB JOKAJIHFHOI KBAHTOBOI TEOPii MO, MOKHA OJ€p)KATH aCUMITOTHYHI
CHIBBIJHOIICHHS Ul MOBHUX 1 JU(EpeHLialbHUX Mepepi3iB, 110 OMUCYIOTh BIACTHUBOCTI
MIPOLIECIB MPU BUCOKUX CHEPTIAX 3ITKHEHHS YaCTHHOK.

KO.M. Jlomcanze 3aBKIu MPOSBIISIB BEJIMKUANA THTEPEC TO METOOJIOTIT HAyKH. Horo
OCHOBHI HAyKOBI Tpalll B LbOMY HaIpsIMKYy HPUCBSIYE€HI METOAOJOTIYHUM IpoliemMam
KBaHTOBOI MEXaHIKH, THOCEOJIOT1, pom HayKH B Cy4acHI HayKOBO-TEXHIYHIM peBotoLii Ta
CHIBBIJHOIICHHIO (yHIaMEHTANbHUX 1 NMPHUKIagHUX HayK. Lli poGoTu Bimirpaau Ba)JIHBY
POJIb Y CTAHOBJIEHHI i BUPOOJIEHHI METOOJIOTIYHUX OCHOB Cy4acHOI KBaHTOBOI TEOPIi.

Taxuil, 1aneko HEMOBHHM, MIJCYMOK Y>KIOPOJCHKOTO MEpioly HAYKOBOI AisITBHOCTI
FO.M. Jlomcamse. Moro 3acmyru B po3BHTKY KBaHTOBOI TeOpil HONS HE BHUEPITYHOThCS
O0COOMCTUMH HAyKOBUMH poOoTamu. Y mpalsix 4YucieHHuX yuHiB FOpis MenitoHoBHYa
3aKJIaZIeHO caMme MOoro 17ei, CTUIb HAyKOBOIO MUCJIEHHS, MIAX1J 10 PO3B’sI3aHHS HAYKOBUX
npobnem. ['onoBHa puca HaykoBoro cruiio mnpod. FO.M. Jlomcanze monsrana B yMiHHI
OLIIHUTH KJIIOUOBHH XapakTep MpoOsieMu 1 OJHOYACHO CTBOPUTH a/IeKBAaTHUN MaTeMaTUYHUN
amapat [T po3B’si3aHHS Li€i mpoGiemu. Moro cTaBieHHs 10 HayKH BiI3Hadanocst BUGOPOM
KapAMHAIBHUX TEM I IocihimkeHHs. [IpoBoasun BenuKy HayKOBO-IOCTiAHULIBKY pOOOTY,
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IO.M. Jlomcan3ze mpuaiasB TakoX 3HAYHY yBary TakKOXX 1 IEIaroTivHii isUTbHOCTI,
PO3B’sI3aHHIO HAYKOBO-OpraHizalliHUX MUTaHb, MIrOTOBLI MOJIOANX HayKOBIIB. Cepen THX,
koro BuxoBasa mkosia KO.M. Jlomcansze, aBaHaausTh JOKTOpiB Ta Outst 60 KaHAMIATIB
($13MKO-MAaTEMAaTUYHUX HAayK. 3a MOPIBHAHO MaJIMi MPOMIXKOK Yacy MOMY BAAJIOCS CTBOPUTHU
B YKropoil Mi€BY KONy (i3HKIB-TCOPETHKIB, SKa € HEBEIMYKOIO TUIKOI0 MOTYTHBOTO
HAayKOBOIO JepeBa — IIKOJM BCECBITHHO BIAOMOIO (i3UKA-TEOpETHKA, BUAATHOIO
MaTeMaTuka, akagemika M.M. boronto6oBa, TOIIIIHBOTO JUPEKTOpa IHCTUTYTY TEOPETUYHOT
¢izukn HAH VYkpaiau.

{00 kpame ouinutu ponb lOpis MeniToHOBHYA, SIK 3aCHOBHMKA YXKTOPOJACHKOI
HAYKOBOT IIKOJIM, BAPTO HAraJaT, [0 HABYUTHCA TEXHIYHUM MpHUOMaM KBaHTOBOI (pi3uKku
MOXHa ¥ Ha BIJICTaHI 3a JIONOMOIOI0 KHHUI 1 CTaTel y HayKOBUX >KypHaslax, ajie TUIbKU
MPUKJIAJ], BUCOKUX JIIOJCHKUX SIKOCTEH HEOpAMHAPHOI i XapU3MaTHUYHOI OCOOMCTOCTI MOXeE
00’€IHaTH MOJIOAb Y TBOPUYUH KOJIEKTUB — HAYKOBY ILIKOJTY.

Lol : —-‘

FO.M. Jlomcaoze ma axaoemix B.O. Dok
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3anpoBa/KeHHS “‘00T0I001BCHKOT0 TEOPMIHIMYMY ™ BIIIrpajgo BEIUKY POJib y TOMY,
10 B 60-70-T1 poKH MOCTIJOBHUKH ITI€T IITKOJIU 3aiHSIN TIepeoBl pyOexki Ha CBITOBIN apeHi
B rajysl pejsiTUBICTCHKOI KBAHTOBOI TEOpIi MOJIS 1 OTPUMAJM Psii KIACHYHUX PE3YJIbTaTiB
CBITOBOI'O pIBHS. Y TOJIIIHIX YMOBax HaIloTo nepudepiiftHoro By3y moaojaHHIo 0ap’epa mo
3alpOBA/KEHHIO  OOTOMI00IBCHKOTO  TEOPMIHIMYMY, SIK OCHOBH JJIi  IMATOTOBKH
KBaJI1()IKOBAHOTO Cy4acHOro (pi3MKa-TeopeTrKa, 3HAYHOK MIpOI0 CIpHsUIa Ta TBOpYA
atMocdepa, sika maHyBaia B kol yuHiB npod. KO.M. Jlomcanze, a TakoX CUCTEeMAaTHYHE
3ampoIIeHHS BIIOMUX BUCHHX KpaiHU Ha Kadeapy TeopeTndHoi Gizuku Yx Y nis ynTaHHs
JIeKIiii Ta 0OroBOpeHHS HayKoBOi mpobieMmatnku. sgkyrounm FOpito MemToHOBHYY, HAIll
YHIBEPCUTET CTaB TPAJULIMHUM MICIEM MPOBEIECHHA MIKHApPOAHUX 1 BCECOIO3HUX
KOH(epeHIIM Ta MIKUT MOJIOAUX YYEHHUX 13 KBAaHTOBOI T€OPil Moyst i (i3UKU eeMEeHTapHUX
YaCTUHOK. SIKIO BpaxyBaTH, IO B PoOOTi IMX HayKoBUX (opyMmiB Opaim ydacTh Taki
BCECBITHBO BiJIoM1 BueHi, sk B.O. ®oxk, JI./]. [Banenko, A.b. Mirpan, B.C. Bnaximipos, /.B.
upkos, B.A. @aitnbepr, I'.B. €¢pimos, O.I'. Curenko, FO.M. bepexxancbkuil Ta iH., CTaHe
3pO3YMLJIO, SIKI SICKpaBl 1 3axXOIUTIOIOYl JUCKYCIi crmajaxyBajdd Ha 3aciIaHHAX IHX
KOH(EepeHIii.

Cning Biamitutu IOpis MeniToHOBHYA SIK BEJIMKOIO MalcCTpa JEKIIHHOTO CIOBa.
3axoruoroul Jiekiii mpodecopa 13 KBAHTOBOI MEXaHIKH, KBAaHTOBOI €JIEKTPOJIWHAMIKH,
KBaHTOBOI Teopii MoJsi Ta psAy CHEIlialbHUX KypCiB HAJIOBIO 3aram’sTajucs CTYIACHTaM.
bnuckyunii, eMouiifHUI JIEKTOp, BIH YMIB HaBITh Y BUKJIAJaHHS TPAAULIMHUX TEOPETUYHUX
KypCiB BHECTU JIyX HOBHM3HM M cydacHOcTl. Hum omyOiikoBaHO NMOHAJ JBICTI HAYKOBHX
mpaib, y TOMY YHCII Tiepira B icTopii 3akapmaTchkoi (izuku MoHorpadis “Teopernko-
TPYNOBHI BCTYIN y Teopito eneMeHTapHUX 4acTHHOK . Lls mMonorpadis Bimm3epkaitoBaia
TOTOYAaCHUWA CTaH TPOOJIEMH 3aCTOCYBAHHS TEOPETHUKO-TPYNOBUX METOAIB y Teopii
€JIEMEHTapHUX 4YacTMHOK. HayKoBi cTaTTi Ta 4acTo-TycTo cepii cTaTeil myOuniKyBaiucs y
nmpoBimHUX (3UYHHUX Ta (PimocodchKUX KypHaNIax, MpernpuHTax Ta 30ipHUKaX — ‘‘SnepHa
¢izuka’’, ‘“Ykpaincekuil ¢izuunuii xypuan’’, “XKET®’’, ‘““Nuclear Physics’’, ‘“Nuovo
Cimento”’, “‘JlomoBimi Axaaemii Hayk’’, ‘“TeopeTnuHa Ta MmatematndHa ¢izuka’’, “‘I3Becris
By3iB. Dizuka’’, ‘‘Bompocu ¢inocodii’” — Ta Marepianax Oaratbox koH(epenmii. IOpiii
MenitoHoBud OyB penaktopoM ‘“HaykoBux 3ammcok Yx/Y”, “JlonoBineli Ta MoBioMIICHb
VY KTropoJChKOTO YHIBEPCUTETY , OpraHi3aTopoM 1 MEpIIMM KEpPIBHUKOM HayKOBUX Ta
¢1nocodchbkuX ceMiHapiB. Y HUX Opajy akTUBHY y4acTb 1 BU€HI 3 IHIIUX HAYKOBUX LIEHTPIB.
JlomoBigaT ¥ BUTPUMATH JUCKYCII0 HA IUX CEMiHapax OyJO BEIHMKOI YECTIO, a 3MICT
JIOTIOBI1 MPHU I[bOMY 30arauyBaBcs IeCSITKaMH HemependadyBaHuX 3anuTanb. Piaocodcrki
ceMiHapu (Pi3UYHOrO (akyIbTETy NEPETBOPIOBAIUCS HA CIPABXKHE JIHCTBO, JIe B CIOpax 3
KOpiem MeniToHoBUYeM HaWOUIBII AKTUBHUMHU OMOHEHTAMH OyJH YIIOOJICHUII CTY/ICHTIB
nouentu Motpst BacuniBua bpariliuyk Ta €Brenis Jleoniaisua XykoBa. Atmocdepa Ha mux
CeMiHapaxX HarajayBaJia JUCKYCii Ha 3acilaHHSX BpHTaHCHKOTO KOpOIIIBCHKOTO TOBapHCTBA
nie 3a yaciB HeroToHa. [Tnonom mux ¢inocodcbkux nuckyciit craio cmiBaBTopcTBO HOpis
MerniToHOBHYA Y BOX MOHOTpadisfix i3 MUTaHb METOIOJIOTIi MPUPOAHNYHX HayK. He Timbku
ceminapu, ane i cam Opiii MeniTOHOBHY CTaB MPUTATYIOYMM ILIEHTPOM ISl MOJOIHMX
¢13ukiB. Hum 3pobrneHo ummano  juist momyJisipu3auii (i3u4HOI HAyKd Ta MIAHATTA ii
npecTrKy. Ycmixu HaykoBoi mikonu npodecopa F0.M. Jlomcanze, gocsarayTi B KiHii 60-x
POKIB, Yy TOMY YHCJi, CTAJIM BAXXJIMBOIO TEPEIYMOBOIO CTBOPEHHS B Y3 KIOpOJi 3roJ0M
HayKOBHX aKaJeMIUHUX MiAPO3LITIB.
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3a kepmom npogp. FO.M. Jlomcaosze

besymoBHo, mocrate mnpodecopa FO.M. Jlomcagze pazom 3 IHIIMMHU
HIECTUACCATHUKAMU BU3HAYaja 1HTeNeKTyalbHUH KiiMaT 3akaprartts. He Bumaakoso, mio
IOpis MenitoHoBMYa MOB’A3yBajia Iupa ApyXk0a 3 TakKUM BIJOMHUM HUCbMEHHUKOM-
HIeCTUIECATHUKOM, sIK [Ban Yenneit. FOpiit MeniToHOBUY, K CIPaBKHIM IPy3HH, BUALISABCS
HaJI3BUYANHOIO TOCTHHHICTIO. Moro xiM Ha Bymmmni I'oiiu B 1IeHTpi MicTa 3aBk/au GyB MOBEH
rocred, ne 3a3Buyail Benmucs OypxiMBI JUCKYCii Ha OyAb-sKi TeMH, SKI XBHJIIOBAIH
cycnuibeTBO. Y Takux nutaHHAX Opiit MeniToHOBUY 3aBXkAM NPOSBISAB TBEPAICTH CBOIX
MIOTJISIAIB 1 HE WIIIOB HA KOMIIPOMICH, UMM 3aBJiaBaB Oarato kionoty Biaii. lllkogyemo, 1o
HOMY He JIOBEJIOCS JKUTHU y BUIBbHIN 1 CyBepeHHIN YKpaiHi.

Ha xinenp 60-Xx pokiB, TOOTO BHpPOAOBXK 15-TH pokiB mix KepiBHMLUTBOM mpod. FO.M.
JlomMcase miiicHo Oyia CTBOpEHa MpeICTaBHHUIIbKA KO i3UKiB-TEOPETHKIB, KA CTaIa BiJOMOIO
He Jume B KouumHboMy PansHcekomy Corosi, anme 1 jnaneko 3a Horo mexamu. L{pomy
crpusijia TOCTIHHO 3pocTaroda kBamidikaiis mpod. Jlomcaaze, mpaientoOHICT HOTO
CHIBPOOITHUKIB 1 TOM (haKT, 110 BiH MOCTIHO MiATPUMYBaB HAyKOBI 3B’SI3KH SIK 31 CBOIMU
BUUTEJISIMH i KOJIeraMH, Tak 1 3 BUJATHUMH YKpaiHCbkUMH BueHumH 3 KueBa, Xapkosa,
Jlonenbka, JIbBOBa Ta 1HIIKMX LIEHTPIB, y TOMY 4HuCHl 3apyOikHuX. IIpo 1e mepexkoHInBO
CBITYMUTH 1 TOM (akT, mo BrnpoaoBxk 10-tu pokiB (3 1958 no 1970) B Vxkropoai 3a ioro
1HII[IaTUBU OYJI0 MPOBEACHO 6 BCECOIO3HUX 1 2 MIXKHAPO/IHI KOH(]epeHIlii Ta mKou 3 Hi3uKu
€JIEMEHTApHUX YaCTHHOK. TOMY IIJIKOM 3aKOHOMIpPHHUM 1 OOTPYHTOBAHHUM CTaJO BIIKPUTTS B
VYKropoJi TEOPEeTUYHOTO aKaJAEeMIYHOro BiaAuly. /[ moganbmoro po3BUTKY TEOPETUUHHUX
JOCTIKeHb Ha 0a31 HAyKOBHX KajpiB, miarorosineHux y 1955-70 pp., FO.M. Jlomcamze y
ciuni 1970 poxy OyB BiIKpUTHIA IEpIINI B 3aKapraTTi akaJIeMiqHHIA — BiIIUT Teopii apoHiB
[acTuTyTy Teopetnunoi ¢pizuku AH YPCP. V 1979 p. ueit Biaain nepeniinoB B Y Kropoachke
BianueHHsa [Hcruryty siaepaux gociimkenb AH YPCP, na 6a3i sikoro B 1992 p. BiaAKpuTO
Inctutyt enekrponnoi ¢gizuku HAH Ykpainu.

3 1979 poky mpod. FO.M. Jlomcanze BKOTpe cTae 3aCHOBHUKOM (hi3HUHUX
TEOPETUYHUX JIOCIIJKEHB Ta MEPIINM 3aBilyBayeM Kadeapu TeopeTuyHol Gi3uKu Pi3UIHOTO
¢akynprety [liBHIuHO-OcetuHchKkoro yHiBepcutery iM. K.JI. Xertaryposa B M. BinanukaBkasi
(Pociiiceka Denepartisi). OctanHi ICTh POKiB KUTTSA FOpiit MeniTOHOBHY — rojloBa CEKIIii
¢13uku Bucokux enepriit [liBHiuHO-KaBka3bkoro HayKoBOIo LIEHTPY BUIIOI IKOIU. Ha xainb,
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Ba)KKa XBOpoOa HE JT03BOJIMJIA HOMY 3aBEepIIUTH BCl TBOpUi 3amymu: 11 6epe3ns 1988 poky

npodecopa FO.M. Jlomcanze He cTalo.

3aciyru B PO3BUTKY KpalluX TPAIUIiNA 3aKaprarchbkoi (PI3UYHOI IIKOJM HAJIEKATh
MOPIBHAHO HeBeNMKIM rpyni Buenux. Cepen Hux npizsuina L.I1. 3amicounoro, B.O. lkoau-
VaesnoBa, J[.B. Uemypa i M.B. Bbpariituyk. IIpodecop FHO.M. Jlomcanze, Ge3nepedHo,

MEePIIN B 1[I 3HAMEHUTIN KOTOPTI.

Cnucok nHaubinvw sioomux nyouikayit npogecopa FO.M. Jlomcaose:

1.

Kpusckuit 1. HO. O B-3aumoneiictBun 3nektpoHa ¢ mpotoHom. I / WM. IO.
Kpusckwuii, FO. M. Jlomcanze // Joknaasl u cooOmieHus : cep. pus.-mat. u Xum. — No
2 / peaxo. : FO. M. Jlomcanze, C. /1. bepman, A. A. I'onsa6epr [u ap.]. — Ykropon,
1958. — C. 31-33. — TekcT poc. MOBOKO.

Kpusckuit U. 10. O B-B3aumopeiictBuu snektpoHa ¢ mportonom. II / U. 1O.
Kpusckuii, FO. M. Jlomcanze // Jloknaasl ¥ COOOIICHUS : cep. pu3.-MaT. U XuM. — No
2 / penxomn. : FO. M. Jlomcamge, C. JI. bepman, A. A. T'onbaGepr [u ap.]. — Yxropon,
1958. — C. 35-37. — TekcT poc. MOBOKO.

Kpusckuit 1. FO. O6 ogHOl BO3MOXXHOCTU 0ObsicHeHus1 n-p-paccesnus / U. 1O.
Kpuscknii, B. U. Jleaawen, 0. M. Jlomcanze // [loknaasr u coobmieHus : cep. Gpus.-
Mart. u xuM. — Ne 2 / penkod. : FO. M. Jlomcanze, C. 1. bepman, A. A. Tonbadepr [u
ap.]. — Yxropon, 1958. — C. 11-14. — Tekct poc. MOBOIO.

Jlengsen B. U. IlpumeHenne Moau@uUIIMPOBAHHOIO METOJa BO3MYIIEHHUH K n-P-
paccessHuto Ha ocHoBe PS (PS)-Bapmanta / B. U. Jlenapen, 0. M. Jlomcanze //
Jloxnaasl U coobmieHus : cep. pus.-mat. u xum. — Ne 2 / peako. : FO. M. Jlomcanse,
C. I. bepman, A. A. Tompaoepr [u ap.]. — Yxropox, 1958. — C. 7-9. — TekcT poc.
MOBOIO.

Jlomcanze FO. M. Bonpock! 1-cymmupoBanus psigza meroaa Bo3myiienuid / F0. M.
Jlomcanze // Tesuckl nokinanoB Bcecoro3noit mexBy3oBckoit Kondepennuu mno
KBaHTOBOMW TEOPHWU TOJIEH U TEOPUH AJIIEMEHTAPHBIX YacTwil : (2-6 okT. 1958) / oTB.
pen. 0. M. Jlomcamze. — Yxkropon, 1958. — C. 40-42. — Tekct poc. MOBOIO.
Jlomcangze FO. M. JlucnepcHOHHBIE COOTHOLICHMS JUIsl KBajpara aMILIUTYbl
paccesnus / FO. M. Jlomcangze, B. U. Jlenaben, b. M. Opucer // [Iporpama u Te3zucsl
nokanoB 11 Beecoro3Hoil MexkBYy30BCKOW KOH(EPEHIIMU IO TEOPUH KBAHTOBAHHBIX
noJiel U 3neMeHTapHbIX yactull : (12-18 mas 1960 r.) / otB. pen. FO. M. Jlomcanse.
— Yxropona, 1960. — C. 51-52. — TekcT poc. MOBOIO.

Jlomcanze FO. M. K mpoGreme HYKJIOH-HYKJIOHHBIX paccessHUN mpu OONbIINX
sHeprusx / FO. M. Jlomcamze, B. W. Jleanpen, . FO. Kpusckuii. // Te3ucs
noknanoB Beecoro3noit mexBy30Bckoi KoHdepeHinu no kBaHTOBON TeOpUH MoJei
Y TEOPHUU dJIEMEHTAPHBIX YacTull : (2-6 okT. 1958) / oTB. pen. 0. M. Jlomcanze. —
VYxropon, 1958. — C. 57-58. — Tekct poc. MOBOIO.

Jlomcanze FO. M. O BO3MOXKHOCTH pacnpocTpaHeHus npuHiuna Yy MakcumanbHON
aHanuTUYHOCTH Ha g2-mmockocTth / FO. M. Jlomcanze, C. C. Toxkaps // Te3ucol
noknanoB u coodmenus B X VIII exxerognoit koHpepeHun : cep. pu3.-Mar. HayK :
(mait 1964) / penkom. : 0. M. Jlomcanze, C. /. bepman, U. I1. 3anecounstii [u ap.].
— Yxropon, 1964. — C. 67-72. — TekcT poc. MOBOIO.

Jlomcanze FO. M. O BO3MOKHOCTH T€OpUM KBaHTOBaHHBIX PyHKIMOHAI0B / FO. M.
Jlomcanze // Tlporpama u Tesucwsr noknamoB Il Bcecoro3Hoit MexBY30BCKOM
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KOH(EpEeHIINH 1O TEOPUU KBAHTOBAHHBIX IMOJIEH U AJIeMEHTapHBIX yacTull : (12-18
Mmas 1960 r.) / otB. pea. FO. M. Jlomcanze. — Yxropoa, 1960. — C. 19-20. — Tekct
pOC. MOBOIO.

10. Jlomcamze FO. M. O Bo3MOKHBIX BapuaHTax Teopun B-pacmana / FO. M. Jlomcanze
/I Teaucel noknanoB Bcecoro3Hoit MexBY30BCKON KoH(epeHIur 1Mo KBaHTOBOM
TEOPUU MOJIEH U TEOPUH FTEMEHTAPHBIX YacTHll : (2-6 okT. 1958) / o1B. pen. FO. M.
Jlomcanze. — Yxropon, 1958. — C. 23-24. — TekcT poc. MOBOIO.

11. Jlomcamze FO. M. O HOBOM MeTO/€ pelieHHs YPaBHCHUM IBH)KCHHUS B KBAHTOBOM
teopuu nojeit / FO. M. Jlomcanze // Jloknansl u cooOmieHus : cep. pus.-mMatT. U XUM.
— No 1 / peaxon. : b. H. Jamxkesuu, FO. M. Jlomcanze, A. M. Kypumiko [u 1p.]. —
VYxropon, 1957. — C. 23-25. — Tekct poc. MOBOIO.

12. Jlomcamze 1O0. M. O HOBOM moaxoAe K MpoOiieMe TOCTPOCHHS TEOpUU
HenokanuzyeMbix nosiet / FO. M. Jlomcanze // Jloknansl u coobieHus : cep. Gpus.-
Mart. u xuM. — Ne 1 / penxon. : b. H. Jamkesuy, }0. M. Jlomcanze, A. M. Kypuiiko
[u ap.]. — Vxropon, 1957. — C. 3-5. — TekcT poc. MOBOIO.

13. Jlomcamze FO. M. O CHUHTYJSpPHOCTH TOTEHIMala B mapHbIX Teopusax / 0. M.
Jlomcanze // Hayunble 3anucku : Xxumus, ¢pusuka, mereMatuka / peakoi. : b. H.
Hamkesuu, C. 1. bepman, 0. M. Jlomcanze [u ap.]. — T. XVIIIL. —JI., 1957. — C.
101-106. — TekeT poc. MOBOIO.

14. Jlomcamze FO. M. O6 ogHOM BO3MOXKHOCTH TPAKTOBKHU JIEMEHTAPHBIX YaCTHUI[ KaK
cBs3aHHbIX coctosinuii / FO. M. Jlomcanze // Joknaasl u coobuieHus : cep. ¢pus.-
Mart. u XxuM. — Ne 2 / penkod. : FO. M. Jlomcanze, C. /. bepman, A. A. T'onpabepr [u
ap.]. — Yxropon, 1958. — C. 4-6. — TekcT poc. MOBOIO.

15. Jlomcanze FO.M. O noBeneHUU MONHBIX CEYEHHM Tp- paccessHus Mpu OOJbLINX
sueprusix/ FO.M.Jlomcanze, B.M.Jlennben, .M. Dpuct / KITOD, 1. 39, Boim. 4(10)
(1960).

16. Jlomcamze HO.M. Ha skux Bigmansx 1 MOpOTIroM SKOro 4Yacy BiAOyBa€eThCs
B3aemomis npu Bucokux eHeprisx? A.lJlennmen, FO.M.Jlomcamze, C.C. Tokap,
B.B.YUmxukoB. Ykp. ¢i3. xxypHan. T. 14, crop. 1519-1524 (1969).
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O. Lengyel

Institute of Electron Physics of NAS of Ukraine,
Universytetska street 21, Uzhhorod

e-mail: alexanderlengyel39@gmail.com

YURIY MELITONOVYCH LOMSADZE

December 14, 2024 will be the Centennial Birthday Anniversary of Professor Yuriy
Melitonovych Lomsadze — a famous Ukrainian scientist, a leading specialist in the field of
theoretical physics, the founder of the school of theoretical physics in Transcarpathia, head of
the Department of Theoretical Physics of Uzhgorod State University and the Uzhgorod Theory
of Hadrons Department of the Institute of Theoretical Physics of the Academy of Sciences of the
Ukrainian SSR, which became part of the Institute of Electronic Physics NAS of Ukraine as a
Department of the Theory of Elementary Interactions.
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Inemumym enexkmponnoi ¢izuku HAH Yxpainu,
8yn. Yuisepcumemcora, 21, 88017, Yoceopoo
e-mail: vsimulik@gmail.com

TPU HE3ABYTHI 3YCTPIUI
3 HPOPECOPOM 10.M. TIOMCA/I3E
Ece npo Jlomcaase

Crnoragu aBTopa mpo Tpu He3abyTHI 3ycTpiui 3 mpodecopom HOpiem
MenitonoBuuem Jlomcanse, nanucani y cruii ece. /lymkn aBropa mpo
porb FO.M. Jlomcanse y po3BUTKY TE€OPETHUHOI (Pi3UKH B YKrOpoi i mpo
Horo BHeCOK y cBiTOBY HaykKy. KomeHnTapi mpo npogecopa Jlomcanse sk
PO JIFOJIMHY, 1 IPO JIOJF0 BYEHOTO 3arajioM. OmnrcaHo BIUIHB CITIIKYBaHHS
3 KO.M. JlomMcanze Ha 10110 aBTopa.

KuarouoBi cioBa: ictopis (i3uku, akcioMaTHYHA KBAaHTOBA TEOPIis OIS,
KBaHTOBA €JIEKTPOAMHAMiKa, KBAHTOBAa MeXaHika, mapagokc Exmreiina —
[Momonbscrkoro — Po3zena, pemyKilist XBUIIbOBOI (DyHKIII].

Bupimmus matepian no 100-pivus 3 gHs HapoKeHHs npodecopa Jlomcanze Hanmucatu
y Bunsiai ece. Yomy? HynmHiI TEKCTH 3 MEpeikoM 3acilyT HAMMIIYyTh 1 0e3 MeHe. A sKa To
Oyna moguHa? Macitadu ii mucineHHs. [1oTpiOHO po3MOBICTH HACTYNTHUM MOKOJIIHHAM. A
mo0 TPUBEPHYTH yBary MOJIOMdi, ii MOTpiOHO 3amikaBUTH. Tak HaB4YaB Hac Mpodecop
Jlomcanse.

CumBomniuno, mo FOpii MenitonoBuu Jlomcaaze HapoauBcs HampukiHii 1924-ro
POKy, a Bxke HacTymHoro 1925 poky Oyrna omyOmikoBaHa crattsi Bepuepa I'eitzenOepra, 3
SIKOIO TIOB’SI3YFOTh HAPOJPKEHHSI KBAHTOBOI MEXaHIKH SIK CTEIiaJbHOTO PO3ILTY TEOPETHYHOT
¢13uku. TakuM 4MHOM, MOYAaTOK HayKoBoi AisibHOCTI FO.M. JloMcaasze criBmaB 3 €MOXor0
CTAaHOBJICHHSI KBAHTOBOI Teopii, a Mojaibllia JI0JiI BYCHOTO TMeperiesniacs 3 ernoxor ii
BCEOIYHOTO PO3BUTKY.

Kinbka pa3iB 3amMuciioBaBcs, 3 4oro posmnodatu. [Ipo cebe, sk i YoMy s 3 HUM TpHUUi
3yCTpiuaBcs — OJTHO3HAYHO, IO Hi!

[Ipo HHOTO — MHIJIKOM MOKJIMBO, aj€ Mij 3amuTaHHSAM, 4u OyJe Iie MpaBUILHUM
miaxoaoM? A 9u He MOYKHA SIKOCh Kparie?

Bipna nmymka npumina Titeku m1o. [Touatok nmoBunen Oytu npo Enoxy Jlomcaaze, mpo
Enoxy TBOPIIIB 1 MepHIONPOXIILIB, PO JOJEH, Ha TIeUax SKUX CTOITh PyHIaMEHT Cy4acHOi
HAYKH y HEBEJIIMKOMY MICTEUKY Y KTOpPOJ, 1, 3p03yMLJI0, 1[0 IPAKTUYHO YCIOJH y CBITI, ¥ BCIX
HayKOBHX IIEHTpax, Hayka pO3MOYMHAIach Tak camMo — 3 0e33amepeyHux JijaepiB 1
ocobucrocTei, ki 11 3anovyarkyBain. HeogHopa3oBo 0aumB i Bil4yBaB 1€ BIACHUM CIIMHHUM
MO3KOM y 0araThOX BIIOMHX MDKHAapOAHHMX Ocepeikax (i3MKH Ta MaTEeMaTHKH, Kyau
3akuaana A0 GpizuKa-TeopeTHKa.

Jlo ctBopenHst Hamoro IHcturyty enexktponnoi ¢isuku HAH Vikpainn wmanum
Oe3mocepenHe BimHomeHHs doTwpu Toctati. [Ipodecopu Bomoammup OnexcanapoBud
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Hlkona-YneauoB Ta Opiit MeniTonoBuy Jlomcaaze NpakTUYHO OJJHOYACHO CTBOPHIIN NEPIIL
akaJeMivHi miapo3aiiu Akanaemii Hayk YKpaiHm Ha 3akapmarTi — BLIAUT (poTosaepHUX
npotieciB [HCTUTYTY (i3uKH Ta BiAUT Teopii aapoHiB [HcTUTYTY TeopeTnyHoi dizuku. Jemo
nizHime mnpodecop Muxaitno IBanoBuu ['onoBell BiAKpHBae creliani3oBaHy Tally3eBY
naboparopito  Ne24 Bcecoro3HOro HayKOBO-IOCTIHOTO IHCTHUTYTY MOHOKPHCTATIB.
O06’enHaBIIM 111 aKaJAEeMIUHI MIAPO3AUIN 1 BIAKPUBIIN JOJATKOBO BIIJILIN €NEKTPOHHUX Ta
10HHMX TpoueciB, npodecop IBan IIpoxopoBuu 3amicouHuil 3amovyaTKyBaB Y KTOpOACHKE
BimaieHHs [HctutyTy smepHux gochimkednb HAH Vkpainu, sxe y 1991 pori odikoBaHO
MepepocTae y caMOCTIHHUN akaAeMIYHUN THCTUTYT.

B VYxkropoacekomy Jlep:kaBHOMY YHIBEPCUTETI TUX YaciB Ha BJIACHOMY JIOCBiji, 0e3
ICTOpHKIB Ta iX JOBIIHUKIB, MOXXY BUIUIUTH TpH MOAIOHI mocTaTi — mpodecopa JImutpa
BenenukroBuua Yenypa, a Takoxxk Muxaitna OnekcangoBuua bizumro ta Muxaiina
BacunvoBuuya Cumynuka. [Ipo JI.B. Uenypa HanucaHo n0ocTaTHBO 1 6€3 MeHe, a PO ABOX
1HmMX Harajato. Jlikap nikapiB (1€ KOJM Yy JiKaps JIKYIOThCS 1 cami JiiKapi, a He JIMIIe
nanieHTd) M.O. bi3ins ctBopuB Ha 3akapnaTTi HEMpOXIpyprilo He OMHHYBILHU SICKPABOIO
nistipHICTIO 1 Yk /{Y, a miit 6atbko, M.B. Cumynuk, cTBopuB Kadenpy yropcbkoi (hiutonorii,
a MOTIM 1 Ui (akyIbTET POMaHO-TEPMAHCHKOI (11070r1i (ChboroiH1 (aKyIbTET IHO3EMHHUX
MOB), IKi Hapasi MPOIBITAIOTh 1 MPOIBITATUMYTh, TOTIOKH ICHY€ B Y3KIOpoJi yHiBEepcHUTET!
Ha >xanp inma momst cmitkana crBopenuid FO.M. Jlomcanze Bigmin Teopii aaponis. Ilpo
MPUYHUHA, MOXKITUBO, III¢ KOJUChH HANUILY, a IS JItoIei-(hepMioHiB, TEKCTOM, KU JTFOIH-
0030HU HIKOJIM HE 3p03yMIIOTh — BXKE PO3IOYAB MUCATHU IS TOMIKPSIIKOBOTO YUTAHHS.

FOpiit MenitonoBuu Jlomcansze OyB sICKpaBUM MpeACTaBHUKOM Emnoxu TBOpIIB 1
MEePIIONPOXIAIIB, KOJIM Hayka OYypXJMBO pO3BHBalIach, BUBYAIUCH HAWHEJOCTYIHIIII
KyTOUYKH HAIol TUTAHETH, JIFOJCTBO pOOUIIO TepIri KpoKK y KocMmoci 1 Ha Micsi. Ha Bcii
TJIAHETI I eroxa MOCTYMOBO 3MIHIOBAjJach Ha €MOXY CIOXHBadiB, OCOOJIMBO Yy HAIIOMY
perioHi, e OKpPiM YChOT0 1HIIIOTO 3MIHUJIACS cama JepkaBa. Mu 70 pokiB pyXaauch y OJJHOMY
HAmpsIMKy, aX panToM B3sUIMCS He MeHIm HDK 70 pOKIB pyxaTHCh Y HaMpsMKy
npotuiexxkHomy? Hactynuna 30Bcim iHa epa. Epa 30Bcim iHaKImux Jroei 1 ocooucTocTeil.

[Ipo moro 6arbka 3ragyr0 HE BHUIAJKOBO, aJDKE CaMe BiH IMO3HAIOMUB MEHE 3
npodecopom Opiem MenitonoBuuem Jlomcanze. bateko 3 Jlomcanze npy3smu He Oyiu, ane
Oynau AoOpuMM 3HAHOMUMH, 0O TaKUX SIK BOHHM B Y>XKTOPOJACHKOMY YHIBEpCUTETETI Oyia
Mi3epHa KUIBKICTh 1 BOHH, X04a 1 Oynu moapMmu-pepmioHamu, a He 0030HAMU, TTUOOKO
KOpeToBaJId Mixk co00t10. Bike Tozl Biagy y HayIll CIOYaTKy HEMOMITHO, a MOTIM HHUIIIBHUM
MOTOKOM 0130H1B/0030HIB TOYaJia 3aXOIUIFOBATH JIABUHA 30BCIM 1HIITUX JIFOJIEH — HE TBOPIIIB
HAyKH, a TpOiAadiB CTBOPEHOTO IHIIMMH. Taki JIOAM BCE YacTillle HE MPOCTO 3aiManu
mocajy, a TaKoX 30Mpany He JUIIe akaJeMIYHl 3BaHHs, ajie 1 KOJICKI[IOHYBaJIN OpJEHU Ta
BHCOKI JIepKaBHI Haropoau. A B3aMiH JIMIIIE HATJIO TIPOiJaik BCE CTBOPEHE 3a[0BTO J0 HUX
inmumu. HoBa enoxa, ermoxa nmapasutiB 1 motpeduteniB 6pasna cBoe. Jlroasam tumy Jlomcanze
CTaBaJio BCE TICHIIIIE, TTOTIM iM 30BCIM HE CTaj0 MicIlsl. ApXiBH YaCTKOBO BIJIKPUBAIOTh UYepe3
50 pokiB. Toxi memnto mounHaOTh po3yMiTh ictopuku. Hy a Qi3uk-reopeTrk NOBUHEH 3HATH
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Bce, 00 1HAKIIE HEMOXJIMBO 3aliMaTHCA TEOPETUYHOIO (i3ukor. Came Tak Hac HaBYaB
npocdecop Jlomcanze.

IIpo mpodecopa Jlomcanze s mouyB e Oyaydd MigTITKOM. JIOMUTIMBI MIKOJSAPI 3
Vxropoacekoi CIII Nel (po3ramoBana y LIEHTpi MICTa), 1€ aHIUIIMCbKa MOBa BHUBYajacs 3
NEPIIOro KJacy, racajid HaBKOJIO IIKOJH 1 MOMITHIM Ha OYAMHKY TMOPSA 3 MaM’ITHUKOM
Jleniny He3po3yMuMii Hamuc Ha aHrmiicekiit MoB1 — Theory of Hadrons Department. Mu
3anuTany 1 BUMTeNs (DI3UKHU, 1 BUMTEINST aHTIIACHKOI MOBH, ajieé 3aJI0BUIbHOI BIAMOBIAL HE
orpumanu. Jlemo Oinblie MOSCHUIM HaM OaThKU BIOMAa — TakK s BIEpIIe i3HABCS PO
npogecopa Jlomcanze 1 mpo CTBOPEHU HUM HAayKOBUW MIAPO3[1I, AKUH HE BIAHOCUBCA 10
Y>KTOPOJICBKOTO YHIBEPCHUTETY, IO TOJi OyB JJIs IIKOJISIPIB MIpUIIOM HAayKH. AJie CIIpaBKHE
3HAYEHHS CJIOBA «aJPOHM» CTAN0 3pO3yMUIMM JIUIIE 3HAYHO Mi3HIIIE, KOJIM S HAaBYaBCS Ha
¢13uuHOMYy (hakynpTeTi. Ha TpeTboMy Kypci cTano 3po3yMUIUM 1 IPU3HAYEHHS Ta BIIOMYE
MIMOPSAKYBAaHHS BIUILTY TEOPil aApOHIB.

I Tomi, 1 cbOroO/HI, KOJMUIIHI CTYJEHTU 3 BHASYHICTIO MPHUTaayBald 1 MPUTATYIOTh
3aXOIUTIOI0YI JIeKIii mpodecopa Jlomcanze mo kBaHTOBIM MexaHiti. HaBiTh Ti, 110 HE oOpanu
TeopeTnyHy (i3MKy CBOEIO CIelialli3ali€ro, pO3MOBiIal0Th, 10 3aBAsku FOpito
MeniToHOBUYY Mam’SITal0Th OCHOBHI1 MOJIOKEHHS 111€1 TeOPii 1 BOJIO1I0TH HUMU Ha TOPSIOK
Kpale 3a THX HalluX KOJIET, SIKUM Il Kypc 4uTanu iHm Bukjiaaadi. CTyIeHTH y BCbOMY
CBITI TaKWX BHKJIaJaadiB Sk JloMcanse Ha3uBaroTh BuwTtenpb, 3 MOBarow i 3 BEJIMKOI OyKBHU!
Ko gacTo 9yto mpo ChOroJeHHHX BHKJIAJaviB B YHIBEPCHUTETaX Ta MIKOJIAX MOTO PiTHOTO
3akapnarTs CpaBeUINBI CyIKEHHSI «YUYUTETUIll Ta YUUTEIbOXW», TO COPOMHO CTa€ HaBITh
3a cebe, 00 Bce KUTTS 3aliMaroCs HAyKOIO, a IO JOTHYHIM 1 OCBITOIO, a CUTYaIlif0 Ha KpaIile
JIUIIIE MI3€PHO 1 IBHO HEJIOCTATHHO 3MIHUB.

MabyTh Hait6inbma 3acinyra FO.M. Jlomcaaze nosnsirae y TomMy, IO BiH 3aJHIINB MICHSA
cebe KibKa JECATKIB BUCOKOKBasi(ikoBaHUX y4HiB. LIi nroau y cBoro uepry miAroTyBaiu
CBOIX YYHIB, Ioyajacsi CBOro POJy JAHIIOroBa peakiis. Takum 4YUHOM, 3apa3 MOKEMO
KOHCTaTyBaTH ICHyBaHHS HACTYITHOTO MOKOJiHHS y4HIB Jlomcanze. JIo HbOTO Halexy 1 51 —
yueHb mnpodecopa IBana IOpiiioBuua Kpuscbkoro, sikuii OyB Oe3mocepelHIM y4HEM
npodecopa Jlomcanze.

[Tepma He3aOyTHs 3ycTpiu 3 mpodecopom FO.M. Jlomcams3e BimOyrnacs y MeHe Ha
TPETbOMY KypcCi, KOJH 51 OOMpaB crelianizaliio 1 Kageapy s nojaaibiioro HapyanHs. 1100
MOSICHUTH, Kpallle TPOXH MOBEPHYTUCS J0 MEPUIONPUYHUH.

Skock 6aThKO pa3oM 13 CBOIMU CTyA€HTaMU-(D1JI0JI0raMH IPUBIB MEHE, IECATUPIYHOTO
HIKOJIIpa, HAa EKCKypCilo y J1abopaTopito KOCMIYHHMX JOCHIIKEHb YKIOpOJCHKOIO
yHiBepcuTeTy. TaMm mizep yXropoJacbkux actpo¢izukiB Marprona Bacunisaa Bpatiituyk 3
MOCMIIITKOI0 Ta TMPHUTAMaHHOK il JOOPO3UWIMBICTIO Jaja MEHI PO3TUBUTHUCS Y TEIECKOII
CatypHn, lOmitep, 3 BUIIOPEHUMU Y psJ TaNJICEBCHKUMH CyIyTHHUKaMH, Ta Micsups. Miit
06aTpko 0OaraTo pa3iB MOXKaJKyBaB MpO 1€, 00 MOTIM y IIKOJi 5 3aliMaBcsi y TypTKax
MaTeMaTUKH, (P13UKU Ta aCTPOHOMI{, 1 YyTH HE XOTIiB PO HOTO (PII0JIOTIIO.

Bye 3 mepmoro kypcy st OyB rojJOBOIO aCTPOHOMIYHOTO TypTKa CTYAEHTIB, ajie YuM
OlyblIe JI3HABAaBCS MPO TEMATHKY AOCTIIKEHb YKTOPOJACHKUX acTpodi3uKiB, TUM OiJblIe
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MEHE OXOIUTIOBAJIO po3yapyBaHHS 1 amaTig. B VYikropoai Toal 3aliManucs BUKIIOYHO
acCTpOMETpI€I0 1, OCOOJMBO, CIIOCTEPEKEHHSIMU 3a IITYYHHUMH CYIMyTHHUKaMU 3eMIli,
3aKOHOMIPHOCTSIMU Yy 3MiHI iX Onucky. Llkomsipem-cTapiioKIacCHUKOM, 3aBISKH JIPYTOBI
Oarbka 3 XyCTChKOI IiMHa31i Ta iX cTyJeHTcbkoMy bynamemrTy, sikuii MemkaB y MOCKB1 Ha
XopoIIeeBChbKOMY 1I0Ce, TMOOYyBaB y MOCKOBCHKOMY IutaHeTapii. Tomy ocoOIuBO MeHe
po34apyBaB TEJECKON, SKMU Yy YIKIOpOJCBKMX acCTpOHOMIB OyB HaBiTh CIIa0UIMM, HIK Y
Mocksi, y mia”erapii. MeHe Bke y cepeiHiil MIKOMI 3aliKaBWJIA 30BCIM 1HII PO3IUIH
aCTPOHOMIi, a caMe, KOCMOTOHIsI Ta KOCMOJIOT15, 0COOJIUBO MpobieMa JOCIiKEHHS Oy 10BU
Ta noxo keHHs1 BeecBiTy. Bike Toni Oyna sikach He3po3yMija 4yiKa, BHYTpILIHI CUTHAJIH,
o came UM Oyay 3aiiMaTucs A0 KiHIA XUTTS. MaTpboHa BacuniBHa 103BoJs1a 3poOUTH
JTUTUIOMHY pOOOTY IO ITUM IMUTAHHSM, aJie 1 pO3yMiB, 1110 TUCATUMY i1 CaMOCTIITHO, (JaKTUIHO
0e3 KepIBHULITBA, 1 HAYKOBOT'O 3HAUYEHHS Ta NEPCIEKTUB POOOTA HE MAaTUME.

Toxx 6aTbkOo JOMOBHUBCS MPO MOK KOHCYJbTalilo y mpodecopa Jlomcamze, aie
CIIOYATKy TPHU JIHI BOCTAHHE NEPEKOHYBAB MEHE IMEPEBECTHUCS 10 HHOTO Ha (DIIOTOTIYHUMN
(dakynbrer. S He OyB 310POBUM y TOHM Yac, a Taka MOJIMBICTh TaKH ICHyBajia MPU YMOBI
3/1aTH JTOJIATKOBO KibKa €K3aMeHiB. S SIKOCh SICHO YSIBUB CTaBJICHHS JO MEHE CTYJICHTIB-
¢1inomoris y Takomy Bunajaky. Ha ¢piznunomy ¢akyiabTeTi y pi3HI YacH 4acTO HaBYAJIUCS IITH
BHKJIaJa4viB, MPUHIMA, MapKi3d, CIIAJKOEMIN, K MU iX 103a o4l Ha3uBaiIHW. BigHOIIEHHS
KPUTHYHOI MacH CTYJICHTIB JI0 TAKWX HaIaJKiB BUKJIaJadiB MeHi Oyio mo0pe Bigome. OTxe
s YeproBHM pa3 KaTeropuyHO BiAMOBHUBCS. Tak BiOynacs Mos mepiia He3a0yTHs 3ycTpid 3
npodecopom Jlomcanze. HezaOyTHs, ToMy 1110 BIUTMHYJIA HA MOIO MOAAJBITY JT0M0. BinTomi
sl Ha3aBXXJIM 00paB (ax (i3uKa-TeoOpeTHKA.

OT1xe 5 BIiepIle MOTPAIUB Y TPUMIIIIEHHS BIAJILUTY T€OPii apoHiB, /1€ MOTIM JOBEIOCS
neBHUM yac mpairoBaT. FOpiit MeniToHOBUY JeTalbHO PO3MUTAB MPO MPUIUHHI MOET TTOSIBU
1 4MM BIH MOe 3apaJuTu (He Oyly MOBTOPIOBATHUCS — BUILIE s B’Ke Mo Bce po3noBiB). [ToTim
3aMpoIOHyBaB HAMKUCATH SKICh MAaTeMAaTHYHI TBEP/KCHHS Ha JOIILI JJIsl MiJATBEPKEHHS
Mo€i po3noBiai. S cepiio3Ho moTpeOyBaB KOHCYIbTAalli, 00 3aBXK K HAisSBCA Ha ce0e, a He Ha
6arbkiB. ToMy s TOTyBaBCs Ha TOMY PiBHI, IKUIl ToA1 MeH1 OyB mia cuiy [1, 2], 1 nepeadayus,
110 MHCATH MaTeMaTUYHI TBEPKEHHS Ha Mol npuiinerses. OTxe 6e3 mamipis po3nucan
Ha JIOUIIIi, T€ 110 3pO3yMiB 3 BUCHOBKY llIBapirinbaa npo icHyBaHHSI YOPHUX JIip MPOCTOPY
1 gacy. [Ipodecopy y minomy crnogo0anock. BiH Ha3BaB MeHe «rOHOIIIa» 0€3 3HeBaru y TOHI 1
MPOJIOBXKYBAaB TaK 3BEPTATHCS J0 MEHE 10 KiHIA 1€l 3ycTpidi. Jlo pedi, po3B’sA30k
[IBapimisibia s TOA1 AOMOBIIAB 1 BIIEPIIE, 1 B OCTAHHE.

3po3yminio, 1o npodecop mo yep3i MOMpOCHB MOSICHUTH yC1 3HAYKH, YC1 MaTeMaTUYHI
CHUMBOJIH, SIK1 OyJu Ha 1omti. S Jech Ha YeTBIPKY CIIPABHUBCS 3 IIUM, X04a CIEPIIy 3JISKaBCA.
[Tpodecop O6yB 3amoBosiennii. CKITBKM pa3iB MICHs 1IBOTO MEHE MPOCHIINA TOSICHUTH YCi
B)KMBaHI MMO3HAYEHHS ITiJT YaC MOIX JIOJICHOCHUX BHUCTYIIIB Ha cemiHapax! Ilpounuio nwuiie
I’ SITh POKIB 1 PO 1€ caMe MEeHE 3auTyBaju 1o uep3i Binen Mutpodanosua CTpyTHHCHKHIA,
Onekcannp lmmiu Axieszep, Cepriit Bonogumuposuu [lenetmincbkuii, JImutpo BacunsoBuu
BonkoB, motiM y 100piif MOJOBUHI yCiX BIIOMHX IEHTpax MOCKBH, OTIM, MiCIs pO3Naay
CPCP, y moHax paecsaThox KpaiHax €Bpomnu.... lle MeHe MOTIM 3aBXKAM BECENIWIO 1
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niaoaasoproBaio, 6o IOpiit MeniToHOBUY, BiJipa3y, MIIIHO 1 HA3aBX AU, MIATOTYBaB MEHE JI0
OUIKYBaHHSI TaKMX 3aIUTAHb.

CporofHi s po3yMito, 1110 MEHi JeII0 MOIACTUIIo 3 MOiM BUCTYIOM miepen Jlomcan3e,
30Kpema, 3 TakuM BuOopom TeMu, 00 FOpiit MeniToHOBUY 3arajibHOIO TEOPIE0 BIAHOCHOCTI
HIKOJIM He 3aiiMaBcs. Temep s 3HAIO TOYHO, IO Ied MAX1J J0 TpaBiTallii BiH HE JIOOWUB —
HEHaue rnepeadavyaB 3 NPUTAMAHHOIO HOMY Mepen0awInBICTIO, IO KOJUCH 111 Teopis Oyje
OankpoTyBaTu miepes riuOuHamu BceecBiTy, sik y enoxy ['inbOepra — Elinmreiina [1, 2]
OaHKkpoTyBasa nepes; TaeMHHUIIMUA COHSYHOT CUCTEMH HBIOTOHIBChKA rpaBiTaiis. Sk FOpii
MeniToHOBUY BIIHOCHBCS JI0 1HIIUX MOTYXKHHUX IMIAXOMAIB JI0 TEOPii IpaBiTalli s HE 3HAIO,
Xoya MiJ 4yac TPEeThOi 3yCTpiyl 3 HUM MaB MOXKJIMBICTb PO3MUTATH TMPO I, ajie, Ha *Kallb,
PO3MUTAB JIUIIIE YaCTKOBO. J{yke KO0 3a BTPAUE€HOI0 MOKJIUBICTIO.

Hy a Toni BiH po3:XyBaB MeHi, III0 «IOHOIIa» MOBUHEH 00paTu Kadeapy TeopeTUuyHOl
(hi3uKH, X0Ua TaM IpaBITAIlE€0 HE 3aiiMaloThCcs. AOO MepeBOAUTHCS 10 MOCKBHU 1 BTpadaTu
3I0pOB’s, SIKOTO 3aBXJM CKIiHYEHA KUIbKICTh. Ajie 1 y MOCKBI BIH paauB 3aiiMaTucs
TeOpeTH4Hol (hi3uKoI, a He acTtpodizukoro. [Jobpe mam’sitato womy. st Toro, mob
MOSICHIOBAaTU OyJIOBY Ta MOXOJDKEHHsSI BcecBiTy «toHOIA» MOBUHEH 3HATH sIK «OTYe HaI
KBaHTOBY MEXaHIKYy, KBAHTOBY TE€OPI1IO MOJIs, TEOPIIO TPYII Ta anredp, yci Kypcu TEOPETUUHOI
Gbi3ukH, K1 YUTarOTh Ha (i3UYHOMY (HaKyJIbTETI, yCl CHENKypcH Kadeapu TEeopeTHIHOL
¢i3uku. CnpaBkHe po3yMiHHsI OyZOBH Ta MOXOKeHHsI BeecBiTy npuiine came, He3aaeKHO
B1J1 BOJI1 Ta Oa)kaHHS «IOHOII», a00 HE MPHITAE HIKOJH, SKIIO «IOHOIIa» KO0 HE MOCITYyXaE.

OcTtaToyHuil 1UBAX y TEHAITHY OYIIBIIO YXIOpPOJACHKOI acTpo(i3uku, siKa IIe
3amuiianack y MOId CBIIOMOCTi, BiH 3akjielaB CHOHTAHHO, TMiJ BIUIMBOM HAIIOTO
CHUIKYBaHHS, BUAABIIM He3aOyTHIN kanamOyp mpo 4opHi Aipu, MaTtpbony BacuiiBHy Ta
«FOHOIIIIBY, SIK1 IIIKABJIATHCS HE THMU YOPHUMHU Aipamu. S fioro qoOpe mam’sraro, aie...

VY 1poMy ece s po3MoBijialo MpaBay 1 TUIBKHU MpaBay. AJle KOPUCTYIOUUCH BIJOMOIO
JIOT1YHOIO JIa3€UKOI0 Y IOPUCTIPYACHINT 0ararbox MPOBIJHUX KPaiH CBITY HE TOBOPIO YCIO
npaBay! Tox mocmiBHUN KajmamOyp 3aiMIIA0 HA PO3TajKy JoAsM-GpepMioHaM, a 1HIIUM
MOXY TOBIJJOMUTH «YyCIO MPaBIy» JHIIE Yy TIMOOKUX Kylyapax KoH(pepeHIii 1 He MPoCTo 3a
PYCHHCBKE «Hapa3 AaKyBy». [lyxe nmoBaxaro i FOpis MenitonoBuua i Marprony Bacuiisny,
00 € 3a 1m0, a MoAIM-0030HaM paJKy MOAUBUTHUCS Ha cede y J3epKallo — JIUIIHINA pa3 He
3aIIKOTUTh.

[Tepma 3ycTpiu 3 mpodecopom Jlomcanse 3akiHUMIACh THM, IO BiH JIaB MEHI ycCi
koopauHaTh IBana FOpifioBuua KpuBCHKOTO 1 TMOPEKOMEHyBaB HAIMCATH T HOro
KEepIBHHUIITBOM KypcoBYy poboty. Tak s motpanue g0 y4HiB [.FO. KpuBcbkoro, 3 skuM moTim
HamucaB y criBaBTOpcTBi moHay 180 myOikariii, npudoMy nepeBa)kHa OUIbLIICTh — CTAaTTI Ta
0aratocTOpiHKOBI MPENPUHTH, & HE TE3H JIOMOBIJICH, € TAKOXK OJIHA MOHOTpadisl.

Yomy FOpiit MeniToHOBHY He B3sIB MEHE B yuHI 110 ce0e, 51 He 3Hato. [lo mepie, Taki
moau sk mpodecop Jlomcanze yacTo BiAUyBarOTh CBOIO J0J0. MOXKIMBO BiH BiJ4yBaB, 110
3aUIIaeThes B YIKIopo/il He HaJIoBro. 3 iHIIoro 00Ky, y Ti 4acH HOro yBara 0yJia MOBHICTIO
3aXOMJIEHAa AaKCIOMaTUYHMM TIiJXOAOM [0 KBAHTOBOI Teopii MOJs, HY a «IOHOIIAY,
TPETBOKYPCHHUK YXKTOPOJCHKOTO YHIBEPCUTETY, JKOAHMM YHHOM HE OYB J0 IIbOTO
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MIArOTOBJIEHUM. T0X Mpodecop MOCTYNUB 31 MHOIO AyXe MpaBwibHO, 00 IBan OpiiioBuu
KpuBchkuii MaB HM3KYy CIUIBHHX CTaTell MO CHUMETpIli PIBHAHH MaTeMaTH4YHOI (PI3UKHU Y
CIIBaBTOPCTB1 3 BIJJOMHUM YKpaiHChKHUM BYeHUM Bimbreasmom Immivem ®dymmuem. Taka
TeMaTtuka Oylla 3HAYHO JOCTYIHIIIA JJii PO3YMIHHS CTYJACHTOM 1 IIBUJKO JIOBOJWIIA
CTYJICHTIB JIO0 PIBHS CaMOCTIMHOCTI 1 BJIACHOPYY OTPHMAaHHUX HAYKOBUX pe3yJbTaTiB. Sk
HACITJJOK, CTY/ICHT HE3aJJ0Bro 3700yBaB [Iy’Ke ICUXOJIOTIYHO Ba)KJIMBY BIEBHEHICTH Y CBOIX
CWJIaX — 3aJIMIIAJIOCH JIMILE HE OTPUMATH, SIK TyHHil (pyTOoIICT, «31pKOBICThY. HeBumaakoBo
yursimu B.1. ®ymya BBaxkaroTh cede moHaa S0 kaHauAaTiB HayK. To 3a MO€ MOCTYIIOBE 1
MOETANHE 3aly4€HHSA 1O aKCIOMaTUYHOIO MIAXOAY 1 TJIMOMH TEOpeTU4YHOi (i3uku s
npodecopy Jlomcanze mupo BASIHUN.

Jpyra 3ycTpiu BigOynacs Jech depe3 MiBpOKy. Sl 3aiilioB 4eproBuil pas y BIIILT
Teopii aapoHiB 1o IBana IOpiiioBuua Kpuscekoro. Cekperapka Jlomcanze — 1o6po3udiimba i
He3a0yTHs CBiTiiana CepeIMHChKA — MPUTYIIUIIACh BYXOM JI0 IBEpeil kabiHeTy 1 MOBiIoMuUIIa,
10 TaM NHITYTh CTATTIO i JyXe crepedarothes med Jomcanse, Ipan FOpiitosuu ta Mocun
Muxaitnosuy llly6a. S npuunnauB nBepi 1 noaas 3Hak IBany FOpilioBuuy, mo s npuiinios (60
nepes UM, O-CTYIEHTChKH, MIPOTYJISIB Ha3HAUYEHY 3yCTpiv).

Hecnonisano IOpiit MeniToHOBHY 3apOCUB MEHE YBIUTH. «A IOHOIIA, BOMAUTE, BaM
OyJIeT MOJIE3HO MONPUCYTCTBOBATh», — CKA3aB BiH. IXHE cymicHe HamucaHHs cTarTi [3] a6o
[4], Ha 1Ielt MOMEHT MOJIATANI0 Y HECKIHYCHIN AUCKYCIii. 3amam’ ITaioch HaJOBTO, 1110 BC1 BOHU
Opanu y IUCKycii OJHAKOBY PIBHOIIIHHY y4acTbh, KOKEH HEOJHOPA30BO MIIXOIUB A0 JOIIKH
1 IIOoCh MHCaB 3 Teopii omepaTopiB y TubbeproBoMy mpoctopi. KepiBHa poas Jlomcanse
MPAKTUYHO HE BiguyBasacs. OcoOMCTHII BHECOK KOKHOTO, Ha Mill CTyI€HTChKHI MOTJIsi, OyB
NpUOIM3HO OTHAKOBUM. «BOT Tak, FOHOIIIA, POKIAFOTCS COBMECTHBIE UICH» — PUOIM3HO TaK
npodecop MPOKOMEHTYBAB JIJI1 MEHE CHUTYAIlil0, KOJIM JIeCh Yepe3 TOAUHY BCE IIe HapeIlTi
3aKIHYHIIOCS.

Came y TakoMy cTuii MU «HapomxkyBaau» notiM 3 [LFO. Kpuscekum Hamii cymicHi
myOmikarii.

Jlech yepe3 aecsTh POKIB s OyB BUIAAKOBO MPUCYTHIM y [HCTUTYTI TeopeTuyHOi
¢i3uku y Kuesi y kabineri Moro apyra, BijjoMmoro mpodecopa, mpu oOroBOpeHH1 HACTYIHO1
CTaTTi TphOMa 30BCIM IHIIUMHU BUEHUMH, SIKi TAKOK B)KE€ Maji Ha TOW MOMEHT TOTMEpeaHi
cyMicHi poOoTH. S X0TiB miTH y 010:110TEKY, ajie Miii APYT NONPOCUB MEHE 3a4€KaTH, MOBJISIB
e Oyae He HaAoBro. Mii JApyr i MoOJOAWH YOJIOBIK, MOJIOAIIUN 3a MEHE, aKTHBHO
00roBOPIOBAJIM Pe3yJIbTAT 1 KUIbKA pa3iB 3aMoBHIOBAIN J01IKY Gopmynamu. [l{ock MizepHe,
HEKOHKpETHE, Ha MallOyTHE, MijaKka3aB iM 1 . TpeTiil cuaiB 3a )KypHAJIbHUM CTOJIMKOM 1 MUB
KaBy. 3 MOYATKy 1 JI0O camMoro KiHIS BiH HE OOMOBHBCS >KOAHMM cioBoM. Ckiamanocs
Bpa)keHHsI, 10 a00 BiH HIYOT0 HE PO3yMi€, ab0 3HEeBaXkae piBeHb auckycli. [lo3naunmo itoro,
YMOBHO, 5K XYZ.

S Toxi perynsapHo npuizauB 1o Kuesa, Oyina MOXIuBICTh, OyJTH KOPUCHI KOH(EpeHIIii.
HactynmHoro pasy miit apyr 3yCTpiB MEHE CTpalleHHO po3japaToBaHui. «YsaBisem, XYZ
MpEeTEeHAye Ha CIiBaBTOPCTBO», — HAPEIITI BUYaBUB i3 cebe BiH. «CrofiBarocs, TH MOCIIaB
Horo nanexo?» — 3anutaB 5. «Ta 3BUYaifHO MOCTaB, aje HiIK 3aCTIOKOITUCS HE MOXY, MU
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3BIJICK», — BIJNOBIB JAPYT OJATal0unch. Bke 1o qopo3i s HeHas’si3nuBo 3anuTas: «Hy a unm
’Ke BIH MOTHBYBaB?» «BiH OyB PUCYTHIM IIpU AUCKYCIi!» — BIATIOBIB JIPYT.

S vacro npuraayto apyry 3yctpiu 3 FO.M. Jlomcanze i Te, sk BiH MPAaIlOBaB 31 CBOIMU
CHIBaBTOPAMHM. Y >KHUTTI TPAIUISJIUCh BCUISKI CUTYallll Y NUTaHHSAX CIIBaBTOPCTBA. S BUIE
npuraziaB Il JBa JAiaMeTpaibHO MPOTHUJICKHI BUMAAKKA HE BUMAAKOBO. Hamniroch, Takum
YUHOM, s IOSICHUB, YOMY MIIHO [aM’sITato Ipyry 3ycTpid 3 mpodecopom Jlomcasse.

Tpets 3ycTpiu BinOynacs BKe MiCIs 3aXUCTy MHOIO KaHAMAATCHKOI aucepranii. Mu
HapEIITI MOCMUIKYBAJIUCh TOBTO, Aech MiBA0OK. CaMe 11 OCTaHHS 3yCTpid JO3BOJISE MUCATH
cnoranu npo Jlomcanse, mae HafAilo, IO 1 TPOXHU 3PO3YMIB L0 JIOJMHY 3 BEIUKOI OYKBH,
mi3HaB ii 6mkde. | Maro mpaBo PO3MOBICTH MPO CBOI BPaKEHHS.

B i yacu noBesnocs 3AUTH MO Pi3HUM HAYKOBUM IIEHTPaM, BUCTYIIaTH 3 CEMiHApamH,
IIyKaTH J10JaTKoBe (piHaHCyBaHHs. 1 OyB MOCTIMHO TOTOBUM MHCATH Ha JOLIKY (HOPMYIIH.
SAx mpaBuio, BUCTynaB y MOCKBI Ta IO i1 OKOJHUIIAM, aje TOAl B YEPTOBHUMA pa3 OMMHUBCS y
Kuesi, B [HcTUTYTI TeopeTHyHOT Pi3UKH.

byB 3muBOBaHUN, KOMM MEHE BHUKIMKAIM 3 KOH(PEPEHI-3aJy 1 MOMPOCHINA IO
3aKIHUCHHI JIOTOBIJII 3alTH JO CEKpeTapKd IuUpeKkTopa. TaM MeHe dYekajia pOo3IOBiJb
CUMIATUYHOI CEKpPETapKH Mpo [3BIHOK 13 YXKropoja sKoroch HeBigomoro il IBaHa
IOpiiioBnya KpuBCchbKOTO 3 MpoXaHHSAM 3HAaWTH MeHe (Toli He OyJo HaBiTh y HAyKOBIi
danTacTumi HI MOOLTRHUX TenedoHiB, HI IHTepHery), mo6 s 3HAWIMIOB y I[HCTHTYTI
MaTeMaTHKU Ha 1HIINA KoH(epeHii, y akagemika bepe3ancokoro, npodecopa Jlomcanze i
PO3MOBIB HOMY JTOKTOpChbKY nucepTaliito Kpuscbkoro. IBan FOpiiioBUY HACKUTEKH TOYHUM
OyB Yy HAYKOBHX TBEPXKECHHSX, HACTUTLKH HE TOYHUM Y HAYKOBO-OpraHizamiiHux. Tox s Bike
JABHO 3BUK JI0 MOT0 3aBAaHb TUITY «IIIJIU Ty, HE 3HAIO Ky, IPUHECHU TO, HE 3HAIO I0». S
BUpIIIKB cripoOyBatu gornomortu. Crpasa y Tomy, mo FO.M. Jlomcanze y Ti yacu npairoBaB
y IliBHiuHi# Ocerii, TOX Yy pa3i MOro ycIixy, 11e ekoHoMui10 KpuBcbKOMY KilbKa THUXHIB
KUTTS. A MEHI TapaHTyBaJIo, IK MIHIMYM, IBOTH)KHEBUH MOX1]1 3 Ipy3saMu 1o HeTpsim Kapmat
31 MUPOTro M03BOJIy HavalbHUKA. Tak, sk xonmuck Oyno y Kpuscekoro i Jlomcanze, IBan
IOpiitoBuu nmpairoBaB 1 31 MHOIO. [IpuHIIUI OyB — «KOHYMWI AENO — TYJSH CMENIo», a TIOKU
BHCLJIa He3aBepIIeHa podoTa, To He OyJI0 Hi aCHipaHTChKUX KaHIKYII, Hi BIIITYCTOK.

B IHCTHTYTI MareMaTHKH 3 JOUIKH OTOJIONICHb BiJipa3y Ji3HaBCs, IO KOH(MEpEeHIIis
3aKiHUMJIACS JIBa JIHI TOMY Ha3al, aje METOJ0M JI0KTopa BaTcoHa 3HaiflIoB acmipaHTKy, 10
BIJIMOBi/TaJla 3a IOCEJEHHS — BOHA mpwurajana, mo Jlomcam3e OyB IMocelneHUN y rorteni
«Ykpaina». KpuBcbkomy ayxe moBesio, rotenb «YkpaiHa» OyB nmopyd, 6o sikOu roBenocs,
HampHKiIaa, noBepratucs 3HoBy y @eodaniro, abo 1mie nech ixatu y kiHenp Kuesa, To s 0
3actocyBaB neayktuBHuil meton Illepmoka XomMmca i moixaB g0 nmiBuaT. A Tak s 6e3
0COOIMBOT HaIii 3aIIIOB MO JOPO31 /10 TOTEN0 «YKpaiHay.

Busisunocs, mo FO.M. Jlomcaase Bce 1ie Menikae y HoMepi Cymnepitokc. S mocTykas.
JIBepi BiTYMHUB BHCOKHI MOJIOJAMK MPUEMHOI 30BHINTHOCTI 1 MOBIJOMHB, MO Mpodecop
BIJICYTHIM. AJjie ModyBIIM, L0 5 3 YIKropojaa, IIMPO 3ampocuB MeHe yBiWTH. «HOpii
MeniTOHOBMY 4acTo 3raaye Y Kropoa» — noBifoMuB BiH. Ha expani TeneBizopa OyB Hazmuc
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«nnamo ToOunict — unamo KuiB» a Ha *KypHaIbHOMY CTOJIUKY CTOSIB YUMAJIEHbKUN KyOOK
YEepBOHOTO TPY3UHCHKOT'O BUHA.

FOpiit MeniToHoBHUY OyB Ha MPOTYJISHII HE caM 1 TOBEPHYBCS Yepe3 ABl ToauHu. S He
Jy’Ke TIOCBapUBCs 3a IIed Yac 3 MOJIOIUM YOJIOBIKOM, SIKUW BUSIBUBCS acmipanToM Jlomcanze
1 BogHOYac cuHOM BijioMoi y ITiBHIuHIN Ocetii mroaunu. SIKiio He BpaxoByBaTH (pyT00II, TO
CHUIKYBaHHS BUSBHWJIOCS HAJA3BUYAHO NMPUEMHUM 1 MI3HABAIBHHUM, s 0araTo Ji3HABCS PO
[TiBaiuny Oceriro.

IOpiit MeniToHOBHY MeHE BITi3HAB 1 OyB MeHI mupo paauil. BiH cka3as, 10 9yB IIpo
MO1 BUCTYNHA y MOCKBI BiJ] CBOiX ApY3iB 1 OLIbIIE «IOHOIIEI0» HE Ha3MBaB. AcCHipaHTa BIH
MOTIPOCHUB YBAXKHO CIIyXaTH, a JIIOJMHY, 110 3 HUM IpPUMIIUIA, BIANPABUB Y 1HIIY KIMHATY 1
MOTIPOCHB 3a4yekaTt. Jlo JO0moBiai MeHI He MOTpiOHO Oyno roTyBaTHCS, 0O IUCepTallis
Kpuscrkoro [5] ckimamanacst 3 po3BUTKY aKCIOMaTHYHOTO Miaxoay Baiitmana (mo po0oTax,
HanmucaHux y criBaBTopcTBi 3 FO.M. JloMcanze), Moel KaHTUAATCHKOT [6] 1 3MUUKH MiXK IIAMH
pI3HUMHU 4YacTUHAMH (IUB. TakoX [7]). S XxuTpo po3mouaB 3 MOBIIOMJICHHS CYTi 1 3MICTY.
[Ipodecop Bimpasy 3ayBakuB, 110 MEPITy YACTUHY BiH 3HA€ Kpaie 3a KpuBChKOTO 1 1100 o
He BUTpaydaB yac. CBOIO 4acTUHY [6] 51 MIr 11Ie pa3 3aXUCTUTH 1€ 3aBIOJIHO 1 KOJIM 3aBTOHO,
a 3MHUYKa I0JIsIraja y akCloMaTUYHOMY PiBHI BUKJIQJACHHS MO€T YaCTUHU. 3alUTaHHs OyJU 1O
X0Jy, Ty’Ke BIIy4Hi 1, IK MU Ka)KeMoO, B Topellb. T0X YBECh XMiJIb 3 MEHE BUJIETIB. J{omoBiab
Oyna ycmimHow 1 FOpiit MeniToHoBuY, sIK pe3toMe, MOBiAoOMHUB, 10 KpuBChbKUT MoOXke
HAJCWJIaTU KIHIEBUM MPOEKT BIATYKY, BiH MiANUIIE 1 BiANpaBUTh Yy MiHchbk y Crenpaay no
3aXUCTY.

Konu 31 cnpaBamu Oyno 3akindeHo, To FOpiit MeniToHOBUY JJOBTO PO3MHUTYBAB PO
VYKropoa, Cio4aTky mpo CHuUIbHUX 3HAHOMUX, MOTIM MPO CBOIX 3HAMOMHUX, MPO IIAXMATH 1
npedepanc. BimuyBanacs Horo BeIude3Ha HOCTAIBTIS 110 Yacax, MPOBEJASHUX B YKropoi. S
YUM MIT J0TIOMaraB oMy iHdopmMarii€ero.

[ToTiM BiH 3aKJIMKaB JIIOAUHY 3 CyCIAHBOT KIMHATH 1 MU BXKE yC1 YETBEPO PO3MOBIISIIN
PO 1110 3aBTOAHO, Mu 3 FOpiem MeniTOHOBUYEM YacTO MOBEPTAIHCH 0 TEOPETHIHOT (Pi3UKH.
[Totim FOpiit MeniToHOBUY 1aB KOMaHAY aCMipaHTy 1 BOHU MoYaliu 30upartucs B Jopory. S
3IMBYBaBCsl, 00 10 BWJIBOTY iX JiiTaka Oynio ax ciM roawH. Bce cramo 3po3yminnM, KOIu
npodecop MoBiIOMUB, 1110 X04Y€ UTH O aepPOIOPTY MIlIKH.

Tak MM 1 WIUIM, CHOYATKy BedipHIM, a NOTIM HiYHUM KueBom, mpsmyrouu [0
neropuia. bymna uynosa noroxaa. [Tonepeny mu 3 FOpiem MeniToHoBUYEM, 0331y acHipaHT
1 3Hailoma mpodecopy nroauHa. 3 Haloi HECKiHYeHOi Oeciiu Mpo HayKy 3amam’srajacs
HacTaHoBa npodecopa, sIKy BiH BXKe Ka3aB MeHI Mij yac KOpoTKoi nepioi 3yctpivi: «Hikonu
HE 3B’SI3yHTeCh 3 TpaBiTaIli€ro!»

OcTaHHIM yacoMm s NOpYIIUB APY>KHiH 3amoBiT npodecopa. 3arajka TEMHOI MaTepii Ta
TeMHOi eHeprii BcecBiTy 3acraBmia MeHe 3pOOHTH TEpIi, MOYAaTKOBI KPOKH, y LbOMY
HanpsAMKY [8—11], mpuHaitMHI 110710 eTleMEHTapHUX YaCTHHOK 31 criiHOM 2. SIkOu s TOf1 3HaB,
o 1e Oyae ocTaHHs 3yCTpid, TO po3MoBa Oysia 6 mpo iHII OuIbll QyHIaMEHTAIbHI peui.
3apa3 HaBKOJIO MEHE BCE TAKH € KiJIbKa JY»KE OCBIUEHUX 1 TATIAHOBUTUX MOJIOMX JIFOJICH, aie
siK OM OyJ10 3J0pOBO MOJAUCKYTYBaTH 3 Tipodecopom Jlomcanse...
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OKpIM BEJIMYE3HOTO MO3UTHUBY HAa TOM MOMEHT, ChOTO/IHI 115l 3yCTpPIY 3raly€eThCs TAKOXK
1 3 1HIIOTO OOKY — SIK 3YCTpiY BTPAYCHHX MOXJIMBOCTEH. S Tak 1 HE BHUSCHHB TOJ1 HOTO
BiJTHOIIIEHHS 10 mocToi mpobiemu ['inpoepra [12]. Hi BiH, HI #ioro y4HI HIKOJIH HE BXKUBAIN
el TepMiH y 3B’A3KY 3 aKCIOMAaTHYHHMHU MIJIX0JaMH J0 KBAHTOBOI TE€Opli MOJsl, K1 BOHU
po3BuBanu. byno 0 mikaBo 3HaTH, YOMYy? A Ha TOW MOMEHT s cCaM LIUM HE JYXKe LIKaBUBCS.
3arrikaBieHHs npoodiemamu ['11p0epTa NpUIIILIO 10 MEHE 3HAYHO Mi3HIIIE, KOJIU 3ITKHYBCS 3
MaTeMaTUHYHUMH OOMEKEHHSAMHU QYHKIIOHYBAaHHS IITYYHOTO 1HTEJNIEKTY (Maro Ha yBas3i mparl
[ITaema ben JleBina ta Kypta I'egenst). Jlo peudi, Teopemu I'enens 3 npodecopom Jlomcansze
MU BCE€ TaKU TPOXH OOTOBOPHIIU.

Mu Tpoxu 3adinaiu TOAl MapaJoKCH KBAHTOBOT MEXaHIKH, SIK1 BIH 3HaB MOSICHIOBATH
JIOCKOHAJIO, ajieé [K >K€ i He pO3MHMTaB HOoro AeTalbHO Mpo mapanokc ElHmTeiina—
ITogonecekoro—Po3ena?

Most po3noBiab mpo npodecopa Oyia 6 HermoBHOO Oe3 11e ABOX emizoaiB. Ilepmii —
e nosra gauckycis npo Jlomcanze 3 Imutpom SxoBuyem Ilerpunoro. Bin toai OyB wieH-
kopom HAH VYkpainu, a, MOKITUBO, BJK€ HABITh aKaJIEMIKOM.

Bin minciB g0 meHe y aBToOyc peiicy Ne63 Oinst [HCTUTYTY TeopeTHUHOT (Bi3UKH i
CKa3aB, 110 51 HEIIOTaHO BUCTYIMB Ha KOH(EpeH11i 1 Maro IIaHC He OyTHU TaKUM MPOBIHIIHHUM
BueHUM sik B.I. @yma a FO.M. Jlomcanze. S nyxe oOypuBcs Takiii «1moxBali» (BOHA Kuala
TiHb Ha BeCh YJKIOpOJl, a HE JIUIIE HAa MEHE 1 MOiX CTaplIuX 3HAHOMHX), ajie CTpUMAaBCs 1
BUPIIIMB CIIPOOYBATH MEPEKOHATH ioro y npoTuiexHoMmy. Komau BusBuiocs, mo BiH 5K 1 4,
npsiMye B [HCTUTYT MaTeMaTUKH, TO S IlIe pa3 KaxHyBcsd, 00 Ha Hac 4yekasa rmepecajka Ha
BucTagiii HapoJHOT0 rOCTI0IapCTBA HA 1HITUI aBTOOYC 1 TTOJIOPOK Pa3oM B IIJIOMY aX Ha JBi
roJIMHU. AJIe s 11e pa3 CTPUMABCS 1 BIMOBIB, IO Y IIMX BUEHUX € Oe33amepeyHi 1 JyKe I1KaBi
HayKoOBi pe3ynbTaTu. Ha 1e BiH cka3aB, mo pe3yiapTatd Dymmya, To € OyXraarepchbKui
Mepeik CUMETpId PI3HUX PIBHSIHL 0€3 >KOJHOTO 3aCTOCYBaHHS, SIKE OYECBUIHUM YHHOM
HampouryeTbes. S ckaszas, 110 Taka 0a3a JaHUX, Ky BiH caM TUIbKH 1110 BU3HAB, BJKE cama 1o
co01 yy10BH# pe3yIbTaT 1 KOKEH BUSHUH y CBITI, IMicIA ii cTBOpeHHS Bimbreasmom Limtiuem,
MOXKe 11 3aCTOCOBYBAaTH 1 BUKOPHUCTOBYBATH.

Toni BiH mepexmounBcs Ha JloMcana3e 1 po3movaB yAapoM Imija AWX, SK TOW MIr
HAIMMCATH TaKy CTaTTIO y «3akaprarcbKy mpaBay»? S Biagpasy 3amepeduB, sIKIIO J0OABUTH
MajeceHbKe CJIOBO MOJENb, TOOTO PO3IJISHYTH 3aKOH 30€peXEeHHS Yy paMKax MOjel
Baiitmana, Tippinra, abo Eitamreitna—Ilomonscbkoro—Po3ena 1 T.1., TO BiJipa3y BCe CTae
HOPMAJILHUM. A (OKYPHAJIOTH» TOIO0JISIOTh IPOMYCTHTH CJIOBO YU PSAJOK a00 IO TYMOCTI
CBOIH, a00 MO MiATIOCTI (51 caM KypHAJIICT, TOMY HACHIJIKYyBaBCs JOCTAaTHRO 3 I[I€I0 OpaTI€ro),
1 He Tpeba 3a0yBaTH Xa3siB ra3eTH «3aKkapraTchbka MpaBay, 3 SKUMu Jlomcaa3e He yKUBABCH.
Bixe cama tabnnuka «Theory of Hadrons Department» y HUX i HOCOM Ha CTiHI OyJUHKY
nopsi 3 0OKOMOM MapTii iX HaJA3BUYANHHO JpaTyBaa.

[Ile MmoxHa OyJ0 CKa3aTu oMY 30BCIM iHIIIE, 10 KOJHU BiIKPUBAEII IIOCH PUHIIATIOBO
HOBE, CHJIBHO BWIICPE/DKAIOYM Yac 1 HAYKOBE CHOTOJICHHS, TO HATHUKAEIICS HA CYNPOTHUB
KYpHAJIiB, TYMaHHI peleHs3ii 1 TArHe X04 y ra3eTi OMOBICTUTH JOJeH (IHUB., HAPUKIA,
nepeXuBaHHs Ta A0 Maiictpa 3 pomany M.A. bynrakoBa «Maiictep 1 Maprapurta» 3
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BUCHOBKOM «PYKOITUCH HE TOPATHY»). Ajie 1 BUpIIMB, 110 [leTpuHi He ¢l HbOT0 TOBOPUTH.
HaBpsi un 3 HUM Take TparusIocs 1 Yd BiH 1€ 3pO3yMIE.

A mokwu s BuOupaB TakTuky, [lerprHa 3aBouBCs Bce OubIe 1 OutbIne. XTO 3HAB ITIO
JIOAWHY, TOW 3HA€E SK HEMPOCTO OYJ0 3 HUM IUCKYTyBaTH. SIkOu po3mMoBa Oyia KOPOTKOIO,
TO BiH OM miepeMmir. A Tak — aBToOyc ine, a 1, Malouu J9ac MoaymMaTH, — 3arepedyro. S Bupimms
3aCTOCYBaTH CUCTEMHUM mijxia. «JlaBailTe BU3BHaAUYMMO KpHUTEpii MPOBIHIIIHOCTI HAYKN» —
CKa3aB 5. SIKI10 BU3HAYATH 10 MICLIIO, JI€ 3p00JieHa HayKa, TO 1€ CMIIIHO. S ToAl Helo1aBHO
nodyBaB y Mapceni y nposiniiii [IpoBanc y mabopatopii imeni Illapns ®abpi 1 Ansdpena
[lepo, ToMy 3ayBaKMB BXKUBLIM KalaMOyp NpOBIHLIA-IIpoBaHC. «Xiba iX Hayka crajia
NPOBIHIIIMHOIO BiAg TOro, mo BoHU 3 [IpoBaHcy?» — HamaraBcsi s LIYTKyBaTH 100 He
MaTIoKaTucs. Ane 1ed IIApbKO He 37aBaBcs. A s MPUIYMOBYBAaB HAIIBHJKY CIPABXKHI
KpuTepii npoBiHUIHHOCTI Hayku. [lo-mepmie, skmo pe3ynbraT 3ByuuTh «Bmepmie Ha
3akapnarTi 3acTOCOBAHO MeETOJ TinepchepudyHux koopauHaT» abo «Bmepme y CPCP
OTPUMAHO 1€papXilo...», TO TaK, 1€ O3HaKa MPOBIHIINHOCTI HAYKH. bo Hayka — 11e TIJIbKU TOA,
koM Brepiue y cBiti! [lo-npyre, sikmo ony6iikoBaHo auiie y «Bicauky YxxHY» abo numie
y mpenpuHTi [HCTUTYTy TeopeTHuHOi (PI3MKH, a CepHo3HI KypHAIU HE OEpyTh, TO TaK, 1€
O3HaKa MPOBIHIIITHOCTI. |, HapeITi, SKIIO0 HaBITh OMYOJIIKOBAaHO y CEPUO3HOMY JKYpHAJI, ajie
pOKaMU HIXTO HE TIOCUIIAETHCS, TO 1€ O3HAKa MPOBIHIIIITHOCTI pe3yIbTaTy, ajie CKOopilie — e
O3HaKa HaBiTh HEMPaBUJIBLHOCTI Pe3yibTaTy a00 MPOCTO HOro HIKYEMHOCTI, HEMOTPIOHOCTI
MpoIlecy PO3BUTKY Hayku. Aje Jerko Oauumtu, mo Hi Jlomcanze, Hi Dymmuyu 30BCIM HE
MIIXOATh i Il KpUTepii.

S me 3ragyBaB Mpo BUCTYIH Ha MiXKHApOIHUX KOH(pepeHisx. [IpoBiHmiiHNI BUCHUH
Ha KOH(epeH1ii He T3A1Th, HAYKOB1 pe3yJIbTaTH y BIIKPUTUX JUCKYCIsAX HE anpoOye. Taxi, sk
MPaBWJIO, TJIMOOKO XOBAKOTHCS 3a CTIHAMHU JOMAIHIX IHCTUTYTIB a0o BumIiB. Xiba Iie
BimHOcuiocst 0 Jlomcanze abo dymmya? Oymuy HaBITH KypHal CBIM 3alO4YaTKyBaB —
BIIOMUII MDKHApOJAHHMM JKypHal 3 HEJIHIMHOI MareMatuyHoi ¢I3MKH. A CKIJIbKU
KoH(QepeHIIii opranizysas i mpoBiB Jlomcanze B Yxroposi? XoTijaock NepeMKHYTH JMHUTpa
SAxoBuua Ha KOH(EPEHIlito, AKa TUTbKK HO 3akiHumiaca B [T, mo, 10 pedi, 1 IpuUBeno 10
HAIIIOi BUITAJIKOBO1 3yCTpil, aJie He TIOIIsI0.

Bupimme nepexmountu JIMuTpa SIkoBruYa Ha 30BCIM iHIINY Oecidy 1 cKa3as, IO 100pe
raM’ATar0 Halle 3 HUM 3HaloMCTBO y ciuHi 1987 poky Ha 3acijaHHI CIIepaau MO 3aXHUCTY
KaHIUJATChKUX nucepTarlliil y KuiBcbkomy yHiBepcuteTi. TouHime y nepepsi i kode Opeiiky
MK aBoma 3axuctamu. [lepmum 3axumiaBcsa rpomanasaud [liBHiuHOT Kopei [lexk €1 MeH, a
JIpyruM aBTOp LUX psankiB [6]. Lle OyB nepmuii 3axuct micias YopHOOMIbChKOT KaTacTpodu,
00 310partu crienpany i 3a0e3neYnTy KBOPYM paHilie OyI0 MPoCcTo HEMOXKINUBO. 3pO3yMLJIO,
110 crienpajaa 3iopanacs He 3311 MEHe, a MeH1 CTaBWIIacs J101aTKoBa 3a7a4a — 000B’I3KOBO
3aXUCTUTH TEpII 3a Bce Kopeiis. [Ticis oro 1omoBizi 1aMaHo0 POCIHCHKOI0 MOBOIO YJICHU
cneupaau OosuMcs 3a4aTv 3anuTaHHSA. BuHukina He moTpiOHa may3a. €aMHE 3alHUTaHHS
03ByuuB came Jmutpo fxoBud. MoBa Hnuia mpo My4yoK HEWTPOHIB 1 MPO BIACTUBOCTI
radHieBUX QiIBTPIB.

- A mo Oyne, sxmuio GpiubTpu npudpaTH?
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Kopeens 3 Hazi€r0 moAUBUBCS Ha MEHE, 51 K BUCYHYB OOJIMYYS 13 32 CIMHU CBOT'O OMOHEHTA,
pilryye moMaxaB TOJOBOIO B 3HAK MPOTECTY 1 CKOPYMB Ha OOJIMYY] pBOTHY rpUMacy.

- E nee! ByzaeT oueH Hexapaiioo — BiJIIOBIB KOPEEIh 1 3a KiJbKa XBHJIMH BXe OyB
OJTHOTOJIOCHO MPOTOJIOMICHUA KaHIUIaTOM HayK.

Jmutpo SIkoBUY Takok OyB €IMHUM, XTO IMMOMITHB 1 pO3MHU(PyBaB IMiIKa3Ky, TOXK Ha
Ko(e Opeiiky MU 3 HUM TOOpO3UWIMBO kapTyBaiu. BiH nmoxxapryBas 1 Toal B aBTo0ycl: «He
Ty’Ke cMiiiTecst, 00 IIIJIKOM MOJIMBO, IO 3 LIUM KOPEHUIIEM BaM M€ TI0BEIETHCS 3yCTPITUCS ! »

Mu obunBsa Tpoxu 3amucimircsa. Ha Hamux odax 3MiHIOBaJach ernoxa. Y mornepeaHi
yacu MM caml HaBdaiid rpoMajisi [liBHiuHO1 Kopei y ToMy uncii 1 BiiicbKOBUM cekpeTaM. A
o Oyae mami?

Aute Bij po30opy 1o kictoukax JloMcaaze s Horo Jinine Ha XBUIIbKY BiJBOJIK.

Juckycis 3arocTproBanacs, TOX y Cymepeulll sl BCEe YacTillie HaBOUB MPUKIAIN TUITY
CTOXaCTHYHOI AUHAMIKH, i€epapXii, [HCTUTYTy TeopeTuyHOl (i3uKH, 00 BiH 3aJyMaBcs, 5K
KOJIUCh LIJIKOM MOKJIMBO CKaXyTh 1 mpo Hboro. Kpamuii 3axuct — e Hanaz. [letpuna ne
3/1aBaBCs, MPUIYMOBYBAB CBOI JI0KA3H, 51 TAKOXK CTOSIB y Il MUTTEBOCTI BXKe He 3a cebe, He 3a
Jlomcanze 1 @ymuya, a 3a BeCh HAyKOBUHM Y>kropoa. Yacy mpoHIuio Bxke MOHAl TOJUHY, MU
BXKE TPHUIXajd 1 MPSMYyBalU 10 |HCTUTYTy MaTEeMaTHWKH, KOJIH JO MeHe mimidmoB bopmc
BonogumupoBru CTpyMiHCHKUH 31 IIUPOIO paaicTio Ha obmuuyi. CUTyallis po3psauiacs.
Jmutpo SIKOBUY IMIBHACHBKO MOIPOIIABCS 1 MIMIOB A0 1HCTUTYTY, @ MU TaM 3YCTpUIHCS 3
bopucom BonmoaummupoBudyem He BHUMAAKOBO 1, HACHpaB[i, JUIsl 30BCIM I1HIIUX pedei, i
KOJTHUM YMHOM He aiist Imutpa SxoBuya.

Motusu JI.41. [lerpunu 10 Ti€i gUCKyCIi S He 3p03yMiB TO/Ii 1 BK€ HIKOJIU HE 3p03yMit0.
MeHi noBenocs KijibKa pa3iB CIIJIKYBaTUCS 3 HUM BJK€ Ha HayKOB1 TeMH. be3 cymHIBY, 1ie OyB
BUJIATHUM YKpaiHCHKUM BUEHUM, JUB., HAIpUKIaM, Horo kuury [13]. Sk moauHa, sika cama
TPOXH MPUYETHA IO HAMMMCAHHS KHUT, PO3YMIIO MacIITaOM TBOPYOCTI [LOTO BYEHOTO.

S 3rajmaB mpo 10 HaB’sI3aHY MEH1 JHUCKYCil0 HE BUMAIKoBO. Komum HemomaBHO
KEpIBHUIITBO 1HCTUTYTY 3alPONOHYBAJIO MPOBECTH BCeyKpaiHChKH ceminap o 100-pivus 3
nust HapomxkeHHs HO.M. Jlomcaaze 1 Bkmtounsio MeHe 10 [IporpamMHOro KoOmiTeTy, TO A
KaTerOPUYHO 3arepedyrB BCEYKPATHCHKUN PIBEHBb 3aXOJy, HABITh I[IHOK TMOYYTH BiIOMi Y
TaKMX BHUIMAJKaX CIIOBA «iHIilllaTUBa Haka3yeMma, poou cam». «lloBuHHA OyTH MiKHApOIHA
KOH(epeH1is» — pilryye 3asBuB 1. ToMy 1110 Bifpa3y npuragaiacs ta auckycis 3 [lerpunoro.
XomHoi 03HaKM MPOBIHIIHHOCTI HE MOTPIOHO cTBOproBaTH BiacHopyu! Takum yuHOM, 5
ONMMHUBCS Yy CaMOMY TOPHHJII MPOLECy OpraHizalii 1i€i Mi>KHapoJHOT KOH(epeHIii, xoua
3/10pOB’sl HE 3aBa/INJI0 O MaTH TpoxH Oubie. Mos 3a1a4a — MPOIEMOHCTPYBATH MIXKHAPOIHE
3Ha4YeHHs Hamoro Buurens. Sk e BUHMIUIO y MeHE 1 MOiX JApy3iB 3a TOW Mi3epHHUH Yac, 110
3aJIMINABCS, TO BXKE HE MEHI Cy/IUTH.

SIkmio ByKe 3aiiIIa MOBa MPO HAyKOBE 3HAYEHHS pe3yibTariB Jlomcanse, To MOBUHEH
3rajlaTd Ipo pe3ysbTaT, IKHH Ha MO0 IyMKY € OJHUM 3 HaiBaxiIuBimmx. MoBa ijie mpo
MOXKJIUBICTb MUTTEBOI Iepeaayi iHGopMallii Ha OCHOBI peayKIii XBHJIbOBOI (PYHKIIII, Mpo
rnmubokuil aHami3 mapagokcy Einmreitna—Ilogonschkoro—Po3ena Tta #oro nacmigkis. Le
OyJ0 3a ocTaHHIN pik oro nepedyBaHHs B Yxkroposi. Bin Toai 3po6uB cepito cemiHapiB y
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BiJUTiNTi Teopii ampoHiB Ta yHiBepcuTeTi. Floro IyMKH JIHIIe 4acTKOBO 3pO3yMiNH HOTo Kpali
yuni, siki 6yau npucythi: IBan FOpiiioBuy Kpuscekuii, Omemnsin ITerpouy Caban, Mocum
Muxatinosud llly6a, Cepriit FOpiiioBuu Measenes. Bonu motim yacTto i 6arato po3mnoBigaiu
MEHI MIpOo 1€, KOJM S BXKE€ TPOXH 3HAB OCHOBU KBAHTOBOI TeOpii 1 AOPIC 10 PO3yMIHHS.
Crporoani 6auuthes, mo HOpiii MeniToHOBHY HAJOBro BUIIEPEAWB CBIM Yac 1 OJHHUM i3
NEPILMX 3BEPHYB yBary Ha CIpPaB)KHE 3HAUYECHHS TaKUX MOHATH SIK «quantum entanglementy,
NeperIyTaHl CTaHW, MOKJIMBICTh MUTTEBOI Iepeaadl 1HGopMalii — Bce Te, 10 NPOKIIaJae
HUISAX 10 KBAHTOBUX KOMIIT FOTEPIB.

Opgnum 3 BaxuMBHX 3100yTKIB KOoH(pepeHuii no 100-piyus 3 1HA HapOHKEHHS
Jlomcanze Oyno O 3HaXOKEHHS 1 MOMIUPEHHsS 1HGOpMaIli Tpo el BaXXJIMBUN pe3ybTatr
BueHOTo. B3arami, Oyso 6 ayke KOPHUCHUM OMyOJIIKyBaTH y 301pHHUKY Tpallb KOH(pEpeHIii
cnucok ycix myomikamiii FO.M. Jlomcanze. Illogo anmamizy mnapagokcy ElHmTeitHa—
IMogonscrkoro—Po3eHa Ta iioro HacHiaKIB, TO IILIKOM MOJKJIMBO, III0 BUCHUHM HAJCHIAB IIeH
Matepian A0 ApykKy Bxke npautoroun y IliBHiuniii Ocertii. Onny crartio [14], 1 HaBiTh
MoCWJIaHHs Ha Hei y BimoMomy orisni [15], Bmamocs 3HaiTu. Ane 3B'si3ok 3 [liBHIYHO-
OCeTHHCHKUM YHIBEPCUTETOM ChOTOHI HE MPOCTO HAJIATOAMTH 1 3HANTH YCI Mpalli BYEHOTO,
M0 BIJHOCSATHCS /10 TaHOT TEMAaTUKH, TOCUTH MPOOIEMAaTHIHO. A TeMa, IO SKOi BiTHOCUTHCS
npats Jlomcanze 3 cunom llototo [14] cboroHi HaA3BUYAIHO aKTyanbHa, TUB., HAPUKIIA],
nociimpkenns [16-18].

He menm BaxnauBuM Oyno 6 omyOJiiKyBaTH y BIJOMOMY MIDKHAPOIHOMY KypHaIi
CTaTTIO 3 BUKJIAJICHHSM LIbOTO pe3ynbTaTy [14]. [IpukiaaiB mogiOHUX pedeid y CBITOBIH HayIIl
€ O6araro. 51 HEOTHOPa30BO IUTYBAB CTATTIO TPHOX ITATINCHKUX BUSHUX (10 peul, Mi3HIIIE, 5
OyB 3HailloMMii 3 HUMU), SIK1 ONyOJIIKyBaJl CTOPIHKH 31 ojieHHnKa ETTope Maiiopana [19].
Ixns nopeuna srajka mpo HeomyOikoBaHi paHilie pesynbTati Maifopana muTtosana 206
pasis.

Cnin 3ayBaxkut, 1110 aHanizy mapanaokca Ennmreiina—Ilogonscskoro—Po3zena FOpii
MeniToHOBUY TNpUAiNUB He3HayHy yBary. OCHOBHHM HampsIMKOM HOTO HayKOBHX
JOCTI)KeHb OyJla akcloMaTM4YHa KBAaHTOBA Teopid mouys. S BKe 3rajayBaB pPO3BUTOK
akciomaTH4HOrO miaxonay Baittmana [3, 4], ane npodecop Jlomcanze He 0OMexxyBaBcs OJTHUM
HaAMPsIMKOM y akciomatwuili. Pa3oM 3 yuHsIMU BiH IOCIIJI)KYBaB KiJIbKa Pi3HUX aKCIOMAaTUYHHUX
migxoaiB. Ha >xanmp B Ti yacu y CBITOBIM HayIll BXK€ CHOCTepirajach TCHACHIIIS 3HUKEHHS
1HTEpeCcy /10 aKCIOMAaTHUYHUX MiAXOJIB 10 KBaHTOBOI Teopii mos. [lepemarana nparmaTuka
IIBUJIKOTO OTPUMAaHHS pPE3yJbTaTiB, aHajdi3 OCHOBHHMX MPHUHIMIIB I0YaB BiIIrpaBaTu
JIPYTOPSIHY POJib. 3MIHIOBAJIACh €M0Xa, 3MIHIOBAJIOCh TTOKOJIIHHS JOCIITHUKIB.

Jpyruii enizon 10 moBHOTH ece mpo Jlomcanze — TeneoHHa pO3MOBA 3 MPE3UACHTOM
Axanemii Hayk ['py3ii Anb6eprom Hikudoposuuem Taxenigze. Mu cuaiim Broma y MOro
craporo npyra bopuca Bononumuposuda CTpyMiHCBKOTO 1 HyAbryBanu. Hamr 3apruiatu y
JI0JapOBOMY €KBIBaJICHTI Oyl MI3epHHUMH, 3aKOPAOHHI TpoIll MEHI Haaoino xkedpaTtu, a
HoMy TOA1 HE CBITUJIO. A 11I€ 1 Hallll IHCTUTYTChKI 3apIUIaTh 3aTPUMYBaJINCh HA HEBU3HAUCHU
CTpOK.
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- Hagaii 3arenedponyemo no TaBxemnin3e — 3amporoOHYBaB, MOBECENIBIIM BijJ BAJIO1
3ayMKH, bopuc.
- Jlo TaBxemiaze? — Ta HaBIIIO, HE 3PO3yMIiB 1.
Ane npogecopy Bke NpUHILIA I pyKy BECeNa TyMKa, 1 Horo 0yJsio He 3yNUHUTH.
- Tu mo, 3 [Ipe3augeHToOM rpy3MHCHKOI akajeMii HayK He XO4ell IOrOBOPUTH?
- Ta meni sikock mo-6apabany. He Tak nmaBHO 3 akajgeMikom lleTpuHOIO 1B1 TOAMHU

HabaJslakaBcsl.

- Ile To61 He [leTpuna 1 B3arami ciuyxai crapmux, Och mouyeri, 0yie Beceno.

[Toronutucs Ha TenedoHHUM A3BIHOK He polieMa, aie ciyxaBka Bij bopuca Bimpasy
Oyna migHsATa. BiH 3 mpuTaMaHHOI HOMY BHXOBAHICTIO (JI0 JAPY3iB) BBIUJIMBO MOIIKABUBCS
PO 3J0POB’ S, PO PIAHUX 1 OJU3BKUX, IPO POOOTY. A MOTIM 3aIlUTaB.

- Tlocnyxaii, a sika y Tebe 3apruiata?

BusiBunocs, mo y monapoBoMy eKBiBasieHTI 3apruiata y Ilpesmpenta Akanemii Hayk
['py3ii MeHma Hix y bopuca 1, HaBITh, MeHIIIa Hi’K y MeHe. Och Take 3 HaMH TOZ1 BUTBOPSIIU
HalIl piaHi AepxaBu, YKpaina i ['py3is. [ificHo crano Beceno.

[Totrim bopuc po3noBiB oMy Mpo MEHE, TPOXH MEPEXBAIUB, 1110 MEHE PO3JIpaTyBao,
ane Tapxenii3e HECHOJIBAaHO MOTOJIMBCS 31 MHOIO MOCHUIKYBaTHCs. BiH po3muTaB mpo
VYaxropon, npo yuHiB Jlomcazase, Skux, BUSBISETHCS, 100pe 3HaB. Po3nuTaB MeHe Mpo Moo
poboTy 1 HayKOBI1 iHTepecH. Sl Harajas, a BiH CKasaB, IO 3HAE PO MOT YCHIITHI MOCKOBCBKI
ceMiHapH, 30Kpema, y akazaeMika JloryHoBa Ta mpodecopa Mipiana OnekciiioBuua
MecTBipimBiai. A TOTIM HECIIOTIBAaHO 3aITUTAB.

- Ilocnyxaiite, a 1110 TO 3a rpy3uH, JloMcanze, ikuif He 3HaB IPY3UHCHKOI MOBHU?
- MeHe HIKOMM HE LIKaBWJIO YU 3HAB BIH TPY3MHCHKY MOBY, ajie BiH OyB CIIpaBXHIN

JOKUTIT!

TaBxenia3e TakoXK CTaJI0 BECENO 1 BIH MOMPOCUB MepeiaTu cayXxaBKy bopucy.

S po3moBiB MpaBy 1 TUIBKK MpaBay Mpo Te, 1o 0yyio y MeHe 3 nmpodecopom Jlomcanze
Ta MOB’A3YBaJI0 MEHE 3 HHUM, 1 I[[0 YaCTO HArajaye MeHi Mpo HhOTO, KOJIM ChOTOAHI HE Ma€ 3
KUM KapAWHAIHHO MOTOBOPHUTH MPO HAYKOBI MPOOJIEMH, IO CTOCYIOTHCS IOSCHEHHS TEMHOT
MaTepii Ta TEMHOT eHeprii, po3i0paTi MaTeMaTU4Hi JeTali.

[Ipo Ginbury, HiXXK TOTPIOHO MO MOEMY (POpPMANTBHOMY CTAaTyCy, y4acTh y OpraHizaii
naHo1 KOH(epeHIi He KOy, 00 HaBiTh y L€ MOMEHT SICHO, IO JI0 MPOBEICHHS
KOH(EpEeHIii 3aydrIoch 4YeTBEepTE IMOKOJIIHHA HaykoBuxX HamajnkiB Jlomcamse! JliiicHo,
akmo IBan IOpiiioBuu KpuBcekuit — 11 mepiie mnokodiHHs, Bonomumup MuxaiinoBuy
Cumynuk — 1me apyre mokoiHHs, To ToAi PoGept Pymonbdosuu Jlommeir —Bxke TpeTe
nokoninus, a Jlenuc I[BanoBumu bonnmap —uerBepre mokominaga. Omxke, npo Jlomcanze
nam’siTatoTh 1 Oy yTh MaM’ITaTH J0Bro!

Yomy? Binnosim Tak. Bin 3amumumB micng cebe 3110HMX Y4HIB 1 KMB MO Mpii, HY a
OUIBIITICT JIFO/ICH, YaCTO HABITh JIIOJIC-(PEPMIOHIB, JKUTHU IO MPii IPOCTO OOSTY3ATH!
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THREE UNFORGETTABLE MEETINGS WITH THE
PROFESSOR Yu.M. LOMSADZE, Essay about Lomsadze

The author's memories of three unforgettable meetings with Professor Yuriy Melitonovich
Lomsadze, written in the style of an essay, are presented. The author's opinion about the
role of Yu.M. Lomsadze in the development of theoretical physics in Uzhgorod and about
his contribution to world science are considered. Comments about Professor Lomsadze as
a person, and about the fate of a scientist in general, are added. The influence of
communication with Y.M. Lomsadze to the fate of the author is described.

Keywords: history of physics, axiomatic quantum field theory, quantum electrodynamics,
quantum mechanics, Einstein—Podolsky—Rosen paradox, reduction of wave function.
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IN PURSUIT OF FUNDAMENTAL ASPECTS OF PHYSICS

The pursuit of fundamental questions in physics and the quest for an ever deeper
understanding of its foundational concepts are endeavors that will never exhaust
themselves. They extend to all areas of physics and encompass systems and phenomena
that are both new and old. This contribution presents and discusses three subjects of
fundamental interest in what can be viewed as more traditional areas of physics.

Keywords: Temperature, degrees of freedom, ergodicity, anharmonicity, nanosystems,
polarizability, universality.

Introductory note

The central themes of this Conference dedicated to the 100-th anniversary of Prof. Yu. M.
Lomsadze — high energy physics, quantum field theory and theory of elementary particles —
lie in the very foundation of physics. It is these themes that had been in the focus of
Lomsadze’s interests and research activity throughout his life. His work on quantum theory
of measurements was decades ahead of its time and dealt with issues that are of direct
relevance to today’s “hot subjects” of quantum entanglement, teleportation and quantum
computers. His curiosity extended to other areas as well, provided the question asked were
fundamental. Therefore, inclusion in the program of the broader field of theoretical physics
Is indeed appropriate. And it is within this broader area that the subjects of this contribution
fall into.

Below we touch on three issues as examples that present questions of fundamental interest
in more traditional areas of physics. The presentation is necessarily limited and based largely
on our own work. The emphasis is on the conceptual aspects, rather than the technical details;
the latter can be found in the publications included in the list of references.

Temperature and dynamical degrees of freedom
The origin of the notion of temperature T is in thermodynamics where it is introduced as
the intensive variable conjugate to entropy S as the extensive variable. In the canonical
ensemble framework of statistical physics, temperature emerges as a Lagrange multiplier in
the course of derivation of the Boltzmann distribution function guided by the principle of
maximization of entropy. It follows then that the vibrational temperature of a nontranslating
and nonrotating system is

_ 2(Ekin)
" (3N-6)K’ (1)

where Ej;,is the kinetic energy of the system, N is the number of atoms in it, k is the
Boltzmann constant and (... ) stands for ensemble average.
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Relationship (1) is obtained also in the framework of the microcanonical ensemble [1],
provided the latter is characterized in terms of the phase space volume (or sum of states) 12,

QAN,V,E)=c[...[dr,...drydp;...dpyO[E — H(ry...Ty,P1...DN)], (2)
rather than the phase space density (or density of states) p,
p(N, V,E) = Cf.. .fdrl...dTNdpl...de5[E - H(Tl...TN,pl...pN)] ) (3)

where E and H are, respectively, the total energy and the Hamiltonian of the system, V is its
volume, r; and p; are, respectively, the coordinate and the momentum of the i -th atom and
c is the normalization constant. The intensive nature of temperature means that the
temperature of any subsystem of the system, including its individual atoms and even the
individual degrees of freedom of every atom, is the same as that of the entire system. That, in
turn, implies that the average kinetic energy is partitioned between all the 3N — 6 vibrational
degrees of freedom equally. As a consequence, Eqg. (1) is referred to as the equipartition
theorem.

Equation (1) is used also in molecular dynamics (MD) simulations where (...) denotes
long-time averaging. The MD simulations, however, show that in finite systems, such for
example as atomic clusters, the equipartition theorem may not hold. At low and intermediate
energies, the average kinetic energy per atom may be different in different subsystems. An
example is the subsystem formed by the surface atoms of a cluster vs that formed by the
interior atoms. The implication for the temperature is that in finite systems it may lose its
character as an intensive variable.

Is there a remedy? Can one restore the intensive character of temperature in finite
systems? The answer to this question is actually “yes”. The solution [2] is to associate with
each [-th subsystem of a finite system an effective number of degrees of freedom f; such that

2{Ekin) _
% = (4)
where (EL;,) is the time-averaged kinetic energy of the I-th subsystem, and the common for
all subsystems T is the vibrational temperature of the entire system defined by Eq. (1).
Equation (4) constitutes a modified equipartition theorem, where the equipartition is restored
and holds with respect to degrees of freedom f;. Substitution of Eq. (1) into Eq. (4) leads to
_ {Ekan)
fr= (Ekin)
It follows from Eq. (5) that if the averaged kinetic energy of a subsystem is zero (i.e., it is a
“spectator” that does not participate in the dynamics of the system), its f; = 0 . In distinction
from the traditional degrees of freedom, which are kinematical characteristics that represent
the dimensionality of the corresponding configuration space, the f; are dynamical
characteristics that serve as a measure of the degree of participation of the different
subsystems of a system in its overall dynamics. Therefore, they can be called dynamical
degrees of freedom (ddf). The ddf satisfy the sum rule

(3N —6). (5)
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2 fi=@BN-6). (6)
One of the applications of the ddf is in the analysis of the phenomenon of the finite-size
analog of the bulk melting transition where they play an invaluable role in the identification
and characterization of the different stages involved in the transition. In contrast to crystalline
bulk materials, where melting is a sharp first order phase transition with a well-defined
melting temperature, the meltinglike transition in finite systems takes place over a finite range
of energy (under conditions corresponding to the microcanonical ensemble) or temperature
(under conditions corresponding to the canonical ensemble). Over these ranges, the systems
exhibit multiple distinct stages in their dynamical behavior and stepwise transitions between
these stages; see, e.g., Ref. 3 and the citations therein. At a given energy, or temperature,
different atoms of the system behave, in general, differently. This difference can be identified
and gauged by the difference in their ddf values. Atoms with the same (within a predefined
degree of accuracy) value of ddf can be combined into classes of dynamical similarity. The
number and the atomic content (identity of atoms) of the different classes of dynamical
similarity remain unchanged over certain segments of the system energy, or temperature, in
the overall transition range, but then at some values of the energy, or temperature, they
undergo a change as a result of some of the classes merging together. This process of
sequential stepwise merging of the different classes of dynamical similarity continues until
all of them become a single class. When it happens, all atoms of the system become
dynamically equivalent, and the system’s state can be characterized as liquidlike. The ddf-
based number of different classes of dynamical similarity, the atomic content of each class,
and the changes in the number of distinct classes with the system’s energy, or temperature,
constitute a comprehensive order parameter that allows for identification and characterization
of all the stages involved in the meltinglike transition of a finite system.
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Figure 1. Panel (a): Equilibrium icosahedral structure of a model Alss cluster. Color coding:
grey — central atom, green — 12-atom first shell, red — 30-atom second shell, blue — 12-atom
third shell. Panel (b): Dynamical degrees of freedom per atom f; /N, of the subsystems of
Alss as a function of the cluster internal energy E;,,; per atom (see the text for details).
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An illustration for the case of a model 55-atom Al cluster is presented in Fig. 1 [2]. The
lowest energy equilibrium (i.e., zero temperature) configuration of this cluster is a perfect
icosahedron shown in panel (a) of the figure. In this configuration, there are four classes of
structural similarity. The first class contains the central atom, the second class is comprised
of 12 geometrically equivalent atoms that form the first shell around the central atom, the
third class incorporates 30 geometrically equivalent atoms that form the second shell, and the
fourth class is comprised of 12 geometrically equivalent atoms that form a close-lying third
shell. It is natural to expect that at low internal energies the four classes of original structural
similarity will give rise to four classes of dynamical similarity. The graphs of f;/N;, where N,
Is the number of atoms in the I-th subsystem, shown in panel (b) of the figure confirm that
this is indeed the case. Then, as the energy of the cluster is increased, the second and the third
shells merge together. This merger, as judged by the changes in the corresponding values of
the ddf per-atom, occurs largely through atoms of the third shell moving into the second shell.
At still higher energy, the atoms of the first shell also join in. And, finally, at still slightly
higher energy, the central atom joins the class of dynamical similarity of the other 54 atoms
as well. All the atoms of the cluster are now dynamically equivalent indicating that it acquired
its liquidlike state. The ddf-based analysis illustrated in Fig. 1 can be carried out for any finite
system, including a heterogeneous one (i.e., comprised of different types of atoms). In the
case of heterogeneous finite systems, the meltinglike transition becomes a more complex
phenomenon where some atom(s) of one element may mimic, over a certain energy segment,
the dynamical behavior of atoms of another element (the “chameleon effect”) and where the
atoms of different elements behave dynamically differently even in the liquidlike state of the
system. For more on this, as exhibited by nanoalloys (i.e., alloy nanosystems), we refer the
reader to Ref. 4.

Dynamics-based statistical mechanics

The two main conceptually distinct fundamental frameworks used in the analysis and
characterization of physical systems are dynamics and statistical mechanics. Dynamics aim
at furnishing detailed microscopic description of the state of a physical system as it evolves
in time. The focus of statistical mechanics is on collective behavior of ensembles of equivalent
systems. Historically, a driving motive for introduction of statistical mechanics was the desire
to find an alternative to the impractical detailed dynamical description of systems with a very
large number of degrees of freedom.

The connection between dynamics and statistical mechanics is established by the
ergodicity hypothesis, which assumes that the time-averaged characteristics of systems and
their statistically averaged characteristics agree with each other. The mathematical
underpinning of the ergodicity condition is the von Neuman-Birkhoff theorem [5] that
connects Hamiltonian dynamics with the microcanonical ensemble and states that ergodicity
Is equivalent to metric indecomposability of the phase space associated with a system of a
given energy. An underlying a priori assumption of the microcanonical ensemble is that all
the microstates corresponding to a given energy of the system (these microstates form an
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energy shell in the phase space) are equiprobable; in what follows, we refer to this assumption
as the equiprobability assumption. For a dynamical system to be ergodic (or, alternatively, be
viewed as behaving ergodically), in its time-evolution it has to visit the vicinity of almost
every point of the energy shell with equal probability. Dynamical systems may or may not
behave ergodically, and even when they do at high energies they may not at low and
intermediate energies.

The central quantity of statistical mechanics is the density of states (DOS). The knowledge
of the DOS as a function of energy allows for calculation of other statistical mechanical
characteristics such as the partition function, entropy, and free energy, as well as the various
descriptors that derive from them. The DOS also plays a key role in the characterization of
rates of processes, for example rates of chemical reactions, within the frameworks of the
transition state and phase space theories.

The dynamics of systems can be partitioned into component motions that underlie the
total density of states. These component motions are the translation, the vibrations and the
overall rotation of the system. The translation can be separated from the vibrations and the
rotation, and its DOS is well defined [6]. The vibrations and the rotation, however, are in
general coupled and their combined density of states is known only for the case of near-rigid
systems in which this coupling can be neglected. The small-amplitude vibrations in this case
are usually treated within the harmonic approximation and the overall rotation is viewed and
treated as that of a rigid body that coincides with the equilibrium structure of the system.
Considerable effort has been invested over the decades into relaxing the restriction of
harmonicity on the vibrations, and various schemes to achieve this have been devised (see the
citations in Ref. 7). All these schemes, however, are approximate and applicable only to cases
with a limited departure from harmonicity.

The only cases for which exact and fully analytical expressions for the vibrational DOS
were known until recently are those of the harmonic oscillator, the Morse oscillator, and a
particle in a box, as well as systems comprised of uncoupled sets of these oscillators. The
classical vibrational DOS p(E) of a system of uncoupled harmonic oscillators is given by

E-E)" :
p()=—E= ) 8=, ™

(s—l)!n(ha),.)gf =

i=1

where E, is the energy of the equilibrium structure of the system, s is the total number of
oscillators in it, § is the number of oscillators with different frequencies w;, g; is the
degeneracy of the frequency w; (i.e., the number of oscillators that have the same frequency
w;) and 7 is Planck’s constant. Eq. (7) is derived taking into account the equiprobability
assumption.

Below we consider the case of systems with zero total linear and angular momenta and

focus our attention on their classical vibrational DOS. A long-standing and persistent
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fundamental question regarding this case is: Can one obtain a general and exact solution to
the problem of vibrational DOS that reflects the true dynamical behavior of systems (either
ergodic or nonergodic in the traditional sense) that is free from the equiprobability assumption
and that is valid for any degree of anharmonicity of the vibrations? A recent development [7]
provides a positive answer to this question. The solution is based on two new elements. The
first replaces the normal mode frequencies of the system (i.e., the frequencies of the harmonic
vibrations that correspond to its equilibrium structure) by the energy-dependent frequencies
of the effective harmonic modes that underlie its true anharmonic dynamics at different
energies. The second element removes the equiprobability assumption and its consequence
that the different underlying harmonic modes share the energy of the system on average
equally (i.e., that they participate in the dynamics equally) and replaces it by a mode- and
energy-specific measure of the actual participation of each mode in the overall anharmonic
vibrational dynamics of the system (see below).

The spectrum of harmonic frequencies that underlie the true anharmonic dynamics of a
nontranslating and nonrotating system is furnished by its spectral density I(w) (often also
referred to as power spectrum), which in accordance with the Wiener-Khinchine theorem can
be obtained as

I(w)= jC(t)e“”dT = Z‘TC(T)C()S(CUT)(]T , (8)

where C(7) is the normalized velocity autocorrelation function,

n N
v.(t, . )v.(t, +T
<v(t0)v(z‘n+r)> ;Z ’( '”) ’( 07 )
GO ' ®)
0 EEV? (r[ﬁ)j)
j=1 i=1
The spectral density represents harmonic modes because Eq. (8) constitutes a Fourier
transform (i.e., a harmonic decomposition). C(z) is calculated along MD trajectories run with
zero linear and angular momenta for different energies of the system. In Eq. (9), vi is the
velocity of atom i and n; is the number of different time origins to; chosen along the trajectory;
nt should be large enough to properly average over the initial phases of all the modes. The
schematic of a typical spectral density is shown in Fig. 2. The implementation of the new
methodology involves discretizing the spectral density I (w) into K'segments and associating
with each j-th segment a representative frequency w;(E) (which can be chosen, for example,

as the midpoint of the segment) and an area /;(E),

C(7)=

max
[ i

hj(E)=flE(a))dw : (10)

min

)

where w}”i” and w"** are the frequency endpoints of the segment; the subscript E in I (w)
underscores the fact that it is derived from data accumulated along a fixed-energy MD
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Figure 2. Schematic of discretization of spectral density.

trajectory. It can be shown [7] that the total area h under the spectral density I (w) is

o

h=Yh(E)=[I,(w)do=r (11)
j 0
for any value of the system energy E, and that the area 4;(E) under the j-th segment of the
spectral density is

e k’m)
h( ) (Ekm) (12)
where (E,{in) Is the E-dependent time-averaged kinetic energy of the modes belonging to the

j-th segment of the spectral density and (Ey;,,) is the time-averaged kinetic energy of the entire
system. Normalizing the total area h to the total number of vibrational degrees of freedom s
of the system,

Ah = Af[ w)do=s (13)

where A = s/m is the normalization constant, and taking into account Eq. (12), one can
introduce for each representative frequency w;(E) a corresponding dynamically defined
degree of participation, or effective degeneracy, g;(E),

9;(E) = Aly(E) = >y (E) = it > (14)

(Ek m)
When the internal energy of the system decreases and eventually approaches zero, its
spectral density becomes piece-wise continuous and then discrete, and its frequencies w;(E)
eventually approach the normal mode frequencies w;. The effective degeneracies g;(E),

however, may not converge to the degeneracies g; of the normal modes because the g;s are
kinematical characteristics defined by the symmetry of the equilibrium structure of the system
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whereas the g;(E)s are dynamical characteristics that carry the memory of the actual
partitioning of the energy between the underlying harmonic modes.

Comparison of Eq. (14) with Eqg. (5) makes it clear that Eq. (14) represents a
generalization of the notion of dynamical degrees of freedom, originally formulated in the
space of Cartesian coordinates, to the space of collective coordinates of the harmonic
(“effective normal”) modes of the spectral density. The effective degeneracy g;(E) of the
representative frequency w;(E) is nothing but the ddf associated with the subset of modes
that belong to the j-th segment of the spectral density. Replacing in Eq. (7) the normal mode
frequencies w; by the representative frequencies w;(E) and the degeneracies g; by the
effective degeneracies g;(E) one obtains

o(E) (E-E, )H ’ igj (E)=s - (15)

(s T (2]

The value of the parameter K in the above equations (the number of segments into which the
spectral density is partitioned, see Fig. 2) has to be varied (increased) until p(E) acquires its
converged value within a predefined degree of accuracy.

Equation (15) constitutes a general and exact solution to the problem of anharmonic
densities of states. It is free from the equipartition assumption and it reflects the actual
dynamical evolution of the system at a given energy. Therefore, the statistical mechanics built
on p(E) as defined by Eq. (15) and the dynamics that underlie them are by construction
ergodic with respect to each other (the statistical averages are equal to the time-averages)
irrespective of whether the dynamics are ergodic or not in the traditional sense (i.e., with
respect to the traditional statistical mechanics). The assured ergodicity is achieved here by
“adjusting” the statistical mechanics to the dynamics, rather than vice versa, which has been
the case traditionally; different ingenious techniques have been devised in the past to force
the dynamics to sample the entire energy shell, or at least its relevant parts, more efficiently.
This “subordination” of statistical mechanics to dynamics, rather than vice versa, is only
natural because the actual evolution of systems is governed by forces and is dynamical.

This new development has a number of implications. The first is that it introduces time
into statistical mechanics. One may be interested in a statistical mechanical analysis and
description of a process that takes place over a limited time window (for example, the time
window of a rapid process or of an experiment). That can be accomplished by carrying out
the MD simulations over the time window of interest and then generating the spectral density
I(w) Eg. (8), and the following from it DOS p(E), Eq. (15), that correspond to that time
window. Even more generally, one can perform a statistical mechanical characterization of
the time-evolution of the system by generating its time-dependent DOS p(E, t). The second
implication is that one can, if desired, account for the role of the initial conditions in the
statistical mechanical description. One may, for example, be interested in the behavior of a
system prepared initially in one of its possible structural forms or with a known initial
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distribution of the energy between its modes (experiments on single molecules prepared in a
well-defined initial state would be a realistic case in point). The MD runs are then performed
starting with those initial conditions and they generate p(E) or p(E,t) corresponding to
those initial conditions. The choice of the initial conditions can be adjusted to the nature of
the questions asked and/or to the specifics of an experiment. For example, if an experiment is
performed on an ensemble of molecules, all of the same type and with the same energy, but
possibly different initial structure or different initial distribution of the energy between the
modes of the molecule, the MD runs would involve an ensemble of trajectories corresponding
to those initial conditions.

Finally, one can ask the question: Why to “translate” the information available already
dynamically, especially for small systems, into the language of statistical mechanics? The
answer to this question is two-fold. First, statistical mechanics furnish quantities (or
descriptors) and tools of analysis that are complementary to those used in dynamics and that
shed additional light on the systems and the phenomena studied. Second, the tools and
concepts of the new statistical mechanics are applicable to and practical for systems of all
sizes, therefore, they allow for a uniform analysis and characterization of the size-evolution
of systems’ properties and phenomena as the systems grow from very small to very large,
where the dynamical description becomes impractical. For more details on all the issues
discussed in this section, including examples of applications and an extension to the quantum
DOS, we refer the reader to Ref. 7.

”Chromosome test” for metallicity and universality in the size-
driven evolution towards bulk polarizability of metals

One of the consequences of the creation and rapid development of the field of nanoscience
Is a considerable broadening of the scope of fundamental questions and issues that
traditionally belonged to the realm of condensed matter and solid-state physics, as well as
their modern incarnation known as materials science. The classification of chemical elements
into types of materials, such as insulators, semiconductors and conductors (the latter being
largely, but not exclusively, represented by metals), is based on the properties and
characteristics they exhibit in bulk quantities. However, the features of finite-size aggregates
of the very same elements in the form of their atomic clusters — especially those in the small
and medium size range — are, as a rule, very different from the corresponding features in the
bulk limit. For example, metal clusters over a certain size range do not possess any
characteristics normally associated with the bulk metallic state. These characteristics then
grow in as the clusters grow in size.

How does the size-driven evolution to the fully developed metallic state take place? Is it
the same or different in different metallic elements? How “early” in the course of the
evolution can one determine whether a cluster of an unknown element will “develop” into a
metal or a nonmetal? The way these questions are formulated may bring to mind a possible
analogy to the processes involved in the time-driven transformation of a fertilized egg into a
fully developed fetus. In this transformation, an evolving embryo goes through a sequence of
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well-defined stages, each associated with a certain time after fertilization. These stages and
the corresponding to them times are the same for all members of a given biological species.
Using a chromosome test, the biological gender of a future newborn human can be determined
as early as 6 weeks after the fertilization of the egg.

One can use various descriptors to distinguish between metals and nonmetals and to gauge
the size-induced transition to metallicity; in the transition, the state may be deemed to be
already metallic by one descriptor, but not necessarily by others. We employ here as a
descriptor the response to an external electric field. The response in nonmetals is polarization
(i.e., reorientation of the local dipole moments) the net result of which is a reduction of the
field in the interior of a nonmetal. The response in metals is charge transfer, or separation,
that results in the complete expulsion of the field from the interior of a metal.

To analyze and characterize the size-driven evolution to metallicity, we use the property
of the total polarizability a;; of the system,

&; =—"lpgs Li=X).2, (16)

where u; are the Cartesian components of the system total dipole moment x and F; are the
Cartesian components of a uniform external electric field F. The xi can be decomposed as
follows [8] (see Fig. 3)

y
r=0—-RY)+RA

Figure 3. Schematic of decomposition of a finite system into atomic contributions: atomic
volumes €, (indicated by different colors) and atomic charges g#. Shown also is the
decomposition of the space vector r into the sum of vectors r — R4 and R4, where R4
defines the location of the nucleus of atom A (see the text for details).
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w=[rp(r)dr=> [rp(r)dr=u +u (17)

A Qy

where

u’ =2f(1;.—R1.A)p(r)dr (18)

and A Qy

u! =2fR,.Ap(r)dr= zRiAfp(r)drzEquA _ (19)

A Q, A o, A

In Egs. (17-19), p(r) is the total charge density of the system that includes the positive point
charges of the nuclei, Q, is the volume of space associated with atom A4, R;* are the Cartesian
components of vector R4 that defines the location of the nucleus of atom A, and g4 is the
charge associated with atom A. Equation (17) decomposes the components y; of the total
dipole moment into what we call the local, or dipole, part u}, Eq. (18), and charge transfer
part uf’, Eqg. (19). Atoms whose charge g4 is zero do not contribute to /,tf.

Substitution of Eq. (17) into Eq. (16) leads to decomposition of the total polarizability a;;
into the corresponding local, or dipole, part afj and charge transfer part aiqj :

du’ du!
of =—L 1, and af=—=1l.,. (20)
dr,

The dipole part aZ. of the total polarizability can be viewed as a measure of a nonmetallic

type of response of the system to an external electric field, whereas the charge transfer part
afj serves as a measure of a metallic type of response. In the analysis we use the rotationally

invariant directionally averaged quantities

3 3 3
(a)= %Za \ <a”> = %gaf and <th> = %;aff : (21)

Figure 4 shows the graphs of (a), (aP) and (a?) on the per-atom basis calculated for
clusters of Na, K, Al and Zn ranging in size from 2 to 146 atoms. This choice of elements was
made to include different types of metals: Na and K represent alkali metals, Al — sp-type
metals and Zn — transition metals. The calculations were performed using density functional
theory (DFT); the details of the computational framework and those on the structures of the
clusters used in the calculations can be found in Ref. 9. Examination of the figure points to
common features in the size-evolution of {(a)/N , (aP)/N and (a)?/N for all four elements.
The total polarizability (a)/N exhibits an overall, albeit not necessarily monotonic, decrease
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with the increase of cluster size; the dipole part (a?)/N decreases monotonically; and the
charge transfer part (a?)/N shows an initial rapid increase with some oscillatory behavior
(these oscillations are reflected in the total polarizability (a)/N as well), which is then
followed by a “saturation” leveling off. The finding that all four metallic elements are
characterized by the leveling off of their (a?)/N values, which starts at the very small size of
about 20-25 atoms, is particularly interesting; our test calculations indicate that such a leveling
off does not happen in nonmetallic elements. But what is even more remarkable is the
realization that the saturation value of (a?)/N for each of the four metallic elements
considered agrees with the corresponding value of the bulk polarizability of the metal. We
conjecture that this behavior is common for all metallic elements, and it means that they carry
their metallic identity from the very small sizes where their properties are vastly different
from those in their corresponding bulk metallic state.
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Figure 4. DFT-calculated values of the total polarizability per atom (a)/N and its dipole
(aP)/N and charge transfer (a?)/N parts for Nan, Kn, Aln and Zny clusters. The dotted
lines indicate the corresponding bulk polarizabilities. The dashed lines are graphs of
Eqg. (28) with ¢ = 0.39 (see the text for details).

The reason they do not qualify as metals in the small and medium size range is the presence
of the dipole part (aP)/N in {(a)/N. As N - o, (aP?)/N — 0 and the systems become fully
developed metals as gauged by their polarizability (a)/N. Consequently, the size-dependent
behavior of the (a?)/N part of the total polarizability (a)/N of a cluster of an unknown
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element over a limited size range just above 20-25 atoms can serve as a “chromosome test”
for identification of the element as metallic or nonmetallic. If (a?)/N levels off and remains
constant in this size range, the element is metallic; if it changes, the element is nonmetallic.
Moreover, if the element is identified as metallic, one can determine its exact chemical
identity (name) by matching the leveled off value of its («?)/N with a value in the table of
the bulk polarizabilities of metals.

We pose now the following question: Do the polarizabilities of clusters of different
metallic elements evolve with the size of the clusters to the corresponding bulk polarizabilities
in a similar or different way? To quantify the metallic character of a cluster, we introduce a
measure we call degree of metallicity dm,

(ad) (aP)

dm=rx)=1—m. (22)
The value of d,,, = 1 corresponds to the state of fully developed metallicity as gauged by the
polarizability. The graphs of the dm calculated for clusters of Na, K, Al and Zn, over the size
range where their (a?)/N values are leveled off, are shown in Fig. 5. Even though the
magnitudes of (a), (aP) and (a?) are quite different for these four elements (cf. Fig. 4), their
dm values can be viewed — taking into account their numerical origin — as essentially the same.
This surprising at first sight finding can be understood in terms of the following simple model.

1.0
INa .K
09 F
-Al ‘Zn
0.8 | R .
’“""k 1.00 -
0.7 F Fﬁﬁ‘ —
S ~
o )
0.6 | _ )
o 095 4
0.5 F f}f
090 £ . | |
04 | - : -
log(N)
03 b+ . 0g(N)
- 70 120 170

N
Figure 5. DFT-calculated degree of metallicity dm as a function of cluster size for Nan, Kn, Aln

and Znn. The dashed line is the graph of Eq. (30) with ¢ = 0.39. The inset shows the graph of
Eqg. (31) with ¢ = 0.39 and illustrates the rate of asymptotic convergence of dm to 1.

The total polarizability (a) of a metallic sphere of radius R is defined by
(@) = (R +6)°, (23)
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where § is the spillover parameter that accounts for the spatial extension of the electronic
charge density beyond the boundary of the sphere (see, e.g., Ref. 10 and the citations therein).
Equation (23) can be rewritten on the per-atom basis as

(a)/N = R3/N + 3R?6/N + 3R6%/N + 63/N. (24)
For a large sphere (bulk limit, R >> §), the last three terms in the right-hand-side of Eq. (24)
can be neglected. That identifies the first term R3/N as

R/N={a)/N . ;=0 . (25)
where « is the (per-atom) bulk polarizability. For clusters, except those of the smallest sizes,

it translates into R3/N = (a?)/N (cf. the discussion above). Therefore, for clusters, the last
three terms in Eq. (24) constitute (a?)/N,

(a’)/N =3R*8/N+3R8*/N+8/N . (26)
Substitution of R = 3/a,N [cf. Eq. (25)] into Eq. (26) gives
(aP)/N = 3a’*6N=13 + 3a)/?62N-2/3 4 §3N 1 (27)
or, alternatively,
) = g (3¢N75 + 302N 75 + N 1), (28)

where ¢ = sa;"/? . Taking into account Egs. (25) and (28), Eq. (24) can be rewritten as
(a)/N = ag(1 +3¢N~Y3 +302N~2/3 + 3N71), (29)

Finally, substitution of Egs. (28) and (29) into Eq. (22) leads to the following expression for

the degree of metallicity
1

= (30)

™ T 143¢N-1/343¢2N2/34+{3N-1"

or in the limit of large N,
d, ~1—3(N"3, (31)
Prompted by the fact that the DFT-calculated d,,, values for the four different elements
are essentially the same over a range of sizes (cf. Fig. 5), we conjecture that  is a universal
constant common for all metallic elements. Its value can be obtained by fitting Eq. (30) to the
calculated d,,, data. Fitting to the data averaged over all four metals for each cluster size gives
the value of ¢ = 0.39 (for further details we refer the reader to Ref. 9). Since it is obtained
from numerical data, the value 0.39 should be viewed as a close estimate. The exact value of
¢ can be expected to follow from future analytical developments. The universality of ¢ makes
Eqg. (30), as well as Egs. (28) and (29), also universal. The universality of the latter two
equations is in that they allow for calculation of the total polarizability and its dipole part for
any cluster of any metallic element directly from the corresponding bulk polarizability of the
metal using the same for all elements size-dependent factors (1 + 3¢N~Y/3 + 372N ~2%/3 +
3N~V and (3¢N~Y3 4+ 372N~2/3 4+ 3N 1), respectively. Among other things, this allows
one to bypass the need in repeating the costly DFT calculations for each cluster size
separately.
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The two fundamental outcomes here are the existence of a “chromosome test” for
metallicity (or nonmetallicity) of an element, and the universality exhibited by all metallic
elements in their size-driven evolution to the bulk metallic state as gauged by the
polarizability (see a caveat in Ref. 9). Both suggest a remarkable similarity with the common
aspects (“universality”) that characterize(s) the evolution of a developing embryo and fetus
in all members of a given biological species.

Closing note
In this contribution, we discussed three subjects as examples of the ubiquitous nature of
fundamental issues in physics. Such issues permeate all areas of physics, new and old,
“exotic” and more traditional. Their persistence reflects the continuous evolution of our
physical picture of reality and the unending quest for its deeper understanding. Both will
continue in perpetuity.
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Y IIOIIYKAX PIIIEHDb ®YHIAMEHTAJIBHUX
ITPOBJIEM Y ®I3UIII

[Tomyk pimeHs QyHIaMEHTANbHUX MpoOsieM y (i3ulll Ta MpParHeHHs A0 BCE MIMOMIOrO
po3yMmiHHS 11 PyHIAMEHTATFHUX KOHIEMIIH — e 3yCHUIS, SKi HIKOJIM HE BUYCPIAIOTHCS.
Bonu nommproroTees Ha BCl ranmy3i (pi3ukd Ta OXOIUIIOITH CHCTEMH Ta SBUIIA K HOBI, TaK 1
ctapi. Lleit BHeCOK mpecTaBisie Ta 0OTOBOPIOE TPHU MpeaMeTH (HyHIaMEHTAIBHOTO IHTEPECY
B TOMY, 1110 MOXHa PO3TJIAAATH SIK OUTBII TPaJAULIiiHI rany3i Qi3UKy.

KarouoBi cjoBa: Temmeparypa, CTymneHi CBOOOAW, €proJWYHICTh, AaHTAPMOHIYHICTB,
HAaHOCHCTEMHU, MOJISPU30BHICTh, YHIBEPCAIbHICTD.
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PO CIIEHU®PIKY HEJIIHIHHUX CUTMA-MOJEJEN HA
JIMCHUX MHOT'OBUJAX HITI®EJA

s KBa3igBOMIpHOT HENiHIMHOI cUTMa-mojeni Ha aiiicHux MHoroBuaax Ilridens 3
y3araJbHEHOIO  (aHI30TPOITHOIO) METPUKOI0 OTPUMAHO DPIBHAHHSA  ABO3ApsIHOL
peHopmrpyru (PI') B omHOmeTiieBOMYy HAOMMKCHHI JUIsl TapaMeTpiB TOMOTETIi i
aHi30TpoMil MeTpHUKH. [|JIsl mepeHOpMyBaHHsI METPHKH BBEJICHO HOPMaJIbHI KOOPIUHATH 1
TeH30p KpuBHHM. JlocmimkeHo Tpaekropii PI” i BcTaHOBIEHO HAsBHICTH HEPYXOMOT TOUKH,
CHUTBHOT AJIS1 YOTHPHOX KPUTUYHUX JIiHIN (TETpaKpUTHYHA TOYKA) B 3arajIbHOMY BUITAIKY
4 ii BIACYTHICTh Y BUIAAKy a0eNeBOi CTPYKTYPHOI TPYIIH.

Karouosi cioBa: curma-monens; mHorosuj llridens; Gera-dyHKuii; TeTpakpuTHYHA
TOYKa

Beryn

I3 106pe BigoMumu ailicHuMu TpacMaHoBHMH MHOroBugamu Gry (RN) Ticno mos’s3ani
[1] Taki ix posmupenns sk gificai moorosuau Lltidens V, (RY). A came, octanni € Himo
iHIlIE SIK TOJIOBHI po3lapyBaHHs i3 6a3oro B rpacManiani Gry (RY) i crpykTypHOIO rpynoro
SO(k). Hac mikaBnsaTh (KBa3i)JBOMIpHI CHUTMa-MOJENI — HEJIIHIAHI MOJIBOBI Mopei 3i
3HAYEHHSIMH Y MITi(eNeBUX 1, 30KpeMa, FPaCMaHOBUX MHOTOBHIaX. 3a3HAYUMO, 1110 KBAHTOBI
BJIACTUBOCTI TPAaCMaHOBUX CUTMa-MOJIEJICH JOCUTh 10Ope BUBYEHI: Y TBOMIPHOMY BHITAJIKY
TaKUM HEJIHIMHUM MOJIEISIM BJIaCTHBA aCUMMTOTUYHA cBOOOa [2,3], a AKII0 MEpPEerTH 10
po3mipHOCTi d = 2 + €, TO MOJIEJIi MatOTh IBO(a3HY CTPYKTYPY 3 OIKPUTHYHOIO TOUYKOIO [4].
Taka moBeAiHKa, pa3oM 13 3aCTOCYBaHHSIM METO/Y PEIUTIK Ta PEIUIiYHOI IPaHHUIll, TO3BOJIMUIIA
omuc [5] (me)mokaiizamii €JIEKTPOHIB y HEBMOPSAAKOBAHUX CHCTEMax (YM BHUIIAJKOBOMY
notenmiani) [6]. [Io cTocyeTbest KITACHUHUX IBOMIPHUX TPACMaHOBHUX MOJIENIEH, TO JUISI IIHX
HEHIMHUX MOJLOBUX MoJieNiel OyJia JoBeeHa X IHTETPOBHICTH [7].

[IpyHIIMIIOBO 1HIII BJIACTHUBOCTI MAalOTh HEJIHIWHI CUTMa-MOJENI Ha JINCHUX
MHoroBugax lltidens, sk y Ki1aciyHOMY pPO3TJIsifl, Tak 1 B KBaHTOBOMY [8,9], sk st d = 2,
Tak i d = 2 + &. 3okpeMa, Ha BiJIMiHY BijJl OJHO3apsIHOT PEHOPMIPYIIOBOI (CKEIHIIIHIOBOT)
HOBEIiHKM IpacMaHoBHX curma-mozeneii, kmacy V,(RN)-curma-mozeneii Bnactusa
JBO3aps/IHa TOBEAIHKA, a MUTAaHHS TPO HASBHICTH B HUX, MpU d = 2, aCUMITOTUYHOI
cBoOOaM cTae IiIKoM HeTpuBianbHuM [8,9].  Uepes 1e, a Takok 1 y 3B 3Ky 3 HEJAaBHIM
noBepHeHHsM iHTepecy [10,11] go reomeTpii Ta iHmMX BiactuBocTedt MHOrOBHIB LI Tiderns,
MH 30CEpEeIUMOCS Ha OCOOJMBHX BIJIACTHBOCTSAX HENIHIHHOI curMa-mojneni B d = 2 + ¢
€BKJIIJOBUX BUMIpax 3 (PyHKLIOHAIOM Aii A 1 JarpaHxianoM L:

1
A= j Ldi, — L=TrVUTVU + (A — DVUTUUTVU], (1)

ne T — temmeparypa; none U(x) € V,(RN), ne wmmorosun Ilripens V,(RY) =
SO(N)/SO(N — k); rpanienr V = (0/0x, , ...,0/0x,); napamerp A > 0.
Hesiki xapakrepucTukn maorosuay lrigesns

Hitichum muorougom Ilrtigens Vi, (RY) e muoxuba ycix k-pemepis, yTBOpeHa
HabopaMu 3 OPTOHOPMOBaHMX BekTopiB y mpoctopi RM. Jlosinene U € V, (RY), sxe
sagaetbess N X k-MaTpuiero, 3a10BOJbHAE YMOBY oproroHambHocti: UTU =1, ne I, —
oauHMYHA K X k-MaTpuis, a T o3Hauae TpaHCIOHYBaHHA. Ha Takux MHOroBHAax rpymna
SO(N) nie TpaH3WTUBHO, K Tpymna izomempiu. I'pyna izomponii, sika Ji€ Ha “TIOYaTKOBY
Touky” O = {e,, e,, ..., €}, cknanaerbcs 3 marpuupb Buay diag(l,, H), ne H € SO(N — k).
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Ile no3sonse ortoroxuuTH MHorosun Vi, (RY) i3 ¢daxroprpocropom SO(N)/SO(N — k) 3
posmipuictio  dim V,(RY) = Nk — k(k + 1)/2. Taxum uunom, Vi (RM) osmageno sx
nigmuorosu npoctopy RY** 3okpema V; (R) = {1,—1}; V;(RV) = S¥~1 _ (N — 1)-mipna
chepa; Vy(RY) = O(N); Vy_1(RY) = SO(N); V,(R*) — nmepumii HeTpHBianbHKI BUIIAI0K.

Joruuanuii mpocrip. Hexait M — notnunumii npoctip mis M = V. (RY). Bynemo
BUMAaratu, IMo0 KoKeH J0THYHUU Bektop & € IyM B Toumi U € M HamexaB [0
20pU30HMANbLHO20 MANPOCTOPY, TOOTO Ma€e Taky cTpyktypy [10,11,12]:

1
w5=§(UTf—fTU)ED(k); Fe =115,
ne npoekrop Il =1y —UUT, i a);cr = —wg. Ockinbkn wg Mae k(k —1)/2 HezanexHux

KOMIOHEHT, a F;y — (N — k)k, 10 B cymi BiarBOproerbcs dim Vj (RM). 3 igmoro 60Ky,
cumerpuuna ckinagosa (UTE + &TU)/2 nanexurh eepmukaivbHomy WiANPOCTOPY, SKHii
BKJIIOYAE “TIPUCKOPEHHS .
JloTu4HiI BEKTOpM MOKHA 3a7aTh B Oropryrouiid amrebpi so(N), 6azmcom sikoi
cinyrytotb N(N — 1)/2 xococumerpuaanx N X N-maTpuipb Xj:
X4 = ”(XA)b,CH = ”5b.a1 8c,a, = Ob,a,0c,, ”' 3)
ne mynbtuinaekc A = (a4, a,) CKIagaeTbes 3 ABOX TakuX, mo 1 < ay,a, < N. Matpuns X,
Mae JIMIIE 1Ba BIAMIHHUX BiJ HyJIA edeMeHTd, 11 —1, B mosumisx (a4, a,) i (a,, a;), Tak mo
Xl =-X, i Tr(XjX,)=2. basucui enementu anreopu so(N) 3amIOBOJBHSIOTH
KOMYTAII1iH1 CIT1BB1THOIICHHS:
[XAJXB] = fAC,BXc; (4)
fAC:B = 5a1,b15;; 6;2 + Saz,bzgcccialff - 6a2,b16216£§ - 8a1,b2 82;6;12
V upomy 6asuci opmonopmosana merpuka g(X,Y) = —B(X,Y)/[2(N — 2)] na
ocHOBI Gi-inBapiantHoi dopmu Kimninra B(X,Y), ko B(Xy, Xp) = ff p, 30iraetses 3
MeTpukoro @pobeniyca, NpupoIHOIO B onuci a-moeni (1):

1
(X4, Xp)p = E TF(X,IXB) = Oap- (5)

Toni Hopma BekTopa ¢ € TM 3ammmmerses sk ||E]|4 = (1/2)Tr(é7¢).

Jlnst po3knany w- 1 F-KOMIOHEHT JOTUYHHUX BEKTOPIB Y BBEJIEHOMY 0a3nci, 03HAaUUMO
XpiXo3P=®qiQ=(,p)ael<pq<kik+1<j<N.XouaF € R"V¥5(2),
ajie 151 CKJIaJoBa BEKTOPIB 3a3BMuail BXOAWTH y 3HAUyIll BUPA3H y BUIIISAL KOMOIHAIl
FTF € R*¥  samuc sikoi 3pificHIoeThCS 3a Jomomoroo 100yTky Xg Xo, i 3roprku 3a
THACKCOM J; = J,.

MeTtpuka. KoBapiantay metpuky g(U; A) (meTpuunuii oneparop) moxedni (1) Ta ii airo
Ha JOTUYHHM BeKTOp ¢ € Ty M 03HAYMMO TakK:

g =¢+@A-1DUUTE, g =+ -1DUUTE (6)
3ayBakuMo, 1o Bumaaok A = 1/2 B mitepatypi HasuBawTh karoniunum [12,13].
Toni ckanspHuil T0OYTOK ABOX JOTUYHHUX BEKTOPIB &, 7 € Ty M MO3HAYUMO SIK

(€ mg="Trl{Tn+ @A —-1DETUUN]. O
Ockinbki (§, &)y = Tr(kw;wg + F;Fg), 3rijiHo 3 (2), To i marpamxkiad 3 (1) €
L =Tr(Aw, w, + F]F,). (8)
TyT MU BUKOPHCTOBYEMO TaKe IpeACTaBICHHS IS J0THYHOTrO BekTopa VU
VU =Uw, +F,, (9)

w,=UTVU, F,=1VU,
ockinekn 0 = VU U + UTVU uepes 8’5136 U'TU = I,.
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Bupas (8) Bkasye Ha HasgBHICTH JBOX w- 1 F-migcucrem. YMoBy UTU = I, MoxkHa
JIETKO 3aJI0BOJILHUTH, PENyKylouu cuctemy a0 w, # 0 1 F, = 0, To6To no O(k)-monemni.
ko w, BuUpaxaeThcs uepe3 ckianoBi F,, # 0, ogepxxyeTbcsa MOJCNb Ha TPACMaHOBOMY
muorosuai SO(N)/SO(N — k) x SO(k). Onnax, TyT MU 3alliKaBJIe€Hi y BpaxyBaHHI 00HIBOX
MiZICKCTEM 3 TIOBHUM 4YHCJIOM cTyneHiB BinsHocTi dim V, (RY).

Jliniiina 3B'A3HiCTH | HOpMAJIBHI KOOpAMHATH. PO3MIsiHEMO TOMOMIKHY 3a1auy
OJIHOMIPHOI €BOJIIOIII1, sIKa TeHePY€EThC QYHKITIOHAIOM Jii

S = f{Tr[UTU + (A —-DUTUUTU]+ Tr[HUTU - 1)1} dt, (10)

ne H' = H € R*** — yuoxunk Jlarpamka; U = dU/dt.
3a momomororo BapiroBanHs U(t) i H, a Tako)K HU3KH TOTOXKHOCTEH, OJIEPIKYETHCS
muoxkHUK H = —UTU + 2(A — 1)(UTU)? i piBnsnAs reonesuunoi [10]:
U+r(U0,0)=0. (11)
J171s1 3amucy OCTaHHBOTO BXKUTO OTpUMaHUi Bupas aist pyHkuii Kpicrodens (cumBo opyeozo
po0Y), AKa 3a/1a€ JiHIAHY 3B’ s3HICTh B Toulll U € M':

1
M) = SUGET +07§) + (1= DNERT+ngNHU. (12)
Tenep momamo po3B’si30k piBHSAHHA (11) y BUTIIsAAL psay 3a t B TEpMiHAX TOYATKOBUX

naranx U(0) = U, i U(0) = V, sxi no’s3ani cnisBigsomennsm Uy V + VU, = 0. Maemo
2 3

t t
Ut) = UO+tV—§FO(V,V)—§FO(V,V,V)—---, (13)

ne Lo(V,V) =TW,Mly=y,» a LV,V,V)= D‘V-F(V, V) =2I(V,T(V,V)|y=y, 3amydae
noxigay Dy, B Tourni U € M 3a HanipsiMmoM V' € TM, sika jiie, 30KpemMa, Tak:

Dq)r(f»rl) = %CP(SZTU +77) - A =D(@UT +UpH(ENT+néT) (14)

+ (1 - D0 +néNe.
3ayBakumo, 110 po3kiaaau (2) 1 (9) MoxkHa BKUTHU nicis OOUUCICHHS TaKO1 MOX1IHOI.

Jlerko mepexonatucss B Habmmwxenni t2, mo I, = UTU = Uj U,. Takum 4uHOM,
nokiamaroun t =1, nBi Toukum U,U, € M moB’si3ytoTbes cmiBBigHOmEHHIM (13).
Bignosntoroun 3anexHicts U 1V Big koopauHat x, dopmyna (13) y3aranbHioe “3cyB moJist”
U = U, + V B eBxiizoBomy npoctopi, komu U, Uy, V € RU™M  Ore, dikcyroun Uy, 3Mingi
V € TM wHazuBarOTh HOpMaibHUMU KOOPAWHATAMH, SIKI Haaajdi OMUCYIOTh KBaHTOBI
baykTyarii B o-Mofei.

KpuBuna. 3agamo ten3op kpuunu R (&, 1)¢ B (1,3)-popmi ans &,1n, ¢ € TM [11]:

R(§,m@ = D¢, ¢) — DeT(n, ) + T(n,T(E, ) — T(§,T(n, $)). (15)

OGuHCIMMO JliaroHaj bHI KOMIIOHEHTH TeH30pa KpuBuHH R(&,71)&, BHKOPHCTOBYHOUH
posknan R(§,m)¢ = UWTR(E,nE) + TR, n)E:

1 A
UTR(E,m)¢ = _Z(wnws% — 20wy 0¢ + Wiw,) +§(“’UFETF$ + Fg Fywy)

" _ (16)
42 4M (wgFI By + By Feaog) = 42/1 (wehy Fe + F Rywg),
3 - 42 3 - 21 L .
MR(E,mME = -2 Fewgwy + A———Fewnwg — Fywf + FyF{ Fy
2—-31 . 4-31_ _ (17)
+———FeF{ Fy ————Fe R Fe.

Biksanpatnuna dopma K(&,1) = (R(&,n)é, 1)g, fKa BU3HAYAE CEKIIHHY KPUBHUHY,
nicis miactaBineHHs BupasiB (16) 1 (17) 3anucyerbes Tak:
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—~ A 2 2 A 2
R = Hllwe ol + 157 - R + 222 e - 7R

+ 222 (|| Eogll” + [|Feey||”) + 2A(3 = 4A)(Fewg, Fywy)e
— 21(3 - 21)(1‘75(1)77,%0)5)1:-
Amnanoriuna ¢opmyna orpumana B po6oti ([14], ct. 405) B Tepminax npsaMokyTHux (N —
k) X k-marpuns, ckaximMo M, 3amicts F € RV Xk Onnak, 1e He MPUHIUIIOBO, TOMY 110 M 1
F BXoaath y BUrazai kombinauin MM i FTF, axi Hanexathb Rkxk,
Buxopucroyroun (16) i (17), 3a momomoroto 3roptku (1,3)-KpUBHHU MOXHA
OTPUMATH BUTJISA AiaroHaThbHUX KoMIoHeHT (0,2)-Ten3opa Pigui [11]:

Ric(¢,&) = [A2(N — k) + %] Tr(w{wg) + [N =2 — Ak — D] Tr(F{ F).  (19)

Buano, 110 koeiieHTH KPUBUHHU € CTAIMMU Yepe3 OAHOpiIHICTh MHOTOBUAY LlITidhens (nuB.
[9]). Mu o6roBopmMo 38’5130k Mixk K i Ric mpu mepeHopMyBaHHi o-MOzei.
®opmaJizm GoHOBOI0 MOJIS

Bpaxartumemo, 10 Jdarpamxkian o-moxeni L[U,| = Tr(VU] g,VU,) Bu3HaudaeThcs
3aTpaBOYHOIO0 METpHKOIO g8, = g(Uy; 1), BinminHoMO Bin g = g(U; A) KoHTpwieHamu h:

g =ugo +h (20)
ne € = d — 2 — nmapameTp NepeHOPMYBaHHS; U — MacIITad MepeHOPMYBaHHS.

CamMe 11€ IepeHOPMYBAHHS € HAIIIOIO TOJIOBHOIO METOI0, X04a TMOJIS TAKOXK IMiITISTAI0Th
MepeHOPMYBaHHIO. MM TPHUCTOCOBYEMO BiJoMy TexHIKy (muB. [15,16]) mo momeni Ha
muoroBuai Ilrigens. Cnepury 3abe3nmeyrMoO KOBapiHTHHM OIMHC, TMEPEXOISTYd 0
HOPMaJIbHUX KOOPIUHAT.

EdexTuBHuii narpankian. Beenemo intepromorode none P(x,s) 1 BenwmuuHw,
moAi0H1 10 03HAYCHUX paHiIle:

P(x,0) = Uy (),

(18)

% =V(x), @ 1) =UX). (21)

Possunemo narpamkian L[U] B psi 3a mapaMeTpoM S:

- 10"L|DP(x,s
£[U] = LloG, D] = ) Lottlew sl (22)
— n! asm 520
BUKOPICTOBYIOUH KOBAPiaHTHY MOXiaHy V B30BX reone3ndnoi ®(x, s), a Takox V:
af dd(x,s) ~
U= +T (0 08), T = VE+ (VO 5),8), 23)

ne QyHKIis KplCToq)ensI I'(¢,1n) 3 (12) 6eperbest mpu U = P(x, ).
KopHCTy04nch po3KIagoM JOTHYHHMX BEKTOPIB HA - i F-KOMIOHEHTH, 3HAXOAMMO:

0L[®(x, 5)] ;o 00
————=2Tr (VCD gV ¥>, (24)
10%L[@(x, s)] _O0D\" _ o0 1o o 0D
L [(vg) gvgl +Tr (vq: o[7,, 7] 65) (25)
BpPaxoBYIOYH, 1110

a2 6¢§x, S) _o, (26)

V.Vd(x,s) = % ijL F(M,Vd)(x, s)), (27)

[V, V]¢ =R (VCD(x s), W) ¢, (28)

ne xpusuna R (&, 1)@ 3amaerses popmyioro (15).
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B oononemnesomy HabamxeHH1 0OMEXMUMOCH JTarpaHKiaHOM, KBaJpaTHIHUM 3a V!
LIU] = L[U] + 2(VUy, VV)g + (VV,VV), + (VUy, R(VU,, VIV )g,, (29)

ne VV = VWV + T, (VU,, V), a (VUy, R(VU,, VIV)g, = —K(VU,, V) 3a o3nauennsm. Skimo
Uy(x) € po3s'ss3koM piBHSAHB pyXy, gogaHok (VU,, WV)gO He JIa€ BHECKY B iHTerpain aii. Tak
K BUpa3 (29) € 3arayibHUM JJ1s1 6-MOJIeJIel B JaHOMY HaOJIM>KEHH1, 3p00MMO HACTYITHUM KPOK,
CHUTBHUH 71 HUX.

3aminumo V na V, mo6 nepersoputu Tr(VVTg,VV) nma Tr(VVTVV). na usoro
noknagemo V = &V, ne & = g(Uy; A7Y/?). Tonmi 6% =gyt i é7gyé =1y, a 3B'130K Mixk
CKJIaJIOBUMH JOTUYHHUX BeKTOpiB V iV € Takum:

V =Uywy + Fy, V=Uywy+F, wy=21"%w,. (30)

[Ticnsa BBeeHHS Wy, 3aMICTh Wy, KBaJipaTH4Ha 3a V yacThHa JarpaHxiany HaOyBa€ BUTIISITY
Lege = (VV, V), — K(VU,, V), (31)
(VV,VV),, = Tr(Vw)Vwy + VR VE,) + Lin,, (32)

Jie TIepIIni J01aHOK B (32) BIAMOBIAA€ 3a BUTHHY €BOJIIOIIIO (DIYKTYyallii 1 BU3HAYae PyHKITIT
I'pina.

KeanryBauusi. OTke, Npu KBaHTyBaHHI Mojeni mMu BBaxkaemo Uy(x) (doHOBHM
noyiem, a wy 1 F, — guaykryrorounMu BeaudrnHaMu. Pojib KOHCTAaHT B3a€MOJIli BUKOHYIOTh
KOMITOHEHTH METPUKH g, SIKi , 3BepTarouuch A0 (pynkmionany naii (1), BKIOYAlOTh J0MaTHI
napametpu T 1 A. Y (i3mgHUX 3aCTOCYBaHHAX 0-MOJETCH IS ONHCY JIoKai3amii AHIepcoHa,
temriepatypy T dYacto 00’€IHYIOTh 3 KOE(]IIIEHTOM TMPOBIAHOCTI, SKUW TMiIsTaE
MEepeHOpMYBaHHIO. 3 1HIIOrO OOKy, MmapaMeTp A BXOAWTH B jarpaHxiad (8) sk 3MiIHHUN
MacitabHui (hakTop (aHI30TPOIIIN).

J1s1 KBaHTYBaHHS BBOJAUTHCS (PYHKIIOHATBLHUM THTErPall 38 UBUOKOIMIHHUMU TIOTIIMHU
wy 1 F, (3 mxepernom), sKui OOYHCIIOEThCA sIK psa 3a niarpamamu DeitHmana. B
PO3TIISAyBAaHOMY BHUIMAJKY YCI BHpa3H BIJMOBIIAIOTH OJIHOMETIIEBOMY HAOIMKEHHIO. SIK
3a3BHYA, IPU yCEPEIHEHH] BUPA3iB Mpalfroe Teopema Bika asis cnaproBaHHs MOJIB OJHOTO
COpTY, 11O J03BOJIA€E OOMEXHUTHCHh BpaXyBaHHAM JIMIIE MapHUX 4ieHiB. B mpunummi, ciinx
TaKOK 3aJIiATH IHTErpa 3a nosiibHoio ckianoBoro Uy(x), ska € HeoqHO3HaYHO. OHAK, TYT
MH OITyCKa€eEMO I1i BijIoMi popMyIIH.

Oznaunmo ¢yHkIii ['piHa mosis:

[y @@y O] =7pp, A =), [F@FE*0)] = 60,0,8(6 =), (393)
ne nyxkd [...] Ho3HAuarOTh KBAaHTOBE CEPENHE y BAKYYMHOMY CTaHi; a KOMIIOHEHTH
MaTpudHoro nois Fy, 3 mynpruinaekcamu Q, = (j,pn), 16 1 <p, <kik+1<j, <N,

00paHo B AKOCTI He3anexkHux. OKpim TOro, CUMBOI 8. o, = 8;,j,8p, p,» 1 CUMBON
1

Ttp,p, = E (61’11925511512 - 617161266111)2) (34)

s MyJnbTUIHACKCIB P, = (Pn, qn)y 1 < P, qn < k, a iX 3ropTka Ja€ 4YUCIO CTYIEHIB
BUIBHOCTI.
[TpocTopoBO-3aieXxHa CKJIaA0Ba 3aa€ThCsA BUPA30M

eik-(x—y) ddk

Alx —y) = Tf K2 (20 (35)

SIKUM BUTUIMBAE 3 (32).
Bera-¢ynkuii napamerpis
UYepes Burisag (35), mpu  ycepenHEH1 JIOKAIbHUX BHpa3iB MOJCNII BHUHHUKAE
iH(ppauepBoHa (1Y) po301KHICTh, IKYy MOKHA MOM’SIKUIUTH, BBOJSYU pe2yasamop y BUTIAIL
macu ot V. [Tosraurmo oy oguandHoi cdepr B d-Bumipax sk Oy, = 2n%/2/T'(d/2),
Toni mpu € = d — 2 = 0 maemo
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Q4 4 T T
A0) =T k% 3dk = —————Inpu + 0(¢).
=755 I+ 0() (36)
u

[Ipn yomy ynwpTpadioneroni (Y®P) po301KHOCTI yCyBalOThCSl CTAHAAPTHUM YMHOM JJIS O-
MOJIEJIEN.
[lepeHopMyBaHHS METPUKH B OIHONETICBOMY HAOIMKEHH] 3yMOBJIEHE BHECKOM:

f [K(VU,, éV)]d%x = f Ric(VU,, VU,)A(0)d%x. (37)

Ines nosenennst popmynu (37) rpyHTY€ETHCS HAa PIBHOCTI KBAHTOBOTO CEPEAHBOTO Bijl
K 3a monsamu wy i Fy i cepennporo 3a Marpumsamu, komn VU, = Uyw,, + F,,. To6To, 3aBasKkn
onHopigHocTi MHOoroBuay Illtidens, mMoxxHa mepeHecTH oOYHMCICHHS y ‘“mouatok” O i
Bukopucratu 6asuc (3). Tomi, ciix 3pobuty 3aminy wl, — Xp, FVQ = [lpX,y (xoedimienTn
“nornuHaroThes” A), Takox 3anucatu VU, B 6azuci (3), 1 macymMyBarty 3a (Q 1 He3alIeKHUMU
P. TIpu ycepenuenni K (VU,, €V) “BmxuBatoTh” JHUIIE JOIAHKH, KBaAPATH4Hi 33 wy i Fy, i
OJIEPIKYETHCS

Ric(VU,, VU,)

=[2Ww -k + % Tr(wlw,) + [N — 2 — A2(k — 1)] Tr(FLF,).

Po36ikHICTL (37) npu € — 0 ycyBaeThest BBEIECHHAM (DAKTOPIB Zg [UIss KOMIIOHEHT
METPHKHU:

(38)

Zg7OPpy  ZgrT.00:0,0 (39)

3rigHo 3 (29), (36) 1 (38), oTpumMyemo
k—2 t
Ty, =1-—|RW -+ Zy=1--N-2-2c-D], (@0

nemuseemu t = T/(2m) it = T/(2mA).

Buecok L;,; 3 (32) morpebye okpemMoro OOroBOpEeHHs, Ha SKOMYy MU TYT HeE
3ynuHsiemocs. Jluie 3ayBakumo, 110 po30i:kHOCTI B L;,; HE BIUTMBAIOTh HA IEPEHOPMYBaHHI
MeTpuki [17].

Bera-¢pyukuii. 3a o3HaueHusm 6eta-pyukiii f; = dt/dsif; = dt/ds g s = In g,
13a JJOMOMOT010 BUPa3iB

_ et _ ET A1
ﬁt—l—tdangF/dt' ﬁT_l—lenng/dr’ (41)
B OJTHOTICTJICBOMY HaOJMKEHHI OTPUMYEMO:
Bo=ct—[N=2—A(k—D]e2, B, =er— [AZ(N —+— | @)
Buaiinemo B; = dA/ds, BukopucroByroun (42) i CriBBiqHONIEHHS:
b _Pe_Pe (43)
A t T
k-2
- t[AZ(N—l)—A(N—2)+T]
=t(N-1DQA—-21,.)(A—21); (44)
N -2 k—2)(N—-1
e R AR | (45)
= 2(N-1) (N — 2)?
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O6nacTIO  JIONyCTMMMX 3HAuY€Hb apaMeTpiB 0:.07

mojenm B mwionmHi (A;t) € kBagpauT 3 1 > 0 | 0.06
t>0. s obmactb [JUIMTBCI HA  TpHU 0.05 /
cemaparpucamu — npsimamu (A_; t) 1 (A4;t) ans

noBibHUX t > 0. Hepyxomi TOUKH 3HAXOAUMO 3 t0.04
ymoB f3; = 01 ; = 0. BRomsauu 0.03
t, = € ’ (46) 0.02
* N-2-2:(k-1) 6.01

maeMmo: (0; 0) —raycoBa Touka; (A_; t_) — By30I;

(A4; ty) — cimo (muB. puc. 1). 0

0 02 04 06 08 1
A
Puc. 1. Tunosi ¢pazu moxeni. Tyt
N=12, k=9 Ta d=2.2. Cipi cTpiaku —
TOJI€ MBUIAKOCTEN. HOpHUHN KPYKEUOK
MMO3HaYa€e By30J1, O — CIJITI0.
Tpaekropii penopmanizaiiitnoi rpynu (PI') 3agatoTbcs piBHAHHAMMU:

% =et—[N—-2—-2k—-D]t3,  t(0) = t, (47)
% =t(N-1DA-21)A—-2.), A(0) = A,. (48)

3a iX A0MoMOroro (4UCENbHO) OIEPKYEThCS cerapaTpuca Ha puc. 1, sKa IpOXOIUTh Yepes
touku (0; /(N — 2)), (A_;t_) i (A4; t,). Buano, mo y Bunagky 2 < k < N id > 2, Touka
(A_;t_), B sKil CXOAATHCA YOTUPH (Da3H, € TETPAKPUTUIHOIO. 3ayBaXKUMO, IO MPH Kk = 2
TETPAKPUTHYHICTD 3HHKAE, i Touka (A_;t_) = (0;&/(N — 2)) crae GiKpUTHIHOIO.
BucHoBku

B naniii po0OTi, CTapTyroud i3 TOJBOBOrO Jarpamxkiana s (2 + &€)-MipHOT
HeNiHiIHOI curma-mMozeni Ha gificHomy muHoroBumi ITidens, y KkBaHTOBOMY pO3TIsifi MU
3acTocyBaii  MeToJ] (OHOBOrO TOJsE 1 HOpMajabHI KOOPJIMHATH Ta OTPUMAIU
PEHOPMIPYIIOBHI OMUC TIEPEHOPMOBAHOT MOJIEJ B TepMiHAX JTBOX €(PEKTUBHUX (3aJICKHUX
B1JI CKEWJIIHTOBOTO MapaMeTpa) 3apsiaiB. Lleil pe3ynbTaT MOBHICTIO MiJTBEPIMB BiMOBIIHI
dbopmynu st Oera-QyHKLIA 1 BIACTUBOCTI PEHOPMIPYHOBOI MOBEIIHKH JOCIIKYBAHOI
MOJIeI, paHille OTPUMaHUX 3aCTOCYBaHHSIM YHCTO T€OMETPUYHOTO IMiTXOAY 10 3arajJbHOTO
BUIAJKy MaTpUYHOI OeTa-QyHKIT HeNiHIHOI Mojen Ha JJAOBUIBHOMY pPIMaHOBOMY
MHOTOBUII. OcoOiMBa TETPaKpPUTHYHA TIOBEAIHKA — HASBHICTh TETPAKPUTUYHOI TOUKH,
CHUTBHOI I YOTUPHOX (a3, HOTpedye MOJANBIIOTO AETATLHOTO JOCIIKEHHS KOKHOT 3 IIX
¢da3 Ta BIANOBIAHUX KPUTHUYHUX 1HAEKCIB. He MeHII I[IkaBHM € 1 HACTyIHE 3aCTOCYBaHHS
PO3IJIIHYTOI MOJIENI /10 ONUCY BJIACTUBOCTEH peajbHUX (PI3MYHMX CUCTEM, 30Kpema 0
nmpoOJieMd MOXKJIMBOTO CIIBICHYBaHHS Ta B3a€EMOBIUIMBY sBUIA (J€)I0oKamizaiii B
KBa3iJIBOMIpHIil €IeKTPOHHIN CHCTEeMI 1 SIBUIA HAIIPOBIIHOCTI, a TAKOXK 1HIIMX CUCTEM 13
JIBOMa HE3aJeKHUMH MapaMmerpaMu nopsiaky. OTpuMaHi pe3yiabTaTH MOXYTh TaKOXK OyTH
KOPUCHUMH 3 TOYKH 30pY JOCITIDKEHHsSI HOBUX KJIACiB YHIBEpCATbHOCTI y (i3uii (MyJIbTH)
KPUTUYHHX SBHIIL.
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ON THE SPECIFICITY OF NONLINEAR
SIGMA-MODELS ON REAL STIEFEL MANIFOLDS

For a quasi-two-dimensional nonlinear sigma model on real Stiefel manifolds with a
generalized (anisotropic) metric, the equations of a two-charged renormalization group
(RG) in a one-loop approximation for the parameters of the homothety and anisotropy of
the metric are obtained. Normal coordinates and a curvature tensor are introduced for the
renormalization of the metric. The RG trajectories are investigated and the presence of a
fixed point common to four critical lines (tetracritical point) in the general case or its
absence in the case of an Abelian structural group is established.

Keywords: sigma-model; Stiefel manifold; beta-functions; tetracritical point
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ON EXISTENCE OF THE PRE-FRAGMENTATION BONDING OF
AMINO ACIDS UNDER IONIZING RADIATION: ALANINE,
GLYCINE, THREONINE,

AND VALINE!?

The topic of dissociative ionization (or fragmentation following ionization) of
biomolecules, in particular such genetic macromolecules as DNA (deoxyribonucleic acid)
and RNA (ribonucleic acid), is by no means new. It is definitely close to the circle of non-
scientists, ordinary people, especially in the 21st century when gadgets and a variety of
medical equipment fill our daily lives. It is this topic — we opine — and its consequences,
including cancer, that is part of that “catastrophic chasm™ that exists between the two
cultures, which were written about by C. Snow in "The Two Cultures™ and P. Feyerabend
in "Farewell to Reason” (see also Ref. [1]). No matter how paradoxically — merely, as a
‘chasm' due to fragmentation of genetic macromolecules — it sounds, but this work made us
still to think about the topic after it was written and accepted for publication [2]: ask anyone
—arare work deserves such a fate. And this is not surprising: usually the work is written in
such a way as to put an end to a problem or topic. Actually, a bold point.

Key words: dissociative ionization, biomolecules, potential energy surface

Introduction

Let us remind that the present topic is about the effect of ionizing radiation on
biomolecules, precisely on amino acids. The former is a term used for the radiation (a-, y-, X-
rays, protons, and heavy ions) that result in a number of destructive changes: molecular
excitation, dissociative excitation, and, primarily, ionization (i.e. removing electrons,
cationization [3]), and dissociative ionization, via the interaction (impact) with the secondary
electrons produced at the cell or biomolecular level in considerable amounts with energies
ranging from the lower to dozens of eV under this radiation. By themselves, mechanisms
behind each of these changes are of a complex nature.

Amino acids are organic compounds that contain both acids and amino groups. All of
them, with the exception of glycine, have L- and D-isomers. Amino acids that exist in proteins
of humans and animals are in the L-form, in contrast to a number of D-isomeric amino acids
found in bacteria.

Is the reason of the mentioned paradox a mistake or delusion? To answer this question,
we consider two experimental scenarios within the so called "scientific method" [4]. Let
explain the latter.

By definition, the physical objects (phenomena) could only be inferred from observations
performed by an observer. Define now the term ‘observable’ as the observer who has an
ability to observe, or as the observer who equipped by the method of observation, the
scientific method, that determine the properties of what is observed. Kant defines this
transition from observation to observable as follows: “There is no doubt whatever that all our

! Dedicated to the 100th anniversary of the birth of Yu.M. Lomsadze.
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cognition begins with experience, for how else should the cognitive faculty be awakened into
exercise if not through objects that stimulate our senses and in part themselves produce
representations, in part bring the activity of our understanding into motion to compare these,
to connect or separate them, and thus in work up the raw material of sensible impressions into
a cognition of objects that is called experience? As far as time is concerned, then, no cognition
in us precedes experience, and with experience every cognition begins.” ([5], p.136?), whereas
Feynman introduces the intermediate phase: “Observation, reason, and experiment”? ([6], p.
2-2). Within quantum mechanics, this refers to a measuring experiment, or merely a
measurement. The latter inverses the above order: observation follows a measuring
experiment. The paradigm of measurement is inherent to the whole building of physics [7].
permeates the entire essence of quantum mechanics where Yu.M. Lomsadze's works [8-16]
made an undeniable contribution.

One is the real experiment that reflects the aforementioned mechanisms underlying the
changes that occur in amino acids under ionizing radiation and including ionization and its
dissociative kind. The experiment's description is the following [17] (see also [18]): two
beams of electrons and biomolecules cross each other and interact (via electron impact). As a
result, positive ions of biomolecules are observed. Their production cross sections for both
the initial molecule and its fragments are then measured. The energy dependencies of all
products are determined.

The other, a computer, "thought experiment” (Gedankenexperiment) [19] on the
ionization of threonine (Thr) C4H9eNO3z was carried out in [2] where we observe a
fragmentation* under ionizing radiation and deduce its origin which we systematically study
in-depth. For this purpose, we, instead of routine usage of the concept of the Dyson orbitals,
employ the typical, chemically sound molecular orbitals, MOs (of Kohn-Sham type).

The concept of ionization is complex and difficult for understanding depending on the
system being ionized — be it an atom or a molecule, for example — and on the mechanism of
ionization. The latter we treat in this work as the process of interaction (impact) of a molecule
with secondary electron(s) whose energy is of several hundred eV. It is also assumed that the
aforementioned secondary electrons play a key role in these interactions: they apparently
interact with the outer, loosely bound, electrons of the amino acid filling its highly occupied
molecular orbital (HOMO) and possibly further, HOMO-1, HOMO-2, etc. These secondary
electrons coulombically push the latter out of HOMO, and so on, and if the HOMO s
responsible for a bond, it weakens or cleaves, causing fragmentation of the amino acid at that
bond. We also note that secondary electrons may have enough energy to simultaneously, and
not sequentially, interact with the HOMO-1, HOMO-2 electrons, etc., with their characteristic
cross sections probabilities. Moreover, the binding energies of HOMO, HOMO-1, HOMO-2,
etc. electrons are equal to the ionization thresholds of their MO — they are small and grow
gradually.

2 0On p.716 [5], Kant defines experience as “perception with rules”. Later, he defines experience as “the agreement of
perceptions (of empirical representations) to the cognition of an object”.

3 Within quantum mechanics, this refers to a measuring experiment.

4 We bestow a word 'fragmentation’ two meanings: one is a real fragmentation when a system under consideration is
partitioned into two or more subsystems separated from

each other by an infinity distance (dissociation), and the other is a so called "pre-fragmentation bonding' (or
"fragmentation cleavage') when a molecule under study is

partially dissociated and the product species are formed via a so called bond. In the thought experiment given below a
relative stability of this bond is supported by the barrier, shown in Fig. 1 for 11" that separated (2) from (1) and that is
placed by 17.66 kcal-mol* above it (Fig. 1).

65



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

Yxropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

Results of the calculations

On the lower-energy portion, say within ~3 kcal-mol?, of the ground-state potential
energy surface (PES) of the neutral L-threonine, we determine, at the computational level
composing of the hybrid Becke-3-parameter-Lee-Yang-Parr (B3LYP) density functional
theory in junction with the Pople's 6-311++G(d,p) basis set, three noteworthy structures | -
[11 of the low-energy conformers | - 111 of L-threonine (see Scheme below).

The lowest-energy neutral conformer is I, whose higher stability is perhaps due to the
hydrogen bonding C-O-H---NH.. To verify this suggestion, let consider the rotational isomer
of I (or cis-l, Fig.1) and denote it as trans-1. The energy difference between them, C-O-
H-and-NHz, amounts to 2.6 kcal-mol™. Neglecting a possible and rather weak H-bonding
between trans-O-H group and C=0 in COOH, one can characterize the above H-bond C-O-
H---NH2 in | by the frequency shift Av = -286 cm (i.e. red shift) and Ar(O-H) = -0.006 A
(bond contraction) with the H-bond length R = 1.906 A.

I

Scheme. Three structures of the low-energy conformers of L-threonine. I is placed at the
bottom of our PES, 11 and 111 are 1.08 and 3.31 kcal-mol, correspondingly, above it.

Let now ionize these conformers I - 111. One of their scenarios of ionization, ionization of
I, - or ionization paths — is shown in Fig. 2.

Notice that the PESs of ionization of I and 111 compose of two stable® conformers, Io* and
1%, o™ and 1111*, respectively, where lo" and I1lo* are placed energetically below 11" and 1111*:
besides on the cationic PES of threonine Illo* lies 0.025 kcal-mol lower lo*, contrary to the
neutral one (Fig.1). All these conformers are composed of fragments of fractionally charged
C2HsNO2 and C2H40 as follows (looking ahead see also Fig.3):

5 All their modes are characterized by positive frequencies.
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(i) lo* = [C2HsNO2]** @@ [C2H40]*
l1* = [C2HsNO2]*0% @ [CoH40]*07 ; 1)

and

(i)  Illo* = [C2HsNO]* @@ [C2H4O]*
11" = [C2HsNO2]*%2 @ [CoH40]*00% ; (2)

where the superscript charges are derived from the corresponding Mulliken charges, and
where the sign @ is introduced, first, to indicate a charged hydrogen-like® bond.
ionization
paths

L - CHNO, + GHO'

10005

1093
¢,H;No," + C,H,0
28?4
247
_&_I{ 1766 H
L / 1l

3a

Figure 1. Energetic ordering of conformers I - 111 (1.h.s) and their cations (r.h.s). Energies in
kcal-mol.

6 The difference between this bond and the hydrogen bond (hence the noun 'likeness') is the existence of Coulomb
repulsion between all three components of the bond.
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Figure 2. Scenario of ionization of the conformer | of L-threonine according to the
aforementioned computational procedure. lonization induces cleavage of the [Cy-C]-R
bond.
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Figure 3. Fragmentation patterns of threonine cations: lo* and Il1o* (upper row); Ily* and
s (middle row); and I1* and 1%, and I11* (lower row).
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Summarizing, physics behind ionization of threonine is the following. Up to now, it was
believed that ionization and subsequent dissociative ionization of the aliphatic amino acids
occur due to removal of one of the electrons from the lone-pair on the nitrogen via a very
simple mechanism: free, secondary electron(s) initiated by ionizing radiation, deposit energy
into the less bounded electron(s) or into the bond obviously occupying the outermost orbital
HOMO and push them out (to infinity). We depict the HOMO of the studied threonine in Fig.

4. This leads to redistribution of charge within threonine.
i i

Figure 4. The HOMOs of the studied conformers I-111 of L-threonine: the left panel is taken
in the orbital mode; the right one in the molecular mode.

We conjecture that the secondary electron produced by ionizing radiation knocks out by
Coulomb electron impact one of the less bound electrons of the amino acid that occupies a
particular bonding MO — the so called pre-fragmentatory bond (see Fig.3, upper row). This
bond weakly supports two positively charged fragments and thus keeps a weak quasi-stable
balance (against Coulomb repulsion) between them. The latter breaks this balance through
the transition state shown in Fig. 2. The ionized L-threonine thus fragments out.

Conclusion
By analogy with threonine, we observe the same scenario in the thought experiments with
alanine and glycine molecules. However, valine amino acid behaves differently — a simple
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lengthening of the bond rather its dissociation. Therefore, the present study has resurfaced the
detailed mechanism of the dissociative ionization of some amino acids that was hidden in the
aforementioned thought computational experiment. This experiment also hides the detailed
mechanism of formation of anions of amino acids that may be produced under collision of
amino acids with the secondary electrons. Formation of such anions has recently been
discussed in our recent work [20]: they are definitely bound due to the Fermi-Teller theorem
since total dipole moments of the studied amino acids exceeds 2.5 D. Altogether, these
conclusions call into question that whether the mentioned beam experiment adequately
describes the real picture of interactions of amino acids with ionizing radiation.
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PO ICHYBAHHS NIEPEJ®PATMEHTALIIHHOI'O 3B'SI3KY B
AMIHOKHCJIOTAX HI1 AI€IO IOHI3YIOYO0I'O
BUITPOMIHIOBAHHSA: AJTAHIH, I'JIIHWH, TPEOHIH I BAJITH

Tema aucomiatuBHoi ioHi3amii (abo ¢parmeHTanii BHacHigOK ioHi3awii) OGioMoieky,
30KpeMa TaKuX TeHeTHYHHX Makpomodekyi, sk JJHK (ne3okcuprbonykieiHoBa KucioTa)
i PHK (pubonyxieinoBa KucioTa), ak HisIK He HOBa. BoHa, 6e3yMOBHO, O/TM3BKa KOITy He-
HAYKOBIIIB, IEPECIYHAX JTIOJeH, 0COONMBO y 21 CTONITTI, KOJU Ta[PKETH Ta Pi3HOMaHITHE
Mequ4He 00JlaJHAaHHS 3allOBHIOIOTH HAllle NOBCAKACHHE XUTTA. CaMme 11 TeMa, Ha HaIly
IYMKY, Ta ii HacJiIKH, 30KpeMa pak, € 9JaCTHHOIO Ti€i «kaTtacTpodigHOi mpipBm», MO iCHYE
MiX JBOMA KyJIbTypamH, 1po sKy mucanu C. Snow y "The Two Cultures" ta P. Feyerabend
y "Farewell to Reason" (muB. Takox [1]). Sk 6u mapamokcanbHO I1e HE 3BYy4all0 — MPOCTO
sk "mpipBa (Chasm)" BHacimok hparMeHTarlii reHeTHYHUX MaKPOMOJIEKYJT — aJe 111 poboTa
3MyCHIIa HAC 3aMUCIUTUCS HaJl TEMOIO 1 Micis TOTO, SIK BOHa OyJjia HamucaHa 1 MpUHHATA
J0 IpyKy [2]: 3amuTaiiTe KOro 3aBrojHO — PiAKICHUHN TBIp 3aCIyroByeE Ha Taky Joito. | ne
HE JUBHO: 3a3BHYail po0OTa MUIIETHCS TAaKUM YMHOM, IIOO MOCTaBUTH KPAIKy B SIKIHChH
mpobiemi abo TeMi. BriacHe, )KUpHY Kparky.

KuarouoBi ciioBa: nuconiatiBHa ioHi3allis, 010MOJIEKYIIH, TOBEPXHS OTEHI1aJbHOT eHepTii
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BARYON ASYMMETRY: IS THE REALIZATION OF
COSMOLOGICAL ENERGIES AND PROCESSES POSSIBLE IN
LOCAL ASTROPHYSICAL EVENTS?

A formula has been proposed that well describes the baryon-photon ratio. It implies a
relationship between the value of the proton mass and gravity with the value of baryon
asymmetry. If the baryogenesis process occurred at energies below 10'2GeV, it should
also occur in modern high-energy astrophysical processes, the indicators of which are
ultra-high-energy cosmic rays. But this would lead to a regular and significant violation
of the law of conservation of baryon number in the form of the effect of proton decay.
However, experimental data impose significant restrictions on this process. Therefore, we
propose the principle of energy prohibition, according to which it is impossible to achieve
energies at which baryon number violation can occur in astrophysical and experimental
local processes in a cosmologically stable vacuum. This conclusion supports the
baryogenesis models realized in the era of Grand Unification or during inflaton decay, i.e.
at energies of 10'3+2-10%GeV. Therefore, baryogenesis models considering energies
below 10'2GeV need to be revised.

Keywords: baryon asymmetry, proton mass, leptons, proton decay, baryon number,
cosmic rays, black holes, vacuum stability.

1. Introduction

The origin of baryon asymmetry is still an unsolved problem. There are various scenarios
for the origin of this asymmetry, but it is still unclear at what energy the symmetry of quarks
and antiquarks is broken. The ratio of the number of baryons in the Universe to the number
of cosmic microwave photons, which are supposedly produced by the annihilation of particles
and antiparticles, is [1]

s =%=(6.14io.04)-10-1°, (1)
.

where ng is the density of baryons, N, = 410 /sm? is the density of photons.

Ratio

n.—n; N 2E(3 _
AB=%=§nB=4n2 %() 7 M =0.14n; =0.87-10 2
90 8 11

where ng and ng are the number densities of baryons and antibaryons, s is the entropy

density in the Universe, is a numerical characteristic of the baryon asymmetry of the Universe,
which is constant in time [2].
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In this case, the value m is determined from the abundance of chemical elements in the

Universe and measurements of the relic microwave radiation [2], and is not a consequence of
a theoretical calculation.

2. Formula for baryon asymmetry and its consequences

Existing theories of the origin of baryon asymmetry do not allow us to give an exact value
N Without additional hypotheses or fitting parameters of the model. However, the value n,

satisfies a simple formula:

2 vz va
nB :((24-')\/|—rnp] :mgz(zifhl j :6.136'10_107 (3)
P
ng  =1.6297-107, (4)

where M, is the Planck mass, M is the proton mass. Instead of the proton mass M, we

can consider the neutron mass, obtaining the value nB_l =1.6285-10", but the difference is

insignificant and the free neutron is unstable.
At the same time
G

-2 M =] 18
=———=265510"=—*—. (5)
1/2 12
(24)"" m, (24)

Thus, my is related to the gravitational fine structure constant for the proton

-1/2

Mg

O = G, mf, / (hc) . Considering the formula (5) as exact, we obtain the mass of the proton:

2 My
(24)112

From the formula (6) it follows that the baryon number asymmetry factor X, determines

(6)

mp:nB

the proton mass. This means that this factor, determining ng, is a constant value, since
Ng =const, and acts not only at high energies, as is assumed in most mechanisms for the
appearance of baryon asymmetry, but also at low energies. The same factor X, determines

the value of the baryon number. Therefore, the baryon charge can probably be considered as
a stable value, like an electric charge. It depends only on the factor X;, which breaks the

symmetry and determines the mass of the proton. From this point of view, if there is a decay
of the baryon, then this process correlates with a very slow change in the mass of the proton,
since they are determined by the same factor.

The presence of a constant asymmetric factor X; that ensures a stable baryon number

and proton mass may indicate the existence of a field corresponding to the baryon charge. It
Is believed that the baryon field does not exist, otherwise a specific baryon-baryon interaction
would arise [3]. However, such field may exist in the form of a condensate in which baryons
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play the role of excitations. This is probably evidenced by the formula of Ya.B. Zeldovich [4]
for the vacuum energy density of the form
Gm’c?
py = P
modified by N.S. Kardashev, who suggested m, = m_ [5], and the author [6], who refined it

for the condensate of virtual T-mesons with mass mni /2.

The vacuum energy density (dark energy) can be described as
1 Gchme Gchmf0 ™ .
o Y ~6.09-107" g/ cm®. (7)
This value is in good agreement with the PLANK collaboration [7] and other data.
According to J. Pratt et al [8] the measured density dark energy is (6.03+0.13)-10 *g/cm?.
Apparently, an asymmetry similar to the baryon one also arises for the lepton number.

Electrons can be the carrier of such an excess lepton number N, , neutralizing the positive

electric charges of protons; and the number of which is equal to the number of protons as
baryons. In this case, N,, = Ng. From the point of view of the theory of the cosmological

model with superconductivity (CMS) [9, 10], the asymmetry of baryons and antibaryons
arises as a result of symmetry breaking in the superconducting transition.

3. Low-energy models of baryogenesis and conservation of baryon number

Currently, many works have appeared suggesting the manifestation of asymmetry of
matter and antimatter, the appearance of the baryon number at relatively low energies. This
is, for example, baryogenesis at energies of electroweak interactions of the order of 10'%eV.
The possibility of inflation and subsequent heating at low energies is considered in a similar
way. This work is devoted to the consideration of the realism of such processes.

In a number of baryogenesis models, the characteristic energy is assumed to be relatively
low, on the order of 10'%eV [11, 12, 13]. At the same time, in the Grand Unification models,
the energies of X- and Y-particles that can cause proton decay, i.e. non-conservation of baryon
number, are, taking into account modern experimental data, on the order of 10%%eV [14]. At
the same time, in the cosmological model with superconductivity (CMS), proposed by the
author [9, 10], the baryon number arises as a consequence of the phase transition, and CMS
gives the observed number of baryons in the Hubble radius.

Experiments do not show proton decay, so the possible time of its decay exceeds 10%°
years. Thus, there are all physical grounds to consider the proton a stable particle. However,
in a number of astrophysical processes, such as blazar radiation, supernova explosions, in
magnetars, the realization of energies of the order of 102°2%eV is possible, the indicator of
which are cosmic rays. And this means that if baryogenesis processes could be realized in
low-energy processes, the baryon number of the Universe would constantly change on a
significant scale in all active astrophysical processes with energies up to 5-102°eV. Obviously,
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this is extremely unlikely. In turn, this means that such fundamental processes as baryogenesis
occurred in the early Universe at cosmological energies unattainable in local astrophysical
processes, that is, at E>10%°22 eV, and such a cosmological process is separated from the
local one by a significant energy interval (a kind of “energy gap”). Thus, we justifiably
introduce the principle of an energy ban on the local astrophysical implementation of
baryogenesis processes, which implies the possibility of its occurrence only at high
energies, as is realized in the Grand Unification Theory.

4. Energy conditions for conservation of baryon number

Let us now consider the processes in the early Universe. In different inflation models, the
hot stage (reheating) occurs at different energies. If we consider the model of A. Starobinsky
[15], which agrees better with experimental data than other models, then the mass of the

inflaton in it is M =3.2-10%eV. The decay of the inflaton leads to the appearance of
elementary particles of the same energy. Apparently, such energies are already unattainable
for local astrophysical processes. This is evidenced by the maximum energy of observed

cosmic rays: E <3-10”eV. Thus, an energy interval of 50—100 times appears, separating the
cosmological and astrophysical energies. Apparently, the local implementation of higher
energies than astrophysical ones would be equivalent to recreating the cosmological
conditions of a change in vacuum with the appearance of inflatons and subsequent inflationary
processes. But, apparently, the global conditions of stability of the modern vacuum and space-
time do not allow such energies to be achieved in the modern Universe.

5. Baryons and leptons in black holes

The question also arises whether it is possible to consider that the baryon and lepton
numbers of the Universe change during the collapse of matter into black holes. Considering
that information is not lost but is present on the event horizon, it can be concluded that the
baryon and lepton numbers of the Universe do not change. In addition, a black hole is a part
of the Universe, and proton decay, even if it occurs in the region of the black hole singularity,
Is in principle not observable for an external observer, since even the time of falling onto the
black hole horizon slows down to infinity for an external observer. These conclusions also
correspond to the description of a black hole in CMS as a condensate of primary fermions [9,
10], which, apparently, can preserve the baryon and lepton numbers of the collapsed matter.

Conclusions

1. The baryon asymmetry is determined by a constantly acting factor X, which in turn is

related to the gravitational constant of the fine structure of the proton (or neutron). This
factor determines both the mass of the proton and, apparently, the asymmetry of the dark
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matter particles. The stability of this factor X determines the stability of the baryon

number.

Also, as a hypothesis, we can formulate the principle of the energy prohibition, according
to which in astrophysical and experimental local processes under conditions of a
cosmologically stable vacuum it is impossible to achieve energies at which violations of
the baryon and lepton number can occur, the maximum energies of the Big Bang after
inflation, such as the energy of inflaton decay. In turn, this imposes lower limits on the
energy of heating after inflation associated with baryogenesis, E > 102122 eV. The
proposed principle of energy prohibition can be explained by the fact that stable space-
time and vacuum, containing the fields and matter of the Universe, do not allow high-
energy processes that violate their own stability and lead to the restoration of the
conditions of the birth of the Universe, including the processes of baryogenesis,
leptogenesis, inflation, the formation of space-time and other global cosmological
processes.
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BAPUOHHA ACUMETPISI: UM MOKJIMBA
PEAJIBALIISI KOCMOJIOTTYHUX EHEPITIA TA
MPOLIECIB Y JIOKAJIbHUX ACTPO®IZUUHUX

MOJISAX?

3anpornoHoBaHo Gopmyily, sika 1o0pe omucye 0apioH-(GOTOHHE CHiBBiAHOIICHHS. BoHa
BCTaHOBIIOE Tiependadae 3B'S[30K MK 3HAYEHHSAM MacH INPOTOHA Ta Tpasitarii 3i
3HAaYCHHSAM OapioHHOI acuMeTpii. JKmo mpormec OapioreHesy BimOyBaBcs MPH SHEPTisX
nwkue 102T'eB, To BiH MOBMHEH Bi/I0yBATUCS TAKOXK B CyYaCHUX BHCOKOEHEPTETUIHUX
acTpo(i3MYHMX MpoIlecaX, iIHANKATOPaMH SKUX € KOCMI4HI POMEHI HaITBUCOKHUX CHEPTiH.
Arne 1ie mpu3Beno 0 0 peryysipHOTO Ta ICTOTHOTO IOPYLIEHHS 3aKOHY 30epesKeHHS
0apiOHHOTO YHCIa Y BUTIIAAL eeKTy po3many mpoToHa. [IpoTe ekcriepuMeHTa bHI JaHi
HaKJIQIAI0Th CYTTEBI OOMEXEHHs Ha med mporec. ToOMy MM NIPONOHYEMO NPHHIIMIT
€HepreTUYHOI 3a00POHH, 3TiTHO 3 IKUM HEMOXIIBO JOCITTH EHEPTiH, IPH SKUX MOXKIINBE
MOPYIIEHHs1 0apiOHHOTO YHCia B acTpO(i3UUHUX Ta EKCHEePUMEHTAIBHHUX JIOKAJIbHUX
mpoIecax y KOCMOJIOTIYHO CTablibHOMY BakyyMi. Ilefi BUCHOBOK MigTBEPIKY€E MOJIEINI
Oapiorene3y, peamizoBaHi B emnoxy Bemukoro OO0’emHanHs abo mia uac posmamy
induarony, T06TO TIpM eHepriax 10%+2-10%T'eB. Tomy Moaeni OapioreHesy, 1o
BPaxoBYIOTh eHeprii Hikue 102I'eB, NoTpeOyI0oTh HepersLy.

Knarouosi cioBa: GapioHHa acuMmeTpis, Maca NPOTOHA, JIENTOHH, PO3Maja IPOTOHA,
GapioHHE YHCII0, KOCMIYHI TPOMEHI, YOPHI JIipH, CTa0UIbHICTh BAaKyyMy.
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THE HIERARCHY OF EVOLUTION EQUATIONS FOR
CORRELATIONS OF QUANTUM MANY-PARTICLE
SYSTEMS

In the article we review an approach to describing processes of propagation of correlations
in many-particle quantum systems based on the hierarchy of evolution equations for
operators characterizing the state correlations. It is established that the constructed
dynamics of correlations underlies the description of the dynamics of both finitely and
infinitely many quantum particles governed by the BBGKY hierarchies for reduced
density operators or reduced correlation operators.

Key words: guantum systems, BBGKY hierarchie, correlations, cumulants of density
operators

Introduction

Describing quantum processes for information transfer, based on the evolution equations
of state correlations, continues to be an open challenge. A deeper comprehension of quantum-
scale transport can lead to substantial advancements in quantum information processing, that
radically change conventional network technology methods.

In the article we review an approach to describing processes of propagation of correlations
in many-particle quantum systems [1],[2] based on the hierarchy of evolution equations for
operators characterizing the state correlations (cumulants of density operators) [3],[4].[5]. It
is established that the constructed dynamics of correlations underlies the description of the
dynamics of both finitely and infinitely many quantum particles governed by the BBGKY
hierarchies for reduced density operators [6] or reduced correlation operators [7].
Furthermore, an approach to describing correlations in many-particle quantum systems by
means of a one-particle correlation operator determined by the non-Markovian generalization
of the quantum kinetic equation is considered [8]. The mathematical origin of quantum kinetic
equations describing the scaling asymptotic behavior of hierarchies of evolution equations is
also discussed.

1 Dynamics of correlations

An alternative approach to describing the state of a quantum system of a finite average
number of particles is to describe the state by means of cumulants of a density operator, which
are interpreted as correlations of the state of particles [3].

We introduce sequence g(t)=(I,g,(t,2),...,0.(1...,5),...) of correlation operators by

means of cluster expansions of the density operators D(t) = (I, D,(t,1),...,D,(t,1,...,n),...)
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D, (t1,...,n)=g,(t1,....,n)+ > Hglxil(t,xi), n>1, (1)

P:(L...n)=UX; [P>1 X; P
i

where Z Is the sum over all possible partitions P of the set of indices (1,...,n)

P:(1,....n)=U;iX;.IPI>1
on | P|>1 non-empty subsets X, c (1,...,n), which are not mutually intersecting. The solutions

of recurrent relations (1) are determined by the following expansions:
g.(t,1,...,s)=D,(t,1,...,8) + > (-1 P —1)!HD‘Xi|(t, X)), s=>1. (2)

Pi(L,....5)= UXj PI>1 X;cP
i

The structure of expansions (2) is such that correlation operators can be interpreted as
cumulants (semi-invariants) of density operators.
If g2 e &(H,), s>1, where the space £(H,) is the space of trace-class operators, then for
t e R sequence of correlation operators (2) is a unique solution of the Cauchy problem of the
von Neumann hierarchy [4]:
%gs(t,l,---,s)=N:95(t,1,---,s)+ Y 2 2 e N g (6 X) gy, 6 X,), (3)

P:(L,....8)= X UXy i X ireX,y

0.(t,1,....8) o= 92(1,...,8), s>1, 4)

where the symbol Zp,a gex.ux, Means the sum over all possible partitions P of the set
A ]

(1,...,s) on two nonempty subsets X, and X,, which are not mutually intersect, and the

s

operators N, N, (i,,i,) are defined by the formula

Nn*fni_i(ann_ann)’ (5)
and we used units where h =277 =1 is a Planck constant, m =1 is particle mass. Operator (5)
has such structure: N = Z?ﬂj\/*(j)ﬂZ” N (iys 1) » Where the operator N°(j) is the

p<iy=T
generator of the von Neumann equation of noninteracting particles and the operator N, is
defined is defined Dby the operator of the particle interaction:
Niw (s J2) £, = =1(@ (s, J2) f, = . 2(0 1)) -

We emphasize that the von Neumann hierarchy (3) is a set of recurrent evolution
equations.

If the initial state is described by a sequence of correlation operators g(0) = (1,9;(2),...,
9’(1,...,n),...) e ®~, £(H,), then the evolution of all possible states of a quantum system of
many particles, i.e., the sequence g(t) =(l,g,(t,1),...,9,(t,1,...,s),...) of correlation operators
g.(t), s=>1, is determined by such a group of nonlinear operators:

0, (0L 9) = G151 9O) = > Ap(tX b X [T 05X, 521 (6)

P:(l,...,s)=UXj chP
J

where Z is the sum over all possible partitions P of the set of indices (1,...,n) on

P:(l,...,s)zujxj

|P|>1 non-empty subsets X,, which are not mutually intersecting, the set ({X.},....{Xp})
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consists of elements that are subsets X, < (1,...,s), i.e., [({X},....{Xp}) 7| P|. The generating
operator 2, (t) of expansion (6) is the |P|-th order cumulant of groups of operators, which
is determined by such expansion

U OGH D= X DR )] G (6 0Z), (7)

P':({xl},...,{x|p|})=fzk z,cP
where @ is the declusterization mapping: 0({X}.....{X}) = (1,...,s) and on the space £(F,,)
the one-parameter mapping G*(t) = ®;_,G. (t) is defined by
R'Sti> G (t)f =e " fe™n (8)
and forms a strongly continuous isometric group of operators.
In particular case of the absence of correlations between the particles at the initial instant,

l.e. of the initial state describing by the sequence of correlation operators
9(0)=(0,9/(2),0,...,0,...), expansions (6) take the form:

0. (t1,...,s) =A(t,1,..., s)ﬁgf(i), s>1,

where the S-th order cumulant 21_(t) of the groups of operators (8) is defined by the following
expansion

AL,....5)= > (—1)'P"1(|P|—l)!Hg|’;i|(t,Xi), 9)
Pi(L,...,8)=UX; X;<P
and where it was used notations accepted in formula (6).
Thus, the cumulant origin of correlation operators (2) induces a cumulant structure of

group (6).
2 The BBGKY hierarchies of evolution equations

Note that the description of the evolution of a state of quantum systems of many particles
by means of reduced density operators governed by the BBGKY hierarchy or reduced
correlation operators, which are their cumulants, can be based on an approach originated by
the dynamics of correlations governed by the von Neumann hierarchy (3) for correlation
operators. Within the framework of this approach the reduced density operators are defined
by the following series:

o0

F.(t1,...,8)= Z%TrﬁlmS+n O, (t{L,...,s},s+1,...,s+n), s>1, (10)

n=0 -

where the correlation operators g, (t), n>0, of particle cluster and particles are represented
by the expansions:

Oy (t.{L,..., S} s+1,...,5+n) = > Ay (00X} {OXe)D [ 95, (X)), n=0,

P:({l,...,s},s+l,..4,s+r1):UXi X;<P
i
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in which the notations from formula (6) are used. The reduced correlation operators are
defined by the following series:

0

G.(tL,...,5) = Z%Trﬁlv_ww g (t1,.,54+10), $>1, (11)

n=0 ''-

where the correlation operators g, (t), n>0, are represented by expansions (6).
If F(0)e £(F,), the for arbitrary te R the sequence F(t)=(I,F(t1),...,F(t1,...,s),...)
of reduced density operators (10) satisfies the Cauchy problem of the quantum BBGKY

hierarchy:
%Fs(t,l,...,s) = NS*FS(t,l,...,s)+5ZS:Trs+lj\/i:t(j,s+1)FS+1(t,1,...,s,s+1), (12)
j=1
FtL,....,9).,=F({,...,s), s>L1. (13)

The solution of the Cauchy problem (12), (13) is represented by the following series:

F(t1,...,8)= Z%Tr‘mp_’wn A, {L,...,shs+1,...,s+n)F’ (1,...,s+n), s>1,

n=0 '!-
where the generating operator of this series
QllJrn(t!{la"-’S}vs+1i""S+n) = Z (_1)|P‘_1(| Pl_l)IHq;(XIN(tve(xl)) (14)
P:({l,...,s},s+1,..4,s+n)=uiXi XicP

is the (1+n) -th order cumulant of the groups of operators (8). In expansion (14) symbol ZP

means the sum over all possible partitions P of the set ({1,...,s},s+1,...,5+n) on |P|
nonempty subsets X, < ({1,...,s},s+1,...,s+n), which do not mutually intersect, and the
notations introduced in (6) are used.

Note that the solution of the Cauchy problem (12), (13) is traditionally represented as a
perturbation (iteration) series. For initial data from the space £, (F,) series expansion (14) is

equivalent to the iterative series due to the validity of analogs of the Duhamel equation for
cumulants (14).

An alternative approach, as noted above, to the description of the evolution of the state of
quantum systems can be formulated by means of operators defined by cluster expansions of
the reduced density operators, namely:

G (tl,...5)= > (—1)'P"l(|P|—l)!HF|Xi|(t,Xi), s>1,

Pi(L,....8)=UX; X;cP
[}

where the notation from formula ((2)) was used. Such cumulants of reduced density operators
are interpreted as reduced correlations of the state.
If G(0) ee £(F,), then for arbitrary t e R the sequence of reduced correlation operators

(15) satisfies the Cauchy problem for the hierarchy of nonlinear evolution equations (quantun
nonlinear BBGKY hierarchy):
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gGs(t,l,...,S)=Ns*Gs(t,l,...,s)+ Z Z 26 i:‘ﬂ(il,iz)Glel(t, Xl)Glle(t,XZ))+ (15)

P:(L,...8)= X UXy i eXireX,

Tre, z N (i, +1)(G, 1 (1.1, s+1) + z G|xl|(t’X1)G\x2\(th2))’

ie(1,...,s) P:(l,...,s+l):XlU Xy,
ie Xl;s+le X2

G.(t1,...,8) ,=GJ(1,...,8), s>1, (16)

where the notations accepted for the hierarchy of equations (3) are used.
In the case of the initial state in the absence of correlations between the particles, i.e. the
state described by the sequence G =(0,G/,0,...,0,...), the solution of the Cauchy problem

(15), (16) is represented by the following series:

S+Nn

G,(t,1,...,5) = Z%Trﬁlwm A GL .5+ ]G (), s=1, (17)
n i=1

0
=0 -

where the generating operator 2, (t) is the (s+n)-th order cumulant (9) of groups of

s+n

operators (8). We note that for such an initial state, the expressions for the reduced density
operators (14) and the reduced correlation operators (17) differ only in the order of the
generating operators of the series representing these solutions.

Thus, as a result of definitions (10) and (11), we establish that the cumulant structure of
generating operators of expansions for correlation operators (6) induces the cumulant
structure of series for reduced density operators (14) and reduced correlation operators (17),
I.e. In fact, the evolution of a system of infinitely many particles is generated by the dynamics
of correlations.

Note that the methods developed above can be applied to describe the propagation of
correlations in open quantum systems, that is, quantum systems interacting with an external
environment [9].

3 On quantum Kinetic equations

We consider a system of many particles that satisfy the Maxwell-Boltzmann statistics, in
the absence of correlations between particles at the initial time, i.e. the initial state determined
by a one-particle density operator, namely, such a sequence of reduced density operators

F© :(I,F1°(1),...,Hi”:lFf(i),...). We emphasize that the formulated assumption about the

initial state is inherent in the kinetic theory of many-particle systems.

Due to the fact that the initial state is determined by a one-particle density operator the
evolution of all possible states IS described by a  sequence
F(t|F @) =0,F@®),F | F®),...,F (]| F(t)),...) of the reduced functionals of the state

F(t,1,...,s]| F(t), s>2, which are represented by the series [8]:

0 S+Nn

Fs(t,l,...,s|Fl(t)):Z%Trﬁlwsm%hn(t,{l,...,s},s+1,...,s+n)HF1(t,i), s>2,  (18)

n=0 1=

with respect of a one-particle density operator
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n+1

R = 3T 2, (e 0+ D[RO (19)

n= O
which describes the evolution of the state of a typical particle of a quantum system of many
particles. The generating operators of the series (19) are the cumulants (14) of the
corresponding order of the groups of operators (8).
The reduced functionals of the state F,(t|F,(t)), s>2, describe all possible correlations

that created in the process of evolution of the quantum system of many particles in terms of
the state of a typical particle. The (1+n)-th order generating operator of the series ((18)) is
determined by the following expansion

neny =y g
W (t{L,....sh5+1,...,54+n) = an( 1)" Z 3 ! < (20)
p (h=n—...-n)!
Wrenn . (t{1,...,8}s+1,...,s+n-n,—.. —n)H Z L.
j=1 Djzy=Ux, |Dj |!

IJJ

|DJ-|ss+n—nl—...—nj

s+n—n1—4..—nj

2 1

|l¢ ¢'|D |—1 XI cD |X| |I

Q[1+|x| |(t II ,X )

where the symbol >

bz -y x,  Means the sum over all possible dissections of the linearly
AT,

orderedset Z, =(s+n-n —...—n; +1,...,s+n—n—...—n, ;) onno more than s+n-n, —...—n;

linearly ordered subsets and the generating operator of this expansion 2., (t) isthe (1+n)-th
order cumulant (14) of the groups of scattering operators

G(t) =G t.1...m[ (G i)™, n=x1,
i=1
We give the simplest examples of generating operators of expansion (20):

,(t{1,....s}) = W(t{L,...,s}),

0., {1,...,s},s+1) =Aa(t,{1,...,s},s+1) -0 (t,{1,..., s})ZS:le(t, i,s+1).

Thus, according to definition (10), the cumulant structure of generating operators of
expansions for correlation operators (11) induces a generalized cumulant structure of
generating operators for series of reduced functionals of the state (18).

If F° e £(H), then for an arbitrary t e R a one-particle density operator (19) satisfies the
Cauchy problem for the generalized quantum Kinetic equation:

SR =N ORED TR AL L 2REL2]FO) (21)

F(t1) = F’(D), (22)
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where the collision integral is determined by the two-particle functional of the state (18) and
the notation is used (5).

Thus, for the initial state in the case of the absence of correlations between particles, that
Is the state specified by a one-particle density operator, the evolution of all possible states of
a guantum many-particle system can be described by a one-particle density operator (19) and
by a sequence of functionals with respect of this operator (18) without any scaling
approximations.

4 Scaling properties of correlation evolution

We note that the above approach to the derivation of kinetic equations allows us to
formulate kinetic equations in the case of more general initial states, which describe not only
the gases of quantum particles but also systems of many particles in condensed states.

Let us consider the initial states of quantum systems of many particles, which are
determined by a one-particle density operator and correlation operators (Maxwell-Boltzmann
statistics)

£ = (1, £2(1), gg(l,z)Hff(i),...,gg(l,...,n)ﬁff’(i),...), (23)

where the correlations of the initial states of the particles are determined by the operators
9’(1,...,n) =g’ e £ (H,), n>2. We emphasize that this assumption (23) with respect to the

initial state is typical for the kinetic description of systems of many particles in condensed
states, which are characterized by correlations, for example, such as in particle flows.

Then, using the method of derivation of kinetic equations based on the generalized
quantum Kinetic equation, for an arbitrary finite time interval we establish that in the mean-
field limit the state is described by the sequence f(t)=(l, f,(t),..., f,(t| f,(t)),...) of limiting

reduced functionals of the state where a one-particle density operator is represented by such
a series

w 1 tha 1 2
fty)=>fdt... [d,Tr, 16 -t i)V @ ]G -t J)-- (24)
0 ilzl

n=0g j1:1

n+l n+l

| CICRNN) SEICRLES) p COATIRCIRLEEY § (A0
and then limiting fun(;tionals of thenstate f (t,1,....k]| f,(t)), k>2, are determined by the
following expressions:

f (t,1,....k| f,(t) = ljgl*(t, il)gf(l,...,k)ﬁ(gl*)l(t, iz)ljfl(t, ), k=2 (25)
In the case of initial statesllspecified by a sequjence of limiting correlation operators (23) the

process of propagation of initial correlations is described by the following sequence of
limiting correlation operators (15) that are cumulants of limiting functionals of the state (25)
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n

NENOES § C{ENID YNNG CIREN] § EERES) § (GORCA) § (ACH L ET)

ilzl P:(1,4.4,n)=LiJXi XicP i2:1

Limiting one-particle density operator (24) is governed by the quantum Vlasov kinetic
equation with initial correlations:
0 . . 2 g P
P f(t1) =N (D)) + TN @] ]G )9 (12 [E) (i) f,(11) f.(1,2),  (26)
11:1 iZ:l

f (D) |o= (). (27)

We note that the kinetic equation (26) is a non-Markov kinetic equation. For pure states,
equation (26) reduces to the Hartree kinetic equation with initial correlations. For the initial
states of the system of statistically independent particles, the kinetic equation (26) coincides
with the quantum Vlasov equation and limiting functionals of the state (25) describe the
process of propagation of the initial chaos. The above results can be extended to systems of
many bosons or fermions [5].

5 Conclusion

Thus, it was established that the concept of cumulant (9) of groups of operators forms the
basis of expansions for solutions of fundamental evolution equations, which describe the
evolution of quantum systems of many particles, namely: in the case of groups of operators
(8) for the von Neumann hierarchy (3) for correlation operators, for the BBGKY hierarchy
(12) for reduced density operators and for the hierarchy of nonlinear equations (15) for
reduced correlation operators, respectively, as well as in the basis of the kinetic description
(18), (21) of infinitely many particles systems [2], [6].

We remark that the approach to the derivation of the Vlasov quantum kinetic equation
from the dynamics of many-particle systems, based on the generalized quantum Kinetic
equation (21), also allows for constructing higher-order corrections to the mean-field
approximation for quantum kinetic equations.
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IEPAPXIS EBOJIIOIIMHUX PIBHSIHD
JJA KOPEJSAIIN KBAHTOBUX
CUCTEM BAI'ATBOX YACTHUHOK

VY cTarTi po3MISHYTO MiAXiJ O OMHCY MPONECiB MOMIMPEHHS KOPEALiil y KBaHTOBUX
0araTo4acTMHKOBHX CHCTEMax, IO 0a3yeTbcsi Ha iepapXii €BONIIOIIMHUX PIBHSIHD IS
OIIepaTopiB, SIKi XapaKTepU3YyIOTh KOpeJsiuii cTaHiB. BcraHoBieHo, mo moOynoBaHa
JTUHaMiKa KOPEJALii € OCHOBOIO AJIS OMICY TWHAMIKH CTaHiB K CKIHYEHHOTO, TaK i
HECKiHUYEHHOTO 4YHClla KBAaHTOBHX YAaCTHHOK, SKi OMUCYIOThCs iepapxiero BBI'KI mms
pEeAyKOBaHUX OTIEPATOPiB TYCTHHHU a00 PEIYKOBAHHUX KOPEIAIIIHUX ONepaTopiB.

Kurouosi ciioBa: xBanToBi cucremu, iepapxist BBI'KI, xopernsiii, kyMyIsIHTH oniepaTopis
TYCTHHA
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BIIJIUB IHTEP®EPEHIIMHOI OBJIACTI HA CTPYKTYPY
JUDOPAKIIHHOIO KOHYCY IIPYKHOI'O IMPOTOH-
IMPOTOHHOI'O PO3CIAHHSA ITPU BUCOKUX EHEPI'TAX

Tonka crTpykTypa audepeHianbHOrO Iepepidy NPYKHOTO IMPOTOH-NPOTOHHOTO
PO3CISIHHSL JTOCHIJDKY€EThCsl B niamasoni Bin eHepriid ISR (19.4 — 62.5) I'eB 1o enepriit
LHC (8 — 13) TeB B ImupokoMy IHTEpBaJi MEPEIAHOTO IMITYNIbCY, BKIIOYAIOUH
inTeppepenwiitny obnacts (10° T'eB%c < |t < 15 TeB%c) B IBOXKOMIIOHEHTHOMY
HaOmkeHHI  DpyaccapoHa i MakCHMaJbHOTO ojanepoHa . Po3paxoBaHuil y 1IBOMY
HaOJIIDKEHHI YCepeIHeHUH IapaMeTp KPHBU3HH IU(PaKIiHOrO KOHYCY Ma€ CKIaIHY
CTPYKTYPY 1 3MiHIO€ 3HaK IPH aCHMIOTOTHYHO BUCOKUX €HEPTisiX, TAeKUX Bill JOCSIKHHX.

1. BCTYII

Ocranni excriepuMment TOTEM, Bukonani Ha Komnaiinepi LHC, BusiBiin 1B1 1ICTOTHI
0COOIMBOCTI MPY>KHOTO TMPOTOH-MIPOTOHHOTO po3CisiHHS Tpu TeB-Hux eHeprisx: BuUpazHa
HEEKCIIOHEHITIabHa MOBEIiHKa U] paKIiitHOro KoHyca, BiAMIiHHA BiJ icHyrouoi ~ exp(-bjt|)
npu eHeprii 8—13 TeB Ta BU3HAaueHHs1 BEJIMYMHU BIJHOLIEHHS peajbHOI YACTUHU aAMIUTITYAU
poscisias a0 i1 ysBHOI yactuHu p=0.10 npu eneprii 13 TeB [1,2], o cynepeuuTs sK
nependauyeHHSIM OUIBIIOCTI MOJCNEH, TaK 1 €KCIEPUMEHTAIbHUM JIaHUM I CYMIKHHUX
TOYOK MO eHeprii. HaToMmicTh HecmoJiBaHO Majieé 3HA4Y€HHs BIJHOIICHHS p, BUSIBICHE B
excriepumenTi TOTEM, oaHO3Ha4HO CBIMYUTH TPO  TMEpIIe  EKCIEPUMEHTaJbHE
MiATBEPKEHHS ICHYBAaHHS «OJIJICPOHa» B MOTO TaK 3BAHOMY MaKCHMajbHOMY BUTIIsi [3].
[ToBH1 nepepizu, BumipsiHi ipu eneprisix LHC [2], Bka3yroTh Ha Te, 1110 «acCUMIITOMIsH» (TOOTO
Mmexa Dpyaccapa) nocsrHyta. BpaxoByiouu, 10 Mpy BUCOKHUX €HEPTisixX 3HAYCHHS TTOBHHUX
nepepiziB, HAXUIy TUPPAKIIHHOTO KOHYCa Ta BETUYUHU p OyJIM BU3HAUCHI B OJHUX 1 TUX )K€
excriepumenTax Ha LHC, po3pobka cydacHUX KpUTEPIiB €AMHOTO MiAXOMY JUTsl 1X BUBHAUEHHS
BUJIA€THCS TIPUPOIHOIO.

HemonaBao Hamu Oy po3paxoBani Haxui B(S,t) ta mapamerp kpususau C(S,t) [4] B
pamkax mozeni dpyaccapona i makcumanbHoro oxaepona (PMO) [5] npu eneprisx LHC 1
MaJuX mepefaHux immyibcax |t| 3 ypaxyBaHHAM QopMmu audpakuiiiHoro konyca. bymno
nepedaueHo, 10 a0COIOTHE 3HAYCHHS yCepeIHEHOro mapamerpa kpuBu3au <C(S)> cnanae
3aJIeKHO BiJ €Heprii S 1 3MIHIOE 3HaK MPHU aCUMOTOTHYHO BHUCOKHMX CHEPTisiX, JAaJeKuX Bil
TOCSIKHHX.

Jis  momanmpIioro  AOCTIIKEHHS TOHKOI CTPYKTYpH JIUPAKIiHHOTO KOHYCY
MPYXHOTO PP-pO3CiIOBaHHS B IIUPOKOMY iHTepBali eHeprii Bix enepriii ISR no enepriii
LHC OyB BHKOpPUCTaHHWH JOCBiJl YCHIIIHOTO OMNHCAHHS MJAaHUX MPOTOH-TPOTOHHOTO
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PO3CISIHHSI, Y TOMY YMCJII MOJIIpU3allii 3a JOIOMOTOI0 JIBOKOMIOHEHTHOT Mojaeni dPMO B
o6nacTi nepeaanoro imnyascy 0.05 I'eB?/c < |t| <5 T'eB%/c [6].

Hwuxge Mu nocniiniay NOBEAIHKY MapamMeTpa KPUBU3HU 3 BUKOPUCTAHHSIM MOJIEIb
OMO B pamKax JBOKOMIIOHEHTHOI AaMIUNITYAH PO3CIIOBAHHS 3 IEPEBOPOTOM Ta 0Oe€3
MIEPEBOPOTY CIiHY, JOJABIIN BHECOK 1HTEpdepeHIlii KyJOHIBChKOI 1 saepHOoi aMIutiTyx [7].
Lle nae 3Mory yTOYHUTH IPO(D1JIb yCEpEAHEHOI 10 IEBHOMY 1HTEPBAIy NEPEIAHOTO IMITYJIbCY
KpUBH3HU.

2. BUBIP JTAHUX

VY npyxHOMY IPOTOH-TIPOTOHHOMY PO3CIsIHHI MTapaMeTpH TOHKOI CTPYKTypHU
I PaKIIiHOTO KOHYCa, TaKl K HaAXWJI:

B(s,t)= %(In %) (1)

Ta MapaMeTp KPUBU3HU (KOPOTKO KPUBU3HH):

C(st)= %(% B(S,t)j 2

PO3TISIAIOTHCS K YyTJIMBHN 1HIUKATOP Tepexoay no «acummronii» [8]. Cuix 3a3HaunTy,
10, HE3BAKAIOUM Ha HEBEJIMKY a0COJIOTHY BEJIMYMHY, KPUBH3HA BIUIMBA€ HA 3HAYCHHS
napaMeTpiB AUQPaKIifiHOrO po3CiroBaHHs MpU Manux [t|, Tomy 11 i BpaxoByBaTu mpu
aHaJIi31 IpyXHOT0 po3citoBaHHA [9].

Jlns mopanbIioro JOCIHIKEHHS CKIATHOT CTPYKTYypH AUQEpeHIiallbHOrO Tepepi3y
MPOTOH-TIPOTOHHOTO  PO3CISIHHS ~ HaMM  BHUOpaHO  €KCIIEpUMEHTaJIbHI  JaHi, e
HEEKCIIOHEHI[IabHY TOBEIIHKY Au(pakKIiiiHOro KOHyca 4iTKO BHIHO Yy BCili o0macTti
JIOCITIJPKEHHSI 110 €HEPriii Ta MepeIaHoro IMITYJIbCY.

[le#i Habip BKJIIOYAE HACTYNHUN  MEpeliK  eKCIEPUMEHTAIbHUX  JIaHUX
g epeHIiabHOTO TIEpepi3y MPOTOH-TIPOTOHHOTO PO3CISTHHSL:

Ecm =19,4[11]; 23,5; 30,7; 44,7; 52,8; 62,5 TeB [12]; 8 [1]1 13 TeB [2]. Mexi t-nianazony
BPaxOBYIOTh TaKOX KyJIOHIBCHKO-SI€pHY iHTepdepeniiiiny obnacts nudpaxmii: 10 T'eB?/c
< |t| < 15 TeB%c.

3. HABJIM’KEHHSA ®MO

Buxopucrana namu mozens ®MO Bkitouae NiHIMHY 1 HEMIHIHHY YaCTUHU €KCTIOHEHTH
(GYHKIIHM TUIIKY 1 HEMIHIKHUX TPAEKTOPIN y BHECKY TOMEpOHa i ojiepoHa [5]. Pazom 3 Tum
IUISL aJIEKBATHOTO OMMCAHHS TOHKOI CTPYKTYPH BHECKOM aMILTITYIH 3 TIEPEBOPOTOM CITiHY
HE CJTiJ HeXTyBaTH [7].
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VY 3aranbHOMYy BH1I 3 YpaxyBaHHSIM CHIHY aMIUTITyJa PO3CISHHS BHU3HAYAETHCS
I’ IThMa HE3aJIKHUMU CIIpaIbHUMH aMInTiTyaamu, @;(s,t), i =1, 2,...5, 3 IKUX TUIbKHU JBi
BHOCSTBH BKJIaJ Y Tu(depeHIiaTbHIN TIepepis:

do__ 1 (cD ? rdo 2) , ©)
dt 167ks(s — 4m?) 2.] + 405

ne k=0.38938 M6-T'eB? , m — maca nmpoToHa.
Bzaram, cmipanbHi SIepHI aMIUNTYId TOTPIOHO JOTOBHUTH KYJOHIBCHKUMH
aMILTITYITaMH, KOJIM PO3TJISAaTH 00JIACTh MaJTUX MepeIaHuX IMIyJIbCiB [7]:

@, (s,t)=F"(s,t)+ F°(s,t}exp(iagp(s,t),, (4)
ﬁ%&ﬂ:aﬁGﬁWL (5)
F5C(S,t):aﬁ f, f,, (6)
fl(t): m%z(ljtkﬂ)eoi (7
f,(t)="2Gy, (8)
o(sit)=-IIn(~B(s)t/2)+7], 9)

Gop =(1-t/A%)2, A>=0.71 T'eB?%/c, k, = 1.793 — aHOMaNbHMII MATHITHUI MOMEHT OPOTOHA, O, =
1/137 — crana TOHKOi CTPYKTYypH.

bararokomMnoHeHTHe HaOIMKEHHS MaKcHUMajbHOro mnomepona (®pyaccapona) i
MakcuMalibHOro oajiepona (PMO), ssKuM MU KOPUCTY€EMOCS, YCIIIIHO OMUCYE YC1 TOCTYIIHI
JaH1 IPYKHOTO pp- PO3CIIOBAHHSI IPU €HEPTrisX BiJ Kiibka [ eB no necarkiB TeB B MIMpOKOMY
iHTepBayi nepenanux iMmyiscis t [13,14].

Cripanphi ammunityan @1 (S,t) 1 @s(S,t) BKIIOYAIOTH BHECKH MOMEPOHA, OJepOHa i
PEIKEOHIB:

@, (s,t)=P (5,t)+0, (5,t)+R, (s,1). (10)
Buecok nomepoHa:

R (s,t)=R(s,t)+ R (s,t)+ RV(s,t) (11)
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1 CKJIQJJa€ThCSA 3 BHECKIB OJMHAPHOIO, MOJBIMHOTO 1 MOTPIMHOTO MOJIIOCIB B | TUJIOIIMHI.
AHaJIOT1YHO BHECOK OJIJIEPOHA:

O, (s,t)= 0(s,t)+ 0P (s,t)+ 0 (s, 1), (12)
a BHECOK PEJIKEOHIB!
R, (s,t)=R{"(s,t)+R“(s,t). (13)

BHecok Bij pocTOro Ta NoJABIHHOTO MOJIOCA IOMEPOHA MAa€ BUIJISA:

Pl(s)(s, t) = g(S) ap(t) o <p (t) (14)
PO (s, 1) = g E 5ar®e w3, (15)
PP (s, £) = g 5er® PP Oz (16)
PS(D)(S, t) = géDp)g “P(t)e"’SP(t)lns (17)
5= -2 (18)
o, (t) =1+ o t+ 75 (s -t —1). (19)

Brecok noTpiitHoro nostoca Oye:

(1)
P(T)(S t) = —3g (T) 2]1Z(ZP) @5 (t)lnz~ (20)
(1) M V=t2112p) _oDt); 24
Py'/(s,t) = =39 p o 12p e?spDn23 (21)

Zp = 1p7INns, T =./—t/to, to =1GeV2  (22)

3aranbHui BUTISA QyHKUIN UKy Oyne:

0pi () = bt + BT — T — 1),  tp=4m2.  (23)

Bnecok Bi mosrociB ofepoHa Ma€ BUTIISI;
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(s)

05(5.0) = 357006t e

055(3, t) = lgés) \/_~a0(t)e(p50(t) (25)
D (D) an(t) 0D

07 (s, t) = ig, 5§ 0Pe?10™), (26)

(D)

02(s,t) = igl) g §20(0) 950 (D) 2N
(T)

Ol(T) (S, t) — lgi?;)) 2]12(20) e(plo(t) ln2§, (28)

(T)
08" (5,6) = gl S L2 950 23, (29)
2m Zo

=1+at+yt, -t —t) (30)
zp = 1oTins. (o= 9m,2,. (31)

BHecku pekeoHIB MarOTh CTaHJAPTHUM BUTJIS!

RO(s,0) = —gPs RAORIEO) (32)
PO (s, 1) = (f)\/_ ~af(t)e<p(f’(t), (33)
a;(t) =1+ ajt, (34)
R (s, 1) = —g@5eu® o ®), (35)
PE(s, 1) = (w>~/_~aw<t)e<p5 ‘o (36)
a,(t) =1+ a,t. (37)

Haragaemo, 1o me ogHe 3 Hebaratbox HaOJMKEHb, B IKOMY BpaxoBaHI BCl OCHOBHI
BUMOTH, B TOMYy 4HCIi sIK Teopemu Dpyaccapa ans po3ciroBaHHS BIEpea, Tak 1 TEOpeMHU
O6epcona-Kinomitu-Maptena ans ¢ # . bepyun no yBaru octanui gani LHC [1,2], ans
ornucy BHOpaHOro HabOpy AaHUX HEOOXITHO BPaXOBYBAaTH HE TIJIbKM BHECOK IIOMEpOHA, aie
TaKOX 1 BHECOK OJIZICpOHA.
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JI1s1 MOBHOTH BIJMOBIAHOCTI MU TaKOX JO0Jalld €KCIIEPUMEHTAbHI JIaH1 KOMIILISALIT
[15] opu t=0 nns s > 5 I'eB, ki BaXIuBi1 JJIs OMKCY 3rajJlaHOro Ha0Opy JaHUX. 3arajibHe
YHUCJIO €KCTIEPUMEHTAIBHUX TOYOK TepeBuirye 2500.

BinbpH1 mapameTpu Mojieni BU3HAUANMCS 32 M1ATOHKOIO 10 BUOPaHUX JJaHUX.
Pe3ynbrat miAroHku i€l Moieni moka3aHo Ha puc. 1 1 2 YepBOHUMH CYIIIBHUMU KPUBUMH.
OnucaHHs IUIKOM NPUHHATHE Y BC1M JOCIIIKYBaHii 00J1acTI.

do/dt (MbGeV?)

do/dt (mbGeV?)

T T T T
0,01 0,02 0,03 0,04 0,05
It| (GeV?)

Puc. 1. ludepenuianbHi nepepisu ¢ po3cigHus npu eHeprisax ISR. Bubpani
eKCIIepHMEHTabHI TOUKH TpH eHeprii Vs : 1 — 19.4 TeB (x 1019); 2 — 23.5-27 I'eB (x 108
);3-30.7.TeB (x 10°); 4 —44.7 T'eB (x 10*); 5-52.8 4 T'eB (x 10?); 6 —62.5 I'eB.
Kpusi po3paxosani 3a mozgemno ®MO B intepsani (a) (102 < |t| < 0.05) 'eB?%c i(b) B
inrepsani (0.05 <|t| < 15.0 TeB%c.

do/dt (mb/GeVz)

dordt (mb/Gev?)

10° H

2 5 3
[t] (GeV?)

10 T T T T
0,01 0,02 0,03 0,04 0,05

It] (Gev?)

Puc. 2. ludepenuianbhi nepepizu NpoTOH-POTOHHOTO po3cisHHs npu eHeprisx LHC.
Bubpani excriepuMeHTanbHi Toukn npu exeprii Vs: 8 TeB (x 102) 2-13 TeB.
Kpusi pospaxosani 3a mogemno ®MO B inreppani (102 <[t/ < 0.05)TeB%c (a)i B
inTepsani (0.05 <|tf| < 5. TeB%c (b).
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Tabmums 1. Mexi 11 oOunceHHs ycepeHeHOro mapameTpa KpuBu3sHu B ®MO.

Habi | v/s,GeV | —tmax Gel —tmin, GeV
p
19.4 0.046 0.750
23 0.046 0,710
31 0.046 0,672
ISR 45 0.046 0.655
53 0.046 0.644
62 0.046 0.602
8000 0.048 0.156
LHC | 13000 0.052 0.132

4. OBYUCJIEHHA HAXNJTY TA TAPAMETPA KPUBU3HUN

Haxwun y 3anexxHocti Biz t npu pizHux eneprisix B Mogeni ®MO mae yBirnyty popmy (1uB.

Puc. 1 [6]). Tomy B 11bOMY BHIIaJIKy CIIiJI KOPHUCTyBaTHCS HaxuioM <B(S)> i mapamerpom

kpuBm3Hu <C(S)>, ycepeIHEHUMH B JCSIKOMY IHTEpBai

MepeaHoro IMITYJIbCY, IO

BIJIMOBIAa€ HANOIMAKYOMY MAKCUMaJIbHOMY 1 MIHIMQJIbHOMY 3HAUEHHIO HaxXuiy (JIUB.

Tab6.1.).

ISR

<C(s)>, GeV™*

pp

fn+fc

fn

LHC

""'102 S (Gé\'/)"103 '

10

Puc.3. Ycepennenuit mapameTp KpuBU3HHU, OOUUCIEHUH y cripoleHid moaeni MO

(cyuinpHa 3enena kpusa [10]) Ta y aBokommoneHTHi# Moaeni ®MO 3 ypaxyBaHHIM

iHTepdepenuiinoi o0nacTi (CyliibHa YepBOHA KpUBa), KBaIpaTH — "eKCIepuMeHTalbHI"

ycepeaHeH1 napaMeTpu KpuBU3HH, oouunciedi B [10].
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OO0uuciIeHHsT BUKOHAHO B 1HTEpBaIi BIAMOBIAHO A0 Tabmwuii 1.

< B(s)>= (1/ At)In(izlimebet ) (26)
ae At = ‘tmax‘_‘tmin ‘, (27)
<C(s)>=(1/2at) B(t,, )-Bl(t,,)) (28)

s oburcnennst Haxuiy B (S,1) y Toukax tmax Ta tmin MU BUKOpHCTOBYEMO (hopmMyITy
JUTSL YUCEJIBHOTO JU(EPEHITIFOBAHHS

(do(s,t+at)- dols,t-at)

B(s,t) = (1/2At) do(o1)

(29)

Kpok Bu6pano sk At =10° I'eB2.

s obuncnenns <C(s)> 3a nBOKOMIOHEHTHOI Mojermtto @MO iHTepBan nepenaHoro
IMITYJIbCYy BHOMPAETHCS BIAMOBIIHO 0 CHAar0u0il TUIKH JIOKAIBHOTO Haxuiy B (s, t) (muB.
Ta6.1.). O0uncneHuii y mux Mexax yCepeAHEHHMH MmapameTp KPUBU3HHM Ma€ CIaJaiouuii
XapakTep, sIK BUAHO HA pucC. 3, MO SKICHO BIAMOBiJIa€ TMOBEJIHIII MapameTpa KPUBU3HH,
BHU3HAYCHOTO 0OE€3MOCEepEHbO 3 E€KCIEPUMEHTY (KBaapaTH). 3 IbOTO BUIHO, IO TapamMeTp
KPUBU3HU 3aJIEKHO Bl €HEPrii 3MIHIOE 3HAK MTPU ACUMIITOTUYHO BETUKUX EHEPT1sIX, OLIbIINX
3a JOCSKHHX.

5. BUCHOBKH

DeHOMEHOJIOT1SI IPYXKHOTO pp-pO3CISTHHS MpoaHali3oBaHa B Mexkax eHeprii Big 19.42 I'eB
no 13 TeB 3 BukopuctanHsM MOeINi, /i€ B aHANITUYHUX BIIACTUBOCTSAX aMILIITYIN
PO3CIIOBaHHSI BpPaxOBaHO MOPOTOBI CHUHTYJSIPHOCTI B Kpoc-kaHami. [lokazano, mo Taki
0COOJIMBOCTI aJIeKBaTHO B1J100paXaroTh "HeeKCIoHeH1aabHYy" 3aNIeKHICTh
T epeHIialbHOTO TIepepidy BiJ MEpelaHoro iMIysbcy. B JocmipkeHHI BUKOpHCTaHA
monenb ®MO, ne JBOKOMIIOHEHTHA aMIUTITyAa pO3CiSHHS TMpEICTaBICHAa BHECKAMH
dpyaccapoHa, MaKCHMaJlbHOTO OJICPOHA, a TAKOXX CTAaHJAPTHUX PEKCOHIB, 37aTHA
ONKCATH HE TUIHKU MOBHHUM MOIMEpEYHHUI mepepi3 Owt(s) Ta p(s), ane i nudepeHuiantbHun
MoTNIepeYHHM niepepi3 do/dt(s,t) Ta mosIpU3alliio IPY>KHOTO pp-po3cisHHs [14].

BuBYeHHS TOBENIHKM KPUBWU3HHM 3 BHKOpUCTaHHSAM Moxaeni DdMO B pamkax
JBOKOMITOHEHTHOI aMIUTITYAH PO3CISIHHS 3 TEepeBOPOTOM Ta 0e3 MepeBOpOTy CIiHY 3
ypaxyBaHHSIM BHECKY I1HTep(epeHIlii KyJOHIBCbKOI 1 SAEpHOI aMIUNTYyA Jajlo 3MOTy
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YTOYHUTH NPOo(dUIb yCEPETHEHOI 10 IEBHOMY 1HTEPBANy MEPEJAHOTO IMIYJbCY KPUBU3HH.
Otpumana y Takuil crnoci0 pe3yJbTyloda KpHBa Kpalle OMNHCYE «EKCIEPUMEHTAJIbHY»
KPUBH3HY Yy MOPIBHIHHI 3 MOMEPEAHIMU CIIPOIIICHUMH HAOIMKCHHAMH (IUB. pHC.3).

3ayBaKuMo, 1110 HEEKCIIOHEHI[IaIbHA (PYHKIIS JTUIIKY MOJIOCIB IOMEPOHA M OJiepoHa Ta
iX HemiHIWHI TpaeKkTopii CYTTEBO MPOJUKTOBAHI EKCIEPUMEHTATbHUMH JaHUMH. Sk
pe3ysbTaT —yCepeIHCHUH mapaMeTp KpUBH3HH <C(S)> B MOJIE)i MAKCUMAaIIbHOTO TIOMEPOHA
i oIepoHa, sKa 33J0BOJIbHSIE€ OCHOBHUM IMPUHIIUIIAM, MAa€ TEHICHIIIIO JIO CIIa Ty IPU BUCOKUX
EHEepTrisaxX 1 3MiHIOE 3HaK B objyacti coteH TeB. lle o3navae, mo "acummrornis" JISKUTh Y
BiJIJIasieH1i 00J1acTi €HEePriid, 3a MeXaMu JOCSHKHOI.
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INTERFERENTION DOMAIN INFLUENCE TO THE
STRUCTURE OF ELASTIC SCATTERING DIFFRACTION
CONE AT HIGH ENERGIES

The fine structure of the differential cross section of elastic proton-proton scattering is
studied in the diapason from ISR energies (19.4 — 62.5) GeV to LHC energies (8 — 13)
TeV in a wide range of the momentum transfer, including the interference region, 103
GeV?/s < | t| < 15 GeV?/s, in the two-component Froissaron and the maximal Odderon
approach. The averaged curvature parameter of the diffraction cone calculated in this
approximation decreases depending on the energy and has a complex structure and
changes sign at asymptotically high energies that are far from achievable.
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NEW SOLUTIONS FOR KERR WITH MATTER

We construct solutions for the Kerr type rotating black hole with non-trivial matter in flat
and (A)dS backgrounds. Symmetry arguments and singularity analysis in the proposed
black hole models make it possible to fix the free parameters of the solutions; the energy
conditions constraint configuration and field content of external matter. As a result, we
establish a special type singularity in the north and south pole directions, generating the
bipolar outflow of particles from black holes. We briefly discuss the extension of the
proposed construction to the Vaidya and Kerr-Vaidya type black holes, and properties of
the solutions.

Key words: Kerr-Vaidya black holes, Newman-Janis algorithm, energy conditions

1 Introduction

The discovery by Kerr of a new type of solutions of Einstein’s vacuum equations [1] has
raised a number of fundamental questions about the mechanisms of formation of rotating
black holes. Perhaps, the central question about the sources of the final in its evolution
stationary configuration of a rotating black hole without matter fields was raised by Kerr [1];
other important questions were collected by Krasinski in [2]. In what follows we will focus
on two of them, viz. (cf. Ref. [2]): “i) Identifying possible sources by investigation of
singularities and physical interpretation of parameters of the Kerr metric; ii) Eliminating some
types of sources due to contradictions or inconsistencies to which they lead.”

To figure out possible answers to points “i)” and “i1)”, we will revise the original Kerr
construction and will extend it to a series of solutions for rotating black holes surrounded by
matter. The construction of the metric of a rotating black hole is traditionally based on the use
of the seed metric for a static black hole with the subsequent application of either the standard
Newman-Janis algorithm [3] or its generalizations [4-6] and modifications [7]. A less
traditional way is to use ellipsoidal coordinates, which are more adapted to describe a freely
rotating elastic body. The latter approach has been used in a number of works oriented at the
attempt to construct more general Kerr-type solutions, that could shed light on the ways of
resolving the problems mentioned by Krasinski. (See, e.g., Refs. [8] and [9] in this respect.
Some progress for the Kerr-type solution with matter fields has been also achieved in Refs.
[10,11].) The present work intensively uses the approach of Ref. [9], as well as symmetry
properties of the Kerr solution underlying the choice of generalized solutions for rotating
black holes with a non-trivial stress-energy tensor of matter. With respect to the symmetry
properties of an axisymmetric solution to the Einstein equations our approach is ideologically
close to the approach of [12]. However, we specify the unspecified functions in the solution
of [12] using different energy conditions on the stress-energy tensor of matter.

These notes are organized as follows. In Section 2 we outline the procedure of getting
new solutions to the Einstein equations corresponding to rotating black holes. We study
geometric and dynamical properties of the proposed configurations, such as singularities of
the metric, properties of the stress-energy tensor of matter, energy conditions on the matter
fields, which allow us to fix the unfixed parameters of the solutions. In Section 3 we construct
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the (A)dS generalization of the construction. Studies of non-stationary versions within the
promoted here approach are outlined in Section 4. Brief discussion on the obtained results
and our conclusions are collected in the last section.

2 Kerr type solution with matter fields: metrics, singularities and energy conditions
2.1 From a Deformed Ellipsoid to a Deformed Kerr

Let us briefly recap the main steps in the constructions of the Kerr metric, proposed in [9]. The
line element of 4D Minkowski spacetime in the ellipsoidal coordinates has the following form:

2
ds’p = -di* + %dr* + 020" + (PP 2 eV sin’0de’.  ple=rP+aieos’s.  (2.1)
L a

Or, one can present (2.1) as (2.2)

. . g 1 . . Tt : . ;
dsip=-A(dt-asin’0de) + zar' +pae’ + [ +a e -ad:]‘*. (2.2)
[
so that, to match egs. (2.1) and (2.2), 4 1s fixed to be
r‘+a*
= pz

Then, as 1t was indicated in [9], the interval in (2.2) corresponds to the Kerr metric with zero black
hole mass. Replacing 4 with
Alr.f) = I—_a, A=r"4a" - 2Mr,
i

we recover the standard Kerr metric in the Boyer-Lindquist coordinates.
Let’s enhance the construction to include external matter. The requirement of having the
symmetry under the inversion of ¢ angle leads to the following deformation of 3D Euclidean space

[2].
a’xiﬂ = le[ll",f,i':i'::fi"2 + pzdﬂz + {r?' + azlsinzﬂdqu, pz =r’+a’cos’ 0,
which can be further generalized. Our proposal 1s to consider the following metric,
ds:“ R R T ke p'de’ + {r"i +a’) 5in2.‘}dt,ﬂzi
which also keeps the symmetry under the ¢ inversion. Then, following the formalism of [9], we get
the following generalization of the metric (2.2):

.3 . 2
1 A . 2 T p g a,u BN Breg oy
ds :_pz (di‘—aam r?d:,p] + __irfr + A di + e [|kr + ]dfp—ﬂdlpj]
Here
Asr® +c:2-2Mr_. p2 = r2+a2tuazl},
and
.‘52 = ezw""-ﬂ:p!

Having fixed the spacetime geometry by (2.3), we have to study the properties of matter

compatible with such geometry.
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2.2 The stress-energy tensor: general consideration and specifics

G, = 87GT,,,.

Any stress-energy tensor Ty, of any type of relativistic matter can be presented in the form of
Tﬂ'h"l-=E‘E‘+P}umuﬂ+Pglﬂ-’l+q,ﬂuﬂ+qﬂuﬂ+rmﬂl {2‘4)

where, in the nomenclature of a viscous fluid, £ and P are the energy and the pressure density,
respectively; gy, 15 the momentum (heat) flux vector, and Ty, 1s the shear tensor. For the metric
(2.3) the 4-velocity vector u,, becomes

M r 2aMrsin’6 .
U = 1- 0,0 , U lg=-1.

di ¥ ] ¥ E 7
P pi\1- TJ’:
Usually, in the representation (2.4) it 1s silently supposed that the pressure density 1s 1sotropic:
we have the same value P in all directions. However, for the metric (2.3), the 1sotropy 1s lost.

Hence, we are dealing with the stress-energy tensor (SET) of an amisotropic fluid, with different
pressure densities in different directions:

Ton = (E+P)uptin+ Pgoyn+ (Pa—Plgoa+ (Py- P}gw,
The explicit form of the constituents m this SET can be found in Ref. [13]. We have to emphasize
that this simple representation of the SET 1s not common: it becomes possible upon demanding

Grg = 0, which constraints the still unconstramned deformation function. Hence, we need to analyze
possible solutions to this equation.

2.2 Fixing the deformed Kerr solution

As we have noted, the deformation function W(r, 8) is fixed by the requirement of the stress-
tensor to be that of an amsotropic relativistic fluid. It 1s achieved with solving for the following
equation on the deformation function:

%dﬁmr,a} +cot@a, W(r.0)=0. (2.5)

The general solutions to eq. (2.5) 1s
W(r,68) =W, (r,0) + W;(r,0) = C;In(r,a"* sing) + C, 47" sin’ 6. (2.6)

Here €y and [ are the integration and separation constants, respectively; ry 1s some parameter with
the dimensionality of length. To fix all, but ry, parameters of the solution, we will use the
assumption of the same, or almost the same, types of singularities for the generalized metric as for
the standard Kerr metric. Hence, we have to compute the Kretschmann scalar for the metric (2.3)
with the deformation function (2.6) to explore singulanties of our model in dependence on different
choices of the integration and separation constants.

Following this way (see Ref. [13] for details), we arrive at the following general form of the
line element for a rotating black hole immersed in external matter:
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.!f"i".;r'ih' Aty 7, 3y B0y

X AL J . Hp( | (rosing) )

ds” = — | dt r.:mn'”-:fwj ' : A1eC dr
F K + 1

f8r, stn By 2, ar, ;
exp| — iy ]F' {rpsinf) g sin’@
. » A - do’ + , ['f ‘

Al — |7 +ad~:lthp adi]2,
- l.:. L

C,z0, Cyz0, Cy+ 0520, l=-2n neMl (2.7)

In (2.7) C, = C,r¢, and the character of this solution is such that it preserves the symmetry
and singularity properties of the standard Kerr, with one exception. Namely, there are other
points of singularity (see [13]), located at the north and south poles of the black hole.
Moreover, depending on the choice of the deformation function, this additional singularity of
the metric can be pronounced (as for the solution with the deformation function (2.6) with
trivial integration constant C,) or smoothed (exponentially suppressed as for a solution with
the deformation function (2.6), in which C is equal to zero). For the general type metric (2.7)
the additional singularity is smoothed, as it follows from the detailed analysis performed in
[13]. The exponential suppression at the points of additional singularity results in a near-zero
value of the Kretschmann scalar there. It means that gravity is weak at the north and south
poles, and particles from the black hole ergoregion may freely escape the black hole in the
north and south pole directions, forming a well-known picture of outgoing jets. However, we
need to be sure that the included in the construction external matter is physical, and does not
suffer from different pathologies.

2.3NEC, WEC, SEC, DEC and FEC

We want to check the standard requirements on the stress-energy tensor of matter for the
established solution (2.7).

For the null energy condition (NEC) we have

T 1" 20,

where [ is one of two null-vectors for the geometry with metric (2.3) (or (2.7)). The analysis shows
[13] that the NEC 1s violated in the vicinity of and far from the black hole, turning to zero at the
radial infinity. However, the NEC 1s not a rehable condition in verifying the physicality of matter
fields.

Next, let’s take a look at the weak energy condition (WEC). This condition is (with the
mtroduced 4-velocity vector u,,)

- = i}
E=T ,u u 20

We will verify the WEC for the following set of the parameters: C; = 1, C; = 1/rp, | = —2. (Note

that the qualitative analysis of the energy conditions does not strongly depend on the choice of the

admissible parameters in (2.7).) Here we have
! b

.1 1B'S . .

22 (M - a?)sin®0 - a)rd + 48!

rgente | (2.8)

+2._"i.[i\+ {M'z - u::'mn'!ﬂ:l].

1
S eXP
i':'-:l1’.'Jn'rf,,t,l3 sinf g

13
i B
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Apparently, that the energy density (2.8) remains non-negative once we constrain the ry parameter
as
2  SPYUTY. S TP PR - I TP PN
roz (A" +2A(M° —a")sin" 0)/(A-—(M" —-a")ain"0),

and the radial location of the accretion disk particles are restricted by

A> (M- az} -~ re>Mt k-'II'ZI:M'z -a”).
However, for configurations of truly physical fields, when fields form the so-called margimally
bound circular orbits, the latter inequality always holds. (We refer the reader to Ref. [13] for the
details.)
The strong energy condition (SEC),

Ilr L] 1 \II ™ ¥

L Egmn'f')u u' 20,

\
satisfies everywhere in the outer, w.r.t. the black hole horizon, space, since the Lh.s. of this

megquality 15 equal to zero.

The other popular energy condition is the dominant energy condition (DEC), which states
that the vector T,,,,u™ has to be a time-like vector. Since this condition is weak in compare
to the other ones, it is better to use either NEC, WEC and SEC, or possible alternate, and more
physically relevant, energy conditions.

We check the flux energy condition (FEC), which was proposed in the cosmological
context and ruled out the possibility of tachyonic matter. This condition reads T,,,,,&" is causal
(that is, time-like or null) for any time-like vector £€™ (which, in our case, can be chosen to be
u™), or, equivalently,

TonT u"u" <0.
With the restrictions from eq. (2.7), this condition is satisfied everywhere in the outer, w.r.t. the
black hole horizon, space.

Thus, we have constructed the solution to Einstein equations for a rotating black hole in the
presence of external matter. It has been found conditions and constraimnts on the solution parameters
leading to a physically viable stress-energy tensor satisfying most popular energy conditions. In the
next sections we will generalize the found solution to the case of constant curvature spaces, which
play an important role in Cosmology and Holography. and to non-stationary rotating black holes.

3 (A)dS generalization of the deformed Kerr

The proposed extension to (A)dS space is of the form

. 2 . .

- AL asin” Hd 5 .,

: ar- 2T 000 P g P gt
‘5( 51‘.1

Iw(rf) 2
e g

.2 2. 2 2
N Agsin @ (adt— (r +; ]dup] : ﬂg
Here
'.l"z ¥ [ a F
Ay=[1+ 5 |(r*+a*)-2Mr, Ag=1- " cos"f
L- L=
p2:r2+n2mszﬁ', =]l —

Straightforward computations show that the line element (3.21) solves the Einstein equations
with a cosmological constant
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G * Emn A = B2GT,,

and. in order to reduce the stress-energy tensor of matter to that of an anisotropic relativistic fluad, 1t
1s necessary to fix the deformation function as

{Li{r M)+ J'{Zr'2 i ch):I.'_‘L,;fﬂ,_.W | 5,(_\”112 + aﬂsinzﬁjcutﬂﬁ,w =,
Solving for the latter equation, we get
1 [ Al

| I\ Ilr
A Agmin® g \ 4;-%

+ru ruma H( jkl+ "Lulun H j—|

Wir,8)=(C, arccoah{—

J I
+{«3| gin ﬂ.l'_)\l
\ A )
Concerning the choice of the unconstrained constants C1 . and | in the obtained expression for
the deformation function, the first two are fixed from the requirement of smooth zero
cosmological constant limit. Roughly speaking, the deformation function for a small
cosmological constant almost coincides with the deformation function in the flat spacetime.
The additional requirement on the separation constant | to be negative and even naturally
follows from a more accurate analysis of this limit performed in Ref. [13].

4 Vaidya and Kerr-Vaidya type black holes surrounded by matter

To extend our construction to the Kerr-Vaidya black holes, we have to generalize first the
standard Vaidya metric. Our proposal is based on the following metric

ds" = —f{t-,r']darEJ-LEe“I‘ ) dudr +riet V) gg? +r25in2f}d:p!, 4.1)
2M(v
Fluory=1- r[ ]

Here the deformation function W depends also on a temporal (in the Eddington-
Finkelstein null coordinates) coordinate v, and the mass of the black hole becomes a function
of this in-going coordinate. It is a straightforward exercise to convince yourself in the
complete structure of the stress-energy tensor (cf. eq. (2.4)) for a viscous relativistic fluid in
the case. The explicit expressions for the stress-energy tensor (2.4) constituents are given in
Ref. [13], together with the analysis of the energy conditions.

Without going into details (see Ref. [13] in this respect), studying properties of non-trivial
external matter from the point of view of different energy conditions revealed an additional
interesting point. Viz., the field composition of the accretion disk should include only massive
physical fields. Note, however, that this restriction concerns only (conditionally) stable closed
orbits of particles in the angular direction 6 = /2, and is not a general provision.

To construct the Kerr-Vaidya generalization of the promoted here construction we will
use the standard algorithm by Newman and Janis [3]. Following this technique, one may
recover the following generalization of the Vaidya metric to rotating black holes:

. r uMiv)r ' r B) Wl r f

ds’ = - - W) 30?4 2e™ 0P dudy 4 €2V 0) 52 g2

pt
] Wi ) 2M(v)r)

+2a Binlﬂ‘-r—l + e Wior.6) [l - 1 ) ] |d1'drp 2a8in" Bdrdyp

A A (4.2)
.. T —Wiar
+ain2\‘}| pz 40 r"'azainzﬂ[kﬂ—e Wi, '"](1 - EM"'.L”' ﬁu]J:ﬁp
\ \ P~/
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Apparently, for the trivial deformation function W the just constructed line element turns
into the well-known metric of the Kerr-Vaidya black hole [14]. And, as well as in the case of
the generalized Vaidya black hole model, the new solution (4.2) corresponds to the
configuration of a rotating black hole surrounded by matter fields.

Let’s draw some qualitative conclusions on the configuration described by the metric
(4.2). For instance, the stress-energy tensor of matter for this type solution will have the form
of the full stress-energy tensor of a viscous fluid. Next, the conclusions on the energy
conditions corresponding to the geometry of (4.2) will lead to corrections to the early
established, for the geometry (4.1), constraints. These corrections will touch upon the matter
fields quasi-stable trajectories location in the accretion disk plane, leaving nevertheless the
conclusion on the accretion disk content unchanged. And extra singularities in the pole (north
and south) directions can be expected to be preserved to some extent.

5 Conclusions

To sum up, we have outlined the strategy in constructing different solutions to the Einstein
equations for rotating and non-rotating black holes in the environment of matter fields. This
type of solutions can be considered as an initial or intermediate stage of black hole formation,
the final result of which is either complete absorption of matter by the black hole or creation
of a quasi-stable configuration of the black hole with an accretion disk of external matter.

Verifying the singularities of the constructed metric, we have observed the important
difference with respect to the standard Kerr solution. Specifically, in addition to the
singularity of the Kerr solution, there are other points of singularity in our model, located in
the north and south pole directions. In dependence on the choice of the deformations function,
this additional singularity of the metric can be pronounced or smoothed by the exponential
suppression. But even in the case when the additional singularity is smoothed, the exponential
suppression in the corresponding directions results in a near-zero value of the Kretschmann
scalar. Gravitational field becomes weak at the north and south poles, and particles from the
black hole ergoregion may freely escape the black hole, forming a well-known picture of the
bipolar outflow.

To fix the free parameters of the considered metric we have applied various popular
energy conditions on the stress-energy tensor of matter required for the viability of our model.
We observed that the most of the energy conditions, including the weak and strong energy
conditions important in astrophysics, can be satisfied, so that the matter fields of the accretion
disk around the black hole do not suffer from pathologies. As a by-product of our studies, we
have verified the viability of the construction in the case of (A)dS space.

We have also proceeded with extending the approach to the non-stationary case of the
Kerr-Vaidya black holes, and have performed a brief qualitative analysis of the solution
properties. Here we have observed several interesting points. For instance, in the null
(Eddington-Finkelstein) coordinates, needed in the construction, the stress-energy tensor of
matter becomes the complete tensor of a viscous fluid, and the field composition of the
accretion disk should include only massive physical fields. The latter requirement, following
from the analysis of the energy conditions, concerns only (conditionally) stable closed orbits
of particles in the equatorial plane, and is not a general provision. That is, the orbits of photons
are excluded in the accretion disk plane, but are admissible in other angle directions. We hope
that our findings will be useful in studies of astrophysical black holes in a broad context,
especially in the case, when the accretion disk of matter becomes an indispensable attribute.
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HOBI PIINEHHSA JJIAA YOPHUX AIP KEPPA 3 MATEPI€IO

[TobynoBano po3B'si3kK /1st 00epTaIbHOT YOpHOT Aipu KeppiBchKOro TUITy 3 HETPHBIAIBHOIO
Marepi€ro y IockoMy i Ta y npoctopi (Antn) ne Citrepa. CUMeTpiiiHi apryMeHTH Ta aHaJli3
CHHTYJISIDHOCTEH y 3alpOINOHOBAaHMX MOJENSX YOPHHMX Jip (IKCYIOTh BIUIbHI MapameTpu
PO3BI3KiB; €HEPTeTHIHI YMOBH OOMEXKYIOTh KOH(Irypamii Ta TMOJBOBHH 3MIiCT 30BHIITHBOI
Matepii. BCTaHOBJIEHO CHHTYJIAPHOCTI CHEIIAIBFHOTO THIy B HampsMKax MiBHIYHOTO Ta
IBICHHOTO TIOJIIOCIB, SIKi TEHEPYIOTH OIMOJISIPHMI BiATIK YaCTHHOK 3 YOpHHX Aip. KopoTko
0OrOBOPIOETHCS PO3IIUPEHHS 3aIPOIIOHOBAHOT KOHCTPYKIIi HA 4YOpHI Jipu Tumy Baiing i
Keppa-Baiins, a Takox BIaCTUBOCTI TAaKHX PillleHb.

Kunrouosi ciroBa: yopHi aipu Keppa-Baiins, anropurm Hetomana-Snica, eHepreTHaHi yMOBH
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THREE NOVEL APPROACHES TO DEEP SPACE /
INTERSTELLAR TRAVEL THAT TRANSCEND THE
LIMITATIONS IMPOSED BY THE ROCKET EQUATION

At the time of writing this article, we read that there is strange behavior of Betelgeuse star in the last few
days. While there are various explanations and interpretations on how that event would have impact to
this Earth’s inhabitants, our interpretation is that there is a number of chain of stars that act to lock this
Earth to 3D realm, and the strange behavior of Betelgeuse star can be considered as a signal from heaven
that we, all Earth inhabitants, are allowed to be transformed and elevated to 5D consciousness and to
explore the Deep Space beyond this solar system. Therefore, in the present paper, it is considered three
novel approaches to Deep Space / interstellar travel that transcend the limitations imposed by the
Tsiolkovsky rocket equation. Among other things, we explore the possibility of utilizing macro-quantum
tunneling as an alternative propulsion method. By inducing a state of quantum coherence in a
macroscopic object, it is theorized that it could tunnel through barriers, bypassing the need for
conventional propulsion systems. Furthermore, we investigate the potential role of spin supercurrents in
facilitating this process. The paper delves into the theoretical underpinnings of macro-quantum tunneling
and spin supercurrents, discussing the challenges and prospects associated with their application to space
travel.

Keywords: 5D consciousness, Betelgeuse star, macroquantum tunneling, alternative propulsion
methods, Deep Space travel

Introduction: Limitations of Tsiolkovsky equation

In the past decades, there are growing interests in novel approach beyond existing
technologies, especially to explore the Deep Space and beyond [1][2][3]. In this regard, the
Tsiolkovsky rocket equation, a cornerstone of astronautics, provides a fundamental
relationship between a spacecraft's initial mass, final mass, exhaust velocity, and the change
in velocity it can achieve. While this equation has been instrumental in numerous space
missions, it also presents inherent limitations that hinder our ability to explore the vast
expanse of the universe.[1]

One significant limitation of the Tsiolkovsky equation is the requirement for carrying
propellant. The more propellant a spacecraft carries, the heavier it becomes, necessitating
even more propellant to accelerate that increased mass. This creates a feedback loop that
limits the maximum achievable velocity. As a result, long-duration missions to distant
destinations, such as Mars or beyond, become increasingly challenging and resource-
intensive.
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Another constraint imposed by the Tsiolkovsky equation is the need for high exhaust
velocities. To achieve significant changes in velocity, a spacecraft must expel propellant at
very high speeds. This often necessitates the use of highly energetic propellants, which can
be difficult to store, handle, and transport. Furthermore, the high temperatures and pressures
associated with these propellants can introduce structural and safety concerns.

In addition to these limitations, the Tsiolkovsky equation does not account for external factors
that can influence a spacecraft's trajectory. Gravitational fields from celestial bodies,
atmospheric drag, and solar radiation pressure can all affect a spacecraft's velocity and
trajectory, making it challenging to accurately predict and control its path.

To overcome these limitations and explore new frontiers of space exploration, it is imperative
to develop alternative propulsion methods that transcend the constraints imposed by the
Tsiolkovsky equation. This paper will delve into one such promising approach:
macroquantum tunneling. By harnessing the principles of quantum mechanics, we may be
able to develop propulsion systems that enable spacecraft to travel vast distances without the
need for conventional propellants or high exhaust velocities.

Results
A. An alternative to Tsiolkovsky equation: towards macroquantum tunneling/EPR
bridge

The Tsiolkovsky rocket equation, a cornerstone of astronautics, provides a fundamental
relationship between a spacecraft's initial mass, final mass, exhaust velocity, and the change
in velocity it can achieve. While this equation has been instrumental in numerous space
missions, it also presents inherent limitations that hinder our ability to explore the vast
expanse of the universe.

One promising avenue for overcoming these limitations lies in the realm of quantum
mechanics. Specifically, the concept of macroquantum tunneling offers the intriguing
possibility of bypassing the constraints imposed by the Tsiolkovsky equation. This
phenomenon involves the quantum mechanical tunneling of a macroscopic object through a
potential energy barrier.

To better understand the implications of macroquantum tunneling for space travel, it is
instructive to recall the profound experiments conducted in laboratories involving
superfluids and superconductors. These materials exhibit remarkable quantum properties at
low temperatures, including the ability to flow without resistance and to exhibit macroscopic
guantum coherence.

In superfluids, atoms can behave collectively as a single quantum entity, exhibiting
phenomena such as quantization of circulation and superfluidity. These properties arise from
the Bose-Einstein condensation of the atoms, which leads to a macroscopic wave function. In
superconductors, electrons form Cooper pairs, which can also behave as a single quantum
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entity. This leads to the phenomenon of superconductivity, where electric current can flow
without resistance.

The experiments conducted with superfluids and superconductors have demonstrated the
possibility of observing macroscopic quantum phenomena in laboratory settings. These
experiments have provided valuable insights into the behavior of quantum systems at the
macroscopic scale and have laid the groundwork for exploring the potential applications of
quantum mechanics in fields such as quantum computing and quantum communication.

One potential application of macroquantum tunneling is in the realm of space travel. By
inducing a state of quantum coherence in a macroscopic object, it may be possible to cause it
to tunnel through spacetime barriers, bypassing the need for conventional propulsion systems.
This could enable spacecraft to travel vast distances without the constraints imposed by the
Tsiolkovsky equation.

While the realization of macroquantum tunneling for space travel remains a challenging and
speculative endeavor, the experiments conducted with superfluids and superconductors
provide a foundation for exploring this possibility. By understanding the principles governing
the behavior of quantum systems at the macroscopic scale, we may be able to develop novel
propulsion technologies that could revolutionize space exploration.

Detecting Macroquantum Tunneling: Near-Field Physics and Spin Supercurrents
Following the aforementioned arguments concerning to possibility of macroquantum
tunneling to be considered in lab setting, we already discussed small scale experiments; while
our results are not quite convincing in regard to traversability, what we reported actually
concerning plausible quantum tunneling simulation for iced-water with simple measurement
devices [4, 5].

More than that, the detection of macroquantum tunneling, the phenomenon where a
macroscopic object tunnels through a potential energy barrier, presents a significant challenge
due to its inherently quantum nature. However, recent advances in near-field physics and the
study of spin supercurrents offer promising avenues for overcoming these obstacles.[7]

Near-Field Physics

Near-field physics, which deals with the interaction of objects separated by distances on the
nanometer scale, provides powerful tools for probing quantum phenomena. Techniques such
as atomic force microscopy (AFM) and scanning tunneling microscopy (STM) can be used
to measure the forces and currents acting between a probe tip and a sample surface with
unprecedented sensitivity.[6]

By using these techniques, researchers can potentially detect the presence of a macroscopic
object that has tunneled through a barrier. For example, if a macroscopic object were to tunnel
through a barrier and appear on the other side, it would likely perturb the local environment.
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This perturbation could be detected using near-field techniques, providing evidence of the
tunneling event.

Spin Supercurrents

Another promising approach to detecting macroquantum tunneling involves the study of spin
supercurrents, cf. our article at [6]. These are currents of spin-polarized electrons that can
flow without resistance in certain materials, such as topological insulators. Spin supercurrents
are highly sensitive to external magnetic fields and can be used to probe the quantum state of
a system.

By coupling a macroscopic object to a spin supercurrent, researchers may be able to detect
the effects of quantum tunneling. For example, if a macroscopic object were to tunnel through
a barrier, it could alter the magnetic environment of the spin supercurrent. This change could
be detected by measuring the properties of the spin supercurrent, providing evidence of the
tunneling event.

Hartman effect / estimation of tunneling time

Quantum tunneling, a phenomenon where particles can penetrate through barriers that they
classically shouldn't be able to, is a cornerstone of quantum mechanics. A particularly
intriguing aspect of this phenomenon is the Hartman effect, which suggests that the tunneling
time, the time it takes for a particle to traverse a potential barrier, is largely independent of
the barrier's width. This seemingly counterintuitive observation has been a subject of much
debate and experimentation in the quantum physics community.

The Experiment

To understand the Hartman effect, consider a simple experiment. A particle, such as an
electron, is fired towards a potential barrier. Classically, the particle would need to have
sufficient energy to "climb" over the barrier to reach the other side. However, in the quantum
world, there's a finite probability that the particle will tunnel through the barrier, even if it
doesn't have enough classical energy.

Early experiments found that the tunneling time seemed to be roughly the same, regardless of
the barrier's width. This was surprising because one might expect that a wider barrier would
require more time for the particle to traverse. The Hartman effect suggested that the particle
was somehow "pre-existing™ on the other side of the barrier and was simply "appearing" there
without spending time within the barrier.

The Hartman effect has sparked considerable debate among physicists. Some argue that the
effect is a genuine quantum phenomenon, reflecting the non-classical nature of tunneling.
Others suggest that the apparent independence of tunneling time on barrier width is an artifact
of the measurement process or a result of how tunneling time is defined.
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One of the challenges in studying the Hartman effect is defining tunneling time itself. In

classical physics, time is a well-defined quantity. However, in the quantum world, it's not

always straightforward to measure the time it takes for a particle to traverse a barrier. Different

methods of measuring tunneling time can yield different results, making it difficult to reach a

definitive conclusion.

In the context of Josephson junctions, this would imply that the time it takes for Cooper pairs

to tunnel across the junction is relatively constant, regardless of the junction's thickness.

Using the OR Theorem

a. The OR theorem, a foundational result in quantum mechanics, can be utilized to

provide a framework for analyzing tunneling times. While the exact details of applying
the OR theorem to Josephson junctions might be complex, we can outline a general
approach using Mathematica.

Steps Involved:
1. Define the Potential Barrier: We'll consider a simple rectangular potential barrier:

o potential[x_] := Piecewise[{{0, x <0}, {V, 0<=x<=a}, {0, x > a}}]

2. Set Up the Time-Dependent Schriodinger Equation: We'll use the time-dependent
Schrédinger equation to describe the evolution of the wave function:

o 1h D[y[x, t], t] == -h"2/(2m) D[y[x, t], {x, 2}] + potential[x] y[X, t]

3. Specify Initial Wave Function: We'll use a Gaussian wave packet as the initial wave
function

o y[x, 0] := Exp[-(X - X0)%(2 62)] Exp[l p0 x/h]
4. Apply the OR Theorem:

o Implement the OR theorem to extract the tunneling time. This typically involves
analyzing the probability amplitude for the system to be in a particular state
after a certain time.

o To calculate the tunneling time, we can track the center of the wave packet as it
moves through the barrier. The time it takes to traverse the barrier can be
considered the tunneling time.

Mathematica code (outline only):
Mathematica

(* Define parameters *)

h=1;

m=1;

V =10;

a=2>;

x0 =-10;
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c=2;

p0=1;

(* Define the potential and initial wave function *)

potential[x_] := Piecewise[{{0, x <0}, {V, 0 <=x<=a}, {0, x> a}}]

y[x, 0] := Exp[-(X - x0)"2/(2 6"2)] Exp[I p0 x/#]

(* Set up the time-dependent Schrodinger equation *)

eq = | h D[y[x, t], t] == -h ~2/(2 m) D[y[x, t], {x, 2}] + potential[x] y[X, t];

(* Numerical solution (adjust parameters as needed) *)

sol = NDSolve[ {eq, y[x, 0] == y[x, 0]}, y[x, t], {x, -20, 20}, {t, 0, 20},

Method -> "MethodOfLines",
"SpatialDiscretization™ -> {"TensorProductGrid", "MinPoints" -> 200}]

(* Visualize the wave function evolution *)

Animate[Plot[ Abs[y[x, t] /. sol]"2, {x, -20, 20}, PlotRange -> All], {t, 0, 20}]

(* Calculate tunneling time (approximate method) *)

(* ... (Track the wave packet's center and measure the time it takes to traverse the

barrier) ... *)
b. Provided we are allowed to hypothesize that the aether medium is composed of
quasicrystalline tessellation [11], [12] or something like crystalline phase of iced-water as we
discussed previously, we may consider an alternative way to come up with Hartman tunneling
time estimate.
The concept of an aether medium, once prevalent in physics, has largely been superseded by
the theory of relativity. However, for the purpose of this hypothetical exercise, let's assume
that the aether is composed of a quasicrystalline tessellation.

Challenges in Modeling a Quasicrystalline Aether

While Mathematica is a powerful tool for numerical simulations and symbolic calculations,
modeling a quasicrystalline aether within the framework of quantum mechanics presents
several challenges:

1. Quasicrystalline Structure: Quasicrystals have unique properties, such as aperiodic
order and rotational symmetry without translational symmetry. Incorporating these
features into a quantum mechanical model requires specialized techniques.

2. Define the Quasicrystalline Potential:
potential[x ] := VO (1 + Cos[2 ©t x/A1] + Cos[2 1t x/A2]),
where VO is the potential amplitude, and Al and A2 are incommensurate periods,
creating a quasicrystalline structure.

3. Set Up the Time-Dependent Schrodinger Equation:

This remains the same as in the previous
ih Dy[x, t], t] == -h"2/(2m) D[y[x, t], {x, 2}] + potential[X] y[x, t]
4. Specify Initial Wave Function:
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y[x, 0] := Exp[-(X - x0)"2/(2 6"2)] Exp[I p0 x/h]

Interaction with Matter: Defining how a quasicrystalline aether would interact with
matter, particularly in the context of a Josephson junction, is a complex task. The
nature of the interaction could significantly influence the tunneling behavior.
Quantum Mechanical Formulation: Translating the concept of a quasicrystalline
aether into a quantum mechanical formalism might require new theoretical
frameworks or modifications to existing ones.

Mathematica code (outline only):

(* Define parameters *) h=1; m = 1; VO = 10; A1 =2; A2 =3; x0 = -10; 6 = 2; p0
= 1; (* Define the quasicrystalline potential *) potential[x ] := VO (1 + Cos[2 © x/A1]
+ Cos[2 © x/A2]) (* Set up the time-dependent Schrédinger equation *) eq =17 D[y([x,
t], t] == -h"2/(2m) D[y[x, t], {x, 2}] + potential[x] y[x, t]; (* Numerical solution
(adjust parameters as needed) *) sol = NDSolve[{eq, y[x, 0] == y[x, 0]}, y[x, t], {X, -
20, 20}, {t, 0, 20}, Method -> "MethodOfLines", "SpatialDiscretization" ->
{"TensorProductGrid", "MinPoints" -> 200}] (* Visualize the wave function evolution
*) Animate[Plot[ Abs[y[x, t] /. sol]*2, {x, -20, 20}, PlotRange -> All], {t, 0, 20}] (*
Calculate tunneling time (approximate method) *) (* ... (Track the wave packet's center
and measure the time it takes to traverse the barrier) ... *)

Considerations and Further Exploration:

Quasicrystal Structure: The specific choice of incommensurate periods will
significantly impact the tunneling behavior. Experiment with different values to
observe varying effects.

Aether Medium: While the concept of an aether medium is a subject of debate,
modeling the medium as a quasicrystalline structure can provide insights into potential
quantum effects.

Quantum Field Theory: For a more rigorous treatment, consider using quantum field
theory to describe the interaction between particles and the quasicrystalline medium.

Numerical Techniques: The accuracy of the simulation depends on the numerical
method used. Experiment with different methods (e.qg., finite difference, finite element,
spectral methods) to optimize performance.

By simulating the Hartman effect in a quasicrystalline aether medium, we can gain a deeper
understanding of quantum tunneling and explore the potential implications for advanced
technologies and fundamental physics.

Note:

While this hypothetical code provides a starting point, it's important to emphasize that
modeling the interaction between a quasicrystalline aether and a Josephson junction within a
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quantum mechanical framework is a complex and challenging problem. Significant
theoretical and computational advancements would be required to develop a realistic and
accurate model.

B. Another alternative method to Deep Space travel with non-orientable
wormhole/tunneling
While traditional wormhole theories often involve complex mathematical models and exotic

matter, recent research has explored a more tangible approach: the manipulation of physical
structures to induce wormhole-like effects.

A Mobius strip, a simple geometric object with only one side and one edge, offers a
fascinating analogy for understanding non-orientable spacetime. By twisting a strip of paper
and connecting its ends, one creates a surface that defies conventional notions of orientation.
b.1. Crystal-Induced Wormholes: A Laboratory Experiment

Researchers Hayashi and Ebisawa have proposed a groundbreaking hypothesis: that certain
crystals, under specific conditions, could exhibit properties akin to a Mdbius strip at the
guantum level. By carefully manipulating the crystal's structure and applying external stimuli,
it may be possible to induce a localized curvature of spacetime, creating a microscopic
wormhole [cf. ref. 4, 5, 13, 14].

b.2. Superconductors: A Quantum Bridge

Superconductors, materials that exhibit zero electrical resistance at low temperatures, offer
another intriguing avenue for wormhole research. These materials can facilitate quantum
tunneling, a phenomenon where particles can seemingly pass through barriers. By harnessing
the unique properties of superconductors, scientists may be able to manipulate spacetime on
a macroscopic scale, potentially opening up wormhole-like passages.

Challenges and Future Directions
While the prospect of wormhole travel is undeniably exciting, significant challenges remain:
« Energy Requirements: Generating and maintaining a stable wormhole would require
immense amounts of energy, far beyond our current technological capabilities.
« [Exotic Matter: The existence of exotic matter, a fundamental component of many
wormbhole theories, is still uncertain.
« Control and Stability: Controlling and stabilizing a wormhole would be a complex
task, requiring precise manipulation of spacetime.
Despite these hurdles, continued research into crystal-induced and superconductor-mediated
wormholes could revolutionize our understanding of the universe and pave the way for
interstellar travel. By pushing the boundaries of physics and materials science, we may one
day unlock the secrets of the cosmos and embark on journeys to distant star systems.
B. Utilizing similarity between brain neurons and galaxy clusters

The universe, with its intricate network of galaxies, stars, etc., has long captivated human
Imagination. As we delve deeper into the cosmos, we encounter questions about its origins,
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evolution, and potential for future exploration. Recent research has revealed intriguing
parallels between the structure of the universe and the human brain, suggesting that these two
complex systems may share fundamental principles [cf. 16, 17].

Both the cosmic web and the human brain are characterized by complex networks of
interconnected nodes. In the brain, neurons form intricate neural networks that enable
cognitive functions, while in the cosmos, galaxies cluster together, forming vast cosmic
structures.

« Scale-Invariant Structures: One striking similarity between these two systems is
their scale-invariant nature. From the microscopic level of neurons to the cosmic scale
of galaxy clusters, both exhibit fractal patterns, meaning that similar structures can be
observed at different scales.

« Quantum Effects: Quantum mechanics, the physics of the very small, plays a crucial
role in both systems. Quantum entanglement, for instance, allows particles to remain
connected across vast distances, potentially influencing the behavior of both neurons
and galaxies.

Harnessing the Cosmic Neural Quantum Effect
If we can harness the quantum effects that underlie the cosmic web, we may unlock new
possibilities for deep space travel. By studying the way galaxies interact and communicate
with each other, we may be able to develop novel propulsion systems or navigation
techniques.
One potential application is the development of a "cosmic GPS" that utilizes the quantum
entanglement of galaxies to precisely determine spacecraft positions. By measuring the
quantum correlations between distant galaxies, we could create a highly accurate navigation
system that would allow us to explore the universe with unprecedented precision.
Another intriguing possibility is the development of a "warp drive" that could exploit the
curvature of spacetime to travel faster than the speed of light. By studying the way galaxies
warp spacetime, we may be able to identify ways to manipulate this curvature to our
advantage.
Challenges and Future Directions
While the idea of harnessing the cosmic neural quantum effect is still in its infancy, it
represents a fascinating new frontier in scientific exploration. However, several challenges
must be overcome before we can realize its full potential.

« Technological Limitations: Our current technology is not advanced enough to

directly manipulate the quantum properties of the universe.
o Theoretical Understanding: We still have much to learn about the fundamental
nature of quantum mechanics and its role in cosmic structures.
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Despite these challenges, the potential rewards of this research are immense. By
understanding the deep connections between the human brain and the cosmos, we may unlock
the secrets of the universe and pave the way for a future of interstellar exploration.

Discussion: Challenges and Future Directions

Despite these promising approaches, detecting macroguantum tunneling remains a formidable
challenge. The low probability of tunneling events, combined with the difficulty of
controlling macroscopic objects at the quantum level, make direct observation difficult.
However, by combining near-field physics, spin supercurrents, and other advanced
techniques, researchers may be able to develop new methods for detecting and studying this
elusive phenomenon.

Future research in this area will likely focus on developing more sensitive and precise
measurement techniques, as well as exploring new materials and systems that may be more
conducive to observing macroguantum tunneling. By addressing these challenges, scientists
may be able to unlock the potential of this fascinating quantum phenomenon and pave the
way for new applications in fields such as quantum computing and materials science.

One of quite fascinating thing with respect to macroquantum tunneling effect is that Hartman
tunneling time will not vary much especially for large thickness of barrier, and even if we
consider macroquantum tunneling in the context of ER=EPR bridge hypothesis, it probably
would not involve too much time to pass the barrier to the edge of the EPR bridge (at least
hypothetically). We discuss Hartman tunneling time in the following section.

As with the challenge to scale up from lab experiments on low temperature wormhole
tunneling to prototype scale, allow us to suggest that Salvatore Pais’s patent with title
Piezoelectricity-induced high temperature superconductor, perhaps can be used as guideline
to develop prototype-scale high temperature superconductor for that purpose. [cf. 15]

With regards to exploring possibility of non-orientable wormhole tunneling via crystals or
superconductors, we admit there are certain great hurdles. Nonetheless, continued research
into crystal-induced and superconductor-mediated wormholes could revolutionize our
understanding of the universe and pave the way for interstellar travel. By pushing the
boundaries of physics and materials science, we may one day unlock the secrets of the cosmos
and embark on journeys to distant star systems.

Concluding remark

We have discussed in the present article, among other things that there are growing interests
in novel approach beyond existing technologies, especially to explore the Deep Space and
beyond [1][2][3]. In this regard, the Tsiolkovsky rocket equation, a cornerstone of
astronautics, provides a fundamental relationship between a spacecraft's initial mass, final
mass, exhaust velocity, and the change in velocity it can achieve. While this equation has
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been instrumental in numerous space missions, it also presents inherent limitations that hinder
our ability to explore the vast expanse of the universe.[1]

We also discussed possible advantage of utilizing macroquantum tunneling effect for instance
what is known as Josephon junction, which can be considered a phenomenon well-observed
in lab setting, including in various low temperature physics of superfluid and superconductor.
One interesting feature is called Hartman effect, a known fact that Hartman tunneling time
will not vary much especially for large thickness of barrier, and even if we consider
macroquantum tunneling in the context of ER=EPR bridge hypothesis, it probably would not
involve too much time to pass the barrier to the edge of the EPR bridge (at least
hypothetically).

Provided we are allowed to hypothesize that the aether medium is composed of
quasicrystalline tessellation [11][12] or something like crystalline phase of iced-water as we
discussed previously, we may consider an alternative way to come up with Hartman tunneling
time estimation, as well as in the usual time by defining quantum operator of time. [9][10]
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TPU HOBI NIIXOJU 10 IMTUBOKOT0 KOCMOCY
MDK30PSIHUX MMOJOPOXKIB, AKI BUXOASTD 3A
OBMEKEHHS, HAKJIAJIEHI PAKETHUM
PIBHAHHSAM

[lig yac HamMcaHHS Ii€T CTATTI MU YATAIM PO AWBHY MOBEIIHKY 3ipKu berenpreifse 3a ocTaHHI KillbKa
IHIB. X04a iCHYIOTH Pi3HI MOSICHEHHS Ta TIyMadeHHS TOTO, SK IIs MMOJis BIUIMHE HA MEIIKAHINB i€l
3emiti, HalIa iHTEPIIpETAIlis MOJTae€ B TOMY, IO ICHY€ KiTbKa JIAHIFOXKKIB 3ipOK, SIKI MifOTh, MO0
3aMKHYTH 1110 3emitio B 3D-cdepi, 1 muBHA oBeiHKa 3ipku betenpreiize Moxke OyTH po3TIsIacThCS SIK
CUrHaJI 3 HeOecC Mpo Te, 10 HaM, YCIM KUTENSIM 3eMIli, TO3BOJICHO TpaHC(HOPMYBATUCS Ta I JHATHUCS 10
5D cBiIOMOCTI Ta JOCITIIKYBAaTH MIHMOOKHUIA KOCMOC 32 MEKaMH Ii€l COHSIYHOI cucTeMu. ToMmy B it
CTaTTi PO3MNIAJAIOTHCS TPH HOBI MIJXOAW JO TNIMOOKOTO KOCMOCY/MIXK30PSHHX MHOAOPOXKEH, SIKi
BUXOJISITh 32 MEXI 0OMEXKEHb, HAKJIaIeHUX pakeTHUM piBHsHHAM LlionkoBchkoro. Cepe iHIIOrO, MU
JOCITIDKYEMO MOXKIIUBICTh BHKOPHCTaHHS MaKpPOKBAHTOBOTO TYHEIIOBAHHS SK albTEPHATHBHOTO
METONy pyXy. BCTaHOBIIOWOYM CTaH KBaHTOBOi KOTEPEHTHOCTI B MaKpPOCKOMIYHOMY 00’€KTi, iCHYe
TEOpis PO Te, MO BiH MOXE MPOXOAUTH TYHENb Kpi3k Oap’epu, 00Xonsuu moTpedy y 3BHUANHHUX
cucreMax pyxy. KpiM Toro, MU JOCIIIKyeMO MOTEHINIHHY POJIb CIIIHOBHUX CYIIEPCTPYMIB Y MOJIETIICHH]
I[LOTO TIpOIeCy. Y CTaTTi pO3MIAAAIOThCS TEOPETHYHI OCHOBHM MAaKpPOKBAHTOBOTO TYHEINIIOBAHHS Ta
CIIHOBMX HAJICTPyMiB, OOTOBOPIOIOTHCS NMPOOJIEMH Ta TEPCHEKTHBH, ITOB’s3aH1 3 1X 3aCTOCYBaHHIM Y
KOCMIYHHUX TTO/I0OPOXKAX.

Karouosi ciioBa: 5D cBifomicTb, 3ipka berenbreiize, MakpOKBaHTOBE TYHEIIOBaHHS, albTepHATUBHI
METOJH PYXY, MOJIOPOXK Y TTTHOOKHHA KOCMOC
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10. Kcagepiii

Inemumym enexkmponnoi ¢isuxu HAH Yrpainu

MPO®ECOP 10.M. JOMCA/3E - ®YHIATOP
YKTOPOJCHKOI IKOJIM TEOPETUYHOI ®I3UKH

VY crarTi mpexacrtaBieHo iHdopMamito-crioraid Npo ceMiHap, NPUCBSIYCHUH mHaM’sTi

npodecopa KOpis MenitonoBnua Jlomcaize — 3aCHOBHUKA (pyHIaMEHTAIBHUX HayKOBUX

Jociipkens Ha QisuaHomy dakynbreti YxkHY, npodecionansHoro ¢isuka-TeopeTrnka,—
skui BinOyBcst y 2006 poui B YKropoJcbKoMy HallioHaJbHOMY yHiBepcuteTi. J{omosini,

MIpeCTaBJICHI HA IIbOMY CeMiHapi, He BTPAaTHIIA CBOET aKTyalIbHOCTI 1 3apa3, 30Kpema, i B

ICTOpUYHOMY ITUIaHI.

KirouoBi cioBa: (i3WKkd BHCOKMX CHEPrii, KBAaHTOBAa TEOPis, TEOpPis MOJA, aIpoHH,
¢inocodis pizukn.

21 motoro 2006 poxy y Bemwkiii ¢izmuHiii ayauropii Ha (i3udHOMY (aKyJIbTETI
VY3KropoZICbKOro HalllOHAIBHOTO YHIBEPCUTETY BIIOYBCS CeMiHAp, MPHUCBAYEHUN MaM’ STl
npodecopa FOpis Menitonosuua Jlomcan3e.

Binkpusatoun poGotry cemiHapy aekaH ¢iznyHoro Qakynbrery Y:xkHY, 3aBimyBau
kadenpor TeopetnyHoi (izuku, npodecop B.FO. Jlazyp ckazas, mo yuM fani BIAXOISTH y
munyne 50-1i, 60-Ti i 70-Ti pOKM MHHYJOTO CTOJITTS, THM YiTKilllE BHUMAIbOBYETHCS
HezanepeuHa poib HO.M. Jlomcaase He TUIbKH Y CTBOPEHHI YKTOPOJICHKOT IIKOIH TEOPETUUHOL
¢i13uky, ane 1 y popMyBaHHI, CTAHOBJICHHI 1 pO3BUTKY (PI3MUHOI HAyKU HA 3aKapharTi.

B cepeauni 50-TuX pOKIB rpyma MOJIOIUX, TaJAHOBUTHX 1 €HEPrillHMX BHUKJIAJAYiB 1
Buenux — Yenyp [I.B., 3amicounuit LI1., Jlomcamze FO.M., llkona-YnesiHoB B.A., Bpartiituyk
M.B. — npuixanu 3a HarpaBieHHSIM MiHICTEpCTBA OCBITH 1 HAYKU B 3aKapraTchbKy 00JIacTh, B
YKropoJChKHii Aep KaBHUH YHIBEPCUTET. 3 IMMU IMEHAMH TOB’si3aHe (haKTUYHE HAPOKCHHS 1
CTaHOBJIEHHS (I3MYHOTO (HaKyJIbTETy YHIBEPCUTETY K OCEpeIKa KyJIbTypd 1 MiJrOTOBKU
crienianicTiB BUIIoi kBasigikaiii 3 gpizuxu. A im’g FO.M. Jlomcanze y ipoMy circky 6€3yMOBHO
€ CUMBOJIOM HE3BUYaiHOiI, HAHOUIbII HEOPIAMHAPHOI OCOOMCTOCTI, SIKa KOJU-HEOYAb cssla Ha
Hebocxmiti hi3UYHOT HAyKH Ha 3aKaprarri.

[epmwmii y mporpami cemiHapy JOMOBiTad — 3aBiAyBad BTy TEOpii eIeMEeHTapHUX
B3aemoiit [ncturyty enexkrponnoi ¢pizuku HAH Ykpainu, 1okTop ¢iznko-MaTeMaTHIHUX HAYK,
npodecop Muxaitno IBanoBuu laiicak — y JakoHIUHIN Te3ucHIM (opMmi 1 3 OJHOYACHOIO
JIEMOHCTPALIIEI0 KOJIbOPOBUX CIAMIIB pO3MOBIB Mpo >XUTTS 1 TBopumit nuisix FO.M. Jlomcanse.
FOpiit Jlomcanze Hapoauscest B micti baky 14 rpyans 1924 poky. Mama FOpu — notomcTBeHa
Ko3auka. € y HbOTO 111 ¥ pifHa cecTpa. Y MICISBOEHHI POKH BUMBCS Ha (i3MIHOMY (PaKyIbTETI
MockoBcbKoTO Jiepx)aBHOro yHiBepcutety iM. M.I.JlomonocoBa. HacTymHwuii eran — HaB4aHHS
B acipanTtypi ®@izuunoro [HctutyTy Akanemii Hayk CPCP im. I1.M. Jle6eneBa. Tyt rotyerses i
YCIIITHO 3aXUINAEThCS KaHAWAATChKa JUCEpTallisi, B SIKii BCTaHOBIIOETHCS CHHTYIISIPHUMH
XapakTep MOBEAIHKH MOTEHIIIATy B3a€MO/IIi €IEKTPOMArHITHOTO TOJISI Y BUIUX HAOIMKCHHSIX
psay Teopii 30ypeHb y KBaHTOBIH enekTpoauHamiii. FO.M.Jlomcanze BBakaB CBOIM BUUTENIEM
akanemika Moiicess AOpamoBrda MapkoBa, Ha i1 1 aBTOPHTET KOTPOTO YaCTO MOCHIIAETHCS SIK
B YCHHUX JIONOBISIX, TaK 1 y JpyKoBaHUX poOotax. 3 1955 mo 1979 poku >xuBe i mpairoe B
VYoxropomi. IIpotsrom 1955— 1960 pokie FO.M. Jlomcamze mpairoe BUKIagadeM Ha kadenpi
eKCIepUMEHTANIbHOI 1 TeopeTHuHOi (i3uku Yk /Y. HaBaHTaxkeHHs1 y HBOTO KOJIOCAIbHE: UNTAE
JIeKIii 0OJHOYACHO Ha BCIX Kypcax (pakynbTeTy 1 3 yCiX TeOpeTUYHHUX aucuuIutiH. [lapanensHo
BeJI€ 1 aKTUBHY HaYKOBO-JIOCIIITHHUIIBKY POOOTY B 00J1aCTI KBAHTOBOI €JIEKTPOAUHAMIKH 1 TEOPiT
eNIeMEHTApHUX YacTHHOK. 3 1960-T0 poKy 04OII0€ CTBOPEHY HUM Kadeapy TEOPeTHUHOI (Pi3UKH.
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Y 1967 pomi ycHilIHO 3axXWIIa€ JOKTOPCHKY JAWCEPTAIlil0, MPUCBIYECHY aHATITHYHUM
BJIACTUBOCTSIM aMIUTITYAU po3citoBaHHA. Y 1968 pori HoMy NpPHUCBOEHO BYEHE 3BaHHS
npodecopa. Y 1970-my poui 3a miarpuMku npodecopa M.M. boromto60Ba cTBOPIOETHCS BT
Teopii agpoHiB [HcTuTyTYy Teopetnunoi ¢izuku AH YPCP, 3aBigyBauem sikoro crae npogecop
FO.M. Jlomcanze. 3 1poro MOMEHTY BUKJaJalbka JisuibHICTH Tpodecopa FHO.M. Jlomcanze
BIJIXOJIUTH Ha APYTH IJIaH. A Ha epeTHhOMY IJIaH1 —HAYKOBO-AOCIAHULIEKA POOOTa, TPUIOMY
OJTHOYACHO Yy JEKUIBKOX HaIlpsAMKax: aKCIOMaTH4HI Teopii KBAaHTOBUX IIOJIIB, aHATITHYHI
BJIACTUBOCTI aMILTITYH PO3CIFOBAHHS 1 CTPOT1 OOMEKEHHS Ha BUCOKOCHEPTCTUYHY MOBEIIHKY
aMILTITYAM 1 Iepepi3y po3CitOBaHHS, 3aCTOCYBaHHS TEOPIi IPYII 10 ONHUCY BIACTUBOCTENW CHIIBHO
B3a€MOJIIIOYMX €JIEMEHTAPHUX YACTMHOK — aJPOHIB, a TAKOK METOJOJIOTIUHI 1 (Ppimocodcebki
Hp06J'IeMI/I kBaHTOBOI (i3uku. [lapanenbHo HaOupae 1e OLIBLIOTO po3Maxy HAyKOBO-
opranizariiiina p060Ta 3 mpoBeleHHs Bcecoro3Hux KoHGEpeHId, MK 1 CUMIIO3lyMiB 3
KBaHTOBOI TeOPii MoJIs 1 (P13UKKU BUCOKUX €HEPTiid.

FO.M. Jlomcanze — aBTOp OublIe ABOXCTa HAYKOBHX Ipallb, OMyOIIKOBAaHUX Y BUIJISIL
KYpPHaJIbHUX CTaTei 1 mpernpuHTiB. ABTOp MOHOrpadii «TeopeThko-rpyInoBoe BBEJICHUE B
TEOPHUIO AIEMEHTAPHBIX YACTULD) 1 CIIBABTOP JIBOX KHUT 3 Pitocodii pi3uKH.

[Tpodecop B.IO. Jlazyp mpencraBuB Benuky AOmMoBiAb Ha TeMy «KBasikiacuune
HaOMKeHHS JUTA piBHSAHHS [[ipaka 31 CKaIspHO-BEKTOPHUM 3B’S3KOM 1 HOTO 3aCTOCYBaHHS Y
Gbizumi 3MimaHuX Me30HIBY». BueHMil BBakae, 1o 11 poOOTa € MPOJOBKEHHAM JIOCIHIHKCHD
mpodecopa KO.M. Jlomcanze, OCKUIbKM BUKOHAHA BOHA B paMKaxX KBaHTOBOI T€OPIi 1MoJisA, TOOTO
B paMKax TOTO HANpPsIMKY, SIKMI 3acHyBaB B Y kropoi came npodecop FO.M. Jlomcanse.

JlokTop ¢i3nko-mMaTeMaTH4YHUX Hayk, npodecop emeritus IBan FOpiioBuy Kpuscbkuit
MIPEICTABUB JIOMIOB1Ib ITPO METOOJIOTIUHI TPOOIEMH KBAaHTOBOI MEXaHIKH 1 (PI3UKHK B3araii, siKi
rmuboko xBuioBau npodecopa KO.M. Jlomcanze. 3ragas ictopito, ska cTajacs Ha OJHOMY 3
OararouncensHux ceminapis FO.M. Jlomcanze, ToMy, 1e 0OrOBOprOBaNUCS 1 MPOOJIEMH TeOpii
BiTHOCHOCTI. FOpiit MeniToHOBHY 3a7aB TOJI CaKpaMEHTAJIbHE TNHMTAaHHA: <«SIK MOXKHa
MIEPEBIPUTH TPABMIIBHICTH MOJIOKEHB TeOpii BITHOCHOCTI?». Ha mepmmii nornsa npoGiemu
HISIKOT HEMa: KOYKHA YaCTHHKA 3a0e3MeuyeThCsl CBOIM JIOKATBHUM TOIMHHUKOM, SIKAH MOKa3ye
BJIACHUH Yac, a MOJIOKEHHS YACTHHOK (PIKCYEThCS HIMKaMHU, MOIUTKH Ha MIKAJIaX SIKUX MOXKYTh
OyTH SIK-3aBTOJTHO MAJIMMU; PIBHSHHS (PI3UKHU JT03BOJISIOTH MEPEI0AYUTH MTOBEIIHKY CUCTEMU
YaCTUHOK Yy Oy/b-Kii TOUIll YOTUPUBUMIPHOTO MPOCTOPY-Yacy. Asie mpoOiiema BCce-Taku €: B
Teopii MOJs HaBITh OJHA YaCTMHKA HIOM «PO3MHUTa» MO BCbOMY MPOCTOpYy-yacy. SIKiio 3
MIPOCTOPOBUMHU KOOPJIMHATAMH BCE SICHO, TO 30BCIM HE 3p03yMLIO SIK OyTH 3 4YaCOBOKO 3MIHHOIO.
Buxonutes Tak, mo isi OTpUMaHHS JA€TalnbHOI 1H(OpMalii mpo JIOKaTbHHUA Yac HEeOoOX1IHO
CTBOPUTH MOAMHHUKY BCE MEHIIIHNX 1 MEHIIIHX p03MipiB 1 cipoOyBaTH pO3TAlTYBATH iX K MOKHA
HIUTBHIIE Y TIPOCTOPI, a 3PEIITOI0 OTPUMATH ... KOHTHHYYM JIOKQIbHUX TOAMHHUKIB! TiMbKH
Npyd  TaKOMy TPAHUYHOMY nepexoz[i MOXJIMBE TPABUIBHE, a[CKBATHE TPAKTYBAHHS
(byHIaMEHTAILHUX TIOJIOKEHb CIICIiajibHOI 1 3arajbHOi Teopn BigHOCHOCTI. OnmHak, 1€
MPaKTHYHO HEMOKJIMBO peattizyBaT. HemoxximBo y mpuHImIti. MokHa ysSBUTH 001 JIAHITHOKOK
IIIJIGHO PO3TAIIOBAHMX TOJJMHHUKIB HA/I3BUYAfHO MAJIMX po3MipiB. MoKHA HaBITh YSIBUTH COOI,
II0 IPOTPEC TEXHIKU JO3BOJIUTH MPOCYBAHHS B HAMPSIMKY MEPEXO0 Ty 10 TOAMHHHKIB I11€ MEHIINX
PO3MIpiB 1 10 OUTBII MLTBHOTO TX PO3TALTyBaHHS y IPOCTOPI. AJie TyKe BaXKKO BTPUMATHUCS BijT
nuTaHHs: «HeBxe 1l TOJMHHUKY He OyIyTh 3aBayKaT OJIUH ofHOMY? HeBxke BOHHM HE OyIyTh
JIaBaTH CYTEPEeUSIMBI MOKA3HUKU .

VY posnogiai mpodecopa [.FO. Kpuscrkoro npo3syuano im’s J1.1. bioxiniesa — aBTopa
BIZIOMOTO MiApy4YHHKa 3 KBaHTOBOI MexaHiku. IIpodecop KO.M. Jlomcanze xareropuuHo He
MIOTO/KYBABCS 3 IHTEPIIPETALIEI0 XBUIBOBOI (DYHKIIIT, 3THO SKi XBUJILOBA (PYHKIIiS OMHUCYE
«aHcaMOJIb YaCTHHOK» — TEOpi€ro, MPUXMIEHUKOM sikoi OyB J[.I. brioxinues. ¥ cBoro uepry /1.1.
brnoxiHieB pi3ko KpUTUKYBAB IHTepHpeTallii, 3anpornonoBani  F0.M.Jlomcanze.
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JlotileHT Y3 KTopoaChKOTO HAIlIOHAJILHOTO YHIBEPCHTETY Wocun Muxaitnopug [Iy6a
NPEICTaBHB JIeTAIbHY 1H()OpPMAIIit0 PO HAYKOBI JOCTIKEHHsI Ha Kadeapi TECOPETUIHOI (H13UKH
y 1960 —1970 pokax, T006T0 TOM1, KO Kadeapy odonoBa FO.M.Jlomcaaze. Po3nogiB 1 mpo
Takuil Buj AisibHOCTI pogdecopa FO.M. Jlomcanze sk nonynﬂpmaum HaJICKJIaJHUX [IPOoOIeM
¢13uKM Ha CTOpIHKax OO0JIacHOI TPECH. Hanmcani mpocroro 1 3p03yM1n0}o MOBOIO, aJle
NPUKpAIIEH] BULTYKaHUM CTHJIEM, 11l CTaTTI KOPUCTYBAIMCS HE3MIHHUM YCITIXOM Y BCIX, XTO MaB
TOTAT JI0 3HaHb, 1 KOrO ITIKAaBUJIM HOBMHHM HAyKH. AJie 3a BCi CBOI T'a3eTHI CTAaTTi mpodecop
HO0.M. Jlomca3e 3pemToro, 00pa3Ho KaKy4u, moruiaTuBcs. Koy BiH oImy0J1ikyBaB Ha CTOpIHKax
«3aKkapnaTchbKoi IpaBu» CTATTIO, B sIK1il OOIpYHTOBYBaJIACs T€3a IPO TE, L0 Y IPUPO/I1I MOKIIHBI
eeKTH MOpyIIEHHS 3aKOHY 30€pe’KEHHSI 1 IEPETBOPEHHSI €HEPTil, — YHIBEPCATIBHOI'0, 3araJIbHOTO
1 BcIMa BHU3HAaHOIO 3aKOHY — TO L€ BHUKIMKAJIO HamaJKd Ha aBTopa 3 OOKY JesKuX
BIZIMIOBITATBHUX OCI0, IPUYOMY Y HaI3BUYAKHO Pi3Kik (hopMi.

3onran 3ontanoBud Topud 3 [HcTHTYTY enektponHoi ¢izuku HAH Ykpainu, B sskomy
BIH, /10 peyl, 001iiMaB 1ocary BUEHOTO CEKpeTapsl, apecyBaB CBIi BUCTYII HE CTUIBKU CTApLIOMY
MOKOJIHHIO (PI3UKIB, CKUIBKM THUM CTyACHTaM-(i3uKaM, SKUM TUIBKHA HaJIE€KUTbh 0O0paTH coOl
KOHKpPETHY CIIELIaJIbHICTh Ha 3aBepIlIAIbHOMY €Tall HaBYaHHsS B yHiBepcuTeTi. B manexkomy
1964 porui BiH OpaB y4acTh B omimmiaai 3 (isuku, sika BigOyBanacs B MykaueBi. | Ha wmiit
oJliMITia/l CTaB MmepeMoXKiieM. Tak och Tam, Ha Til oJliMITiadi, TICIs 11 3aBEpIIICHHS BiIOY/Iacs
3ycTpid i Y4aCHHMKIB 3 BHUKJIQJadeM Y >KIOPOJCHKOTO AEP’KaBHOTO YHIBEPCUTETY JIOLEHTOM
KOpiem MenitonoBuuem Jlomcanze. Bin Omuckyye BUCTYNMB Iepe YUHSIMHU 1 PO3MOBIB MPO
JIMBOBIDKHI BJIACTUBOCTI elekTpoHa. Lleit Buctynm Tak 3amaB y aymry 3.3.Topuya, 1mo Toi
BUPILLIUB BCTYNATH HE KyIU-HEOYb, a B YKITOPOACHKUN JIEpKaBHUNA YHIBEPCUTET, 1100 MOTIM
MOTPAMTH J0 IIbOT0 AUBOBIKHOTO BUKJIa/1aua Ha Horo kadenpy teopetnynoi ¢izuxu. Kype, Ha
AKoMy BuMBCsl 3oiTaH Topuy, BBaXkaBcs Tyxe CWIbHUM. Tam Oynu Taki cryneHTtH sk O.
Hnurens, A. I'aBpumtok, FO.lnkin, B. CocniBkep. A.M. ["'aBpuitiok 3apa3 € TOKTOpoM (i3uKo-
MaTeMaTHYHUX HayK, a mnpamoe B [HCTuTyTi TeopernuHoi ¢i3uku iM. akagemika M.M.
Bboromo6osa. FO.Inkin omun vac OyB mpopektopoM CiMdepomnonbChbkoro yHIBEPCUTETY, a
3roJIOM —MIHICTPOM KYJIbTYpH 1 OCBITH ABTOHOMHOI pecnyOuiku Kpum.

3 Topnqu 3.3. OB ’s13aHAa BeJKMKa YaCTHHA JIOCHIHKCHD B YIKIOpPOJICEKOMY BiJIUICHH]
Teopii a,Z[pOHlB IT® AH YPCP, B sIKUX TEOPETUKO-TPYNOBUN METOJ BUKOPHCTOBYETBCS JIsL
OIUCY 1 cucTeMaTH3aril CICMEHTAPHHMX YaCTHHOK. 3.3. Topuu BBaxkae cebe OCTaHHIM yYHEM
npodecopa FO.M. Jlomcanze, OCKUIbKU CBOIO KaHIAUIATChKY AUCEPTALliIO BiH 3aXUCTUB y 1978
porii, a Bxke y 1979 pori FO.M. Jlomcaaze Ha3aBx ¢ 3aJIUIINB Y KTOPO/I.

VY 3B’s3Ky 3 nmuTaHHsIM Mpo y4HiB npodecopa KO.M. Jlomcanze MabyTh 1ikaBo Oyne
srajaTv ofHy ictopito. To Oyrno, 3maernes, y 1968 pori. JBa crynentu ToMcbKOro epaBHOTO
yniBepcutety JleB OpnoB Ta Bmamimip PatHikoB >kBaBo IikaBwimcs ¢inocodicro ik,
mryayroud Hajapykosani B CPCP kHuru i skypHajibHi CTaTTi BimosimHoro mpodimo. Im
norpammud o pyk nyomikamii FO.M. Jlomcanze B xypHam «Bompockl ¢unocopum». Lli
myOuiKanii Tak 3alHTPUTyBaJId CTYJICHTIB, 1110 BOHU MepeBenucst 3 TOMCBKOTO YHIBEPCUTETY B
VY3KropoJIChKHIA AepKaBHUN YHIBEPCUTET, Ha TPETiil Kypc (dizuunoro ¢axynbrery. [lepmomy 3i
CTYJICHTIB IIOCh HE CHOA00ANOCs Y JIEKIIsIX, sIKi HOMY JJOBEJIOCS CIIyXaTH, 1 BiH Uepe3 MiBPOKY
nepeBiBcs y Jleninrpaacekuii [ncturyt cxonoznasctea AH CPCP. A npyruit —poJoBKyBaB
HaBYaHHS B Y KrOpoJCHKOMY YHIBEPCUTETI, CIeliani3yBaBcs Ha Kadeapl TeopeTHuHOl (Pi3uKH,
3aBiyBadeM skoi 0yB mpodecop FKO.M. Jlomcaaze, miaroTyBas 1 YCHINTHO 3aXUCTHB AUILTIOMHY
pobOTY, 3maeThbes, Mif KepiBHULTBOM ApHonbaa €BreHoBuua Koanbuyka. Ha ganuit wac
Bonogumup CazonoBuu PatHikoB — 10kTOp (himocodCchkux HayK, Mpodecop, BUKIANAE Y
BinauipkoMy aepxaBHOMY TeXHIYHOMY yHiBepcuTeTi. Ha onHoMy 3 cemiHapiB, IpUCBSUCHUX
nam’siTi mpodecopa FO.M. Jlomcanze, Bomogumup Ca3oHOBHY MyOIIiYHO 3asiBUB, II0 BBa)Ka€
cebe yunem IOpist MenitoHoBHuYA.
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OT1xe, MO>KHA 3pOOUTH BUCHOBOK TpO Te, 110 BILMB Mpodecopa KO.M. Jlomcanze He
oOMexxyBaBcs JiuIile Oe3rnocepeHIMH KOHTAKTaMH THITY «BHKJIAZAad — CTYJIEHT», (JIEKTOp —
ayaUTopis», «3aBlAyBad BLAJIUTY — CHIBPOOITHHKM BLAJAUTY», a 3IMCHIOBAaBCS IIE W uepes
PO3YMHICTB 171€H, III0 MICTHJIUCS B OITyOJIIKOBaHUX HUM CTaTTAX, 30KpeMa 13 putocodii (pi3uku.
A XT0 Bi3pMe Ha ceOe BIJCIIIKYBATH BC1 MOXKJIMBI IIJISIXU TAKOTO POJTY BILTUBY?

M. [ly6a 3amaB 3.3. Topuuy Take nutanHs: «HYomy Jlomcanze He 3aXOTiB 3aTUIIATUCS
B YKTopoi 1 KepyBaTH BiiijioMm Teopii eJIeMeHTapHUX B3aeMOoIiK ?». Biamosias: «KepiBHUIITBO
[actutyty simepuux aocmimkerb AH YPCP BucTynmio KaTeropudHo MPOTH MPOJIOBKECHHS
JOCIIJDKEHB 110 TeMi «Teopis aIpoHiBY» y paMKax HOBOCTBOPEHOI'O Y>KIOPOACHKOIO BIIIUIEHHS
[HcTuTyTY simepHux AocnipkeHb. KepiBHUITBO IHCTUTYTY HE TIIBKM 3MIHMJIO Ha3BY BLAIULY,
niepeiiMeHyBaBIIN HOTO y «Biai Teopii e1eMeHTapHUX B3a€EMOI», ajie i 3MIHUJIO TEMaTHKY
HAYKOBUX JOCTIKEHBY. I 3HATTS HAmpy>KEHOCT1 1 yCYHEHHsSI KOHIIKTY B Y>KropoJ TOi
NpUi3aniIa crieriaibia Komicis Ha o 3 Bine-tipesuenToM AH YPCP B 1. Tpedinosum.

Onekcanyp IBanoBud Jlenawen 3 [HctuTyTy enextponnoi pizuku AH Ykpainu po3nosis,
3 JIEMOHCTpAI€I0 CIIAHAIB, MPO CBOI HAMHOBIII JIOCTIIKEHHS, IMPUCBAYEHI >KOPCTKOMY
MOMEpOHYy y M’SKHX JaHuX. Lle Hayka Tpo B3a€EMOJiI0 €IEMEHTAPHUX YaCTHHOK IpU
HAJIBUCOKHMX EHEprisix, TOB’s3aHa 31 3HaMeHuTor Teopemoro I[lomepanuyka: «Ilepepizu
B3a€MO/IIi YAaCTHHOK 1 aHTUYACTUHOK y TPAHHMIII HEOOMEKEHO BEJTMKUX CHEPTIH CITIBIAIal0Th MIXK
coboro». Y cBiii wac mpodecop FO.M.Jlomcanze nokiaB yMMmalio 3yCHIb, II00 Teopema
[Tomepanuyka HaOylia MakCUMaJIbHO MPO30POro 3MICTy 1 Oyna JIOBEACHAa MpU HAWOUIBII
Tm0epaTbHUX MPUITYILEHHSIX.

Axanemik Akaznemii Hayk Bumoi mxomu VYkpaiHu, 3aBigyBad kadenpu snapa 1
CIEMEHTApPHUX YACTHHOK Y>KTOPOJCHKOTO HAIlIOHAIILHOTO YHIBepcUTeTy, mpodecop I[Ban
BacuinpoBru Ximid 1modaB CBOIO 3MiCTOBHY JOIOBIIb PO KOPEIAIiT HYKJIOHIB Y TTApHO-TIAPHUX
SIIpax, M0 JOCTIDKYIOTRCS B paMKaxX aliadaTMYHOTrO IMIXOMy, 3 iH(opMarlii Ipo Te, Mo BiH
MPOCITyXaB BCl KypCH 1 CIIEUKYPCH 3 TeOpeTHYHOI (Pi3ukH, siki BiB npodecop FO.M. Jlomcanze.
Pammie #imetbes mpo T1i sekmii FO.M. Jlomcaaze, siki 4UTamuCs HUM B Y>KTOPOJCHKOMY
yHiBepcuTeTi aeck MK 1955 1 1957 pokamu. I 1ie Benbmu 1mikaBa iHdopMmaiiis. CripaBa B TOMY,
10 € HenpsiMi BKa3iBKu Ha Te, 10 FO.M.JloMcai3e y cBOiX JIEKIIisIX HIKOIM HE TTOBTOPIOBABCS.
BiH 3aBxau iparHyB HOBU3HHU 1 BMIiB OauuTH 1 3HAXOAUTH 110 HOBU3HY B CAMUX MPO3aTuHUX 1
3BUYaiiHUX pedax. Cxoxe Ha Te, 10 HOoro JeKIii HocwiM yHiKanbHui xapaktep. [{opoky i
1I0pa3y BIH YMTaB 1HIII KypcH 1 CIIEIKYpPCH, XO4a BOHHM 1 MaJM OJHY 1 Ty * 3arajbHy Ha3By,
Hanpukiaa, «KBaHToBa mexaHika». IMOBipHO, OyliM KypcH paHHBOrO IMEpioay MeaaroridHoi
nisutbHOCTI TIpodbecopa  HO.M. Jlomcaze, Oynu Kypcu 3pijioro nepioay, Oyiau KypcH Mi3HbOTO
nepiony. llle omHa He MEHII BayKJIMBa JAETaNb IOJISiTaa B TOMY, 1110 Y CBOIX JISKIIISIX Ha Mapax
JUIS CTYACHTIB TIpodecop KO.M. Jlomcan3e roBOpHB OJIHE, HA METOJIOJIOTIYHUX 1 HAYKOBHUX
ceMiHapax — Jpyre, B ra3zeTax MyOliKyBaB TpETeE, y CIEliaTi30BaHUX KypHAJaX HOTO TEKCTH
MICTWJIM YE€TBEpTE, X0oua W OyJio Neske 4acTKOBE MepeKpuBaHHs martepiany. «Jlomcamze He
0O0sIBCSl NUTH HECTAHJAPTHUM LUIIXOM», — roBoputh 1.B. Ximiu. «Illkona Jlomcanze icHye 1 Oyne
icCHyBaTH», — MPOAOBXKYE BIH 1 Ha3WBA€ MPI3BUINE OJHOTO 3 Horo Halkpaumx y4yHis — B.L
@ympuya — NepIoro 3akapnariis, IKUi CTaB WIEH-KOPECIOHICHTOM AKaieMii HayK YKpaiHH.

Crapmmii HayKoBHUl CIIBpOOITHHK BiAIiTy Teopii enemenTapaux Bzaemoniit [IE®@ HAH
VYkpainu, kanmuaar ¢iz.-mar. Hayk €Breniii IOpifioBuu Pemera po3noBiB Mpo ONTHYHI
MOTEHIIIAIM PO3CIFOBAHHSI €JIEKTPOHIB 1 TO3UTpOoHiB aTomamu. [Ipo mpodecopa KO.M. Jlomcanze
CKazaB, 110 ciiyxaB ioro yekmii y 1972 pori. €.10. Pemera BBaxae, mo «H0.M. Jlomcanze He
Jr0OUB YMCIIO» 1 PAKTUYHO 3 ITi€T MPUYMHU BUiXaB 3 Ykropoaa. Ha nymky €srenist FOpiiioBnya,
npodecop  HO.M. Jlomcanze npu NpUAHSTTI CBOTO paAMKAIBLHOTO pirlieHHs B KiHIi 1970-tux
POKIB HE BpaxyBaB Ty 0OCTaBHHY, ILIO SIKOW BIH 3aJMIIMBCS B Y KTropoi, TO oMy O ToBenocs
3aiiMaTuCs 3a7a4eto 0araTboX T — AyKe HETPUBIATBHOIO MPOOIEMOI0 MeXaHIKU. MOXIIMBO, TaK
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BOHO 1 €. AJsie BigoMo 1 Te, mo npodecop KO.M. Jlomcanze He pa3 1 He 1Ba TOBOPHB IIPO «CYTO
TEXHIYHI Tpo0IeMn», HEJBO3HAYHO HATSAKAIOUM, HAMPHUKIAJ, Ha 3ajadl, SKi BUPIIIYIOTHCS B
paMKax KBaHTOBOI MEXaHIKM a00 KBAHTOBOI €JIEKTpOJMHAMIKU. BiH M TO 1M00’A3HO, YU TO
JIENIIKaTHO HA/aBaB 1HIIUM TMPaBO 3aiMaTUCS «TEXHIYHUMHU MpoOJIeMaMu», a caM BiJJaBaB
NepeBary BUKIIOYHO (yHJAaMEHTaIbHUM. 3MYCHUTH HOrO 3MIHMTH CBOIO MO3ULIK0 Oylio
HEMOXTMBO. Jl1EBUM apryMEHTOM i1 HhOTO OyJia TUTbKU Oe3/10TaHHa JIoTIKa 1 SBHUH (13UuHUI
JI0Ka3.

Crapimii HayKOBHH CIIBPOOITHHUK BIIIUTY Teopii eneMeHTapHuX B3aemonid IE® HAH
VYkpainu, kaHnguaar ¢iz.-mar. Hayk Bonomumup IBanoBuu Kenemen mowaB cBiil BuCTym 3
TPaHUYHO JIAaKOHIYHOI Te3u: «tOpiit MeniToHOBMY BYMB, IO 3aMajio JIMIIE MOSICHIOBATH
0COOJTMBOCTI EKCTIIEpUMEHTAIILHUX JTaHUX, HEOOX1IHO MependadaTy HOBI sBUIa». [Ticis 1s0ro
TIeperIioB Oe3mocepeIHh0 0 UTIoCTpalii i€l Te3n MHOXXKHHOIO TpadiuHUX 3aJIeKHOCTEH
T EpeHITIaTbHOTO TIepepi3y PO3CiFOBaHHS €JIEKTPOHIB Ha aTOMax BiJl KyTa, €HEprii 1 copTy
atoMiB. O0’€KTH JOCTDKEHHS BUOpaHl Tak, IO HAasBHI e ¥ peanbHl JaHi (HI3MYHOTO
CKCTICPUMEHTY . BipTyanbHi 3a51€)KHOCTI, OTpUMaHi B pe3yJbTaTi KOMI IOTEPHUX OOYHMCIIEHb, 1
JaHi CIOCTEPEXEHb B CKCIICPUMEHTAX, BMKOHAHHX 3a JIOIOMOTIOI0 (1)13I/II-IHI/IX anna):uB
3HAXOMATHCS Y BUAMMIN y3roz[>1<eHoc:T1 MK c000t0. AJie 00UHUCIIEH] 3aIe)KHOCTI HaBeIeH] 1 IS
TUX 00JIaCTeM, JIe eKCTIEPUMEHTAJIbHI PE3yJIbTaTH BIACYTHI.

Jouent xadenpu TeopeTHuHoi (i3uKH YKTIOpoJICHKOT0 HAlliOHAJIBHOTO YHIBEPCUTETY
Cepriit FOpiitoBny MenBeieB Ha3BaB cBiil BUCTyM Tak: «lIpo geski mapaneni MK KBaHTOBOIO
¢b13uKoI0 1 CX1THOO (itocodiero». Ajle peaabHO y AONOBII HOJI0KEHHS CX1HOI (pimocodii He
0OTrOBOPIOBAIMCS, X0Ua MUTAHHS HAA3BUYAWHO IikaBe. [likaBe xoua O Ti€l MpUYMHU, IO HE
JIMIIE 3axiHa KyJbTypa, a i ycsl cydacHa KyJbTypa JaBHO Bxke de facto cranm 3apydyHuKaMu
cxigauX (igocodiii. A MoBa y JIONMOBII WIITa B OCHOBHOMY TPO THOCEOJIOTIYHI MPOOIeMH
KBaHTOBOI Te€Opii BUMIPIOBAHHS, SIKUM Y CBii 4ac ayke O6araro yacy npuaiiams mpodecop FO.M.
Jlomcanze. Ha cBiTorsiHOMy piBHI HEMa €JHOCTI Y PO3yMIHHI IPUHIMIIB KBAHTOBOI TEOPIi
BUMIpIOBaHb. MOXE€MO JAOTPUMYBATHUCS 1 Ti€l TOUKU 30pYy, 1[0 KBAHTOBA MEXaHIKa € TUIbKU
MaTeMaThyHa cXeMa Jisi OOUMCIICHHS CIIOCTEPEKYBaHUX SIBUIIL, 1 MOTPIOHO KOPUCTYBATHUCS ITIEI0
CXeMOI0, He 3Baxkatoun Ha (inocodito kBaHTOBOI Teopii. KopucryBarucs Hewo sik HaGopoMm
MHEMOHIYHUX TpPaBWI. «AJie € MOHANMEHIN JBI MPUYUHH, 3 SIKUX 3aiMaTca Qiocodiero
(bI3MKM KOHUE HEOOXiTHO», — 3a3HAYMB JIOTIOBiIA4. AJpKe cxema OOYMCICHb MOXe OyTH B
MPUHIMI XMOHO0, X0Ua MOOAYUTH 11e Oe3MOocepeIHbO CKIIAIHO 3 MPUYMH ii HETPUBIAJIBHOCTI 1
IpOMI3JIKOCT. MOXYTh ICHYBaTH aJbTEPHATUBHI CXEMH OOUHUCIIEHb, K1 MPU3BOJATH 10 PI3HUX
pe3ysbTaTIB HE TUIBKK KUIBKICHUX, ae 1 sikicHuX. dinocodis 1 TUibKu (inocodis 31aTHA y Takid
cHTYyallii BilirpaBaty posb apoitpa. KoHKpeTHe HayKoBe Mi3HaHHS 3aCHOBaHE Ha pO34JICHYBaHHI
€IMHOI CYTHOCTI, €IMHOI pealbHOCTI. A 11e 3HOBY XK Taku (imocodist. TToHATTS 1 mpuHIMITN
(b13UKHM He JJaH1 3TOpH, a 1€ pe3yIbTaT MeBHOI Pu10co]ii, IKa CIYKUTb 3B’ SI3YI0UOIO JIAHKOIO MK
OCHOBaMHU OYTTsl, CBITOIJISIIOM 1 KOHKpETHUMH (aktamu jociiay. PeanbHuil cBIT eauHuil 1
HenoauteHU. Ile 1o6pe pozyminu myapeui peBHboro Cxony. IToHsATTS cyyacHOi pi3uku He
T a6CTpaKTHi ane ¥ Haa3BUUaiiHO Yy3arambHeHi. IlparmenHs o y3araaneHOCTi B
TEOpEeTUYHiN (i3uIlll HE BHITAJKOBE, 1 II¢ HE NMUTAHHA 3a0araHKW: a/pKe 1€ B JIHCHOCTI €
MIParHeHHS JI0 €THOCTI CBlT06yz[()BI/1 asie BKE y parlioHAIbHUX, OCMHUCIICHHUX 1 YCBIOMIJIEHUX
NMoHATTAX. JlonoBizad HaBouB 11ikaBy (ppazy HO.M. Jlomcamze: «BinbHul eneKTpoH iHTepdepye
caMm 3 co0oto». Lle y 3B’513Ky 3 MUCIIEHHUMH €KCIIEpUMEHTAMH 3 PO3CIFOBAHHS €JICKTPOHA Ha JBOX
napasesbHUX IUIMHAX: IX MOYKHA TPAKTYBATH SIK CBiTYEHHS TOTO, IO SJIEKTPOH caM 1o co0i Ma€e
BJIACTUBOCTI HE TUIBKK KOpycKyiH, ane 1 xsuii. KO.M. Jlomcanze Bipi3HABCS Ty>Ke BUCOKHM
piBHEeM cTporocTi i TouHocTi MuciieHHs1. Ha 3aBepiienns csoro nosimomiieHHst C.JO. Mengenen
cka3zaB: «Ti mpobiemu, siki 00’ €AHYIOTH JIFOJIeH, HabaraTo Ba)UIMBIII THX, SIKI iX PO3IUISIOTHY.
Hayxa o0’eqnye mronmeit. ismpHicTh FO.M. JloMcaaze o0’e€qHyBana IIOHAMMEHINE ESIKUX
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¢bi13ukiB Yxropoza. «Y rimb0epToBOMY MPOCTOPI BUCTAYUTH MICITSI BCIM», —9acTO TTIOBTOPIOBAB,
MO>KJIMBO 3 YHIXOCh CIiB, Tipodecop Jlomcamze. — A 11 He 3BUUHUN TPUMIPHHMA MPOCTIp abo
YOTHUPUBUMIPHHUI TPOCTIp-yac — 1€ HECKIHYeHHO BuMipHuil mpoctip. Y gomnosigi C.1O.
MenBeneBa NOPYIIyBAJIMCH 1 IHII MUTAHHSA, 30KpEMa: HEPIBHOCTI bensa, 3HaMEHNUTI TeopeMu
(on HelimaHa, iK1 Tak0Xk 3HAXOAMIIKCS Y 1O 30py npodecopa Jlomcanze.

KomenTtyroun Buctyn C.}O. Mensenera npodecop 1.B.Ximiu 3a3HaunB: «JIoMcaaze XOTiB
HABECTU MAaTEMaTHYHHI JIOCK Ha KOIEHTareHChbKEe TIyMAayeHHs KBAaHTOBOI MeXaHIKW». ToOTo
BUXOIUTH Tak, 1o npodecop FO.M. Jlomcanze BH3HABaB y MPHUHIUII KOIEHTareHCHKE
TiymaueHHs Hineca bopa, ane BBakaB 3a HEOOXIJHE JTOKA30BUM YMHOM BHMBOJUTH HOTO 3
(dopmaiizMy KBaHTOBOI MEXaHIKH, IPUYOMY 3 PO3BUHYTOTO i1 (POPMYIIIOBAHHS y TLIOEPTOBOMY
pOCTOpi KBaJ[PATHYHO 1HTEeTpOBaHUX (YHKITIH.

Ha 3akiHueHHs CeMlHapy JUIs MOro ydYaCHHMKIB OyiM NpOKpydYeH1 Kajpu cTapoi
KlHOXpOHlKI/I mo6 300 HajaHi Omnekcannpom [BaHoBuueM JleHabenom. YHIKaIbHI Kajpu —
3HIMKH COPOKapiuHOi JaBHUHH, Ha AkuXx 3aduieMoBanuii  FO.M. Jlomcanse B 0TOUYEHHI CBOIX
KOJIET.

He MOXXHA HE 3rajiaTM OJHY BaXIMBY (pasy, BHCIOBIEHy He Oe3 xkamo Mocurom
Muxaiinopruem Illy6oro: «S He GaumB 1 He Oady B Haml 4yac Jirojael Ha Kadeapi, 3AaTHUX
MIpaIfoBaTH Ha TOMY K PiBHI, Ha SKOMYy TpaifroBaB JloMmcaze; He OyIIo i, CKOpII 3a Bce, He Oy/ie
Ounbie Takoro ['enepatopa Inet, skum OyB Opiit MenitonoBuu Jlomcamze». MoximBo, Tak
BOHO 1 €. AJle TyMa€eTbCs, CrpaBa He Y KOHKPETHHX JIFOMISX, a Y HE3BOPOTHOCTI yacy. MoxHa
KPYTUTH KIHOCTPIUKY y 3BOPOTHOMY HalpsIMKY, MOKHA TIILIUTH ce0e TF0315IMU CIIOTa 1B, MOYKHA
3HOBY 1 3HOBY HaMaraTHcs BiIHOBUTH BIpTyaJbHE MUHYJIE, ajleé BOHO Oy/Jie HEOOX1IHUM YHHOM
BIJLIQJIATUCS, TTOTJIMHAOYN TIPH 1IbOMY BCl HOBI ()parMEHTH CydYacHOTO 1 HECY4H iX 3a co0Or0
€IMHUM TIOTYXKHUM TTOTOKOM KYJIUCh Y HE3BiJlaHy TMIMOUHY, B SIKUICh MPUMAPHUIA CBIT TIHEH —
TIHEW Y1 TO MUHYJIOTO, UM TO 3aCTUTIIOTO TEMEPIITHBOTO. . .

KO.M. Jlomcamze HacmpaBai OyB yHIKaIbHOIO ocoOucTticTio. Ha ioro ceminapu He
MOTPIOHO OYJI0 3raHsATH HAPOJ — HApPOJ CaM BajuB, Oaxkaroun OayuTH WOTO 1 ciiyxaTu. Ta x
Benuka ¢izuuna ayauropis 3aBxau Oyia nepenoBHeHa, koau Buctynas FO.M. Jlomcanze. Y
Horo BUCTYyMax 3aBXIu OyJO JIEII0 TaEMHHUYE, 3arajIkoBe, MICTMYHE. B yBaxHOro ciyxada
CTBOpIOBAJIaCcsl 1JIFO31sl TOrO, Haye Oe3MocepelHbO CTUKAENICS 3 caMow PeanpHicTIO —
TAaEMHHWYOIO, 3arajkoBoro, HemizHaHow. Bucrtymm HO.M. Jlomcamse mepen CTyAeHTCHKOIO
ayJUTOpIE0 Yy 3puIuil, Tak OM MOBUTH, Tepioj OyayBajiucs 3a MPUHLUIIOM MapajoKca:
JOX1JUTMBO 1 TPAaHUYHO MPOCTO0 MOBOIO 3 CYTIPOBOIOM PUCYHKIB Ha JOIIILIl IEMOHCTPYBAB OJIUH
X1]1 pO3yMIB, SIKUH 3aBEPILIYBaBCS YITKUM (OPMYITFOBAaHHSIM BUCHOBKY 200 YMOBHUBO/Y, a IIOTIM
TaKO0 3K JIOX1/IJIMBOIO 1 MPOCTOI0 MOBOIO IEMOHCTPYBAB 1HIIHIA, HE MEHII TEPEKOHIMBUMN, Xif]
PO3IyMiB, aje KUl IPU3BOMB 10 IIPSIMO ITPOTUIIEKHOTO BUCHOBKY. B npuHImi, 11e Toi MeTo,
SKHUM 3 ycrixoM KopuctyBascest Cokpat, codictu JpeBnboi I 'penii, ['erens 1 Keepkerop y Houit
gac. Ane HO.M. Jlomcanze He Ha3uMBaB IUX IMEH, HE POOWB MOCHJIAHb, TaK CaMO K 1 HE
3armuOoBaBcs y xain ¢igocodii, a 30cepeKyBaBcsl TIOBHICTIO HA MPUPOJA03HABYIM, YHCTO
¢bi3nuHiif 3a1a4i, X04a 1 y TPaHUYHO CIIPOILEHOMY BUTJISIII. I, TUM He MeHIII, BiH BUSBISB Ti K
TPYIHOII, SIKi JOBIYHO CTOSITH 1 OyAyTh CTOSTH Tepes JOMUTIMBUM 1 CHOpAariuM Ii3HAHHSI
pozymom. Ciryxad pa3oM 3 JOTNOBiIa4eM CTaBHJIHCS B MapaIOKCaIbHy, HEMOXKIIMBY CUTYAIIiIO, 3
SIKOT HEe BUIHO OYJ10 ’KOIHOTO BUXOY. [[0TiM MOYMHABCS CKPYITY/IbO3HHUI aHAMi3 CUTYAIlii, 110
cKianacs. SIKIo XTochk 31 cayxadiB JIO3BOJISIB COO1 MepepBaTd Xin AyMOK mpodecopa, 106
BUCJIOBUTH BTOJIOC SKHH-HEOyIh cmocid Buxomy 13 curyarii, FO.M. Jlomcamze mutTeBO
M1IXOTUTIOBAB 110 MPOTIO3HIIII0, TPUYOMY POOUB 11€ 3 MiIKPECICHOIO JIF00 S3HICTIO 1 BASYHICTIO
32 «PO3YMIHHS» 1 <«JIOMOMOTY», 1 TEPEeMHMKaBCS Ha JIOTIYHMHA PO3BUTOK Came IbOro,
3aIpOIIOHOBAHOTO CTYJICHTOM, «BHXOAY». POOUB 11e aKkypaTHO, CB1IOMO MOBLIBHO (BIH CIIpaBi
HE 3HaB ICTUHHOTO BHPIIIEHHS MpoOJieMH!), YTOUHIOIOYM OJIHE MOJIOKEHHS, JIpyre, TPETE,
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BUBOJIIYM 3 HUX €IMHO MOXIIMBUI BHCHOBOK; MOTIM TPOJOBXKYBaB O THX Iip, MOKUA HE
MIPUXOJIUB JIO ... SIBHOT HICEHITHHIII, A0 MOBHOTO Oe3rmy3/s. Llei mporiec mir 3aiiHITH OLIBIITY
YAaCTUHY JIEKLI], SIKILIO HE BCIO JIEKIIIO MOBHICTIO. AJie eeKT OyB BpakarouMid. | cTyJieHT, sSKuii
3a7laB MUTaHHS, 1 BCI T1, XTO HE JIIHYBABCS YBAYKHO CIIyXaTH X1J pO3AyMiB Ipodecopa, CTaBalu
CHIBYyYaCHUKaMHU CBOEPIIHOTO A1CTBA — peajbHOr0 HayKoBOro mnomryky. [lopymiena nekropom
npobJiemMa «Jirnana 3a )KUBe» ClIyXadiB, 3MyIIIyBaia X TyMaTd Mpo MaTepiaid JeKii 1 micis ii
3aBepiieHHA. CTylEeHT NPUXOAWB JIOJIOMY 1 3HOBY, 1 3HOBY IE€PEUUTYBaB CBOi 3alKCH B
3araJbHOMY 3OILMTI, 3alIOBHIOBAB MPOTAIMHU, BITHOBIIOBAB MPOMYIIEHI ()parMeHTH JIOTIKH,
MIOYMHAB PUTHUCS y KHUTaX 3 QuIocodii KBAHTOBOI MEXAHIKH, IOYMHAB BECTH CAMOCTIMHUI IO
CyTl HAyKOBHH momryk. JIekiii 3 KBaHTOBOI MeXaHIKH, siki untaB npodecop FO.M. Jlomcanze, B
SKOMYCh CeHC1 OymH mokyrouuMu. [IpoTsirom, ckaxkiMo, 1’ ITHAISTH Tap, Ha IKUX BUKJIAIaBCS
KypC KBaHTOBOI MEXaHiKH, Ha O Mepe] CTy/ICHTaMU BUIKCYBaJlacs O/iHa-€IuHa (hopMyiia —
HectanioHapHe piBHsHHA Ilpeninrepa! Ha Bce iHme npodecop FO.M. Jlomcanse BBaxaB 3a
HEJIOLTbHE BUTPAYaTH JOPOToiHANK Yac. OIHAK 10 THX, XTO HAATO CHPOIIEHO PO3YMIB JaHy
MO3MIIIO 1 HEe OaXkaB po30HpaTHcs 3 TEKCTOM MiIPYYHMKIB 3 KBAHTOBOI MEXaHIKH, Ipodecop
KO.M. Jlomcanze OyB HEIIaHUM — BHTaHsSB 3 €K3aMEHY YU 3aJliKy 3 IIYMOM 1 Tpickom!
Qinocodist ¢izuku 3a  HKO.M. Jlomcamze — 1€ He MOBEpXHEBA, OaraTtociiBHa 1 TyMaHHa
TOBOPHUJIBHS TIPO 00’ €KTH JOCTiKEeHHS (DI3MKH, a CTPOTi 1 TOYHI CY/DKCHHS, 3aCHOBaHI Ha
TIMCHOMY 3HaHHI MaTEMaTHYHOTO OOKY CIIPaBH y BCIX MOAPOOUIISX. TITbKH Ti CYKCHHS MalOTh
MpaBo Ha iCHyBaHHsA y (inocodii (i3uKH, SKI MatOTh OE3CYMHIBHY JIOCTOBIPHICTb 1 0€3/J0TaHHY
nokazoBy cuiy. [Ipodecop HO.M. Jlomcanze nputpruMyBaBcs BKpaid dKOPCTKOI MO3UIIIT HABITh
CTOCOBHO MaTeMaTWKU. «3 (opmanizmy (i3MuHOi Teopii MOBUHHI OYTH YCYyHYTI BCl YHCTO
MaTeMaTH4H1 TPUITYIIEHH», — TPUOIU3HO TAKUM BUPa30M KOPUCTYBABCS BiH. 3p0O3yMLiJIO, 11O
MTOBHICTIO OOINWTH MaTeMaTUKy HE BAACTHCSA B MPHUHIMIMI. AJiE, BUXOASYH 3 IIHOTO, 3pO3yMLIO
TaKoX 1 Te, YoMy aymka npodecopa FO.M. Jlomcanze 1 ioro HaltOIMKIOro OTOYCHHS 3 ITTHHOM
Yacy 30Ccepe/KyBaliacsl Ha TEOPISX BCE OLIBIIOTO 1 OLIBIIOrO CTYNEHS y3aralbHEHOCTI. ATorei
LOTO HAMPSIMKY MUCJIEHHSI OYB JOCSATHYTUH Y KIHIII CIMAECATHX POKIB. | TYyT Ha HBOTO, SIK TPIM
3 SICHOro He0a, HarpsiHyJld 3 1JesIMM 30BCIM IHILIOIO IJIaHy — HarpsHyJd 3 I1HII[IaTUBaMHU
CTBOPEHHSI Y KTOpPOJCHKOTO BiIIiIeHHS [HCTUTYTY sIIEpHUX JOCHIKEHb, Ta Ie W 3
HaB’SA3yBaHHIM SIKMXOCh OKPEMHX 3aJay MPUKIIHOTO XapakTepy, Ta Iie i B 001acTi aTOMHOT
¢bi3uky, a He Pi3uku BUCOKMX eHepriil. [l Hboro e Oysio HEMpUITYCTUMHUM KPOKOM Hazaj,
MOBEPHEHHSM JI0 MHHYJIOTO IT SITACCATHPIYHOI TaBHOCTI, MOBEPHEHHSM JI0 TIPOMJICHUX €TarliB
Haykd. BiH OyB JIIOMHOIO, IUIKOM CIIPSIMOBAHOIO Y MallOyTHE, 10 MaOyTHIX (I3UUHUX TEOPIH.
[ BiH 3anummmB Y Kropo. 3aauilvB Ha3aBXKIH.

VY uporo Oyno Gararo 3Haiiomux. bynu cnipasxkHi apys3i: FOpiit bopucoBuu MomuaHoB,
Mypan JlaBynosuu Axynaos, Jles bopucoBuu baxxeHoB — 3 Incrutyrty dinocodii AH CPCP,
Irop CepadumoBny AnekceeB — 3 [HcTUTyTY icTopii nmpupogo3HascTBa 1 TexHiku AH CPCP.
lopa3y, konu oMy BIaBajiocsi BUpBaTHUCS Ha sIKy-HEOy1b KOH(pEpeHLi10 a00 HayKoBHiA (hopyM
y MockBi a00 B IHIIMX MicTaX, BiH IIYKaB 3yCTpidi 3 HUMH. Y IXHbOMY TOBapUCTBI BiJIIOYMBAB
BiJl MPOBIHIIIMHUX TypOOT, 3HAXOIMB HATXHEHHS HA HOBI IMOYMHHM 1 JOCII/DKEHHS. 3 HUMH BiH
MiATPUMYBaB HAaWTICHIIII 1 B3a€EMHO MPOAYKTUBHI KOHTAaKTU. [lpy3siM no3Bomsmacs i
npoOayanacs GamMiIbIpHICTh y CHiIKyBaHHI. CaMoOyTHI, TUBOBM>KHI OCOOUCTOCTI. ..

OCHOBHMM METOJIOM POOOTH I HHOTO OYB HAYKOBHIA CEMiHAp 1 HAYKOBa CyNepeyka —
KUBHUH miajor. /y>ke cxoxe Ha Te, 10 BiH HE JIFOOWB OyTH MAaCHBHUM CITyXaueM JIOMOBIJEH,
MOHOJIOTIB, 3BiTiB. UMM BHTpavaTH 4ac Ha IacHBHE CIyXaHHs, Kpallle TiepepBaTH JO0MOBi1ada
TTICIIs IEPIIO %K MaJIo 3po3yMuIoi (pasu 1 3aTiATH cynepeuky. AGO MiTH B KyJTyapH 1 BUPIIIUTH
AKeCh KOHKpETHE MUTaHHA. T1 cemiHapu B YKTOpO/i, 1 Ti CyNEpeyKH, sIKi Ha HUX pPO3TOpajucs,
Oynu JMIIIe TIOBTOPEHHSIM y MIHIATIOp] Ti€i HAyKOBOI 1 TBOpYOi arMoc(epH, sKa MaHyBajia y
MIPOBIAHMX HAYKOBHX LIeHTpaX MockBu —y MOCKOBCBEKOMY JiepKaBHOMY yHiBepcuTeTi iM. M.B.
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JlomoHocoBa 1 y ®IAH. HeBaxkko ysBUTH cO01 Benmuue3Hui 3ai 3acimanb y @IAH mig gac
yeproBoi cecii Akanemii Hayk CPCP. Bid 3a0utwii BIIeHT. Y HHOTO HEMOKIIMBO MoTpanuTH. [1]e
0 mak: Ha miABUILEHH] OUIs TpuOyHu — akageMiku M.A. Mapkos 1 S1.b. 3enpnoBud. Mix HUMEI
cynepeuka. Cynepeuka y camomy posnadii. [1iB 3aimy — nokropu Hayk, npodecopu. KoxHe cioBo
¢ikcyeThbes necaTkaMu MarHiToQoHiB. KoxeH »ecT 3HIMaeThesi Ha TUTiBKy. KoxkeH mrpux Ha
JIOIIIII CYTIPOBOJIXKY€THCS CIIAJIAXOM YHHOTOCh (hoToanapary. 3a yac TUCKYC1H «IIPOKPYUYEThCS
ia kHura. Yepes miBpOKy BOHA 3’SBUTHCS Ha MOJMIIAX MarasvHiB, ajie BXKE SIK MEPTBHM Tpy3
HayKH, i1 BIIXO/IH. ...

[Tonan yce BiH 1iHyBaB cBOOOAY TBOpUOCTi. [1030aBneHa 3MICTy Ta AISUTLHICTD Y HAYIIl,
sKa HaB SA3Y€TbCS JOCHIIHUKY B sKiii OM TO He Oyno mpuMycoBi (hopMi, HE3AJIEKHO BIJ
MOTHUBYBaHHSI.

Cepen MicIIeBOi IHTEITEHIIIT OyJIM JIF0IM YAMOCH CXO0>K1 Ha HbOTO. Hampukiias, mMCbMEHHHUK
IBan MuxaitnoBud Yenneit — Benmukui, 1o pedi, apyr Opis MemnitonoBruda. AG0 Xya0KHUK,
¢binocod, mucnurens 1 nenaror — [asno FOpiitoBuy Be;(:;ip TyTt, npaBaa, npy»xou He 6yno Ane
XOMATh HYTKH, IO npodecop OyBaB y MaI/ICTele XYJOKHUKA- rpa(lea Och Tpu 1MeHi.
I[I/IBOBI/I)KH] imena... To 6ynn JryKe Pi3HI JIOAM — 1 32 MOXOPKEHHSIM, 1 32 CTAaHOBMILEM Yy
CYCHUIBCTBI, 1 32 POJIOM AISUTBHOCTI. AJle OJIEH 3 HHUX 1 JYMKH HE IPHITYCKaB, 100 XTOCh
JIO3BOJIUB COO1 IMMOTPAITUTH Y CBATAsI CBATHX — Y BHYTPIIITHI 3aJIH 1X IHTEJICKTYaIbHOI TJabopaTopii,
y cepy ix TBopuocTi. [To cyrTi e Oynu moetu. OMH — MOET HAYKOBOI yMKH, APYTHIA — TIOET
HApOJIHOTO CJIOBA, TPETI — MOeT JiHIi 1 mTpuxa. besymoBHa cBOOOJa TBOPYOCTI y Hayl,
JiTepatypi, rpadiyHOMY MHUCTENTBI 1 HE TEpIUIAYA KOJHUX IITYYHUX TEPETIOH aMOIIiiHICTh
00’eTHyBasIa X HIOW OJTHAM CHUILHUM JIABPOBUM BIHKOM.

Yu. Xaveriy
Institute of Electronic Physics of the National Academy of Sciences of Ukraine

PROFESSOR Y.M. LOMSADZE — ORGANIZER OF
INTERNATIONAL CONFERENCES AND SCHOOLS FOR
YOUNG SCIENTISTS ON QUANTUM FIELD THEORY
AND PHYSICS OF ELEMENTARY PARTICLES

The outstanding theoretical physicist Professor Yuriy Melitonovich Lomsadze is one of
the founders of scientific research at the Faculty of Physics of Uzhgorod State University,
the founder of the Department of Theoretical Physics of Uzhgorod State University and
the Department of Hadron Theory at the Institute of Theoretical Physics of the Academy
of Sciences of the Ukrainian SSR. Here are the materials of the scientific seminar
dedicated to the scientific achievements of Professor Yu.M. Lomsadze and his students.
Keywords: high energy physics, quantum theory, field theory
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PO3IIUPEHHS TEOPII IPOLIECIB 1-T'O MOPAJKY B ITOJII
EJJEKTPOMATHITHOI XBHJII HA TTOJISIPU3OBAHI
BIPTYAJIBHI ®OTOHHI CTAHHA

3 Meror0 moOyIOBH aHANITHYHOI TEOpil MPOIeciB 2-TO MOPSOKY 3a CTAJOK TOHKOL
CTPYKTypH OyJia OTpUMaHa WMOBIPHICTH MPOIECY BUIPOMIHIOBAHHS CIICKTPOHOM B TOJI
CJICKTPOMArHITHOI XBWII TMOJIIPU30BaHOrO (POTOHA, IO JIGKUTH 11032 MAaCOBOIO
MIOBEPXHEIO.

Kurouosi cioBa: BipryansHi ¢potonni cranu, KEJ[ mporiecu B mosti e1eKTpoMarHiTHOT
XBHJI1, (JOTOHHMI MPOMIKHMHI CTaH, MOJISIpU3aLiiHi edexTr

Beryn

CtpiMKU pO3BUTOK JIa3€PHOT TEXHIKA YMOXKJIMBUB MTPOBE/ICHHS €KCIIEPUMEHTIB 3 (D13UKHU
BUCOKHUX EHEPTiii B €KCTPEMAaJbHO CHJIBHUX EJIEKTPOMATHITHHX MOJSAX. s MOpiBHSHHS
EKCIIEPUMEHTAIFHUX JaHUX 3 TEOPETHYHHMH BAKIMBOIO € TOOYI0Ba aHATITHYHOI Teopil
enementapaux KEJI mporieciB B mazepHoMy moJi. SIKIIo aHajgiTHYHA Teopis MpoIeciB 1-ro
MOPSIAKY B JIa3€pHOMY TMIOJ1I JaBHO po3pobisieHa [1] 1 uymoBo miATBepakKeHa B cepii
eKkcrepuMeHTIB [2,3], TO Bxke A NPOLECIB APYroro MOpsAAKY BUKOPHUCTOBYETHCS Pi3HI
HAOJWKEHHs, 11, Hampukiaa, HaOmmwkeHHs — Baiizekkep-BimisMca, pe3oHaHcHe
HaOJIKeHHs1, HaOmmkeHHs cBITiIOBOro ¢ppoHTy (LFA) Tomro. i HabmmxeHHs 103BOJSIOTH
JOCTIPKYBaTH TIPOIIEC alie HE BPaXOBYIOTh BaXKIIMB1 aClIEKTH MPOIIECiB, 30KpeMa, 11 MOXKYTh
OyTH TOJSIpU3AIliiiHI BIACTUBOCTI MPOMDKHUX YAaCTHHOK, 1HTep(depeHIlis amIunTys ado
BpPaxoOBYIOTh BKJIQJ] B TPOILEC JHIIEC NEIKUX OO0JIACTeH, SKi BBAKAIOTHCS 3HAUYIIMMH.
Po3poOka Teopii mporieciB 2-To MOPSAIKY B 3arajJbHOMY BUITAJKy KpPIM TOTO, OO J03BOJIMIA
TOYHO OINUCYBAaTH IIeH mpolec, ane 1 Morja O BU3HAYUTH CIHPaBEJIMBICTh Ta MEXI1
3aCTOCYBaHHS IIUX HAOIMKEeHb. Y poOoTi [4] moKa3aHo, 10 B pE30HAHCHOMY HaOJIMKEHHI
3HAXOJ/KEHHSI KMOBIPHOCTI MOXe OyTH 3BEJICHE JI0 PO3PAXYHKY MMOBIPHOCTEHN MiAMPOIIECiB
1-ro mopsaky, 1O BpaxylTh NOJAPU3aALII0 NPOMDKHOTO cTaHy. B pe3oHaHcHOMY
HAOJIMKEHH1 TPOMIKHUI (POTOH JEKUTHh HA MACOBIM MOBEPXHI 1 Mae€, K 1 peaqbHUM, JBI
nonsipusamii. Tomy nans po3paxyHKy MOXKHA CKOPHUCTaTHCh BiJOMHUMH BHpa3aMHu s
/IMOBIpHOCTI, 10 BpaXOBYIOTh MONSpH3aliiiHi BmactuBocTi doroniB [1]. MmosipHoCT
MPOIECiB 2-TO MOPSAKY, 3 (OTOHHUM NMPOMIKHUM CTAaHOM, y 3arajlbHOMYy BHIAJKy (1032
PE30HAHCHUM HAOIMKEHHSIM) MOXKIIMBO 3allMCaTH yepe3 MMOBIpHOCTI 1-ro mopsaky, 3 THM
YTOYHEHHSIM, IO Teopis LUX MPOIECIiB MOBMHHA OYyTH pO3pobiieHa Ui BIpTyalbHHX
(OTOHHMX CTaHIB Ta 3 BpaXyBaHHIM TOTO (DaKTy, 110 IPOMIKHUN (POTOH Mae TP MONIApU3aLii

[5].
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AMiutitya
AMIUTITYIM TIpOLieCy BHUIPOMIHIOBaHHsS (POTOHA €JIEKTPOHOM B TIOJNI XBWUJII MOXKHA
3anucaTty y Burisanui [1]:

Su= 2.8\, (1)
|=c0
sl =Cle; Al2z) 0[5, +1k+ B, +k, ), ©
A=, M, (pe P, 3)
ne k,, e, — 4-immynbc Ta 4-BekTOp MoJsispu3aiii BUnpomiHeHoro ¢ortoHa; p,,p, — 4-

IMITYJIbCH TIOYaTKOBOTO 1 KIHIIEBOT'O €JIEKTPOHIB; TUIHI00 HaJI 4-IMITyJIbCAMU ITO3HAYAFOTHCS

BIAMOBIAHI KBa3iiMmyJibcu [1]; u, — OicmiHOp BUIBHOTO enekTpoHa; M, — OicmiHOpHa

P
MaTpHLIsl, SBHUM BUIIISA SKOI MOXKHA 3HAWTH, HaNpUKIIA, B poOoTi [4]; C — HOpMyBaJIbHA
ctana. B cuiny Kpoc-iHBapiaHTHOCTI, aMIUTITY IM PEIITH IIPOLIECIB 1-T0 OPSAKY MOXKYTh Oy TH
oTpuMadi i3 (2) mpoctumu 3aMinamu. Tak, HATPUKIIAJ, JUIS TIPOLIECY HAPOKEHHS JICKTPOH-
MO3UTPOHHOT Mapu (HOTOHOM B TOJI €IEKTPOMArHITHOI XBWJII MM MOBHHHI BUKOHATH TaKil
miJICTaHOBKU: K, — k., p, — p;, e; — ¢, A¢ K, € — 4-immynbc Ta 4-BeKTOp MOJSIpU3AIlii
moyatkoBoro (orona; p,; — 4-IMIyJIbC YTBOPEHOrO IO3UTPOHA. 3arajbHa CTPYKTypa

aMILUTITY I TIpU oMY 30epiraerbes. ToMy MOJaliblIl po3paxyHKH MPOBEIEMO /ISl BULIAJIKY
MpoLecy BUIIPOMIHIOBaHHA (OTOHA, a OTPUMaHI pPe3yJbTaTH MOXYTh OyTH WOTIM
BUKOPHUCTAaHI1 JIsl IHIIMX MPOLECIB 1-TO MOPSAAKY.

Jis  omucy  TONSpU3AlIMHUAX — BIACTUBOCTEH  (OTOHHOTO CTaHy  pO3TIITHEMO
OpPTOHOPMOBaHMM 0azuc y 4-MIpHOMY IIPOCTOPI:

! ! ! ! — k
eoznf’el’ezles_lm"'nf’ (4)
f

k&) kie,)

n=—-,e'=e,- k.e=e,- k,A=e?=+1, 5
f M 1 1 W 1 2 m 0 ()

ne €, &, — 4-BeKTOpH MoJIsIpu3allii eIeKTPOMarHiTHOT XBUJI1, IPUYIOMY BOHH €
KOMITOHEHTaMH 3BUYaitHOTo 0asuca B 4-MipHOMY MpocTopi MiHKOBCHKOTO: €,,8,,8,,8; ;

k=(w,k)= w(e, +€,) — XBHITbOBHiIT 4-BEKTOP 30BHIIIHBOI €IEKTPOMATHITHOI XBHIII.

Biamitimo, 110 4-BekTopH €], €, CHiBNagaloTh 3 BEKTOPAMH MOJIAPU3AL[ISIME PEATBHOTO
¢oToHa, a e, — BIANOBI1a€ 10AaTKOBIH MoNApu3alii BipTyaabHOro GoToHa.

Bunanky ¢ortoHa, mo JeXUTh I[03a MacoBOIO IOBEpPXHEI0, BiJINOBiJa€ yMoOBa
OpPTOTOHAIBHOCTI (POTOHHOTO Ta EJIEKTPOHHOTO CTPYMIB, TaKa X 5K 1 10 peaTbHOTO (POTOHA:
(k,A)=(n,A)=0. (6)

OTtxe 4-Bexktop A (3), po3kiaaeHuii 3a 6azucom (4), Mae JHIIe TPH KOMITOHEHTH:
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A= —(Aei)el' - (Ae ) )ez’ —J(Ael)e; = (e " A) = —(Aei)(e (e ')l - (Ae'2 )(e;*e')2 — ) Ae] )(e ;*e’). (7)

HNmoBipHicTH
Judepenuiiina IMOBIPHICTh MPOLECY B OJMHHUILIIO Yacy MOKe OyTH 3amucaHa y BUTJISAIL
napIiagsbHUX KOMIIOHEHT:

dw ;= Z dW(fIi)1 (8)
1=1
1e mapijianbHa AudepeHiiiiHa UMOBIPHICTh Ma€ BUTJISIL
243 3
dw) =g 9K Pr
! ! T(2z)°
=w, W3 (P, +1k— P, —k, Jd°,d’p, , (9)

7€ V — HOpPMYBaJIbHUM 00°€M, T — HECKIHUEHHUH 1HTEpBal yacy, W, — HOpMyBaJbHa cTajia,
2 . . . .
w =‘(e: A)‘ — KBaJpar iHBapiaHTHOT aMIuTiTY a1 (7).

MOJIAPU3ALIIN:
2

HJ’IH 3HAXO/KCHHA W BBCIACMO Yy3araJbHCHHI napaMeTpiB Crokca Ha BHMAIOK 3
=2 (eeee) =2 (el g

&= lerel) -lee)
ij

IRV . . cee . 0
Ta IIOJIAIPpHU3al1kuH1 BEKTOPH, IO B1AIIOBIIAKOTh ITOJIApHU3alill IMia KyTOM +45 , EJ(_r

) kpyrosum

TOJISIPU3ALiSIM BIPTYaJIbHOTO (POTOHA B IUIONIKHI €/€] B 4-MIPHOMY IIPOCTOPI (BCHOIO TAKUX

IUIOIIUH TPH: €,€,, €/,6;, €5, ):

eiii)M = % (ei, * eJ{)’ eiij) = + (e',i Ie] ) (1)

3 ypaxyBanusm Bupasis (7), (10), (11) angs W oTpumaemo:

T IS o eI B

i=1 j=i+l

L o)l 9 ) ). 0
w(e) =%Sp{(|@f +m)eM, (p,. o B+ mie™ (o, p)), (13)
Woinpol = _%Sp{(pf +m)MI,,u(pf ' pi)(pi +m)Mlﬂ(pf’ pi)}! (14)

e W, ., — BITHOCHThCS 10 HENOJSAPH30BaHOTO BipTyanbHoro potoHa; w(e/)— W(e J’) BH3HAYAE

unpol
noJigspu3aniHi e(eKTH MOB’s3aHl 3 JIHIMHUMHU MOJSIPU3HIISAMU BipTyalabHOro (OTOHA,
wie®,)-wle®,) - mix xyrom *45°, W(ei”))—w(ef”)) — KpYroBuMH (LUPKYJISPHHMH)

MOJISIPU3ALTISIMHU.
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Pospaxynku Bupasy (13) cyTTeBo 3anexaTh BiJ MOJsIpU3allii eeKTPOMAarHiTHOI XBUJI Ta
B 3arajlbHOMY BHUIAJKy €JTINTUYHOI MOJSpHU3allili JOCUTh TPOMI3JAKI. AJie AJisi KOHKPETHHX
ToJIsIpU3aIlid, BOHM MOXYTh OyTH 3alMcaHi JOCUTh TpocTo. Hampukian, y BUNaaKy JIHIHHUX

= el 2 i )

1e mapameTp [, BU3HAYa€ BIAXWICHHS (POTOHHOTO CTaHy BiJl MAaCOBOI MOBEPXHI:

MOJISIpU3aIlii eJIeKTPOMAarHiTHOT XBUJIl OTPUMAEMO:

)(A AQA))] (15)

(16)

Bres = u
res Z(m
®Oyukmii A,, A; y Bupasi (15), mo BH3Ha4arOTh 6araTo)OTOHHI MPOILECH B MOJI

JHIHHO-TIOJISIPU30BAHO1 XBUJIl, MAIOTh BUTJISI:

1 o0
Ac=L, A= E(I—m + I—|-1)1 L= 'Z‘]I—Zs(y)‘]s(b)’ (17)
y:m —g%cosy, b:mznzﬂ, (18)
10} 8w

P: 1 1
= —_—— — _——_— = 9
’ (kpf) (kp;)’ p (kpf) (kp;)’ 7=20.e) 19

1€ §, — IpOeKIlid BEKTOpa § Ha IUIOLIMHY e, e, -

PospaxyHok nogankiB y Bupasi (12), o BU3HAYAOTh Pi3HI MOJsApU3aIliiiHi eheKTH s
JHIMHO-TIOJISIPU30BAHOI €JIEKTPOMArHITHOT XBUJI1 JIA€:

Wunpolz2m2£—(1+2(:]k2f) ,li’reSJA§+772(1+ (kk) )(A2 AZAO)B, 7’ =

-9° .2
sin® 7, (20)
2(kp, J(kp, m*f

w(e/)—wle;) = Zm{— {1+ 27° +(m24ﬂ +2(k—k2f)}8res]A§+ 7’ (Af -A, AO)], (21)

m

w(e!)—wle!) = 2m2[—(1+72 {mj‘ﬁ . 2(kk2f )%JAM{M (kkf();pi)J(Alz A AO)} 22)

m

W(ezl)_W(eé) = 2m2[{ 2 ——T_T(kp;dz(kp ﬂres} (Ek <);p ) (AZ A, Ao)} (23)
w(e?)-w(e®)=4 ‘/Zsm Z[UA + ‘/Icos;( A JA (24)

W) wile) = a2/l A ﬂ,e{v;ggzcosx.AhmnAoAl} 25)
2
wle - wle | =42l T s 2 A (26)
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Bci nmomanku, mo Bu3HA4arOTh €QEKTH, IMOB’sA3aHl 3 IUPKYJSIPHOIO MOJISIPU3ALII0
JIOPIBHIOKOTh HYJIIO:

W(e®)—w(e®) ~o. 1
Biamitumo, mo uknanku (20)-(26) mpoBeneHi A0 TaKoro CTYNEHIO JaeTaiizallli, ska
J03BOJIA€E X BUKOPUCTATH JJIs IHIIMX T[poleciB 1-ro  MOpsAKYy, BIANOBIIHUMHU
[MJICTAHOBKAMHU.
BucHoBkHu
3 MeTo MOoOYAOBH aHATITUYHOI TEOpii MpoIeciB 2-TO MOPSAKY 3a CTaJlOK TOHKOI
CTPYKTypu Oyja OoTpuMaHa HMOBIPHICTH MPOIIECY BUIPOMIHIOBAHHS E€JICKTPOHOM B TOJI
€JIEKTPOMArHITHOI XBHJII MOJSPU30BAHOTO (POTOHA, IO JIEKUTH 1032 MAaCOBOIO MOBEPXHEIO
kZ #0. Y DOpiBHSAHHI 13 BUINAJAKOM KOJHU €JEKTPOH JIEXKHUTh Ha MAacoBiii MOBEpXHI,

WMOBIPHICTh MICTUTh JOJATKOBl JOJAHKU TOB’sI3aHi, SK 13 JOJATKOBOKO MOJISIPU3AIIIEI0
B3JIOBXK BEKTOpa €;, TakK 1 3 MOJsIpH3aliiHuMK edeKkTamMu Mg Kyramu +45° Ta KpyroBuMu

HOJIAPU3ALIAMH B IUIOIIMHAM, 10 YTBOPIOE BEKTOP €, 3 €/, €,. Pa3oM Le mae 5 J0JaTKOBHX

JIOJTaHKIB Y HMOBIPHOCTI B IMOPIBHSIHHI 13 JOTOHOM, II10 JICKUTh Ha MAacOBii TTOBEPXHI.

CIIUMCOK BUKOPUCTAHOI JIITEPATYPH

1. V.I. Ritus A.l. Nikishov. Quantum electrodynamics of phenomena in an intense field.
Trudy FIAN, 111. 1979, p. 1-279.

2. C. Bamber at al. Studies of nonlinear QED in collisions of 46.6 GeV electrons with intense
laser pulses, Phys. Rev. D 60 (1999), pp. 092004.

3. D. L. Burke at al. Positron production in multiphoton light-by-light scattering. Phys. Rev.
Lett., 79. 1997, p. 1626-1629.

4. V.M. Nedoreshta O.l. Voroshylo. The resonance approach for the process of the photo-
trident in the field of a linearly polarized electromagnetic wave // Problems of Atomic
Science and Technology, Ne153. 2024, p. 3-7.

[5] L.P. Pitaevskii V. B. Berestetskii, E. M. Lifshitz. Relativistic Quantum Theory. Pergamon,
Oxford, 1971.

O. Voroshylo, O. Makarenko

Lnstitute of Applied Physics of the National Academy of Sciences of Ukraine, str. 58,
Petropavlivska, 40000, Sumy
e-mail: alwar1972@gmail.com

EXTENSION OF THE THEORY OF 1ST ORDER PROCESSES
IN THE ELECTROMAGNETIC WAVE FIELD TO POLARIZED
VIRTUAL PHOTON STATES

In order to construct an analytical theory of 2nd-order processes the fine structure constant,
the probability of the process of emission by an electron in the field of an electromagnetic
wave of a polarized photon located outside the mass surface was obtained.
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STEP BY STEP ANALYSIS OF THE N-DIMENSIONAL
APPROACH TO THE DIRAC EQUATION

The Dirac equation in N spatial dimensions is under consideration. The first step is the
derivation of the Dirac equation in 7-component space-time M(1,6) with one time
coordinate and six space coordinates. Three 8-component Dirac equations from one and
the same 256-dimensional matrix Clifford — Dirac algebra have been derived.
Corresponding Clifford — Dirac algebra in the Pauli — Dirac representation of 8x8 gamma
matrices is put into consideration. This matrix algebra over the field of real numbers is
proved to have 256-dimensional basis and to be isomorphic to geometric C£®(1,7)
algebra. It is shown that in order to derive three Dirac equations from one and the same
Clifford — Dirac algebra the application of the 64-dimensional gamma matrix subalgebra
(isomorphic to geometric C£¢(1,5) algebra) is sufficient. Such subalgebra is determined
by the six generators from the matrix C#®(1,7) algebra, which are not contained the
operator of complex conjugation.

Keywords: 256-dimensional Clifford — Dirac algebra, N-component Dirac equation, 8x8

gamma matrices, generalized Minkowski space-time M(1,6),

Introduction

It is symbolic that Yuriy Melitonovich Lomsadze was born at the end of 1924, and in the
following year, 1925, Werner Heisenberg's article [1] was published, which is associated with
the birth of quantum mechanics as a special section of theoretical physics. Thus, the beginning of
the scientific activity of Yu.M. Lomsadze coincided with the era of formation of quantum theory,
and the subsequent fate of the scientist was intertwined with the era of its comprehensive
development.

Modern high energy physics is interested in the equations of motion of quantum particles
in the spaces of higher dimensions. Recently, with the interest in the higher dimensional field
theory, the N-dimensional Schrodinger equation with different potentials has been studied by
many authors, see, e.g., [2, 3].

The N-component Dirac equation was mentioned in [4, 5] in the procedure of derivation
of the ordinary 4-component Dirac equation. Taking into account the theory of the N-dimensional
gamma matrix representations of the Clifford algebras [6—11] the N-component Dirac equation
can be constructed in the N-dimensional space-time. Such generalization was considered in [12—
14] and was called the Dirac equation in D+1 space-time or the Dirac equation in D spatial
dimensions.

For our purposes we study in [15] the 8-component Dirac equation in the 7-component
space-time M(1,6). For example, the equation without redundant components for the particles
carrying the spin S=3/2 has 8-compont wave function [16-18].

In the paper [15] the generalized Dirac equation related to 7-component space-time with
one time coordinate and six space coordinates has been introduced and solved. Three 8-
component Dirac equations from one and the same 64-dimensional gamma matrix
representations of the Clifford algebra have been derived. Such Clifford — Dirac algebra was
shown to be the subalgebra of the 256-dimensional gamma matrix representation of the Clifford
algebra, which was put into consideration in [19]. This matrix algebra over the field of real
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numbers is proved to have 256-dimensional basis and to be isomorphic to geometric C£®(1,7)
algebra. The proof is based on the ideas and formalism presented in the publications [20-23].

It is shown that in order to derive three Dirac equations from one and the same Clifford—
Dirac algebra the application of the 64-dimensional gamma matrix subalgebra (isomorphic to
geometric C£%(1,5) algebra) is sufficient. Such subalgebra is determined by the six generators
from the matrix C#®(1,7) algebra, which are not contained the operator of complex conjugation.

The conclusion that the suggested equation is new follows from the consideration in [24],
where 36 variants of the Dirac equation derivation were reviewed.

Mathematical foundations

The system of units A = ¢ = 1 is chosen, the metric tensor in Minkowski space-time

M(1,3) is given by
9" =g =gy, (gy) =diag(+1,-1,-1,-1); x, = gpx"

1)
and summation over the twice repeated indices is implied.

The ordinary Dirac equation for a free non-interacting spinor field is given by

(iy“(')# — m)‘lf(x) =0,
)
where
M(1,3) ={x= (") =" =t x= (")} 3)

is the Minkowski space-time and 4-component function ¥ (x) belongs to the rigged Hilbert space
§34 c H3* c §*34, where H3* is the quantum-mechanical Hilbert space of 4-component
functions over R® ¢ M(1,3) and the Schwartz test function space $3 is dense in the Schwartz
generalized function space $*34.

However, ordinary Dirac formalism, where

[ 0 0 k
0 [2 k _ o
10 _Iz|’ = |—O'k 0 |' “)
o* are the standard Pauli matrices and the following notations are used
xeM(13), 8, =-=, u=0123 k=123, (5)

iy +yVyE =297,

(6)
is not the subject of our consideration.

Here we consider the 8-component representations of the Dirac equation. For our purposes
the 8x8 gamma matrices should be involved.

The Dirac equation in N+1 dimension is given by

Noov* (0, —m+ied,)¥(x) =0 (7)

and is well known from the publications [12-14], where m is the mass of the particle, NxN
matrices y* satisfies the anticommutation relations of corresponding Clifford algebra
representation (6), g*¥ is NxN metric tensor, g#V = 6*¥ (u=0) or g*¥ = —&*" (u= 0). In the
papers [12-14] the partial case of the potentials A, in equation (7) was considered, where eAo=V(r)
and eA, = 0 (u# 0). The separation of variables in hyperspherical coordinates of the real D-
dimensional space was fulfilled and the corresponding radial equations were solved.

The potential 4, (u=N) in equation (7) look likes as an evident error. Further, the free
noninteracting Dirac equation and corresponded formalism of the free spinor field were not
considered. Here we are going for the assertion, that the simple listing of the dimensions like
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N=4,5,6,7.8,...,N-1,. in equation (7) is not possible. This list has a structure. The first reason is as
follows. The Clifford — Dirac algebra representation exists not for all dimensions [6-11]. Further,
in the article [15] we demonstrated the structure of the checklist of the Dirac equations even in 7
dimensions of M(1,6) space-time.
Below the corresponding formalism is considered.
We start from a set of nine 8x8 gamma matrices

o_|la O PR | , |0 Xz ;s | O x3
T=lo -l " ===, of F_|—22 ol _|—2;§’ ol
0 0 0 ot 0 0 0 o2
4_ 0 0 ol 0 5 _ 0 0 g2 0 6
P=lo ot ool " lo =2 0o "
- 0 0 0 —g% 0 0 0
00 0 o3
_ 0 0 a® 0
o0 -6 0 0
-3 0 0 0
(8)
00 o?C 0 0 0 —ig?C 0
r7 = 0 0 0 —a2(C 8 = 0 0 0 io?C
ag?C 0 0 0 ’ —ic2C 0 0 O ’
0 —0%C 0 0 0 io?C 0 0
. . . , |10 =L o3 [, ..
where the 4x4 Pauli matrices are given by24=1|12 0 , 2 = 0 _Iz,andtheexpllcr[

form of X is evident from the first row in (8). The 2x2 Pauli matrices o’ are taken in the
standard form. Further, here C is the operator of complex conjugation C¥ = ¥*, (C is the
operator of involution in the Hilbert space H32). Symbol I, denotes 4x4 unit matrix. Note that
all Pauli matrices, which for different dimensions are denoted here as Xg %, and o, satisfy the
corresponding anti-commutation relations of the Pauli algebra generators.

Lemma 1. The operators (8) satisfy the anti-commutation relations

FAFB + FBFA — ZgAB, g= (+ ________ )’ A’B = 0,8
)

of matrix representation of the Clifford algebra generators.

Proof. The asserion above is proved by the direct calculation of the relationship (9). Note
that here C is the operator of complex conjugation C¥ = ¥*, (C is the operator of involution in
the Hilbert space H32 and H®?). Thus, in the space of real numbers the assertion is proved.

QED

Theorem 1. The matrix algebra (8), (9) is 256-dimensional (28=256) and is isomorphic
to Clifford algebra C#®(1,7) over the field of real numbers.

Proof. Lemma 1 is the first necessary step. Further, it is useful to observe that all matrices
from (8) are traceless. Furthermore, one can easy calculate that T°T°T1[2I3T4T°TeTrre = 14,
but the verification of relation
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[ = irorir2rar+ (10)
is necessary for further consideration. Note that formula (10) is the analogy of the relation y* =
¥°y1y2y3, which is well-known from the gamma matrix representation of the Clifford algebra
C£%(1,3). Therefore, our steps below can be similar to the corresponding proof for C£¢(1,3).
The next step is to prove that all matrices in the set (1) are linearly independent. Indeed, the

equation
Z xAFA =0

A
yields if and only if the condition Xo = X1 = X2 = X3 = X4 = X5 = X¢ = X7 = Xg I fulfilled. It may seem
that the dimension of this gamma matrix algebra is equal to 2° = 512? Nevertheless, the dimension
is 28 = 256. Here the relation (10) (not a matter of factthat I'® is a linearly independent element
of the set (8)) plays the decisive role.

In order to prove that the dimension is 28 = 256 let us once more recall the similar situation
with ordinary Clifford — Dirac algebra, which is well-known from the papers [20-23].

For the basic step it is enough to consider the subalgebra, which is determined by the first
seven generators from the matrix algebra (8). Let us recalculate the basis of this subalgebra.

The solution follows after taking into account the equality (10). Indeed, the candidates for
the additional elements of the basis like T®; T'°T® = rerir2rir4r>, rorire=
—iT°T2I3T*T>, etc., are already among the 64-dimensional set under consideration and do not
contribute to the basis of the algebra. Therefore, we deal here with the 64-dimensional subalgebra.

It means that we have only 8 generators for the matrix algebra determined by formulas (8)
and (9). After that, it is evident that the dimension of the matrix algebra determined by the
formulas (8), (9) is 256. The anti-commutation relations for such algebra should be given as

TATB + B2 =2¢%8, g=(+—-—-————— ), A,B=0,7,
(11)

It is easy to understand that this algebra, which in the set (8) includes two additional matrix
operators I'” and I'8, is defined only over the field of real numbers.

Finally, according to the formalism in the monograph [22] this matrix algebra is
isomorphic to the geometric Clifford algebra C#®(1,7). The designations 1 and 7 are related to
the number of +1 and -1 on the diagonal in (11). Thus, the theorem is proved.

QED

Similarly, the 64-dimensional subalgebra, which is determined by the first seven
generators from the matrix algebra (8), is isomorphic to geometric algebra C£¢(1,5).

After the above given consideration it is evident that in (8) we have two linearly
independent sets of the gamma matrices I', T'2, I'3. The first one is given by I'', T'?, T'® and
the second has the form I'* - ', T - I'?, T'® - I'3. Therefore, two equivalent formulations
of the 8-component Dirac equation are evident. Who knows if each one will be more useful in
future?

The first possible Dirac equation is given by

(irtg, —m)¥(x) =0, (12)

where ¥ (x) is the 8-component wave function and the matrices I'* are given as the first four
from the set (8).
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The second possible Dirac equation is given by
(ir%*o, —m)¥(x) =0, (13)
where the matrices a follows from the set (8) after the substitution I'* - I'l, T'> - I'?, T - I'3,
Therefore, here we have the same I'° but another TV, Of course, the equations (12) and (13) are
equivalent.
Nevertheless, following [15] we can introduce the third Dirac-like equation, which follows
from the formulas (8), (9) and visually is another one
(iT%9, —m¥(X) =0, A=0,6. (14)
Here we have first seven gamma matrices from (8), XeM(1,6), where
M(1,6) ={X =x» =(X"=t, X=(X/)eR%)}, J=16
is the corresponding Minkowski type space-time. Therefore, here the 8-component
function ¥ (X) in equation (14) belongs to the rigged Hilbert space $%8 c H%® c §*%8 Equation
(14) essentially differs from the ordinary 8-component Dirac equations (12), (13).
Consider the general solutions of the equations (12), (13), (14). The general solution of
the equation (12) is given by

W(x) = — [ d3k [er(k)vi (K)e " + ¢ (k)vit (k) et ], (15)
(2m)2
where
kx=at—k%,  @=vVk?+m? r=14, =58, (16)

c"(k), c*7(k) are the amplitudes of the particle and antiparticle, respectively, which relation to
the quantum-mechanical momentum-spin amplitudes is considered in [17] in details, and the 8-

component spinors v; (k), vi (k) are given by

w+m 0 0
0 w+m 0
0 0 ow+m

vi(®)=n| DV v;(®)=n| O v;(®)=n| O vi (k) =
—ik + k3" "2 0 »3 —ik? |7 *

0 —ik! + k3 0
ik? 0 —ik* — k3
0 ik? 0

0
0
0

N CTTan
ik
0
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ik + k3 0 —ik?
0 ikt + k3 0
ik? 0 ikt — k3
- - '1,2 - -
vi(k)=N 0 Cvi(k)=N| ik , vi(k)=N 0 , va(k
D= 0 | @=n] K | @] 0 | wE®
0 w+m 0
0 0 @ +m
0 0 0 0
—ik?
0
_ n ikt = K3
=N 0 )
0
0
w+m
_ 1 ~ _ /12 2
T~ e’ 97 k? +m?. (18)

The spinors (17) satisfy the relations of the orthonormalization and completeness similar
to the corresponding relations for the standard 4-component Dirac spinors.
The general solution of the equation (13) has the form
W) = — [ &k [cr (k)7 (K)e ™ + ¢ (k)v{ (K)e™],

(2m)2

(19)
The principal difference between (15) and (19) is only in the explicit form of 8-component
Dirac spinors, which here are given by

®w+m 0 0
0 O+m 0
0 0 w+m
o o o 0 o
Vl(k)=N 8 , vz(k)=N 8 , V3 (k) =N 3 , V4(k)
0 0 kt + ik?
k3 kl —ik? 0
k' 4+ ik? —K3 0
0
0
0
_ ow+m
= Nier — gz
_k3
0
0
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0 0 k3
0 0 k! + ik?
k3 k' — ik? 0
e 1 $1,2 e _ 1,3 7 o
VS(k)=N k&)'-ll_—lrlrcl , v6(k)=N (l)‘ , V7(k)=N 8 , Vg(k)
0 w+m 0
0 0 w+m
0 0 0
k' — ik?
—k3
0
=N 0
0 )
0
0
w+m

In the solution (19) the interpretation of amplitudes is the same as in the solution (15),
other notations are already explained in formulas (16) and (18).
The general solution of the equation (14) is given by
Y(X) = — [ d°K [c"(K)¥7 (K)e ™% + T (K)v; (K)e¥],

3
(2m)2

(20)
where K = (K) = (k', k? k3, k* k® k®), d°K = d'kd*kd>kd*kd5kd®k,

KX =dt—KX, @&@=vK?+m? r=14,F=58,
¢ (k), c** (k) are the amplitudes of the particle and antiparticle, respectively, which relation to
the quantum-mechanical momentum-spin amplitudes can be considered in complete analogy
with the consideration in [17], and the 8-component spinors ¥ (K), ¥7 (K) are given by

W+m 0
0 O+m
0 0
. 0 (Y 0 (T
W (K)=N ikt + k3| ¥;(K)=N 0 , %5 (K)
0 —iK' + K3
iK* + K° K* — iK°®
K* +iK® iK* — K°
0 0
0 0
W+m 0
=N —iK20+K6 , VZ(K):N K(Z)j:;l{S ’
K* +iK> —iK2 — K®
—iK' — K3 0
0 —iK! — K3

138



Teopernuna ¢izuka Ha 3akapnarri

Vaxropon, 17-19 rpynns 2024

Theoretical physics in Transcarpathia

Uzhhorod, December 17-19, 2024

iK'+ K3 0 —iK?*+K*
0 iK'+ K3 K* +iK®
iK? + K® K* —iK* iK' — K3
~— 4 4 51 = K2 _ 6|l —_ = —
75(K)=N K&)\-ll_-lrln{ ,v6(K)=NlKOK , V7 (K)=N g , V5 (K)
0 ®+m 0
0 0 o+m
0 0 0
K* — iK5
—iK? — K°®
0
—N| K —K3 |
0
0
0
O+m
N = . & =vVK2+m?.

J2o@+m) ’

Thus, we have three Dirac equations from one and the same Clifford-Dirac algebra (8),
(9). Note that in order to derive three Dirac equations from one and the same Clifford-Dirac
algebra it is sufficient to consider the 64-dimensional gamma matrix subalgebra (isomorphic to
C£%(1,5)), which is determined by the first seven generators from the matrix algebra (8).

The most interesting among the equations (12), (13), (14) is the 8-component Dirac-like
equation (14) in 7-component space-time. This equation is completely different in comparison
with the ordinary Dirac equations (12), (13) and is introduced here for the first time. This special
place among the other investigations can be determined on the basis of the review of different
approaches to the Dirac formalism in [17], Chapter 2.

It is easy to understand that equation (14) can be derived from the procedure of
factorization of the Klein—Gordon equation as follows
(0,02 —m>)¥(X) =0,

(0,04 —m?) = (il"9, —m)(ifBag + m), A,B = 0,6.

Note that Lagrange approach and Lagrange function can be constructed here similarly to
the consideration in the book [21]. The specification will be minimal. Many variants of derivation
of the ordinary Dirac equation reviewed in the monograph [17] and in the publication [24] may
be used for the derivation of the equation (14) as well.

Equation (14) under consideration couples together two different coordinate spaces with
one and the same time in the form R® = R® @ R*3. They can be similar to each other as two
duplications of R® < M(1,3), but, of course, can be completely different fragments as R® c
M(1,3) and R** ¢ M*(1,3) corresponding to the different physical reality.

The interpretation of R*3> ¢ M*(1,3) as the space for dark matter and dark energy together
with R® c M(1,3) as our well-known living (native) space is not senseless as well. Note that the
time axe in M*(1,3) and in M(1,3) is one and the same. Therefore, here the Dirac-like equation
(14) coupled together these two possibly different space-time manifolds. It will be better to
consider the consequences not in the framework of this brief communication, which, in general,
Is about mathematical aspects of the problem.
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Indeed, the popular assertions of many authors that such elementary particles as
hypothetical even in Standard model “axions" are the carriers of the dark matter cannot inspire
any clearly thinking scientist.

Briefly, the simple question appears "Why is the Dirac equation one of the general
equations of the Universe?" Without any hope to the final conclusion our tiny answer is under
consideration. The Dirac equation directly follows from the Clifford algebra. The Clifford
algebras follow from the geometry of space-time.

Conclusion

The important result of this brief communication is the generalization of the 8-component
Dirac equation for the 7-component space-time M(1,6). The interesting result is that here from
one and the same 64-dimensional gamma matrix Clifford — Dirac algebra three different 8-
component Dirac equations have been derived.

Note that for 4x4 matrices we have only 4 independent gamma matrices, 4 component ¥
function and the Dirac equation exists only in 4-dimensional space-time. From the consideration
above it follows that for 8x8 matrices we have only 6 ordinary independent gamma matrices, 8
component ¥ function and the Dirac equation exists only in 7-dimensional space-time M(1,6).
Not in 8-dimensional space-time! For higher dimensions this difference will increase. For the
16x16 gamma matrices and 16 component ¥ function we will have 8 ordinary independent
gamma matrices and additional Dirac equation in M(2,6) space-time, where M(2,6) contains two
different times. Thus, the simple listing of the dimensions like N=4,5,6,7.8,...,N-1, in equation
(7) is not possible. This list is not homogeneous and has a structure. The first reason is in structure
of the list of the existing Clifford algebras. The Clifford — Dirac algebra representation exists not
for all dimensions [6-11]. Further, here we demonstrated the structure of the checklist of the
Dirac equations even in 7 dimensions of M(1,6) space-time.

Therefore, the assertions in [12-14] on the N-component Dirac equation looks like as
preliminary and needed the additional consideration.

Another application of the new Dirac-like equation is the direct continuation of
investigations [25, 26] for the case of 8-component Dirac equation and special spin 3/2 equations
[16-18], which can be considered in the form of 8-component Dirac equation as well. Note that
here corresponding to the suggested Dirac-like equation quantum-mechanical and canonical field
(of Foldy — Wouthuysen type) equations are considered as well.
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MOKPOKOBUH AHAJII3 N-BUMIPHOI
MOJEJII PIBHAHHSA JIPAKA

Posrnsimaerbest piBusHHs [lipaka y N BumipHomy mnpoctopi. [lepmmm kpokom €
BUBeJIeHHs piBHSHHS [lipaka y 7-KOMIOHEHTHOMY rpoctopi-yaci M(1,6), mo mMae oaHy
4acoOBY KOOPAMHATY 1 6 MPOCTOPOBUX KOOpAUHAT. Tpu 8-KOMIOHEHTHI piBHAHH [[ipaka
BHBEIICHO 3 OJTHI€ 1 Ti€T % camoi 256-BuMipHOT MaTpuaHOi anreopu Kitihdopaa — Hipaxka.
Beeneno y posrin Biamosinny anredpy Kiipdopna — [Jipaka y npencrasiensi [laymi —
Hipaka 8x8 ramMa marpuis. JloBeneHo, 1o Taka MaTpHYHa anredpa HaJ| IoJieM JiHCHUX
yycen mMae 256-BuMipHuii 6asuc i € i3omMopdHOI0 10 reomerpuunoi anrebpu CER(1,7).
[Noxazano, 1m0 IS BUBEICHHS TPhOX piBHSIHB Jlipaka 3 omHiel 1 Tiei % camoi anreOpu
Kripdopna — [ipaka mocTaTHBO BUKOPHCTOBYBATH 64-BUMipHY minanreOpy (i3oMopdhHy
no reomerpuuHoi anrebpum C£C(1,5)). Taka miganre6pa BH3HAUYAETHCS IIICTHOMA
reHepaTtopaMu MatpudHoi anre6pu C£R(1,7), aki He MiCTATH OmepaTOpa KOMILIEKCHOTO
CHPSDKEHHS.
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3.3. Topuu
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3ACTOCYBAHHSA METO/IIB TEOPII I'PYII
JJIA OIITMCAHHS ITPOIECIB 3 EJIEMEHTAPHUMHA
YACTUHKAMMU IIIA KEPIBHUIITBOM
IMPOPECOPA 10.M. IOMCA/BE

VY crarTi HaBeAGHO ICTOPiI0 3alMOYaTKyBaHHS HAYKOBHX IIOIIYKiB B OIMCAaHHI MpPOIECiB 3
ENIEeMEHTAPHUMH YaCTHHKAMH B paMmKkax HemiHiiHol kipaneHoi SU(3)xSU(3)-munamiku min
kepiBHEOTBOM Tpod. FO.M. Jlomcamze. Bim3naueno Ttakoxx mepmopsaHy poms B.I. Cabosa y
PO3BUTKY IIHX JOCITiIKEHb B Yxropomi. [IpuBeneHo BaXIHBiNIi MyOTiKalii, B SIKUX IPEACTaBICHO
ONHUCAaHHS PI3HUX MPONECIB Yy 3a3HaueHi JWHaMIIl  YXXTOPOACBKUMH  JIOCIIJTHUKAMHU,
BUKOPHCTOBYIOYH METOJA MYJIBTHIUIETHOTO 1 MOANU(IKOBAHOTO MYJIBTHIUIETHOTO IOPYIICHHS
cumeTpii, 3anpornonoBanux 10.M. Jlomcasze Ta iioro yuHsaMu B.I. CaboBum i B.M. I'yniem.

Beryn

Po3rnsiHyTo iCTOpil0 3amo4yaTKyBaHHS Ta pO3BUTKY JOCHIKEHb B Teopii
€JIEMEHTAapHUX YaCTMHOK Y paMKaxX METOJIIB T€OPii IPpyI MiJ KEPIBHUITBOM JOKTOpa (13UKO-
MaTeMaTUYHUX HayK, mpodecopa FOpis Menitonosuua Jlomcaaze. Bonu Benucs 3 1967 poky
CIoYaTKy Ha Kadeapi TeopeTUdHOi (i3UKH Y KTOpOACHKOTO ACPKABHOTO YHIBEPCHUTETY
(YY), 3aBinyBauem sxoi 0ys FO.M. Jlomcanze, ta 3 1970-ro poky y Binauii Teopii aApoHiB
[acturyty Teopernunoi ¢pizuku AH YPCP, 3aBiyBauem siIKOro BiH CTaB.

3ayBaxxumo, mo KO.M. Jlomcanze He OyB Oailay kUM 10 TPYNOBUX METOIIB y Teopii
€JIEMEHTApHUX YaCTHMHOK, X04a TEMOI HOro JOCTiPKeHb OYyJIW aHANITUYHI BIACTUBOCTI
ammutityau poscissHHA. e B 1962 poui y BumaBHULTBI «Bpiciias 1mkosay 3’sSBUBCS HOTO
MIAPYYHUK JJI CTYJIEHTIB YHIBEPCUTETIB « T€0peTHKO-TpyNnIoBOE BBEICHHUE B TEOPHIO
AJIEMEHTAPHBIX 4YacTHI». BiH pO3yMiB BaXJIHMBICTh METONIB Teopii rpyn y (i3sUIHHX
nociipkeHHsX. [IpaBna miapydHUK CTOCYBaBCS TUTBKU KJIACUYHHUX B TEOPIi MO 1 YACTUHOK
Ipyn Ta iX 300pakeHb, a caMme: JOPEHLIBCHKOI I'pyIu, rpyn oOepTaHHS Y TPUBHUMIPHOMY
€BKJIIJOBOMY TPOCTOpi, 1HBEpCIii MPOCTOpY 1 Yacy, 3apsoBOr0 CHpshKEHHS. BHyTpinmHi
CHMETPIi B TEOPil YaCTHHOK OZIEPIKaIU MOMITOBX TUIbKK B 1964 poui, komu ['ean-MaHHOM Ta
Heemanom O0yB po3BHHEHHI Tak 3BaHUi S-piuHMiA HUTSIX, TOOTO 3acTocyBanHs rpynu SU(3)
B CHCTEMATHIl €JIeMEHTapHUX YaCTUHOK. ToMy, pO3ris HUX rpyn BiAcyTHIN y kHU31 FO.M.
Jlomcanse.

YnpoBaxkeHHsI i PO3BUTOK TEOPETHKO-TPYNOBUX METOAIB Y HOCHIIKEHHAX 3 (PI3UKH
€JICMEHTAPHUX YACTHHOK B YIKropoaui

3amoyaTkyBaB JOCHII)KEHHS 3 3aCTOCYBAaHHSM METOJIB TEOpii Tpyn B OMHCAaHHI
MPOIECIB 3 €JIeMEHTapHUMHU yacTHHKamu y 1967 p. Bacunps IBanoBuu CaboB, Toxi 1e
acripant npodecopa FO.M. Jlomcaaze. Cam npodecop miaATpUMaB 1€ HAMPSMOK 1 BIITKY
1967 p. BigpsauB cBoro acmipanTta 10 Jlyonu B O0’ e iHaHUM THCTUTYT SIACPHUX JOCIIKEHb.
Tam B.I. CaboB mpocmyxaB jekuii mpod. I'.I. OrieBenpbkoro mpo HeNiHIHHY KipaJdbHY
SU(3)xSU(3)-auHamiky Ta Ti 3acTOCyBaHHS B Teopii eneMeHTapHuX yacTuHOK. B.I. CaboB 3
JlyOHu npuBi3 HAAPYKOBAaHUN HA APYKAPCHKIA MAIIMHII TPUMIPHHUK JEKL11, BABYEHHS KOO
oapa3y movanock. Jlekuii 3akiHuyBanucs CXiAHUM mpuciiB’aMm: «Koau pozciemvca nun, mo
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mu nobayuwt, CuOuw Ha KOHi, 4u Ha eiciioky». Teopis nmpoxxuia npuoau3Ho 15 pokis, TOOTO
3a TakMid MPOMIKOK Yacy aBTOpaMHU Ile APYKYBaIHMCS CTaTTI 3 TEMaTHUKUA HEJIHIMHHX
KipaJbHUX JUHAMIK.

3ronom B.I. CaboB 3axMCTUB CIIOYAaTKy KaHIUAATCbKy, MOTIM 1 JOKTOPCBHKY
auceprallii Ta ctaB mpodecopoM Kadeapu TEOpEeTUIHOI Pi3UKH Y KTOPOJACHKOTO JE€PKaBHOTO
YHIBEPCUTETY.

[Mepma rpyma SU(3) B SU(3)xSU(3)-aunamiii npeacTaBise JTiHINHHI MEepeTBOPESHHS
0JTiB (300pakKeHHsI TPYIH), Ipyra — HEJiHINHI (peatizallis rpynu). 3aTpaBHUMN JarpaHxKiaH
OyB 1HBapiaHTHHUI BITHOCHO MEpEeTBOPEHb MOBHOI Ipymu. Lle marpankiad pi3HUMH IUIIXaMH
MOPYIIyBaBCS B OCHOBHOMY a0o g0 i30oToHiuHOi cumetpii SU(2), abo 30epexeHHs
rinep3apsny.

HeniniiiHy kipanbHy AuHaMiky 3ampornonyBaB C. BaitnOepr [1], skuii mpencTaBuB

JarpaHxiaH, 3 SIKOrO B JEpPEBHOMY HAOIMKEHHI JIETKO 1 IPOCTO MOXKHA OyJI0 OTpUMAaTH
JIOB’KMHU PO3CISHb MIOHIB Ha HYKJIOHaX Npu HU3bKUX eHeprisx. [x. IlIBinrep nomitus [2],
o Jjarpamkian BaitnOepra iHBapiaHTHHH BITHOCHO 1H(IHITE3UMAIBLHUX IEPETBOPCHD
HeniHiiHoT KipansHOi rpynu SU(2)xSU(2). Ockinbku JarpaHxiaH MiCTUB WIEHH B3a€MO/II,
TOMY TPYITy Ha3Balld THHAMIYHOIO.
Oppa3y micnst mosiBM LuX poOIT OaraTbMa aBTOpaMu Oyja 3ampONOHOBAHA HENiHINHA
SU(3)xSU(3)-muHamika i movaBcs 1 OypXJIMBHE PO3BHTOK. 3’sSBHJIACh BEIHMKAa KiTbKIiCTh
CTaTeH, sIKI CTOCYBAJINUCH SIK TEOPETHUKO-TPYIOBUX ACHEKTIB II€1 JUHAMIKH, TaK 1 ONUCAHb
PI3HHUX IPOLECIB PU B3a€MOIIT €IEMEHTAPHUX YaCTUHOK.

Jns imoctpanii SK JNHIAHAX, Tak 1 HEMIHIAHUX TpaHchOpMaIliid TOJIB HHUXKYE
HaBegeHo mpukiaan iHdiHiTe3umManbHuX SU(3)xSU(3)-mmepeTBOpeHb ICEBIOCKAISIPHOIO

TIOJIST:
§T§j :iaj[TKgm]:iaj[%/lké:m]:iajfjkmé:m (1)
Oxs =iﬂj[Xj§m]:i%ﬂj[ﬁj _(5211 +’11982)+---] : (2)
5T§j = iaj[TkéEm]: iaj fjkm \
e &= 2 g j A j  — OKTET ICEBIOCKAIAPHUX ME30HIB, g j — HWOro eleMeHTH, aj, fj —

in¢iniTe3uMansHi MapamMeTpu rpyi, Aj — Marpuii [ ei-Manna, fijkm — CTPYyKTYpHI KOHCTAHTH

rpymu SU(3), &£2= & &), =1, 2,....8.
I'enepatopu 7 1 X rpymu SU(3)xSU(3) 3a10BONBHSIIOTHE MEPECTAHOBOYHUM

CIH1BBIIHOLIEHHIM:
|.Tj’TkJ=ifjkam : (3)
lTj' XkJ:ifjkam : (4)
lXJ’XkJ:ifjkam : (5)

Jlnis mpuKIiagy HUOK4YE MPEACTABIICHO JIarpaHKiaH JUIsl ICEBJOCKANIPHUX 1 0apiOHHUX
MOJIiB, IHBapiaHTHUI BIJIHOCHO MepeTBopeHpb HemiHiitHo1 rpymu SU(3)xSU(3):

143



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

—sp( p.+iBy“D,B-m,;BB+bBy*y;p,B+b,By“rBp, ) , (6)

ne a, by, bo — xoncranTn, Sp — cnig Marpuii (Bix HiMeIbKOro cioBa mmyp). KoBapiantHi
TIOX1/THI MOJIiB MCEBAOCKAIIPHUX ME30HIB 1 0ap10HIB MArOTh BUTJIS/L;

puj - Dygj Shlé:F 0 51 ' )
D,B=a,B~+ilv,,B| (8)
ﬂ _1—ch|§Fa 5 f': zngj, Fk:n :_fjkm_ 9)

BaxnmuBuM HammpssIMKOM JTOCTIKEHB OYJI0 1 BBEJICHHS B IMHAMIKY T0JAaTKOBHX YJICHIB,
K1 opymryBaiu ii cumerpito 10 SU(2) abo 30epesxenns rinep3apsaay U(1).
CBiil BHECOK y METOAM MOpYLIEHb CHUMETpii 3poduiia 1 YXKIopoJAChbKa UIKOJA T[T
kepiBaunTBoM KO.M. Jlomcan3e, mpo 1o Oy/ie CKa3aHo HUXKYE.

Heuniniiina kipaasna U(3)xU(3) Ta- SU(3)xSU(3)-aunamika: nepmi myomikamii Ta
pe3yJbTaTH YKIrOpPOACHKUX AOCTiTHUKIB

[Tounemo 3i ctarti B.I. CaboBa [3], sixa Oyna omyOJikoBaHa y BUTJISII MPEIPUHTY
Incturyty Teopernunoi ¢izuku AH YPCP y 1968 poni. B Hiit Oynu onepskaHi TOBXKUHU
npyxHux PP- 1 PB-po3cisiHb, OJIHAK Y MAaCOBOMY 4IEHI BUKOPHUCTOBYBAJIACh CEpPEHS Maca
OKTETIB.

Crnig 3rajaTé TakoXX TpU CTyIEHTChKI pobotu 3 YxJY B Te3ax koHdepeHiii
Taprycbkoro aep;kaBHoro yHisepcuteTy 1969 poky [4—6]. B nux poborax mpeactaBieHO
pe3yabTaTH JUIs MpoleciB (OToOHApOKeHHS 7°- [ K'-ME30HIB Ha HYKJIOHAX, YBEICHHS
BEKTOPHUX 1 aKCiaJIbHOBEKTOPHUX ME30HIB y JUHAMIKy, IIUPUHU PO3MAJiB BEKTOPHUX 1
aKClaJIbHOBEKTOPHUX ME30HIB, BIAMOBIIHO.

OcraHH1 pe3ysbTaTd MpO 3rajiaHi MIMPUHU PO3MAAIB Mi3HiIIE OyiIu OmyOiKOoBaHI B
HAyKOBOMY KypHauti [7], e mpeCTaBIeH] 3rajlaHi BeJITMYUHU IS IPOIIECIB!

2(765)—27, K*(892)—K7, 9(1019)— KK | 411070)—pz, E(1420)— K K+
KK | Ka(1230)—Kp+Kr, Ka(1320)—K p+Kr.

VY pobori [8] mpu po3paxyHKax IOBXKHUH MpyXHUX PP- i PB-poscisab (P — OKTeT
TICEBJIOCKAISIPHUX ME30HIB, a B—0apioHiB) BUKOPUCTaHI €KCIIEPUMEHTANIbHI MAaCH YaCTUHOK
OKTETIB.

Y po6ori [9] B U3)xU(3)-cumeTpuuHmii narpaHxiaH YBEIEHO BEKTOpPHI Ta
aKClalbHO-BEKTOPHI  pE30HAaHCH MeE30HIB 1 0OapioHiB, pO3PaxOBAaHO  BiJHOIIEHHS
WMoOBIpHOCTEH iX po3maiiB. B oOdHclieHHAX 3a Macu YacTUHOK Yy HOHETax Opaiuch ix
EKCIIEPUMEHTAIIbHI 3HAYCHHSI.

PoGota nonosiganacek Ha 3-iif Po6ouiit Hapani mo akcioMaTH4HiN Teopii Mo i Teopii
eneMmeHTapHuX yacTuHOK, [T® AH YPCP, kBitens 1969 p.

MyJbTHIIETHE IOPYLIEHHS CHMeTpIil

MynbpTHUIIZIETHE TOPYLIEHHS CHUMETpii, IO NpeAcTaBisie co000 3aMiHy MOJIB Y

JarpamxiaHi iX JiHIHHUM IepeTBOPEHHSIM, TOOTO
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A — A'=cA+bA,A+CAL, (10)

ne a, b, ¢ — mocriiini, Oyyo 3anpornoHoBano B podoti FO.M. Jlomcanze, B.I. Ca6o [10].
[Tizuimie B po6oTi [11] Oyo 3HaieHO HAWOLIBII 3arajabHe JiHIHHE TepeTBOPEHHS MOJIB:

A — A'=aA+bA;A+cAl; +dISpAsA+ed;SpAL,. (11)

PesynpTaT oOOuMcieHb AUQEpEeHLIAbHUX Nepepi3iB  (POTOHAPOKEHHS BEKTOPHHX 1
aKCIaJIbLHOBEKTOPHUX ME30HIB 3 MYJBTUIUIETHUM MOpyweHHsAM cumetpii (11) Oymnm
omyosikoBaHi B pobori [12].
MoaudgikoBane MyJIbTHILJIETHE NOPYLIEHHS] CUMeTPIl

VY Bigaun teopii agponiB IT® AH YPCP B.H. I'ymiem 1 FO.M. Jlomcanze Oymo
3aIpOIIOHOBAHO MO (IKOBaHE MYJIbTUILIETHE OpyeHHs cumeTpii [13]. Bono BuHUKIIO Ha
OCHOBI BUBYEHHsI MO/IeJi 3 mopyiieHowo cuMerpiero SU(2), ToOTo mopyeHOr i30TOMYHOIO
CUMETpI€r0. SIKIIO CUMETPi0 MOPYLIyBaTH TAKUM YMHOM, L0 B TaMUIbTOHIAH YBOJIUTHCS
JOJJaTKOBUN YJIEH, MOHMKYIOUMI CHUMETpPil0 10 30€peKEeHHS EJNEKTPUYHOro 3apsmay, TO
OJIEP)KY€ThCSl TMHAMIUYHE MPABUIO CyM, K€ MICTUTh HE TUIBKM MacH YacTUHOK, ane M
KOHCTaHTH 3B’s3Ky. 11{00 oTpuMartu Take >k MpaBUIIO CyM, BUKOPUCTOBYIOUH MYJIbTUIUIETHE
MOPYIIEHHS CUMETpIi, TOOTO 3aMiHIOIOYHM MOJISI iX JIIHIMHUM NEPEeTBOPEHHSAM, Y 4IEHaX
B3a€MOJIIT CIT1JT BUKOHATH MEPETBOPEHHS:

A - A=a(l+br,)A (12)
ne a, b — mocTiiiHi, a B MaCOBHX wieHaX — OOEepHEHE:
A - A=[all+bz,) ['A (13)

Take mopymieHHs cUMeETpii OTpUMaNo Ha3By «MOIM(iKOBaHE MYJIBTHILICTHE MOPYIICHHS
cumeTtpii». Lle mopymennst Oyno y3araieHeHo Ha SU(3)-cuMeTpiro 1 32 HOro J0MOMOIO0
OyJ10 oJiep >kaHO HU3KY pe3yJIbTaTiB B ONMCAHHI IMPOIECIB 3 CUIIBLHOIO, EJIEKTPOMArHiTHOIO Ta
CJIa0KO0 B3aEMOJISIMHU.

Tak, y po6oti [14], BUKOPUCTOBYIOUM 3a3HAu€HE MOPYIIEHHS, OyJIM pO3paxoBaHi
JOBXKHUHU TIPY>KHUX PP- 1 PB-po3cigab. OnepikaHi pe3yibTaTH 33J0BUTLHO 30I1ratloThCs 3
EKCIEPUMEHTOM, KpiM mK-pO3CISHHSA, /Ui SIKOTO OTPUMAHO 3HAYCHHS JOBXKHUHH, SIKE Ha
MOPAJIOK OUIbIIIE EKCIIEPUMEHTAIBHOTO.

VY crarTi [ 15] BuB4anocs hotoHapoxeHHs: K-Me30H1B Ha HykioHax: peakuii yN— K/,
yN— K2 Pe3ynpTaT 3aI0BUIBHO 301Taf0ThCS 3 €KCIIEPUMEHTOM.

IcHyr04i Ha Ti YacH MOJEJIi HE MOTJIM OMMCATH IUPUHU po3nais n— ' +r +n°, n—37°.
B mozeni [11] 3 MoandikoBaHUM MYJIBTUIUIETHUM MTOPYLIEHHSIM CUMETPli OTPUMaHO rapHUN
30ir TEOPETHUYHUX 3HAYEHB 3 EKCIIEPUMEHTAIbHUMH.

3aki04eHHs
KopoTko BHKIIaIeHO BHECOK Y)KIOPOACHKOI IIKOJIH ITiJT KepiBHUIITBOM mpodecopa FO.M.
Jlomcazize y po3BUTOK TEOPETUIHUX JTOCIIPKEHB TPOIIECIB 3 €IEMEHTAPHUMH YaCTHHKAMH B
HeniHiiHiN KipanpHiid SU(3)xSU(3)-muramiri. [TigkpecieHo polk WieHiB MIKOJIX B pO3pOOII
HOBOTO METO/AY TMOPYIICHHS CHMETpii, a caMe: 3ampoBaPKEHHS MYJBTUIUIETHOTO 1
MOAU(IKOBAHOTO MYJIBTUIUIETHOIO MOPYIICHHS] CUMETPIi JIarpaHkiaHa.
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APPLICATION OF GROUP THEORY METHODS FOR THE
DESCRIPTION PROCESSES WITH ELEMENTARY PARTICLES
UNDER THE GUIDANCE OF PROF. YU.M. LOMSADZE

The article gives the history of the initiation of scientific researches in the
description of processes with elementary particles within the framework of
nonlinear chiral SU(3)xSU(3)-dynamics under the leadership of prof. Yu,M.
Lomsadze. The primary role of V.I. Sabov is also underlined in the
development of these studies in Uzhhorod. More important publications and
descriptions of various processes related to the mentioned dynamics of
Uzhhorod researchers using rhe method of multiplet and modified multiplet
symmetry breaking proposed by Yu.M. Lomsadze, V.l. Sabov and V.M.
Guliy are brought.
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THEORY AND EXPERIMENT OF GRAVITON PHYSICS

In the context of the search for the graviton as a constituent particle of the quantum theory
of gravity, an experiment is presented to determine the properties of the chiral graviton
mode. The Hilbert space of the lowest Landau level is presented as a hierarchical structure.
The twisted K-theory of C*-algebras is used as a mathematical apparatus for describing
the hierarchical structure of conformal Hilbert spaces.

Keywords: graviton mode, Landau level, fractional quantum Hall effect, conformal
Hilbert spaces, twisted K-theory of C*-algebras

Gravity is one of the fundamental interactions in nature, along with electromagnetic,
strong and weak interactions. A full-fledged theory of quantum gravity has remained elusive
for many decades, but if gravity is quantum in nature, there should be a weak excitation of
the gravitational field, the graviton. Scientists have presented the first experimental data
confirming the existence of a chiral graviton mode, which should help us to understand how
gravity works. The authors of the study from the US, Germany and China found these
particles in a special type of liquid that behaves in a special way under a magnetic field [1].

In the condensed state of matter, excitations can arise that obey the same equations as the
guanta of some fundamental fields. These are, as a rule, very special conditions that require
the presence of low temperatures, a magnetic field, and in some cases also the limitation of
two dimensions (in thin films or, under certain conditions, on the surface of the sample). Two-
dimensional “universe" connected with the quantum Hall effect, is characterized by Fermi
velocity of the chiral Luttinger liquid of the edge transport and by magnetic length. The ability
to experimentally measure these two parameters leads to rich physics that can be realized at
high energies. The topological features inherent to high-energy physics lead to the emergence
of quasiparticles — hypothetical spin-2 bosons or gravitons [2]. Similar modes, called graviton
modes (GM), arise in the quantum fluid of electrons under the influence of a strong magnetic
field at low temperatures. This effect is called the fractional quantum Hall effect (FQHE) in
a two-dimensional fluid [3].

To study gravitational modes, inelastic scattering of photons is considered, modeled using
microscopic theory with Hamiltonians at different filling factors [1]. A common feature of
FQH fluids is multiple GMs in different subspaces in one Landau level (LL). The number of
observed GMs is dynamical and meaningful for specific interaction Hamiltonians. Each GM
can be interpreted as the null spaces of model Hamiltonians within one LL.

Our goal is to present the geometric origin of GM and the hierarchical structure of
conformal Hilbert spaces as null spaces of model Hamiltonians. We then introduce twisted
K-group theory to identify each set of GM excitations, which leads to a topological
explanation of the emergence of multiple GM.

We’ll use the following Hamiltonian

N
A _ b A A ~
H :Zﬁga TiaZlib T Vints (1)

i-1
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where 7, = P, + €A, — the dynamical momentum operator of the i-th electron, A s

ab 7
the external vector potential, connected with magnetic field by formula B=¢ aa Aib'vint

describes the dynamics only within a single LL, the magnetic length is | g=~1/€B . The
Hilbert space of a single LL, referred to as the lowest LL (LLL), is parametrized by the metric

—ab
ga , which leads to density modes in higher LLs, known as “cyclotron gravitons". The
|2

. . . . - . D 2 b
dynamics is determined by the guiding center coordinates R*=rf"-¢° Tiplg . The

interaction energy in (1), \Znt, is a functional of R® and expressed as
N 2 .
Vint = jd q\/‘q‘pqp—q’
= igR; =ab
with Pq —Ze — the guiding center density operator and ‘Q‘ =4070,0, - the
|

distance in the momentum space. There is presented the analogy to the “cyclotron graviton"

~

in the integer quantum Hall effect through the type of gravitational interaction, Vi, = V12b°dy

. The Hilbert spaces like LLL are called conformal Hilbert spaces (CHSs) as they are
generated by the conformal operators like the Virasoro algebra, known as the Virasoro
constraint in string theory, applied only on the physical states [4]. So such CHSs are built up
with quasiparticles.

To study multiple GM, it is necessary to study the properties of the energy levels of
electron-electron interaction described by the CHS. The CHS of a lowest LL, LLL is

parametrized by the unimodular metric ab, quantum fluctuations of which lead to density
modes in higher LLs, “cyclotron gravitons". The energy of GM is very high, with a large
magnetic field. These GM are connected with higher energy levels within integer quantum
Hall effect (IQHE), since the LLL is fully filled. For FQHE in a partially filled LL, the

dynamics is determined by the guiding center coordinates R?, which determine the

interaction energy \7im . Such Hilbert spaces are spanned by zero energy many-body states

of special local Hamiltonians, including the pseudopotentials. Fig. 1 illustrates a hierarchical
structure of CHS in the LLL.

So, the subspaces of the LLL have a hierarchical structure Hx + 1< Hk . The rest of the cyclotron
GMs are examples to understand the emergence of multiple GMs from Vit in accordance with
the hierarchical structure. To understand that the number of GMs is a dynamic property, we’ll
consider the model Hamiltonian for the GMs

Vi = ZA\&- @)

The inelastic scattering with the circularly polarized light, as was shown in [5] for the Jain
states with a filling factors v = 2/7, 2/9, 1/4 and three body components of interaction (2),
provides an example to understand gravitons’ dynamics with peaks observed at almost the
same frequency for each polarization in the second LL, SLL. So an introduction of a third
component, V¥, to the microscopic Hamiltonian can lead to the splitting of the two GMs
to three GMs. Moreover, it is interesting to stress the hierarchical relationship,

3bod 2bod 3bod
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Figure 1. The hierarchical structure of the CHSs in the LLL.

We can use the apparatus of the twisted K-group for calculation of Hilbert space states
of charged particles for explanation of the FQHE, which are topological phases of LLLs. As
for the FQHE we are dealing with a set of levels with a filling factor less than one. The lowest

: : . mab . : : :
LL is parametrized by the metric ga with a hierarchical structure of CHS as presented in

Fig. 1. Since we are dealing with four types of interaction, it is appropriate to use the apparatus
of vector bundles to describe a complex formation of D-brane type. B-field interacting with
D-branes can be taken into account through the Dixmier-Douady invariant, which
characterizes the bundles and describes the strength of the Neveu-Schwarz B-field interacting
with D-branes. D-branes are topological solitons whose charges are described by
Grothendieck K-groups. One of the most exciting discoveries of D-brane theory is the
prediction of the non-commutativity of space-time coordinates [6]. The description of this
non-commutative geometry is realized in terms of the twisted K-theory of C*-algebras. Let
us calculate the topological charges of the D6-brane using twisted K-theory methods.
Consider the following vector bundle over a compact manifold X:

F - E,
I [H]eTors(H3(X,2))
X

with structural group AUt(F)= lim SU (n)/Zn and H — the Dixmier-Douady invariant,
n—oo

describing the intensity of the Neve-Schwartz B-field [7], characterizing the bundles EH :
Reduction of twisted K groups to an exact sequence of the form

0->2->72,-0
leads to the result

Ko(S%.n[H])=Z,.
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This group value determines the topological charges of the D6-brane in the presence of the
Neveu-Schwarz -field [8]. Since the theory of relativity is defined in four-dimensional space,
three coordinates plus time, the three-dimensional sphere with the punctured point is an
approximation of three-dimensional Euclidean space. The ten-dimensional space in string
theory, compactified onto six-dimensional space, is described in terms of a topological
invariant of D6-brane, in this case by the twisted K-group, which takes values in the cyclic

group of order n, L, = {0,1,---n —1} . We see that with the addition of the next interaction

component to formula (2), a new energy level or a new excited state of the GM is added,
which indicates a consistent increase in the number of the energy levels within the FQHE.

The nesting of each previous level into the next one is fixed, H,cH,c H3 c..cH,

, which is well reflected by the value of the twisted K-group. Thus, the values of the
topological charges of the K-group give us information about the nature and number of energy
levels that are excitations of the LLL within the FQHE framework.
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TEOPIA I EKCIIEPUMEHT ®IBUKU I'PABITOHA

VY KOHTEKCTI MNOIIyKY TpaBiTOHAa SK CKJIAJ0BOi YACTWHKH KBAHTOBOI Teopii rpasirtauii
NIPE/ICTABICHO EKCIIEPUMEHT JUIsi BHU3HAYCHHS BIIACTHBOCTEH KipaJbHOi TpaBiTOHHOI
Mogu. ['inpbeproBuii mpocTip HaiiHWk4oro piBHs JlaHnay INpeacTaBIeHO y BHITISNI
iepapxiunoi cTpykTypu. TBictoBana K-teopiss C*-anreOp BHKOPHUCTOBYETBCS —SK
MaTeMaTHYHHUI amapar Ajs ONHCY iepapXidHoi CTPYKTypH KOH(GOPMHHX TiIHOEpPTOBHX
IIPOCTOPIB.

Kurouosi ciioBa: rpaBiToHHa Moza, piBeHs JlaHnay, npoOoBuii kBaHTOBHH edekT Xoa,
KOH(OPMHI TTEOEpPTOBI IpocTopH, TBicToBaHa K-Teopist C*-anredp
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KOT'EPEHTHI CTAHU OJHOPIIHOI
I'PYIIN JE CITTEPA

Po3pobnserses Teopis korepenTHux craHiB (KC) omnopinaoi rpymu e Citrepa SO(1,4).
3anpornoHOBaHO MPOCTUH METOA iX MOOYyIOBH, OJEepKaHO I HHUX Au(epeHIiaIbHO-
pisHHUIICBE DIBHAHHSA 1 (OPMYJIH y3araJlbHeHHX MapHialbHO-XBHIBOBUX PO3KIAIIB.
ITokazano, mo KC MOXyTh iHTepmpeTyBaTHCs SK «IUIOCKI XBWI» B 4-BHMipHOMY
npoctopi Jlo6a4eBCHKOro, TOYKaMU SKOTO BOHH MapaMeTpu3yroThcs. I1o Takoro Tuiry
CHCTEMI «ITOCKHX XBWJIb» PO3KJIAICHO XBHJIBOBY (PYHKIIO BITBHOT YACTHHKH 3MiHHOI
MacH, PpO3MIsAAyBaHOT AK (YHKIis iMIyJbcHOro mnpoctopy Jlo6aueschkoro L,™
OpnepkaHO y SIBHOMY BHUIJISIJII ONEPAaTOPH TEPETBOPEHb 3CYBIB YBEJCHOTO B PO3IJISLI
KoH(irypamiifHoro npocTopy, «kaHOHiYHO-CHIpsiKEHOro» mpoctopy L,™; Bussieno, 1o
iX crineHUil cnekTp cmiBmagae 3 KpuBuM mpoctopom L, a cminpHol BiacHOO
(YHKIIIEIO € «ITOCKA XBUIISD).

KoarouoBi ciioBa: korepeHTHI cTaHM, rpyna, npeicraBlieHHs, npocTip JlobaueBcbkoro,
opuchepruIHi XBUII.

Y poOoTi cTaBUTHCS 3ajadya TOCIITOBHOIO BUBYEHHS BIJIACTUBOCTEH yBeaeHOi B [1]
CUCTEMH KOTEPEHTHHX CTaHIB (KC) JUTSL OJTHOP1THOT TPy /e CiTTepa SO(1, 4)

BusiBunocs, mo KC ticHo noB’s13ani 3 rpynamu. Tak, yxe 3suuaitni KC, siki Bnepie 6yﬂ1/1
yBelEeHl B OINTHKY, 3B’s3aHl 3 TPYIOIO Fan3eH6epra 1 iX HaWBaXJIMBILI BIACTUBOCTI
OTPUMYIOTBCS 3 JOTIOMOTOF0 1€l rpynH ([2, 3]). Came 3aBAsSKU rpynoOBOMY MIAXOAY 10 yCI€l
tematuku KC, 3HauHO 3MminHUBCS Oa3zoBuil piBeHb Metony KC i1 momiTHO posmmpuIach
o0macTe HOTro 3acTocyBaHb y mpobOieMax (i3MKHM — y KBAaHTOBiM Teopii MO, KBAaHTOBIN
OIITHI], Teopu MarHeTusMy 1 B (I)sz(aMeHTanLHI/Ix INUTAHHSAX CaMOi KBAaHTOBOI MEXaHIKH. Y
HEeMaJliii Mipi Lie MOSICHIOETbCS TakoXk 1 ocoOnuBocTsiMu camux KC: Oyiio BcTaHOBIIEHO, 110
KC — me ninHiiiHO HEe HE3aJeXKHI, MEPENOBHEHI CUCTEMU BEKTOPIB, HE OPTOTOHAJIbHI OJIUH
OIHOMY Yy TMpOCTOpi cTaHIiB. AJie sKpa3 s iX HE3BUYAWHICTh BIAKpWIA UMK Pl
MoxknuBocTeil. Kpim Toro, y Oarathox Bumnagkax KC, sk KBaHTOBI CTaHH, 103BOJSIOTH
CIpOIYyBaTH KBAaHTOBY 3a/ady, BUKOPHCTOBYIOUM HArJSHY KJIACUYHY MOBY, OCKIJIBKU
BOJIOIIFOTHh MiHIMAJIbHUMHU HEBU3HAYEHOCTAMHU.

Meton KC ocobmuBo eekTuBHUHN, KOJIM 3B’si3aHA 3 HUM Tpyla € TPYNoK JUHAMIYHOI
cumetpii. ['pyna T'aiizenOepra — HalnpocTilIMKA TpHUKIaA Takoi Tpynu (A1 KBAaHTOBOI'O
OCIIIIISITOpA TIiJT JII€X0 3MIHHOI 30BHINIHBOI CUJIM). AJie BOHA HE yHIBEpcalibHa: y OaraThox
3a/layax 3yCTpiyaroThes U 1HII, Okl ckiaaaHi rpynu. [lepenomoBum [2] nonstrs KC 6yrno
y3aragbHeHo Ha AoBUIbHY rpymy Jli. Ilpu mpomy BiactuBocti KC TicHO mOB’s3yr0Thes 3
TEOpi€l0 TpencTaBlieHb rpym (quB. Takox [3]). BoHu 3amaioThest ToukaMu B OJHOPIIHHUX
MPOCTOpaX, Y SKUX JI€ TpyTIa.

VY xHm3i [2] npoBoauThesa cucteMatnuHuii Bukiad Teopii KC, ocoOmuBoO aiiss HUXKYINX
rpyn. JleranbHo BUBYaeThes, Takoxk, cucrema KC mis rpynu SO(1,n) i getanbHime — AJis
rpyn Jlopennia SO(1,2) 1 SO(1,3). Y takoMy X IU1aHi y JaHiid poOOTi TOCTIIKYEThCS CHCTEMA
KC mng rpymu SO(1,4). ¥V nunamiunomy acnekti SO(1,4) Bizoma y ¢i3ulll K AWHAMIYHA
rpyna cUMeTpii HepeIsITHBICTCHKOIO aToMa BOJHIO. TOMy TNPUPOAHO BUHHUKAE MpobiieMa
po3poOku ams Hel Teopii KC 3 MeToro moiansioro akTMBHOTO BIPOBAKEHHS i1 y Qi3uuHy
MpoOIeMaTHKYy.
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Cuctemy SO(1,4) — KC KOHCTpYIO€MO ISl BUPOKEHOT cepii YHITApHUX MPEICTaBICHb.
[Tpu oMy caMa rpyTa BUCTYTIA€ Y POJIi TPYITH PyXiB 4-BUMipHOTO IpocTopy JIobaueBchbKOro
L™, sikuit peanizyeTbest Sk MOBEPXHS BEPXHBOI MOPOKHMHYU 4-BUMipHOTO rinepoomnoiga H®
B (1+4)- Bumipnomy npoctopi Minkoscskoro M 4),

KorepeHTHi cTaHM mapaMeTpusyloThes Toukamu 1poctopy L™, Perensno anamizyroTscs
oTpuMaHi B [4] pe3ynbTaTn 3 rapmoHniuHoro aHanmisy Ha L™ i na miif ocHOBI BHBUaIOTHCH
BiaactuBocti SO(1,4) — KC. 3okpema, npoBoasthes poskinagd KC 1o 6asucHuX (GyHKINSIX
HE3BITHUX yHITapHUX TpeAcTaBieHb kiacy 1 rpynu SO(1,4). dyHKIIIT , 32 IKUMU 1]1€ pO3KIaa
CKaJIIPHOI «XBUJIBOBOI (PYHKII1» y AEKAPTOBIM CUCTEMI KOOPAUHAT, MIPEACTABISAIOTH COO0I0
SO(1,4) — KC. BoHu IHTEpIpPETYIOTBCS, SIK «IUIOCKI XBWI» (Ha3MBaTUMEMO IX
opuceprUUHUMH XBWJISIMH), OCKUIBKM B €BKJIIJOBIM TPAaHHIIl BOHH CTAalOTh 3BUYAHHUMH
TUTOCKUMH XBHJISIMU. Y CTAHOBIIFOEMO JAH(EpEHITIaIbHO-Pi3HUIIEBE PIBHSHHS, 110 BOHH HOTO
3aJI0BOJTBHSIOTD.

Iokazano, mo KC He OpTOroHambHi OJMH 0 OJHOTO. IX CKalsApHHUil J00YTOK
Bupaxaetbcst depe3 3oHambHI SO(1,4) — chepuuni ¢GyHKmii, 3B’s3aHI 3 NPHETHAHUME
¢ynkuiamu Jlexannpa. Boaumo B po3risg KOHQIrypaliiiHUMl NOpoCTIp, «KaHOHIYHO
crpskeHHil» iMIyascHOMY mpocTtopy Jlo6adescskoro Lo, a reneparopu Tpancnsiiii oro
npocTopy (OMepaTopu iMITYIIbCIB p) - IPUBOANUMO Y SBHOMY BUTTIAI. 3HAIEHO, 10 CIIiTbHMIA
CIEKTp LIMX OIepaTopis criBnazae 3 mpoctopom Lp®, a ix crinbHOO BracHOO (QyHKIIIEO €
opucepruna xBuiisA. JlOCHITKYEThCS TAaKOX 3aada PO3CISIHHSA, TICHO IeperieTeHa i3
SO(1,4) — KC. 3HaiiieHO y SBHOMY BUTJISZI BiIMTOBIIHY MapIiajgbHy S-MaTPHIIO IS TaKOi
3aayi.

2. I'pyna ne Citrepa SO(1,4) ckiagaeThes 13 yCiX AIMCHUX MATPUILh I1'ITOTO MOPSIIKY 3
OZIMHUYHUM JETEPMIHAHTOM, SIKi 3aJIMIIAIOTh iHBAPIaHTHOIO KBaApaTHuHy GopMy Xo? — X12 —
X2? — X3% — X4% = Xo® — %%, ¥ = (X, X4); X = (Xo, X) — Touka (1+4)-BUMipHOTO TICEBIOEBKIIiIOBOTO
npocropy Minkoscskoro M4, Anre6pa so(1, 4) rpymu SO (1,4) HataryeThes Ha GasUCHI
CIIEMEHTH

L.=—-¢.+e,, Ly, =€, +€,, S<I; s, r=1234,
1€ €rs — MaTPHUIl 3 MaTPUYHUMH €JICMEHTaMHU (Ers)pg = Orpdsq. 11 OAa3MCHUX €IIEMCHTIB
anreOpy BUKOHYIOTHCS CIIBBIJHOILIEHHS IEPECTABHOCTI
[Lab, Led] = Obclad + Qadlbe — Qaclbd — Qbdlac, @, b, c,d =0, 1, 2, 3, 4,
7e gso = Jos = o0s, Ors=—Ors ; I, S=1, 2, 3, 4. V rpymi € aBa He3anexHux oneparopu Kazumipa
V = L2 + L3 + L2+ 23+ L2 + L234 — L%01— L%02 — L203— L204,
W = (L12 Loa — L13 Loa+ L1a L23)® —

— (Loz L3a — Los Laa+ Loa L23)> — (Lot Laa — Loz L1a+ Loa L13)? —

— (Lo1 L2a — Loz Laa+ Loa L12)? — (Lo1 L2z — Loz Laz + Los L12)2.

[Ilo6 maTu crnpaBy 13 caMOCHpPSKEHUMH OlepaTopaMu, Oy/IeMo 3aMiCTh €JIEMEHTIB Lab
anreopu  S0(1,4) posrmsmyBatu Jab = iLap. s necsitu S0(1,4) — redepatopiB Jap yBeaeMo
MO3HAYCHHS:

M=(M;=JM;=0y,My=0p,), P=(R=Jy,,P,=0,,R=1],),
N=(N,=Jp;,N, =30, N3 =Jg3,), By =Jgs
VY 111X mo3HavYeHHIX
V =(P2+N?)—(P?+M?), W = (MP)? - (P,M —P x N)? — (MN)?.
KomyTariitai ciiBBinHOMIeHHS 115t reHepaTtopiB Mk, Pj, Ni, Po MaroTh BUTIISI T
MM ]=lig M, [N, N 1= g, M, [R, Rl=lgg,M,,
[M(, N ]=liguNy, [My, Rl =18 Py, [IM N 1=[M, B ]=[M,,F]=0,
[, N 1=1R, [R, R]=IN,, [R,N,]=1i5,F,,
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1€ €dm — AaHTHCUMETPUYHHI TEH30p TPETHOTO PaHTy, sikuii gopisuioe 0 ado +1; k, I, m=1, 2, 3.

Knacudikarris He3BiAHUX yHITapHUX npeacTaBieHb rpynu SO(1,4) iHdiHITe3nMaTbHUMA
MeTosaMu Oyia gaHa y poOorti [5], a B r1obanbHii (popmi (Ha OCHOBI Teopii 1HAYKOBaHUX
npencraBieHb Makki) — y po0Oorti [6]. [Hmmii miaxix 10 oNMcaHHS TaKUX IPEICTaBIICHb
npuBeaeHuil y [7]. Y kHu31 [4] npeacTaBieHHs OCHOBHOI YHITapHOI Cepii pO3IJIAJal0ThCS SIK
OKpeMuii BUIafoK NoOYI0BaHOrO TaM IIpeJCTaBIeHHs m° OCHOBHOI HEYHITapHOI cepii, ke
XapaKTEePU3YEThCs Maporo umcen o i |, 1e 6 — kommiekcHe gucio, | — 1ine ado HamiBIiIe,
SKHUM 3a7a€ThCs He3BimHe yHiTapHe mpeactaBienus miarpynu SO(3)cSO(1,4). s
OCHOBHOI yHITapHOI cepii npeactaBnenb rpynu SO(1,4) o =—-3/2+ir, reR. Y po6oTi Oynemo
MaTH CHpaBy TUIbKU 3 TUMH IIPECTaBIeHHAME n°, 171 akuX | =0. [lo3Haunumo ix uepes mo.
[IpencraBneHHs 7o XapakTEPU3YIOThCS THM, IO MICTATh OJHOMIpHE (OAMHUYHE)
MPEJICTaBIICHHS MaKCUMalbHO KommakTHol miarpynu K = SO(4). BoHu Ha3MBarOThCS
npezacraBieHHsIME kKiacy 1 BigHocHo migrpymu SO(4) [8]. lle Tak 3BaHi MakCHMalbHO
BHPOJDKCHI TIpeAcTaBiaeHHs. /{7 HMX BJIacHI 3HAYCHHS 1HBapiaHTHUX omeparopiB V 1 W
nopisaiooth [7] v(V)=vr (V) =r2+9/4, v(W) = 0.

3. 3rigHo Teopii, Bukianenoi B [2] mns rpynu G, cucrema (ysaraiapHeHux) KC — me

MHO>KHMHA BEKTOpIB {| Zg>} Takux, 110

12, >=T(9)] 2> (1)
ne g npodirae ycro rpyny G; T(g) — npencranenns rpynu G, a | Zo> — (iKCOBaHHI BEKTOP
y MPOCTOPI, Y AKOMY i€ npeactaBieHus 1(g).

BnactusocTi cucremn KC 3anexats Bif BUOOpY BekTopa | Zo>. 3Buuaiina cucrema KC
BiJINIOBiTa€ BUOOPY y podIi | Zo > BakyymHOTO Bektopa | 0 >. JlopedHOo TyT MiAKPECIUTH, 110
Ha BIMIHY BiJ iH(]PIHITE3UMaTBHOTO (JIUCKPETHOTO) Oa3HCy, MOPOKYBAHOTO Fr'eHepaTOpaMHu
anrebpu, 6azuc KC mopomkyeTbcsi KIHEUHUMHU TMEPETBOPEHHAMH TPyNH. A TOMY 3TiIHO
dbopmynu (1), mpu KiHeuHuX nepeTBopeHHsX y3aranbHeHl KC | z > nepexonatb y | 2'> | a
HE B IX CyNepIIO3HIIit0, Ha BIIMIHY BiJl CTaHIB JUCKPETHOIrO Oa3ucy.

Hexaii 11 BekTOopa | Zo> icHye cTanioHapHa koMmnakTHa niarpyna HC G, to6to taka, o
s he H,T(h)| zo> = exp(ia(h))| zo>=|zn> (xomu H — HexommnakTHa, T T(h)| 20> = expa(h)|
Z0>). Toni | zgh > = exp(ioh))| zg> mns ycix he H. Tomy BekTopw | Zg >, sKi BiIMOBIIal0Th
OJIHOMY JIIBOMY KJlacy cyMmixkHOCTI gH mo H, ommcyrots oauH i1 Toit xe 6a3uc. Cuctemy KC
YTBOPIOBATUME CYKYITHICTh BeKTOPIB {| Zgx) >}, e X € X = G/H, g(X) — npexncraBuuk rpynu G
y kiaci X. lle o3Hauae, mo taky cuctemy KC mMoxHa mapameTpu3yBatu Toukamu X = X(Q)
¢axTop-pocropy X = G/H.

His oneparopa T(Q) Ha cTaH | Zo> = |0 > Bu3HauaeThes popmysnoro T(g)| 0 > = exp(ia)| Xg
> ne xeX, o = a(g). Hig x oneparopa T(g") ma KC | X > = | Xg > npuBOAUTH TOIi 1O
criBBigHOmenHs T(g)| x> = exp(—1a(9))T(99")| 0> = exp(ip(".9)) | &>, xe P(9'.9) = a(9'9)
—a(g), a X’ = g'x i Bu3Ha4aerhes aiero G Ha X: X' = x(9'g). Ockinbku a(gh) = a(g) + a(h), To B
3aJIeKUTh HE BiJ J, a BiJ cymikHoro kiacy X(9): f(9',9) = B'(g'.x).

[To6ynosa cuctemu KC cyTTeBO 3a51€XKUTh Bil BUOOPY ITOYATKOBOIO CTaHy | Zo>. A TOMYy,
00 KBaHTOBI cTaHu, 5Kl onucytoTh KC Oyiu 6au3bKi 10 KIacCHYHUX, HEOOXiTHO BHOUpaTH
| zo> Tak, MO0 BiANOBIHA CUCTEeMa Maja MiHIMalbHY HeBH3HaueHICTh. CIIOCOOM TaKOTro
BUJIUICHHS PO3pOOIISsUIHCh OaraThbMa aBTopaMu. BimomocTi po 1e MokHa 3Haiitu B [2, 3, 9]
(nuB. Takox ormsau [10, 11]). Tam mmpoko mpeacTaBieHl W 1HII pe3yJbTaTh 13 Teopii 1
3actocyBanb KC.

4. He3BiHI TpenCTaBIEHHS Ts MOXHa peanidyBaTH y mpoctopi D, HeckiHYeHHO
mudepentiiiioBanux ¢yHkiidn F(§; 6) creneHs OMHOPITHOCTI G , 3aJaHUX HA BEPXHIH
nopoxHuHi Konyca [&, &] = &? — &2 =0, &> 0 [8]. Jliniiini nepeTBopenHs mo Ha D, 1m0
BIJIMOBINAIOTH JIIHIMHUM TIEPETBOpPeHHIM &' = (& TOYOK KOHYca 3aaloThCs (HOPMYIIOK Mo
(9)F(&;0) =F(g7%; 6), g€ SO(1, 4). Jlerko 6aunTu, 10 s YTBOPIOIOTH IIPEACTABICHHS IPYIIH
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SO(1,4). 13-3a ognopignocTi F(&; 6) 3Haxomumo, mo F(&; o) = &°f(C), ne f(C) = F((1, &/&o; o)
=F((1,8);0), £eS® (8@ = {L:Z? = 1}). 3Bincu F(&:0) ., .= F((%0, 8); 0), . =f(0); &, o= (1.D).
Amanoriuno, F((g'€); 0) ., .= 0g’F((L, &); 0) = g’ (o), 1e &g = (979G ), @

rnepina KoopauHara Touks ¢ & mpu & = 1. Lle qae MOKIMBICTB peanizyBaTH IIPeICTaBICHHS

Ts K mpenactaBienus rpynmu SO(1,4) y mpocTopi KBagpaTU4YHO iHTETpOBaHUX (YHKINH Ha
onunuyHiH cpepi S©

m,(9) f(C) = oy f(C,)- (2)
Ile IIPEACTABICHHS yHITapHe B1JIHOCHO CKQJIIPHOTO I00yTKY
(f, f,)= L © du(z) fl(z) f, (E) IpU o = —3/2+ir 1 YHITAPHO €KBIBAJICHTHE MPEICTABICHHIO T =
3p+ir=T". Y cdepuunnx koopaunarax 8,0, ¢ (0<8,0<m, 0<¢ <2n)naS®
C= (sindsin6 cose, sind sinB sing, Sind cosO, c0sd),

~ 3

du(g) = (1/2n*)sin? §sin ©dd dO de. )
[lokaxxeMo, 110 BEMMIUHY (g Y (2) MOXKHA NPEICTABUTH SIK OUTIHIMHY (popMy y pocTopi

M, (L4, Aiticro, 3azamo B M4 Gininiiiny dopmy [X, Y] = Xoyo — xy. BoHa, oueBmaHO,
iHBapianTHa BisHOCHO mepeTBopenb g € SO(1,4): [X, y] = [0X, gy]. Hexaii X — Touka BepXHbOI
nopoxHuHY rinep6onoina X = SO(1,4)/ SO(4) ~ H«®: [x, x]=x2 —X? =1, Xo > 0. [To3HaunMO
yepes X Touky rinepbonoina H+® 3 koopaunaramu (1, 0): X = (1, 0). Ockinsku SO(1,4) —
rpymna pyxis H«®, To X = gut = gx; 1e g = gxk € SO(1,4), k€ SO(4). Hexaii & — Touka KoHyca
C:™: [, E] =2 -E =0, £>0, a & = g%, 3 ypaxysaunam SO(1,4) — inpapianTHOCTI
6ininiitaoi Gopmu [X, ] B Mx™* maemo Eog = [, g71E] = [g%, E] = [X, &]. I Toxi &g, = [X, &]

£, A TOMY g MOKEMO TIPEICTABUTH SIK g = &og,. 4 = [X, E] . = [X, (L, O] = xo—x¢ ne
Oyno moknaneno &, = (1, 0), L €S®:{2=1. Tenep popmyna (2) HabyBae BUTISIY

T'(9)F(0)= (6 —X0) > 1 (¢,). 4)

[Migrpymy SO(4) € SO(1,4) MokHa PO3MIISAIATH K CTAIllOHAPHY MiArpyIy BekTopa | Zo > = fo
(0) = 1. liroun Ha meit BekTOp omeparopamu mpeactasaerss T () = T'(gxK) =T (9T "(K) i
BpaxoBYyIOUHM #oro iHBapiaHTHicTh BimHOCHO mii T "(K), Ha OCHOBI (2) y BiAMOBIAHOCTI i3
3arajgpbHOI0 Teopiero (nuB.1.3) orpumyemo cuctemy KC mis npencraBnenp rpymu SO(1,4)
OCHOBHOI YHITapHOi cepii

|x>= () =T"(g,) fo(C) = (%, —XC) " = Dz (x). (5)
5. Bauumo, mo mnobymoBana SO(1,4)-cuctema KC mnapaMeTpus3yeTbCsl TOUYKaMHU X

rinep6onoina H+® rakumu, mo Xo? — X2 = 1, Xo > 0, To610 X=(W1+X*,X)i x> =[x, X] = 1.
MHOXKHHA TaKUX TOYOK peanisye 4-umipruii npoctip Jlo6aueschkoro L, sxuii Taxosx
HaszuBatuMeMo npoctopoM ae Citrepa. V miid peanizamii piBHSHHSA [X, ] = p = const > 0, ae
[&, €] = 0 (& >0), 3anae piBHSIHHSI opucdepu O y npocropi L. TIpu 3amini & — of, 1 — ay,
ne o > 0, onep>XMUMO PIBHSAHHS TOI XK opI/IC(l)epH O: [, §] = p. A Tomy mapy (&, 1) MOKHA
pO3TIsIIaTH, SK CHUCTEMY KOOpPIHMHAT, SKI 3aJar0Th opncq)epy [12]. XapakTepHOrO
BJIACTUBICTIO opuchepH € Te, Mo i BHYTPIIIHS TeOMeTpis € eBKIinoBoto. [Ipu dpikcoBanomy
&= (1, ) dynxuis ®:"(X) e nocriitroro Ha opuchepax: ®z (X) = Xo — x{ = const. ko
napamerpusyBati Li® Tak, mo Xo = ch A, x = (sShA)n, ? = 1, AL > 0 (cepuuna cucrema
KoopauHart S), To piBHAHHA opucdepu Matume Burisn ch A —shA(Cn) = const. Takum unHOM,

posrisaysana Hamu cuctema KC 3anaetest opucdepuumu sapamu @ (X) =1+ x> -XC.

Y cucremi S @ (x) = |eM2sin @/2 + ie M2cos @/2]2, | Dz "(x)| = [e¥2sin ¢/2 + ie M2c0s ¢/2] 3, ne
( BU3HAYAETHCS CITIBBITHOMICHSIM COS ¢ = (C1).
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6. Posrmsanemo neski iHmN BiacTUBOCTI yBeneHux KC. VYV 3arampHOMY BHUIAIKY
HeckiHueHHo mudepenuiiiorani ¢yukuii na H+? mepersoproroTses mo kBasuperyispHomy
npencrasiennio T(g) rpymu SO(1,4). Sxmo Takumu BBaxatn ®z "(x) = dz"(X) = | x >, T0
matumeMo T(g)| X > = | Xg >, e Xg = g1 X. Moxna ckazaru, mo rpyna SO(1,4) Ha MEHOXHHI
KC nie TpamsutusHo. Jlis omeparopa HesBignoro npeactasnenns T '(g) va KC /() = >,
posrisiayBani sk Gynkii { € S®), 3anaroTees hopmyitoro (4). JIBa KOTepeHTHi CTaHH | X1 > i
| X2 > He opToroHanbHi 0fUH OHOMY. IX ckanspHuii 106yTOK

<X [ %, >= (5, T7(9,79,) f) = (f,, T"(9) f,) =<0|T"(g)| 0>, (6)
ne g = g1 1ge. IlpencraBumo rpynosuii enement y urisai [8] g =k g, (M)K,, ne ki, koeK =

SO(4). YpaxoByrwun, mo K — cTarionapHa miarpymna mo4aTkoBoro ctTaHny, 6epydu 10 yBaru,
BU3HAYEHHs CKaasipHOro 100yTKy ( f1, 2) i popmymu (3) i (4), 3HAX01UMO

<X, 1% >= [, d(@)G0s )%, (1 ) % [["dsin®(chi. - sha. coss) */*". ©)
TyT Mu B3I 10 yBaru TakoX Te, mo mpeactaBieHHs T ' 1 T " yHiTapHO eKBiBaJIeHTHI
onHe ogHOMY. «KyT» A > 0 MOXHa pO3IISLIATH SK BIICTaHb MK TOUYKaMHU X1 = Q1x'1 X2 = ¢2x
rimep6onoina: ch A = [X1, X2] = X10X20 — X1x2. IHTerpan y mpasiii gactusi (7) € 4aCTKOBHM
BUMaaKoM iHTerpaia Ji°(a) i3 §5, ctop. 137,B [4]ipu j =0, 6 =-3/2+ir,a=A. Y pe3yibTari
3HaXOJMMO
<X | X, >=e N E (3/2+ir;3/2;3;1-e7?*) = (shA) P, (chd) = 9, (1), (8)
ne 2F1( ; Z) — rinepreomeTpuuHa (ynkmis, Py"(z) — npueaHana GyHKIis HemaHz[pa Sk
BHJIHO 13 (6) or (A) — e 3oHaNbHA chepruHa QyHKITIS TPE/ICTABICHHSA TQ9). Y xum3i [4] y
pi3HUX cHcTeMaX KOOpAMHAT OyNIM 3HaiileHi OpTOroHambHi cucteMu QyHkmii na H:® —
0asucHi ¢yHKUIT npeacTaBieHb. KoxHa 3 HUX KOHCTPYIOBajach SIK CIIJIbHA BiIacHA QPYHKIISA
MOBHOTO HA0OPY B3a€EMOKOMYTYIOUHX orepaTopiB — oneparopiB Kasumipa rpymu SO(1,4) 1 ii
MiArpym, IO BXOMATH Y BIAMOBITHUHN JaHIIOkKOK 3BYx)eHb SO(1,4) Ha 1 miArpymw.
Hanpuknaz, y chepuuniii cuctemi koopmuaar S (Xo = ch A, ¥ = (sh A)n, n 2 = 1), uumu
oneparopamu € V =— A (H:®), J2= M?+ P2, M2 i M3 (AL(H+®) — oneparop Jlannaca Ha
H.+®) i3 Bnacuumu 3HaveHHAMU
V(AL(H®) = ~(r? +9/4), v(3%) = j(j+2), v(M?)=1(1+D), v(M,)=m, 9)
r-0, j=0,1,2,..., 0<l<j, —I<m< .
Bonu Biamosigatoth 3ByxeHHI0 SO(1,4) DS0(4) D> SO(3)>S0O(2). Jlamnacian y chepuuHiii
CHUCTEMI KOOPJAUHAT S

A (H®) = +3cthx 0 A (2 )
o\ o shoh

nie BpaxoBano, mo J? = — AL (S®), AL(S®) — oneparop Jlannaca Ha oguuuuHii cdepi SO n?
= 1. IIpuBeaemo 11e MpUKIaa HUIiHApHYHOI cucTeMu kKoopaunat C va H+®: xo = chA chb, x
= (shA)n, xa=chAshb, =1, 0<A <o, —oo<b <co.V miit cucremi oneparop Ar(H+*)
Ma€ BUTISA

, (10)

0 0 1 0 A (S?)
HY)=————chAsh®A —+ +—L . 11
AR = chkshzk o oh  ch®L db®>  sh’ (1)
3 HUM KOMYTYI0Th onepatopu M? = — A (S®), M3, Po 3i Bracaumu 3HauenHsaMu v(M?) =
1(1+1), v(M3) =m, v(Po) = 7, ie 1 =0, 1,2, ..., - < m< |, — o0 <t <05 AL(S®) — onepaTop

Jlannaca Ha TBOBUMIpPHIi C(bepl S@: nz_ l. Pa30M Il OIIepaTOpPH YTBOPIOIOTH OBHUN HAOIp
B3a€MOKOMYTYIOUHX oniepaTopis s mumiHgpuaHoi cucremu C (pexykuis SO(1,4) ©SO(1,1)
® SO(3) > SO(2); cuMBOII  ® O3HAYAE MPSAMHUIA JOOYTOK).

7. ba3ucHi pyHKIIT MOKHA 3HANUTH TaKOX y pe3ysbTaTi 00UnCiIeHb iHTerpaia [4]

O () = | du(@) =, @)IxT%*™, (12)
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ne I' — koutyp interpysanns Ha konyci C+® [£, €] = 0 (& > 0), sxuii nepeTuHaE M0 OJHOMY
pasy yci toro TeipHi; &' € T Zx(&') — opronopmosani dynkuii Ha HEOMy. Hampuknaz, y
chepuuniii cucremi xoopaunat y pomi I' moxna B3satu cdepy S — meperun xomyca i3
mwrowmHow & = 1. Toxi &' = (1,C), €2 =1. Po3paxyHKH ar0Th pe3yisTar [4]
Ofin (%) = [, Q)Y (D)X, (LT =

= (-1’ (J+DIC(ir -1/2)/T(ir — j=1/2)Jsh ™A P33}, (Chr) Y, (M),
ne J, I, m — xBanToBi uucia, 3B’s3aHi 3 imBapiantamu nmiarpyn  SO(4), SO(3), SO(2),
BiZNOBINHO, & Yjim— SO(4) — chepuuna dynkuis. Sximo napamerpusysatu 1 = (1), N4) TaKuM
apHOM, O 1 = (Siny)n, n?=1,an4=CoSYy, TO Yjim(1)) 3M0O’eMO TIPECTABUTH Y BUTTIAI
Yim(n) = Zi(y) Yim(n), e

Zi(y) = [(J + DI+ 1+ 2)/T(j — T +1)]¥3(siny) M2 P 7E (cosy),

j+1/2

(13)

Y|m(n) — SO@B) - cdepuuna GyHKISE. YMOBa OPTOTOHAIBHOCTI IA  Yjim:
Jlm |Y >= 8 6II’Smm

VY Bunaaxy C — cucreMu y poii koutypa ' ciin B3satu ['c — meperun konyca [, E] =
muningpom Eo? — 42 = 1. IlapameTpusyemo Horo HacTynmHuM duHoM: & = chc, E=v (v2=1),
& = shc, — o < ¢ <. Toni 3HaiAEMO, 1110 [4]

0., (x)=[_dedu (v) @f, (¢ v)[x E17*" =
=[2¥#" ¥2T (AT (B)th'A (chk)g’z*”/F(D)F(l+3/2)] ,F,(A, B; D;th*A)®;, (b;n), (14)
e A=GB+ir+1+it)/2,B=QB+ir+1-it)/2,D=1+3/2,a
®; (b;n) = (1/2m)"* exp(itc)Y,, (n),
<@ | D >=5,8,  St-T).
YMoBU HOpMYBaHHs Uit @) (X) 1 OF (X) MAKOTh BUIJIS

; o(r—r’
<®jlm|®JIm ( ) i’ 6II6

r(r® +1/ 4)thar
<®£Im |® S(r r) 6(’[:_T'J)&I’Smm

win 7= T r(r2 +1/ d)thar

Bunuimemo TyT Takox BUpasu ans imBapianTHoi mipu du(X) =dX/V1+X° 8 pocTopi

Jlo6auescekoro Li* y xoopammarax S— i C— cmcrem: du(xs) = sh®Adidu(Q), du(xc) =
sh3xdidu(n)db. Y koopaunatax 8, 0, ¢ Ha cdepi 2 = 1 Bupas dp(0) npusenenwuii 8 (3). SAxmo
y C- cuctemi koopauHatd O, ¢ mapamMeTpHu3yioTh ABoBHMIipHY chepy S@: n? = 1, To
MaTHMEMO X1 = N1 = sind sing, X2 = N2 = sinB cose, X3 = nz = c0sH, du(n) = sind do de.
“PanianbHa” uyacTHHA 6a3suCHOI (YHKIIi y KOKHilM KoopaumHaTHili cuctemi Ha H:®
BiJMoBifac “paianpHiil” yactuni oneparopa Jlamnaca A (H+™), Bupaxenoro B koopaunarax
i€l cuctemu. I3 inTerpana B (13) BoHa ofepKy€eTbes MpU TIEBHOMY BH60pi Touku X € H+®,

Hanpuxmazn, mis S-cuctemu X = x (A) = (ch A, 0, sh X). ¥ it cuctemi KOOpAMHAT BOHA Ma€
BUTJIST
RI(A) = (1) (j +D)[C(r —1/2)/ T(ir — j—1/2)]sh A P5), (chi) (15)
1 € pO3B’A3KOM TU(EPEHIIATHHOTO PIBHIHHS
1 d d j(j+2) 9
—sh®h—- RI(A) = r*+= [R{(). 16
(shgx di dv  sh®A ) 4 () (16)

®ynxuist ¢or (A) y (8) 3an0BosbHse piBHAHHA (16) npu 3HadenHi | = 0. Jlerko 6auunty, mo
Ri"(0)= (-1)I(j + 1)(T'(ir — 1/2)/T(ir —j —1/2)). ITpu j =0 Ro"(0) = 1.
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Y muwmeapuudHiii cucremi C  “pamianpHa’ yacThHAa 0a3UCHOI HKIUT X) €
rlm
PO3B’SI3KOM U (PEPEeHIIIaTbHOTO PIBHSIHHS

da- d 7 D o oy (2, 9k 17
(dl +(thk+2cth%)dk JRT,,(x) (r +4jRT,,(x). (17)

ch’x  sh*
3 TOYHICTIO JI0 YUCIOBUX MHOXKHHUKIB 11 mae (13) mpu x = x (A) = (ch 4,0, 0, —sh 2, 0):

| =3/2-ir
12 oli2+ir I'(A)I(B) t_h A (cha) ,F (A B;D; th)), (18)
'@3/2+inNr{+3/2)

RY,(h) = (21 +1)

ne A, B, D Taki x, sk 1 B (14).

8. Y pobotax [4, 13, 14] meTomaMu iHTErpabHOI TreoMeTpii Oyiu modyaoBaHi GopMyin
posknany ckanspaoi pyukuii P(X) € L2(H+®) y pisuux cuctemax xoopaunat na H+® ~ L™,
Ix MoxHa 3actocyBatu g0 KC. IlpuBenemo Taki poskiaamu it S — 1 C — cuctem. [HIm
3aMUCYIOTHCS aHAJIOTTYHO. MaeMo (\P(X) E| X >)

x>=>" S S O()ilm>  (S-cuctema), (19)

x>=3"3" ["dre, (x|dm>  (C-cucrema). (20)

Scno, mo MokHa Tak HopmyBatu KC, mo6 Ok'(X) — dyHKIIT 3a10BOJBHSIA YMOBI
TIOBHOTH Yy TAKOMY BUIJISIII, KOJIM crpaBa cToith 1. Hanpukman, jim/@jm" (X)? = 1

BigMiTHMO TYT, 1110 aCHMITOTHKA paaiaabHol pyHKIIT R'(A) mpu A — oo y KOXKHIM cucTeMi
koopauHaT Ha H:*) nae MoxmuBicTH ycTaHOBMTH sBHO KoeillieHT, Ha sKkuil Tpeba
NOMHOXHUTH OasucHy (yHkuio Ha H:*, mo06 i MoxuHa G6yn0 HOpmyBaTtd Ha &(I — I') —
¢bynkuito [4].

Y pom OasucHux BektopiB | jJIm > y dopmyni (19) MokHa B3ATH CHCTEMY
oproHopMoBaHuX chepuurnx GpyHKIiH Yjim(0) rpymm SO(4). Bonu € BracHEMH QYHKIIIME

B3a€MOKOMYTYIOUMX oneparopis J?> = M? + P?, M? i Ms. IToMHOXHMO HaY“,m,(z) o0 IBi
vacturn (19) i mpoinTerpyemo mo chepi 2 = 1. BUKOPHCTOBYIOUH YMOBY OPTOTOHANBHOCTI
J-(s) du(E)Yj,m (E)Yj,,,m, (€)=5, OuSnm  DyHKIIHA Yim( ) mnpuxomumo 10 iHTerpampHOTO

NPEeACTaBIACHHS IS O (X)

O (0= [, () Vi@ (% —X0) " = J; @)Y, (OIx. T, (21)
ne &' = (1, { ) — Touka chepuunoro koutypa I's — nepetuny konyca [£, &] = 0 i3 mIommMHOKO
=1
Mpuj=l=m=0 Og(*)= %J'On ddsin 28 (cosh —sha.cosd) /27",

T

AHaJOTIYHUM YHMHOM MOXHA OJIep’KaTH IHTErpaJibHE MpeACTaBlIeHHs A (yHKLINA
O, (X) y uuninapuuHiit cucremi C:

O, () =[_du(@) @}, E)xeT> "
Tyr & =¢&'(c,n) € I'c,n=(singsin¢, smacosd) c0s9),0< 9<m,0< ¢ <2m 3okpema,
st 3HadeHHs M = 0 maeMo
@', (x) =n(2l +1 MJ: dc e“CJ'On d9sin 9(chi.chc —shicos9)**" P (cos9).
[Moknasum y Gpopmysti (19) | jim > =~Yj|m(z), nepenumemo ii Tak:
@ (x) =[chA —shA (MO " =3 RI(A) Y () Yy (C). (22)
3a teopemotro nogaBanus SO(4) — chepuunux GyHkiii (qus. [8])
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o T~ =~ . sin(j+1
% Y@= (49T
e cosp = (M ). A Tomy (22) HaGyBae Temep TAKOTO BHIIISY:

e GO = 27 R+ T 2. @3)

ro piBHICTH MOXHA PO3IVIANATH AK TeHepyrody Qynkuiro 1 gpynkuii Rj'(4). Ko ¢ = 0
abo ¢=m nC)=1a6o (nC) =-1, (23) nae

T =3 () (J+ DR (1), (24)
Ipu ¢ =n/2 (M) = 0 mpuxoxUMO A0 PiBHOCTI
(chy) % = ZT:O -D)’@j+)R; (). (25)

BukopucroByroun ¢popmyiu (8.11.11(15.3.6) B [15], dpyskiiro konyca P} (chi) B (15)
MO’KHA MTPEJICTABUTH HACTYITHUM YHHOM:

) . <\ (=3/2+in)%
Poi-L (chh) =i(1—e*2k)’ 1 I(ir)e F(§+ [ +ir;1+ir;e2k)+k.c. .
Jr 2

r@/2+ir+j) > 12
3 ypaxyBaHHSM I[LOTO CIIBBITHOIICHHS, YCTAHOBIIOEMO, IO MPU A —>00
R;’ (}\‘) - i(—l)J(J +1) |r(|r —1/ 2)| ( F(lr) . e(—3/2+ir)x + kcj (26)
Jr ID(ir—j—1/2)|\ T3/ 2+ir+ j)
Toni dopmyna (23) poskmamy SO(1,4) — KOrepeHTHOro CTaHy mpu A —oo HaOyBae
BUTJISITY

(chi —shicosg)**" ~ %ﬂ“(ir —1/2)[e P
(27)

_1)i(j in o i i _
oy DD sine(i+f TN a0

=I(ir—j-1/2)  sing \C(ir+ j+3/2)
AHaJOTiYHO MOKHA OTPUMATH ACUMITTOTHYHI BUPA3H MPU A —00 po3kiaiiB (24) i (25).
9. IlpencraBumo (16) y Takiit popmi:

2, 0 " 2 |Rr :
[Sh 3/2}sth3/2k_[J(J+2)+3/4]Sh Z}JRJ. (k)=—r2Rj ).

[Tepekonyemoch, mo o¢yukiia Pj'(1) = sh¥A Rj'(\) 3amoBonbHse mudepeHIianbHe
PIBHSHHS

2
Bono mae Burnsan piBusHHs Illpeninrepa ang 3agaui po3CisiHHS B MOTeHUIadl y ¢opMi
Vij(A) = [ j(j+ 2 )+3/4] sh?L. I3 (26) BunnmBac acumnrotunmii Bupa3 Gpynkuii ¥j'(L) mpu A

—00;

( d—2+[j(j+2)+3/4]shZA)T;(k)zrz‘P;(k).

¥/ (L) ~ C;(A)exp(irk) + C; (—A) exp(—irk),
cj(x):(zlﬁ)(—l)i(j +)I(ir) | T(ir -1/ 2) | /|0 (ir — j~1/2)|0Gr + j +3/2).

(28)
A ToMmy mapiiiagbHa S-MaTpUIIS I 1aHOT 3a71a4i pO3CisIHHS Ma€e BUTIISL (uB. [2])
S;A)=-C,(\)/C;(—1)=T(ir)l’'(-ir + j+3/2)/T(—ir)['(ir + j+3/2).
Sk 6aunMo, y Hel € motocH y Toukax r=1in, n=1,2,..., i r=im-j-3/2), m=1,2,...
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10. Pesynapratu pobGotu [16] (dopmynu (5.12), (5.13)) nmaroTh HaM MOXKJIHMBICTH
YCTaHOBHTH (B YHITApHOMY BHUIIAIKY) MpsAMY 1 obepHeny hopmyin poskiaany ¢yHkiii f(X) €
L?(H+®) o cucremi SO(1, 4) — KC y Burnszi

F(0) = (21)* [ du () du(@) f ()%~ %)™, (29)
(i) = [du( F ()06 ~X8) ™" (30)

Tyt f (z; r) = (D(élaozl; r) = @o((1, z); r), ne ®(&; r) — ogHOpiIHA CTEMEHs OJHOPITHOCTI —
3/2+ir dyHkuis, 3anana Ha koHyci [&, &] = & — & =0, &> 0; du(x) — inBapianTha mipa B L:¥),
du(C) — enemenT “rinecHoro xKyrta” y mpocTopi omuHUYHUX BekTopis C: (2 = 1; du(r) = r(r’ +
1/4)th 7 rdr — mipa [Inanmeperns Ha MHOKUHI KJIACIB €KBIBAJICHTHOCTI HE3BITHUX YHITAPHHX
npezacraiens 7(g). [arerpyBanns mo ry (29) ixe Bix 0 10 o0 (MM CKOPHCTAITUCH YHITAPHOKO

eKBIBAJICHTHICTIO TpesicTaBiieHb 77(g) 1 777(Q). I3 uux dopmyn BHILIHBAE, MO PO3TIISyBaHA
cucreMa KC € IOBHOIO 1 OPTOrOHAJIBHOIO:

(2m) [ du(x) DL(X) D (x) = (cthrr /1(r* +1/ 4) 8(r — ) 3(C, 5), (31)
() [d(r) du(Q) DL () @L(X) =1+ 7 3(x=x). (32)

Ha ocnoBi popmymu Teitnopa 3 po3kinany ¢yHkiii y = Y(r) y CTEIIEHEBHI psl YBEIEMO Y
po3risan omepaTop ckiHueHoro 3cyBy exp(ad/dr): exp(ad/dr)y(r) = y(r+a). Ilomiemo
onepatopamu exp(£ i1d/dr) ma pyukuiro Rj'(A) B (15), npeacraBusmiu ii y Burisaa Rj'(A) =
A'(W)PH (chd), e pw=-j—1,v=ir—1/2. 3HaxoaumMo

exp(id /dr)R (L) = Af (M[(=ir + j+3/2)/(—ir +3/2)]P}, (ch}),
exp(—id /dr)Rj(A) = Aj (M) [(=ir +1/2) /(=ir + j+1/2)]P, (ch)).
CKOpHUCTaBIIMCh IMMH PIBHOCTSMHU W pPEKYpEHTHUM CHIBBIIHOIICHHSIM JJIsl (YHKINN
Jlexxannpa 1-ro pomy P'(z)y Burisimi:
(v—pr+DPRL (D) + (v+ )R (2) = v+ D) zRi(2),

0e3rmocepeIHLOI0 MepeBIPKOO MEPEKOHYEMOCH y CIIpaBeITUBOCTI TaKoTO
“mudepennianbHoro” piBHsHHES I R (L) (1uB. Takox [17]):

{Z(Chi i)+3—ish(i ij+_j(_ie””‘“ —ZChk}R}(k) =0. (33)
dr) r dr) ir(-ir+1/2)

Komnu j = 0 fiomy 3am0BosbHs€ GyHKIS @r (L) 13 (8):

.d) 3 ,(.d
{ZCh[ [ Ej +?sh(| aj - 2Ch7\,:|(pr (»)=0.

PiBHstHHS (33) MOKHA pO3IIIAIATH SIK PIBHAHHS Y CKIHUEHHUX PI3HULSAX. Y CTAHOBUMO Terep
ckinueHHopi3HuIeBe piBHIHHS st KC. Tlosnaunmo uepe3 Az onepatop Jlamnaca Ha cdepi
S® (S® = {Z:T = 1} i3 BmacuuM 3HaueHHAM Vj (A7) = — vj(J?) = — j(j + 2). Toxi Ha ocHOBI
(33), maroun Ha yBa3i (23), oTpuMy€eMo piBHSAHHS Y cKiHdeHHUX pizHuipx it SO(1,4) — KC:

i A~ _
2Ch( |1] +§sh(i i) ——— "' _2ch) |®L =0. (34)
ar) r dr ) ir(ir-1/2) ¢

11. Posrmsnemo B (1+4)-BuMipHOMY iMIyjbcHOMY TmpocTopi Minkoseskoro Mpt®
piBsanHs Kneitna-T'opaona y surisai g2°papeP(p) = x?¥(p), ae k — pikcoBaHuii mapamerp.
BoHo € HaiinpocTimmM piBHSIHHSIM, iHBapiaHTHUM BiTHOCHO HeoqHOPiAHOI rpynu Ae Citrepa
ISO(1,4), mo renepyeThbest I’ ATHAAIATEMA oniepatopamu Pa, Lap ; Lab — TeHepaTopu anredpu
so(1,4), a Pa — reneparopu TpaHcnsanii y npocropi My®, xomyrauiiini criBBigHOIEHHS
SKHX MK c00010 13 Lap MaroTh BUTIIAA: [Pa, Pb] =0, [Pa, Loc] = gabPc — Gac Po.
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3rigHo iHTepmpeTallii pooit [18, 19], xBuiIboBa (1)yHI<u1;1 ‘P(p) OTUCYE BlJIBHy CUCTEMY
(Tummy HecTabLIbHOI YaCTUHKH) 3 HYJIHOBHUMH CIIIHOM 1 130CIIHOM, ajie¢ 3MiHHOi Macu M =

JKE+ p4 . OueBuIHO, O BOHA MOXe OyTH npejcTapiena y suraaai P(p) = 8( p? — k?)o( p).
Muoxuuk 8( p? — k%) yCTaHOBIIOE 3B'I30K MiK «EHEPreTHYHOIO» 3MiHHOK Po > 0,
IMITyJILCHOIO 3MIHHOIO ) 1 MACOBUM 4IeHOM M? = pa? + 1% : Po® — P? — P4® = k2, K — 11e iHBapiaHT
rpyriu  1SO(1,4). ¥V mopanpmioMy MNPUITYCTHMO, IO S-BEKTOPH P 3aJ0BOJBHSIOTH II€
criBBiAHOMIECHHS. Jlami ms HpOCTOTI/I nomaneMo K = 1, BBaxxatumemo, o ¢(p) 3aaaHa Ha
BerHII/I HOpO)KHI/IHl rinep6onoina po? —p2 =1, po > 0, p = (p, ps). Bin peanizye L[lI/ICHI/II/I 4-
BUMIpHUH mpocTip Jlob6aueBchKkoro L ). CyKymHIiCTh «I0JaTHO-4aCTOTHHX» PO3B’SI3KiB
piBasHHEA (9% pa Ppo — Do(p) = 0, a, b =0, 1, 2, 3, 4, ToOTO PO3B’SA3KIB 3 Po =

2 2 e o o o . o
o(P, p,) =y/P° + P; +1>0yTBOpIoe miHilinuii BekTOpHWH TpOCTIp, AKUA MOKe OyTH
TepeTBopeHuii B Tinb6eptis npoctip L2(L;™), K10 BU3HAYNTH B HHOMY CKAISPHUIA 100YTOK

y eurmsi (01,0,)=[(d*p/ py) o;(p) 0, (p).

YV mpocropi L?(L;*) peanizyerbcss He3BimHe yHIiTapHe BiHOCHO IBOTO CKAJIAPHOTO
no0ytky npexacraeienns rpynu 1SO(1,4). BignocHo neperBopers A 3 miarpymu SO(1,4)
byHKIIS @(P) MePETBOPIOETHCS MO KBAa3UPEryJIIpHOMY MpeacTaBicHHo ¢'(P) = m(A)e(p) =
©(A1p), sixe, B3arani kaxyuw, € 3BiTHEM. 3a1a49a PO3KIaLy HOTO Ha HE3BIMHI IPEICTABICHHS
ekBiBaneHTHa po3knany ¢(p) mo 6asmcHux QyHkmigx y mpocropi L2(L;¥). Taki posknanu
MPUBOJATH A0 1HBapiaHTHOI Kiacu@ikalii CTaHIB 3MIHHOI Macu IO BJIACHUX 3HAYEHHSX
oneparopiB Kasumipa rpymu SO(1,4). BupimeHHsSM Takoi 3amadi BHSICHSETHCS, fKI 13
YHITapHUX HE3BITHUX MpeaAcTaBieHb ogHopiaHOl rpymu SO(1,4) mopoKyrOThCS YHITAPHAM
He3BiIHUM nipencTaBieHHsM rpymu 1SO(1,4).

Bunumemo Tyt hopmymnu poskinaay ¢(p) mo cucremi SO(1,4) — KC, yBiBIM no3HAYCHHS

2(B;F) =[p, KT =[p, (L O)*/*" = (y1+ P? - BO) */*", k=@ §),[K.K1=0, 22 = 1; 7= (r, D).

Buxopucraemo (29) 1 (30). YV nanux neperno3HadeHHsX i GOPMYIIH MPEICTaBICH] Y BUTIISI
o(P) = (21) [ du(F) 2(5;T) W (F), (35)
W(F) = (2m)* [ du(P) 2(B: ) o(P), (36)
ne o(p) = (P =1+, p), WA =/ (G 1), du (F) = du(r)du(@), du(p) = dp/y1+ B° . Tipu

mii Ha [p, k]° omepaTopiB Jap ——i( Pad,— Pd,), onepxyemo Jab [, k]° —— io(pakn — Poka) [p,
KoY, nme 0,= 8/6Pa, o=-3/2+ir. Toni 3Haitnemo J®Jap [p,K]°=—20 (c+3) [5,K]°. e

o3Hauae, mo posrsiaysana Gyukuin Z(P;T)=[(p/{1+P°, (L E)) e BracHow ¢yHKIiEw
oneparopa Kasumipa rpymu SO(1,4) V =-1/2 J® Ja i3 Bnacaum 3HaueHHsM v(V) =—co
(6+3).Y nekaproBomy 0Oaswuci

V =—A (L) =g 0, 9" (L)IG(LI?0,, mv=0,1,23, 37)
ne g (L;®) — meTpuunwmii tensop npocropy L@, g (L;¥) = |det g* (L;¥)).

3ayBaxkuMmo, o Merpuanuii Tensop guw(L; ) ma L;* , sax rinepnosepxni rinep6onoina

H+®, 3amypenoi y mmockuii immynscHuii mpoctip Minkoseskoro Myt imgykyerscs
metpraHuM Tersopom §*°(Mp™#) 3a dopmymoro (L) = g (Mp™)6, pa((z))a Po(w), 1e
yepe3 o MO3HaueHa CyKyNHIicTh BHYTpimHiX koopaunar Ha L;®. Merpuka npoctopy L;*
BU3HAYAETHCS PIBHICTIO

ds*=dp?®—(pdp)/(1 +p®), pdp =pdp +padps, p==p*+ps (38)

OTtxe, opuchepuuri XBUWI Z( p; ') 3aJ10BOJIbHSAIOTH PIBHSIHHS
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[(1//5)8,9" (F)T 8,JE(F:T) = o(c+3)E(BiT), o=-3/2+ir. (39)
[TeperBopenns (35) — (36) y p- npOCTopi Jlo6auescrkoro Lp(4) 3 merpukoro (38) rpae

POJIb MEPETBOPEHHS ®yp’e. La ananoris crae 1e OUIBII CXO0XKOK0, AKIIO BPaxyBaTH (IUB.
[12]), o BizcTans T ( P, k ) Bix Touku p xo opuchepn [ P, k] = 1, Bu3HavaeThcs GOPMYIIO0

vt (p k)~ In[ pk ] i tomi S(PT)-ermee.
w(p.K) =(y1+ p°, B). (L €)= (P, ).

GOynkmii E( p; T ) TparoTh poib IUIOCKUX (OpUCHEPUYHUX) XBHJIb y P-TPOCTOPI
Jlo6aueBchkoro Lp(4), mo BimOBiIal0Th «TPAHCIIAIIAMY

TYT YBCACHO IIO3HAYCHHA

B = (ALB) = B()d = P+ p,— 56}; A =7, Pd
p'=(A;P)=p(+H)] p+q(po 4 +1 P(+)G| Y1+ P +1+\/W o

y IBOMY IPOCTOPI, SIKIi BU3HAYAIOTHCS BiIacHE meperBopeHHsMu jae Citrepa Ady
TPaHMII, KOJIH

|p[<<1,[plr= dikc., (41)

nepetBopeHHs (40) mepexoaaTh y MEPETBOPEHHS TPAHCISIIN €BKIIIOBOTO P-TIPOCTOPY
Rp(4): p—p+q aZ(p;T)— exp(ipt), net=1C,2=1,72=r 2. Lli neperBopeHHs
npocropy Rp(4) yTBOpIOIOTH Tpymy, Ha BiAMIHY Bin mnepeTBopeHb (40), siKi € mpocTo
enementamu Trpynu SO(1,4). Slcno, mo BimHocHo SO(1,4) — meperBopennr du(p ) He
3MIHIOETHCSI.

Takum unrOM, Ha popmynm (35) — (36) MOKHA TMBUTHUCS, K Ha CIIBBIJHOIICHHS, IO
3B’ SI3YIOTh KpHBI/Iﬁ p- HpOCTip 3 geskuMm 4- BI/IMipHI/IM KOHQITYpamiifHAUM T-TIPOCTOPOM.
Moy | T | = r BekTopa T € SO(l 4) — lHBaplaHTOM a #oro Hampsam HepeTBOPIO€TBC$I
BigHocHO SO(1, 4) SIK '-IOTI/IpI/IBI/IMlpHa yactuHa i3oTporHoro 5-sekropa k = (1, 0), [k, k] =
[TpoBenemo naui 1o anasorito. OueBuHO, 1m0 «Dyp’e» —neperBopenHs (35) — (36) 3agatoTh
BiJTOOpayKEHHS P < T.

Binomo, 110 miocki xBui ?;( p;T)= exp (£1Tp ), sIKi 3MIHCHIOIOTH MEPEXiJI Bil €BKJIIIOBOTO
p- MpOCTOpY Rp(4) nmo eBkmigoBOro f- MPOCTOPY Rf(4), € MaTpuYHMMHU eJIEeMEHTaMu
YHITapHOTO MPE/ICTABICHHS IPyTH TpaHCHHHIH npoctopy Rp(4) 3 OTepaTopoM Ka3HM1pa X2
= (i9/9p)2 =f 2 =r 2, saxi BignosigarTh 3HayeHusam r2 > 0. Llei inBapianT cniBmagae 3
orepaTopoM KBajpaTa 4-intepBana X 2= X 2 + X42 = f 2. Tax, mio miocki xsum & P; T )
MO>KHA PO3TIISIATH, K PO3B’SI3KH HACTYIMHOTO JU(EPEHIIATIEHOTO PIBHSHHS

(101 0p)°E(F:F) = F2E(Bi). 42)
Jns ynitapuux npenacrasienb kiacy 1 rpynu SO(1,4) iHBapiaHTOM €, SIK MU 3HA€EMO,
oneparop (37) i3 BnacHuM 3HaueHHAM vr (V ) =12 + 9/4. Y rpanuti (41)

V=-g""(0/0p,)9" (F)g"*(0/ op,) > —~(010p)* = (i0/ )" =

V wmiii rpanwui piBHsSHHES (39) A oprchepudHUX XBIWIb Z( P; T ) IEPEXOASITh Y PIBHIHHS
(42) nna nockux xBuib & p; T ). TakuM urHOM, omepatop V MU MOKEMO iHTEPIPETYBATH
SIK y3araJlbHeHHsI «HEPEIATHBICTCHKOTO» oriepaTtopa kBaapaTa 4-intepBany X 2, a QyHKIIIO
E( p; T ) — SK «IUIOCKY» XBWII, fKa 3IIHCHIOE Tepexi] BiJ P-NPEICTAaBICHHS 10 I-
MIPEICTaBIICHHS.

3ayBa)KI/IMO 10 X04a é( p; T') € BmacHUMH QYHKIISIMU OTiepaTopa Tpchnﬂum X~ =io/ap
y pocTopi Rp(4), «mtocki» XxBuiti Z( p; T ) HE MOXKHA PO3TJISAATH SIK BJIaCHI (PyHKIIIT BEKTOP-
X (LY =iJ1+ p?0/op : y
reHeparopa neperBopens (40) P , OCKUIBKHM MOT'0 YOTUPY KOMIIOHEHTH HE
KOMYTYIOTb MIX €000, a OTXe, iX He MOXHa MPUBECTH 10 [1arOHAJbHOTO BUIJISAY
OJIHOYACHO.
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JIns «IuToCKHUX» XBUIJIb MOYKHA 3amucaT po3kian (aus. (23)):

PN I PPN P I'(=1/2+ir) poit sin j(p+1)
=) = 5 0 D Pl O =5 “

nepO0=chAp=@hMnn2=1cose=(pt)|p| ] Axmop=Ap,p=(10),A €

r
SO(1,4), To BenuunHU to (A04(L)) = tjr(A) = Rjr(A) € MaTpUYHUMHU €JIEMEHTAMHU «0ycTa»
HYJLOBOT'O CTOBITYHMKA YHITApHHUX mpejacTaBicHb kiaacy 1 rpynu SO(1,4). CriBBiAHOIICHHS
(43) ma€e MOKITUBICTH PO3MIIAYBATH IUIOCKY» XBHIIIO Z( P; T ) K reHepyody QYHKIHIO IS
[IUX MaTPUYHHUX EJIEMEHTIB.
SIK KOTe€pEeHTHI CTaHH «IUIOCKi» XBHIIi 110 3MiHHiii T = (r,() 3aJ0BONBHSIOTH PiBHIHHS(JIHB.

(34)

H Z(p;T) = 2cha Z(p; ), (44)
ne H — mudepeniianpHo-pi3sHAIEBHIT OmIepaTop
R A .
H = Zch(igj ﬂsh( 0 j — & gl
or) r or) ir(ir=1/2) (45)

ne AL — oneparop Jlannaca Ha oqunmusiit cdepi S(3): {2 = 1. V rpanuni (41) piBHsaHs
(44) nabyBae popmy anamora piBHsHHs Ilpeninrepa it BUTBHOI «YaCTHHKWY) OJMHHYHOI
MacH:
HE(P;F)=E&(p;T), E=p°/2,
; oY 10,0 1

H=[P(R)VP=|-i—| == 222 _— A_.

[P(R)] (ai’j rPor or r* ¢
['eomeTpist KOHQIrypamifiHoro f-mpocropy, sk me BUAHO i3 (35) — (36), HeeBKIinOBA.
IuBapianTaa Mipa du (t ) = du(r )dw(C) =r (r2 + 1/4)th wrdrdu(C ) crae eBKIIIIOBOIO TIIBKH Y

- - ~ SN AR L =2
rpanuii  (41): du(F) — df = r’drdu(C). V wiii rpadumoi i du(p)=dp/y1+p cTae
eBkioBoro: du (p ) — dp =dpldp2dp3dp4. T CHEPATOPH 3CYBIB F-TIPOCTOPY HE MOXKYTh Oy TH

p — (-o/ar)

KOMIIOHEHTaMH BEKTOp-OIeparopa , 00 CIIEKTp OCTaHHIX JIa€ CBKJIIJIOBUH D-
npoctip Rp(4), a He kpuBuii p-tipoctip Lp(4), 1 (1110 1y’ke BaXKIMBO) CIUJILHOIO BIACHOIO
¢yHkiier onepartopiB Pa, o =1, 2, 3, 4, € muiocka xBuiis §( p; T ), a He opuchepuuna E( p; ©
). Bci HeoOX1HI BUMOTH 3aJJ0BOJIbHAIOTH JAU(EPEHLIaTbHO-PI3HUIIEB] ONEPAaTOPU TAKOIO
BUTIISTY:

3 ~ - - ii
P, =—sin §sin B cos e eaf—ﬂ —l(cosESsin GCOS({)Q+M£—&)€&,
2)r 00 sind 00 sindsin®

i 0 a 1 ig
P, = —sin 8sin 8sin ¢ e"*—i —l(cosésinesin(pﬁ Cosbsing 0 __ cose je("
2 ) r 00 sind 90 sindsin @
0 ~ .
P, =—sin 5cos0 ef”—ﬂ ——[coséco ei—wije ,
2 ) r 05 sind 0o

9 q i iﬁ
P, :—COSS(G o —%}lsin 5 e o

r 00
ne H BusHauaeTscs popmynoro (45), a 8, 0, ¢ — chepuuni kyrtu Bexropa ¢ (mus. (3)).
CripaBeIvBi CITiBBiTHOIIICHHS [Pa PB1=0, a,f=1,2,3,4,
F_’E(ﬁf)= EE(ﬁaF), (46)

162



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

hi (S P=(R.F. P R). V rpannni (41) omeparopu Pa (o = 1, 2, 3, 4) nmepexomsaTts y
reHEPaTOPH 3CYBIB €BKIIII0BOrO 4-mipoctopy RT (4), 3anmcanux y chepruIHUX KOOPAUHATAX:

P >, =i sin65in6c03@i+cosssm 6005(p£+cose_cos(pi_ _smq? 0 |
or r 00 rsind o0 rsindsin®d oe

B, - p, =i[ sin 8sin sin (P£+C0565m 6sm(p£+cose.sm(piJr .cos(l? 0 ’
or r 00 rsind 00 rsindsin0 dp

_ ( . 0 co0sdcosh &0 sind 6)
— Py =—1{SINdC0SO—+ — |,
or r 00 rsind 0o

w0l

[Tpu 11bOMY BHUKOHYETHCS TaKa PiBHICTb: pE(PiT) = PE(P:T), ne p=—o/ar, T=rg. j
MOXKHA PO3TIISAIyBaTH K TpaHUYHUN BUNIAA0K (y ceHci (41)) piBHOCTI (46).
Ha 3aBepiieHHs npuBe1eMo piBHIHHS

(Hy—2E,)¥{" () =0,

H, = 2ch(ii]+ﬂsh(iij+Meid’df.
dr) r dr) ir(-ir+1/2)
Po3B’s3kom Horo € dynkiis 'Pj(0)(r) = Rjr(ch A). Y repminax A — onepartii (A =1 exp(id/dr
— 1) piBusiHHSA (47) € PIBHAHHAM JIPYroro MOPSAKY, OT)KE Ma€ JBa JIHINHO He3alexHUX
po3B’s3ku. [lpu 3amiHi ] — — ] — 2 BOHO, OYEBHHO, HE 3MIHIOETHCS. A TOMY HEBaKKO

R, ,(ch)).

(47)
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COHERENT STATES OF A HOMOGENEOUS
DE SITTER GROUP

The theory of coherent states (CS) of the de Sitter group SO(1, 4) is further developed. In
particular, a simple method of their construction is proposed, a differential-difference
equation for them is derived, formulas for generalized partial wave decompositions are
given. It is shown that these CS’s can be considered as "plane waves" in 4-dimensional
Lobachevsky space (they are parameterized by points of this space). Wave functions of
variable mass particles in momentum Cartesian coordinates of this space are expanded
in this system of "waves". We obtain in explicit form the generators of translation in the
introduced by us configuration space which is canonically conjugated to the momentum
Lobachevsky space L. It is revealed that their common spectrum coincides with the
curved space L,®, and their common eigenfunction is the "plane wave".

Keywords: coherent states, group, representation, Lobachevsky space, horospheric
waves.
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e-mail: yar@icmp.lviv.ua

PAJIAIIMHE TAJJbMYBAHHSA TOUKOBOI'O 3APSAY B
ITPOCTOPI JE CITTEPA

VY cTarTi pO3rNMAAaEThCS PyX TOYKOBOTO EIEKTPUYHOTO 3apsmy B IpoCTopi-daci 1e
Citrepa. ToukoBa yacTHHKA 3 Macoi M i 3apsmoM (], MO PyXaeThCs MO T'eOAe3MUHiH,
CTBOPIOE EJIEKTPOMArHiTHE I0Jie, 0 NMpH HaONMKEHHI JI0 3apsily HEOOMEXEHO 3pOCTae.
IMone BuBOAMTHCA 3 enekrTpoMarHiTHOl ¢yHkuil I'pina, oTpumaniit Xiryui ta JIi [1].
EdexruBHe piBHAHHS pyXy BUBOAMTBHCS 3 DPIBHSHb OanaHcy, IO € IU(epeHLiHHUMA
HACIIiIKAaMK 3aKOHIB 30€peXCHHs, M0 BIAMOBINAIOTH TPYIi i30MeTpii mpocTopy ne
Citrepa. Ilpomeaypa mnepeHOpMyBaHHS pO30DKHOCTEH OCHOBaHA Ha  KOHIICTIIi
JetBeitnepa-YaiTuHra, 3riflHO 3 KO PyX 3apsay BHU3HAYAETHCS JIHIIC PErYJSIPHOIO
CKJIaJIOBOIO 3aKOHIB 30epeKeHHs, a po30DXKHI WICHH IOTIHHAIOTHCS 1HIMBIITYaTbHAMA
XapaKTepUCTUKAaMH YaCTUHKH.

KuarouoBi ciaoBa: mpocrip me Cirrepa, piBHAHHA MakcBemna, 3aKOHU 30epeKeHHS,
TIEpCHOPMYBAHH!, PEaKIlisl BUIIPOMIHIOBaHHSI.

1. Beryn
OcTaHHIMH POKaMH CTPIMKO 3pOCTa€ iIHTEPEC 10 3a/1a4 PO PEAKIIif0 eIEKTPOMArHiTHOTO

BUIPOMIHIOBAHHS Ta CHJIy TpaBiTalliiHOI camMojii Ha TOYKOBY YAaCTHUHKY, 1[0 PyXa€ThCS B
BUKpPUBIIEHOMY MpocTopi-yaci. Lle Oyno moB’s3aHO 3 pO3BUTKOM acCTPOHOMIi I'paBiTallitHUX
XBWIb [2] i HEOOXIHICTIO CTBOPIOBATH TOYHI rpaBiTamiiHi xBwm [3] s MalOyTHBOTO
KOCMIYHOTO rpaBiTauiiiHoro intepdepomerpa LISA; cTpiMKUM pO3BUTKOM Ja3epHOi
TEXHOJIOT1i, SIKUH MOTpedye MPABUIBHOTO ONUCY PYXY YIbTPAPEIATHBICTCHKOIO €IEKTPOHA B
IHTCHCUBHUX EJIEKTpOMarHiTHUX mnoisx [4- 8]; 3pocTarouuM iHTEpecoM JI0 Teopil
BUIIPOMIHIOBaHHS B IPOCTOPOBO-YaCOBMX BHUMIpax, BiAMIHHUX Bij wotupbox [9,10].
Jlomanku, 1m0 OMUCYIOTh PEaKilif0 BUIPOMIHIOBAHHS JOMIHYIOTh y JWHAMIIll YaCTUHOK
BHCOKOI €Heprii, 0 pyXalTbCs B HAA3BUYANHO CHIIBHUX €JICKTPOMArHiTHUX Moiisix. Taka
CUTYyaIlisl Ma€e micie B acTpoisuili, 30KkpemMa B PEIATUBICTCHKUX JIKETaX, 0 TeHEPYIOThCS
[EHTPAMH aKTHBHUX TaJIaKTHK, Ta B MarHeTocdepi mynbcapis.

Panni gocimikeHHS €JIeKTPOMArHiTHOI BIACHOI CWJIM MOB's3aHi 3 imeHamu Jlopenia,
Jlapmopa Ta AOGpaxama. Jlopenn [11] oTpumaB Bupas i CHWIIM CaMOJii, PO3MIIAIAI0YH
SNIEKTPOH SIK HEBEIUKY 3apspkeHy cepy CKiHUeHHHX po3MipiB. AGpaxam [12] yzaranpauB
BHpa3 caMoJIii Ha peIsITHBICTCHKHIA Jliana3oH. PO3KIaBIIN eleKTpoMarHiTHe MmoJjie YaCTUHKH
Ha CHHTYJSIPHI Ta PEryJsipHI YacTUHH, CKOMIIOHOBaHI 3 BHUIEPEJHOIO Ta CII3HEHOTO
noreHmianiB Jlinapma-Bixepra, Jlipak [13] BUBIB piBHSHHS pPyXy TOYKOBOI 3apsKEHOI
YaCTUHKHM B IUIOCKOMY Tipoctopi-uaci. Ile mobpe Bimome piBHsHHS JlopeHnna-AGparama-
Hipaka (LAD), sike onucye AMHaAMIKy TOYKOBOTO 3apsiay, IO JIi€ Ha 30BHIIIHIO CHITY, & TAKOX
HOTro BIIaCHE eNIeKTPOMAarHiTHe mnosje F:

a”:%F"vuV+ro(a“ - (a-a)u”) (1.1)
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Tyru“(s) = dZ"(S)/dS , (u = 0,1,2,3), — 4-mBUAKICTD YACTUHKH, 1110 3HAXOJAUTHCS B TOYIII 3
KOOpAuHaTaMu z(s) Ha CBITOBIA JIiHII, MapaMeTpPU30BaHIil BJIACHUM 4YacoM S,
a"(s) = du“(s)/ds, — 4-npucKopeHHs; ioro MoxiaHy 3a yacoM a“(s) =da*(s)/ds B miteparypi
4acTo Ha3MBaloTh “‘mkepkom”. Cuia camojii TporopiiiiHa MajloMy Tapamerpy To =
29/(3m) (6.2664 - 10724 s CIIEKTPOHA).

B 1960 [IeBitt ta Bpeme [14] y3arajgpHuiM 1€ piBHSHHS Ha BHIIQJO0K IPOCTOPY 3

HETPHUBIAIBHOIO METPUKOIO. Y 1968 11e piBHsSHHS Oyi1o0 mifnpasiene ['o66com [15] i HaGymo
OCTAaTOYHOTO BUTJISTY:

ma*“ = f* (1.2)

ext

tail *

+q2(5j’ +u‘”uv)+£§ [Zji +%R;u’1)+ f A

KoBapiantHe npuckopenns a“(s)=Du*(s)/ds e xoBapianTHa moxigHa 4-mBHAKOCTI U”(S)

B3JIOBXK CBITOBOI JiHIi 3apsny (; RY — ten3op Piyui. 3oBHimHs cuna f# =g (qFaﬁuﬁ) €

ext
KOBapiaHTHUM Yy3araJlbHeHHsSM cuin Jlopenna. Bupa3 y mpaBiii wactuni piBHsHHS (1.2),
TOOTO cuiia camojii, € PIBHOAINHOIO JBOX THIMIB B3a€MOJli YAaCTMHKUA 3 1i BIACHUM
eJIEKTpOMarHiTHUM mosieM. [lepimii € cyTo JIOKaTbHUM 1 ONUCYE PEaKIIit0 BUTTPOMIHIOBAHHS
B JaHUA MOMEHT uyacy. Jlpyruili — HeJIOKalbHHM, CIPUYMHEHUI BUIIPOMIHIOBAHHAM
TeHEpOBAaHUM B yCl MOINEPEIHI MOMEHTH 4acy:

£ = U (s) [dev, G (2(), 200 (7) (13)

Tyt G(z(s),z(r)) — enexTpomarniTHa crizHeHa QyHKIis [piHa y BAKPUBIEHOMY IPOCTOPi-
gaci [16], a V,— xoBapianTHa moxifHa B ‘u-My HampsAMKy. KaapaTHumu Iy:KKamu

Mo3Ha4YeHa aHTHcuMeTpu3aiis iHaekciB. llei Tum B3aemonii € BimoOpakae MOPYIICHHS
npuHIuny [rolireHca y BHUKPHUBIEHOMY TMpPOCTOpPi-daci: TYT €JEKTPOMArHiTHI XBHJI1
MOIIUPIOIOTHCS HE TIIBKU 31 MIBUIKICTIO CBITIIA, ajie i 3 OyAb-sIKOIO MIBUAKICTIO, MEHIIIOO
a00 piBHOIO IIBHMJIKOCTI CBITJA. 3 1€ IPUYMHU MacCUBHA YaCTUHKA “‘BiJJuyBa€” BJacHE I0JIe,
sIKE JII€ Ha HEel Tak caMo, K 1 30BHIIIHE.

Po3BuBaroun inei ocHoBomosoxkHoi crarti ipaka [13], JlerBaiinep i Baiitinr [17]
3aMpoONOHYBAIM CXEMYy peryJsipu3allii, OCHOBaHy Ha po30uTTI crmi3HeHoi ¢yHkuii I'piHa y
BUKPUBIIEHOMY IMPOCTOpi-yaci Ha pO301KHY Ta PEeryjsipHy YacTHHH, IO € PO3B’s3KaMu
HEOJIHOPITHOTO Ta OJAHOPIAHOTO PiBHAHL MakcBeluia BiAnoBiaHo. Ha BiiMiHy BiJ perymispHOi
yacTHHM, po30ixkHa (yHKUis ['piHa 03HAaueHa JuIIe Ha MOBEPXHI CBITJIOBOIO KOHyca 1 He
3aJIeKUTH BiJ TOTO, 110 OyJIo 3 YaCTUHKOIO B MHUHYJIOMY. Perymspua ¢ynkuis I'pina mae
¢G13M4HO  OOTrpYHTOBaHY NPUYMHHO-HACTIAKOBY CTPYKTYpYy, B SKIi Hemae Micus
BUTIEPETHOMY CBITJIOBOMY KOHyCy. (DYHKIIS TE€HEpye BHUIPOMIHIOBAHHS, SKE TOKHIAE
3apsKEHY YaCTHHKY Ta PO3CII0eThes y pocTopi. Ha mpoTuBary npoMy CHHTYJIsIpHA YaCTHHA
€JIEKTPOMArHiTHOTO TOJIA “HpHKpiruieHa” A0 3apsay 1 MepeHOCUThCs pa3oM 3 HUM. Bona
“abcopOyeThCs” 1HAMBIAYATbHUMHU XapaKTEPUCTHKAMH YAaCTUHKA B paMKax Mpolenypu
perynspusarii.
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BukopucroByrouu 1o aexommosuiito, ['apte [18,19] nocmianus auHaMiky IpOTSHKHUX
3apsKEHHUX T, SK1 B3a€EMOIIOTH SK 13 30BHIIIHIMHU, TaK 1 3 BIACHUMH €JI€KTPOMArHiTHUMU
noJisiMu. TiJ10 pyXaeTbes B JOBUIBHO BUKPUBIEHOMY IIPOCTOPI-Yaci 3 IOBIIbHOI METPUKOIO.
Cxema l'apra 3acHOBaHa Ha KOHIIEMIli HAOIMKEHUX MPOCTOPOBO-YACOBUX CHUMETpPIH. Y
JIOCUTh MaJlii OKOJIMIII TOYKH Ha CBITOBIW JIHII YaCTUHKH BBOJMUTHLCS CYIYTHS CHUCTEMa
BIJIJTIKY, JIe METPHUKA € Maii>ke TUIOCKO10. B 111if 065acTi iHTerpar 1ii € iHBapiaHTHUM BITHOCHO
nepeTBopeHb 3 y3arambHeHol rpynu Ilyankape [18]. VYV mpomeci perymsipusanii
PO3PaxXOBYIOThCS 00’ €MHI 1HTETpalIM 3TOPTKU TEH30pa €HEeprii Hampyru Ta y3arajbHEeHUX
noniB Kimmiara [19].

Y miii crarti MH JOCHDKyeMO TpoOjieMy camojiii 3apsIKeHOi YacTHHKH, 0
pyXaeThcsl 1O TOBUIBHIN TpaekTopii B mpocTopi-vaci ae Citrepa. Mu X04eM0 BCTAaHOBUTH, K
rpaBiTallisi Ta €JIEKTPOMArHiTHa IOTEHIlalbHA EHEpris 3apsiay 3MIHIOIOTh 1HEpLIHHI
BIIACTUBOCT1 3aps/PKEHOI YaCTUHKH, TOOTO i1 4-iMmynbc Ta i Macy. Y 3araipHiil Teopii
BiHOCHOCTI Tmpoctip Ae CiTtrepa € cHeuiaJbHUM BaKyyMHHM pO3B’SI3KOM pPIBHSHb
AliHmTaliHa 3 MakCUMalbHOIO cuMeTpiero. ['pyna ioro i3oMeTpiil € aecsTUnapaMeTpuiHa
oproroHaiibHa rpyna SO(4,1), ska 1uist KIHEMaTHKHA KOPOTKUX BiJICTaHEH 3BOIUTHCS JI0 TPYITH
[Tyankape. BuOip 1poro 3yerka BUKpUBIEHOTO NMPOCTOPY-4Yacy SIK OCHOBHOT'O HAOJIMKEHHS
(dhoHOBOT TpaBiTallii B cxeMi ['apTa BHUIa€eThCsA OLIBIN aJCKBATHUM, HIXK TUIOCKHH IIPOCTIp
MiHKOBCBKOTO.

2. Hpocrip ae Citrepa

[Tpoctip me Cirrepa dSs € BakyyMHHM pO3B’SI3KOM piBHSHb AWHINTaliHA 3
KocMonorigHoro cranor A=3H?. Crana Xa66:1a H Busnavace ckansap Piuui R=12H>=4A. Mu
BU3Ha4aeMo mpoctip ae Citrepa sIK MiAMHOTOBHJ TJIOCKOTO MPOCTOpPY-4acy Ms 3 oIHUM
J0JaTKOBUM BUMipOM, TTapaMEeTPU30BaHIUM PSIMOKYTHIMHU KOOpIUHATAMA MiHKOBCHKOTO Y':

YY" == (2.1)

Metpuunuii  TeH30p 7, =diag(-11111). [ngekcu, mo3HaYeHI BEIMKHMHU JATHHCHKUMU

JTiTepaMu, TPUIUMAarOTh 3HaUeHHs B iHTepBaui Big 0 1o 4. Mu gorpumyemocs rinoresu CPT-
cuMeTpuyHoro BceecBity: BepxHs mosioBUHA TinepOosoina (2.1) BimoOpaxkae Ham BceecBir,
TONI SIK HWXKHS MOro IOJIOBMHA OMNMCYE aHTHU-BCECBIT — KOCMOC 3 aHTMYaCTMHKaMM Ta
MPOTUJICKHUM HAIPSIMKOM CTPLIIKH yacy [20].

Metpuka npoctopy-uacy ae Citrepa dSs 3amaeTbcsi MPOEKIIE I SITUBUMIPHOTO
npamoro enementa ds?> = pundyMdyMN ma mosepxmio rimepbomoima (2.1). 1106
napametpuzyBati dSs OyneMo BUKOPUCTOBYBAaTH KOH(DOPMHI KoopauHaTu AliHiiraiiHa [21,
§2.21.2]. Y CPT-cumerpuunomy BceecBiTi cTpiika yacy Bka3sye Big Bennkoro BuOyxy B 000X
HanpsMkax. 1100 agexBaTHO omucaTH 10 OOCTaBHHY, MU 3MIHIOEMO €BOJIOLINHY 3MiHHY
n=t+mw2. Metpuka ae Citrrepa HaOyBa€e BUTTISTY

L (Cde? +dy? +sin? ydo?)

d32 - -
H?cos* ¢
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ne do®=d$* +sin® dd¢p>— enement moBepxHi omuHMYHOI cdepu. B TepMiHaXx 3MIHHHX

AliHIITaliHa KOOPAMHATH TOYOK Ha rinepoosnoini e CiTrepa € TaKUMHU:
1
0
y =—1gr,
H

1_1lsiny

sin$cos¢,

H cost (2.3)
2= 1 SN Z Gin gsin é,

H cost

Jie KyTOBi KOOPAMHATH 3MiHIOIOThCA B jaianaszoni 7 e€(-7/2,7/2), y €[-x, 7], nonapuuii xyT
9 €[0, 7], ta asumyransuuii Kyt ¢€[0,27). OnromucTHmi rinep6ooin (2.1) Bisyanisyerbes sk
KpyTrOBHUI HWTIHIP BHCOTOIO T 1 OJIMHUYHHUM paaiycom
C e{( 1. 7)eRyel-m, 7l |t e(-7/2, 7/ 2)}, Heckinuenno Binnanene mMailOyTHe |+ Ta Munyne |_
OTOTOXKHIOIOThCS 3 pebpamu 7 =7/21 t=-x/2, Bignosiguo. BepTukambHi Kpai cMyrH,
V. = {T e(-7/2,7/2), y = —ﬂ'} iV, = {T e(-7/2,7/2), y = +7T}, ckieeni. KoxHili Toumi wmiei
LM HPUYHOT TTIOBEPXHI BiiNoOBigae qBoBuMipHa cdepa 3 pagiycom R =sin y/H cosz. Touku
Ha HI{ mapamMeTpu30BaHl MOJSPHUM Ha a3UMyTaJIbHUM KyTamu. Skmio y=0 1 y==+r pazaiyc
nopiBHIo€ Hyt0. Cdepu CTUCKAIOTHCS J0 TOYOK, Kl HazuBaroThes “IliBHIYHUI ToMrOC” 1
“ITiBaennuii mosroc”, BiamosigHo[1].

Ockinbku npoctip ae Citrepa € 371erka 1eopMoBaHUM MPOCTOPOM MiHKOBCHKOTO,

JOIIbHO BUKOPUCTOBYBATH cHepeopagiuni koopounamu, ikl IPOSKTYIOTh T1IEPIOBEPXHIO
ne Citrepa Ha nipocTip MiHkoBcbkoro [22.23]:

y* =Q(x)x“, (2.4)

(2.5)
e X? = (X-X).Ta KOHPOPMHHUI MHOKHUK:
H 2
Q(x) = {1+ — xz}
4 (2.6)
[Hnexcu, mo3HaveHi MaTUMH TPEIBLKUM JiTepamu, HaOyBaroTh 3Ha4eHb Bij 0 10 3. “Touka”
Mo3Haya€ CKaJsIpHUM JOOYyTOK Yy IUIOCKOMY MPOCTOpi-4aci YOTHPHOX BHUMIPIB:
(x-x)=n,,x*x”.  Yersepra Koopmunara (2.5) Moxe OyTM MpEACTaBiIcHA  sK

y* =+1/H (2Q(x) -1).
Metpuky ne Cirrepa MOXXHAa OTPHUMATH, CHPOEKTYBAaBIIM IUIOCKY METPHKY

I’ ITUBUMIPHOTO TpocTopy MiHkoBcbkoro Ha dSs. IlimcraBuBiim Bupasu (2.4) y IUTOCKY
metpuky ds? = nundyMdyN, mu npoexTyemo ii Ha moBepxHio rinep6osnoina (2.1):
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ds® = Q% (x)n,, ,dx“dx”. (2.7)
Ksanpar ¢pynkuii (2.6) € KonpopMHUM MHOKHUKOM MeTpuku 1€ Citrepa g, = Q*(X)7,, , A€
7,5 =diag (~11,1,1).

Jn
.

Puc.1. Kommaktudikosanuii npoctip ae Citrepa. Koopaunatu ( }(,T) MOKPUBAIOTh
OIHONMCTOBMIA rinep6omnoin (2.1). Huxkwiit kpait 7=-7/2 Bianosinae HecKiHUEHHOMY
MUHYJIOMY |, Tozi ik BepxHiii 7 =+ 77/2 peacTaBnse HeckinueHHe MaiioyTHe |, . PiBens

r =0 Bimob6paxkae Benukuii BuOyx ¥ =0 i Benukuii BiIcKok 4 —+7.

3anuieMo CIHiBBIJHOIIEHHS, IO TOB’S3YIOTh cTepeorpadiuHi KOOpAWHATH 3
KOHQOpMHMMH KoopauHaTamu AbHmTaiiHa (2.3). [I[o6 mokpuTH OJHOIUCTKOBHI
rinep6osoiz (2.1) moTpiOHO ABI KapTH:

(a) Beecit: y e[-7/2,7/2],y* =+(2Q(x) -1)/H.

TyT KOH(DOPMHMIT MHOXKHUK € TAKUM

Q(x) = c031+cos;g,
COST (2.9)

4 KOOpJHHAaTH:

2 sint 2 sin . 2 sin .
=2 E o2 X Gingeosg, X2 = ——% singsing,

H cosz +cosy H cosz +cos y H cosz +cos y

2 sin
L SR

" H cosz +cos x
3unauyenss t=0 Ta y=(0 nMo3Ha4alTh TOUKY CUHTYIsIpHOCTI (Benukuii BuOyx).
(b) AuTtu-Beecsit: y e[-7,~7/2]U[x/2, 7], y* =—(2Q(x) —~1)/H.

TyT KoH(DOPMHMIT MHOKHUK HAaOyBa€ BUTIISITY:

COST —COS ¥
cost

Q(x) = (2.10)

KOOpAVHATH
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2 sint 2 sin : 2 sin .
=20 o2 X gingcosg, X2 == —%  sinsing,
H cosz —cos y H cosz —cos y H cosz —cos y
2 sin
G L SR
H cost —cosy

3HavyeHHs 7=(0 Ta y=+x M03HA4Yal0Th TOUKY CHHTYJIsSIpHOCTI (Benukuii Biackok).
Ha pucynky 300pakena miarpama [lenpoys3a.
CKOpUCTaBIINCh  METPUYHUM  TEH30POM g, = Q*(X)7,, TOPAXyeMO CHMBOJIH

Kpicroddens:
H®
F”aﬂ:7Q (x)(—éjxﬁ—ég‘xa+naﬁx”), (2.11)
TeH3op Pimana:
Ruup = —HQ* 002,00 =111, ) (2.12)
Tenzop Pivui:
R, =3H?Q*(X)7,,, (2.13)
Ta cKaysip Piuui:
R=12H% (2.14)

Jlerko GauuTH, 1O Il TEH30pU 33J0BOJBHSAIOTH BaKyyMHI PIBHSHHS MoJig AMHIITaliHA
G, +Ag, =0, ne TeHsop AlHIITaliHa G,=R,—-Rg, =-3H ZQZ(X)UW, a KOCMOJIOTIYHA

2
konctauta A =3H".

3. Eaextponmnamika y npocrtopi e Cirrepa

Hexait TOYkOBUE 3apsii ( pyXaeThecsl B3IOBXK CBiTOBOI JiHIT § U, mapamerpuzoBaHoi
gotnpma (yHKIisME Z“(S) mapameTpa BIACHOTO yacy S. 3aps/KeHa YacTHHKA CTBOPIOE

CTPYM:

+® D (y _
(00 =q [ deu (5) 2 X = 2()) (3.1)

V=9(x)
ne u'(s)=dz"(s)/ds— gotupu-mBuakicts. TyT BPaXOBaHO, IO y BUKPHBICHOMY IIPOCTOPI-
Jyaci B O3HAYCHHI s — QYHKIIT € BU3HAYHUK METPUYHOTO TeH3opa ./—g(x) [16, (13.2)]. V

KOXKHIM TOYI[i 4YOTHpPUBUMIpHOTO pimMaHoBoro muorosuay (M,g) crpym (3.1) crBOproe
SJIEKTPOMATHITHE T0JIE, SIKE 3aJ0BOJIbHSE PIBHSIHHAM MakcBesia:

dF =0, (a) dF=4z]. (b) (3.2)
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Ha xoopmunathiii kaprti (U,X) mHoroBumy M mone 3amaetscs 2-hopmoro Dapajnes

F= % F,,dx“dx”, ne mudepenniamm dx*, ©=0,1,2,3 yrBoproots 6asuc 1-popm. KommorenTu

.. * 1* .
nyansHOI popmu F ZE F, ﬂdx“dx")’ 3ajIe’KaTh B1J METPUKHU:

F}/5 = ﬁg}lﬁyvg H aﬁg » ! (33)

e ¢ MOBHICTIO aHTUcUMeTpuyHui TeH3op Jlepi-UiBita. B koopauHaTHOMY

youv
MIpe/ICTaBIEHH1 ApyTra napa piBHsIHb MakcBesuia (3.2b) HaOyBae BUIIISAY:

8 (04 v 1V

ox- (\/_99” 59" >:—47T\/—91 : (3.4)
Xo4a TyT BUKOPHCTOBYIOTHCS 3BHUYANHI YACTUHHI TMOXIiJHI, I1i PIBHSHHS € KOBapiaHTHUMH

BIJIHOCHO JOBIIBHUX KPHUBOJIIHIMHUX TEPETBOPEHh KOOPJWHAT: SKIINO 3aMIHUTH YaCTUHHI
MOX1/IH1 Ha KOBapiaHTHI, TIOAATKOBI YICHH, sIK1 3’ IBIIATHCS] BHACIIOK I[OTO, CKOPOTSTHCA,

Posrisaemo nepiny napy (3.2a) piBHSHb MaKkcBelIa Y BUKPUBICHOMY ITPOCTOPi-yaci.

Mu npumyckaemo, mo 2-hpopma Papases € Tounoro Ha koopaunarthiit kapti (U X)cM: F=

dA. EnekTpomarHiTHe MoJjie € KOBapiaHTHUM aHTHCHUMETPUYHHM TEH30POM JIPYTOro PaHry,

KWW MOJKHA 3alyicaTy B TepMiHax 1-popmu nmoreHmiamy:

_OA, OA,

Ix oxP

ne V,_,— koBapiaHTHa noxiaHa. [lizcraBuBiM npaBy yacTHHY piBHSHHS (3.5) B pIBHSHHA

=V A, -V,A, (3.5)

(3.4) Ta ckopuctaBmmch KaniOpyBanasm JlopeHia vV, A% OTpUMaeMO XBHJIbOBE PiBHSHHS Ha
KOMITOHEHTH €JIEKTPOMArHITHOTO MOTEHIIaly Y BUKPUBJICHOMY MTPOCTOpPI-Yaci:
9"’V VvV, AY—R A =—47nj°, (3.6)
ne R“p —renzop Pigui.
[lincTaBumo y 3aranbuuii Bupas (3.4) merpuunnii Tensop ae Cirrepa g, =Q%(X)7,,

Ta 06epHenuii 10 Hporo g*’ =Q 7 (X)n :

. 0 N 0 07" A, _V
Ulewrrw: (A" )" X—ﬁ'gT=—4ﬂQ“(X)J (%)- 3.7)

BuGpaBmu kaniOpyBanabHy yMoBY O(7““A,)/dx* =0, 0TpUMAEMO  TOPIBHAHO IIPOCTE
XBUJIbOBE PIBHSHHS:
0 ,
“— (A" )= 420" () ] (x 3.8
1 s (Ar”) (07 () (3.8)
Uit cTpyMy ToukoBoro 3apsny (3.1). o6 #oro po3B’si3aTtu 3acTocyeMo MeTon (YHKITIN
I'pina:

Av(x):47r.[d4x'Q4(x')G(x—x')jV(x'), (3.9)
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JIE MM BUKOPHMCTAJIM MO3HAYEHHA A" (X)= A, (x)n”" . Oynkuis ['pina G(X—-X') ommcye Biaryx

Ha O-—ToMiOHe 30ypeHHs. Y 1bOr0 PIBHSAHHS ICHYE JIBa PO3B’s3KU: CIizHeHa (PyHKIisa ['pina
G™(x—x') Ta ii Bunepennuii anagor G*(x-x'), Akuif cynepeynuTh NPUHIUITY CIi3HEHOI
NPUYMHHOCTI. Mu OyZieMO BUKOPHUCTOBYBATH CITI3HEHY (DYHKITiIO:
1 5(x° - XX — >?|)

Gret o'y — _—
)= ™ k=¥

(3.10)

[TincraBumo ¢yukuito (3.10) Ta gt ctpymy ToukoBoro 3apsany (3.1) y piBHsHHA (3.9).
OTtpumyemo cni3HEeHU# noteHuian y npocropi jae Cirrepa:

uﬂ (Sret)
r
SIKUHA 0OCPHEHO MPOTOPIIIMHKK 10 CIII3HEHOT BiIaTi:
F(X) = =7, (x* = 2%(s™)) U’ (s™). (3.12)

[Morenmian (3.11) y HekoBapianTHOMy KamiOpyBamui O(n““A,)/0x* =0 eKBiBaleHTHHI

A =g , (3.11)

noteHmiany Xirydi-JIi [1] y xoBapiantHoMy KamiOpyBanHi Jlopenna. B Tepminax
cTepeorpadiyHUX KOOpAMHAT KBajparT JiHiiiHoro enemeHty (2.7) Bceecity ne Citrepa
3aJI0BOJIbHSIE YMOBI KOH(GOPMHO ILUIOCKOTO mpoctopy. ['060¢ [24] n0BiB, 1110 B pocTOpi-yaci
3 KOH(OPMHOIO METPUKOIO HelloKanbHuM “XBicT” (1.3) mopiBHIOE HYJO (AUB. Takoxk [25]).
=0,A, —0,A,

CrisHeHe enekTpoMartiTue noje B pocropi ae Citrepa F,,

BUBOJMMO 3 noteHuiany (3.11) 3a nonomororo npasuia nudepeHitoBaHHsa QyHKIIT
CII3HEHOTO Yacy:

05" (X)

ot

ne k,=K,/r— nopmanizoBanuit Bektop K, =X, —z_(s

X, (3.13)

ret

) BiJ TOYKM HA CBITOBIM JIiHIT
3apsay 10 TOYKM, JI€ BHUMIPIOETHCS HAMNpyKEHICTh eNeKTpuyHoro mois. I[IpukMerHuk
“HOpMOBaHUI” 03HAYa€ BIACTUBICTh (k - U) =-1. IIporo 10cUTH 00 OOUHUCITUTH KOMIIOHCHTH

HAIMPYKEHOCTI CII3HEHOTO eJIEKTPOMATHITHOTO TOJIS 3apsPKEHOT YaCTUHKU:
Fa (0 = %9‘2(X)(uakﬂ - u,jka)+%[aakﬂ —agk, +(a-k)uk, —ugk, ) (3.14)

Vci KiHeMaTU4HI XapaKTEPHCTUKHM YAaCTUHKH O€pyThcs B MOMEHT S (X), HpHYMHHO

OB’ sI3aHUM 3 TOUKOIO X , JIe BUMIPIOETHCS HANIPY KeHICTh mosist. Kparnka no3Hayae ckajasipHUi
I00YTOK JIBOX YOTHPHU-BEKTOPIB 33 JOMOMOIOI0 METPUYHOTO TEH30pa IIOCKOTO MPOCTOPY-
qacy.

4. Peakuis BunpomiHoBaHHA B npoctopi ae Citrepa

PiBHAHHS pyXy 3apsDKEHOI YaCTWHKHM BHUBOMSTHCA 3 PiBHSAHB OanaHCy 30epekeHuX
BEJIMYMUH, fKi, 3riIHO 3 Teopemoro Herep, BiamoBigaroTh cumetpii mpodbiaemu. B poboTax
[22,23,26] po3BuHyTa imes chemiaabHOI Teopii BigHOCHOCTI B mpoctopi ae Cirrepa,
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OCHOBaHOI Ha Tpyni 130oMeTpli 1poro mnpocropy. HaOip reHepaTtopiB BIANOBIIHHUX
HECKIHYEHHO MaJIMX IIePETBOPEHB HaBeCHO B [23].
I'pyna i3ometpiii SO(4,1) npoctopy ne Citrepa mictuth rpymy Jlopenna SO(3,1) sk
niarpyimy. Habip reHeparopiB BIAIOBITHUX HECKIHUEHHO MaIHX repeTBopeHsb [ (14), 23]:
0 0
— =Xy — . 4.1
“ox? T oxe (4.1)

OO06epTaHHsT OMHUCYIOTH 130TPOMII0 MPOCTOPY, TOAI K OyCTH BKa3ylOTh Ha €KBIBAJICHTHICTH

L

zxﬁ’zx

1HEpIaJTbHUX CUCTEM BIJIIKY.

KomOiHamiss 3BHYalHMX MPOCTOPOBHX TPAHCHALIN 1 BiIacHE KOH(POPMHHUX
NEpPEeTBOPEHh CTAHOBUTH YOTHPU HEKOMYTAaTHMBHUX TeHEpaTropa, sKi BIANOBIIAIOTH 3a
omHopiaHicTh. ['eneparopu [(15), 23]:

2 2
Haz{l—HT(x-x)} o A  x 2 (4.2)

ox* 2 “ oxf
CrpsiMyBaBIIIM KOCMOJIOTIYHY KOHCTaHTY H 710 HyJs1, OTpIMaEMO 3BUYAHI TPAHCISIIIT Yacy
Ta IPOCTOPOBUX 3MIHHUX IJIOCKOTO MPOCTOPY MiHKOBCBHKOTO.
BianmosigHo 10 Teopemu Hetep, iHBapiaHTHICTD 1HTETpaIy Jiii BITHOCHO MEPETBOPEHD
3 rpynu i3omeTpii SO(4,1) nmpoctopy-yacy ne CiTTepa NPU3BOIUTEH 0 AECATUH 30€peKHUX
BEJIUYHH:

e 4-immynwcy ne Citrepa [(27),(28), 26]:
2
7t :QZ(Z)|:(2—Ql(Z))5a/} +|_|72“zﬂ}p'§art (4.3)

® KyTOBOro MOMEHTY [(29), 26]:
At = (@2 Plan = 2 Pian) (4.4)
A€ P, =mZ”.
Mu po3rinsgaeMo i30J1b0BaHy CHUCTEMY, IO CKJIAQIAEThCS 3 TOYKOBOIO 3apsiay 1 HOro
eJIEKTPpOMArHiTHOTO 1oJist. [IoBHUI IMITYJIbC TaKOi CUCTEMU 30€piraeThes:

a _ __«a o
11 =T part T Tems

(4.5)

7€ APYTUil 10JaHOK — 11e iMmyJibe e CiTTepa, AKUi ePEeHOCUTHCS SIIEKTPOMArHITHUM MOJIEM
(3.14) vactunku:

78 = jtw ds["dgsin g joz”dmﬁ(x)gz(z){(z —Q )T, + HTZ x“(x, TZr, )} (4.6)
CumBonom r s TIO3HAYEHO YaCTUHHY MOX1IHY CII3HEHOI Bi/iJ1ajl 32 KOOPAUHATOIO:
or
ax—ﬂ:—uﬂ+[(u-u)+r(a-k)]kﬂ. 4.7)
Tax camo 30epiraeTbcsi TOBHUI KYTOBUN MOMEHT:
AT =28+ 28 (4.8)

3 BHECKOM €JICKTPOMArHiTHOTO TOJIS:
t Vs R 2z
28 = ds[ dgsing[ " dg0® ()0’ @x“TLr, —x*Ter ] (4.9)
VY mpocropi ae CitTepa MaeMo Takuil TEH30p €HEprii-IMIYyJIbCY €IEKTPOMArHiTHOTO TOJIS:
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a 1 — a v 1 o
TdS/}(X) :EQ 6()()77 ﬂnﬂ (Fﬂ}/7775FV5 _anv(FJyn}/éFp&n P)j (410)

Jly’ke BaxiIuBO, 0 MHOKHHK Q°(X)Heiirpanizye muoxauku Q°(X)B immynsci (4.6) Ta

MOMEHTI iMIybey (4.9) eneKTpOMarHiTHOTO IMOJIS.
3MiHM TOBHOTO iMIyJbcy Ae Citrepa I1¢ 1 KyTOBOIO MOMEHTY A“ IOBHUHHI OyTH

30anancoBani cwioto Jlopenma f,,, 3 KO0 Ha 3apsiy i€ 30BHINIHE €JIEKTPOMArHiTHE IOJIE,

ext »

Ta MOMEHTOM II1€1 CHIN:

P+ =92(z){(2—9-1(z))fe;1 L -z)zﬂ , (411)
i =@t L - 1) (4.12)

[I{o6 mpoBecTH KyTOBE iHTErpyBaHHS BUpa3iB (4.6) Ta (4.9) BUKOPHCTAEMO CITiBBiJHOIICHHS:

1 4 . 2z P .

E.[Odgsmgj'o dpK* =U"“,

1 T R 2r o ﬂ_l op 4 a1 B

Ejodgsmgjo dgK K == + UV,

1 ¢~ ; 2 Al Prcr — o1 1AL« F (@b Bo,ay [T
Ejodgsmgjo dpK “K /K7 = 2U“U U +§(u " +UPn™ +U"p)

ne U =Qfzu”. Tlicns netanpbHOTO aHamizy piBHsSHb OanmaHcy (4.11) ta (4.12) otpumaemo

imoynse ae Citrepa (4.3), ne B IMIYJbCl 3apsAHKEHOI YACTUHKU BpPaxoBaHO BKJaj Bix ii

BJIaCHOI'O eJ'IeKTPOMaFHiTHOFO I1OJIA:
2 2

Ppar = M (S)U —%aﬁ +%H2Q‘1(z)zﬂ. (4.13)

Leit Bupa3 y3arajipHIOE IMITyJIbC 3aps/KEHOT YacTHHKH ph, . =mu” —(29° /3)a” , 0 BUHHUKaE

B IJIOCKOMY IPOCTOpi-yaci. IMIyJIbc «OArHEHOT0» 3apAny ckiagaeTbes 3 wieHa llloTra ta
BHECKY, OOYMOBJIEHOTO KPHUBOJIHIMHMM (OHOM, SIKHUH TaKOK 3MIHIOE TUHAMIYHY Macy
3apsny:

2

M(8)=m-+ " HQ(2)(z-u), (4.19)

TyT m — KOHCTaHTa 1HTErpyBaHHs, IKy MOXKHA IHTEPHPETYBATH SIK (BXXE MEPEHOPMOBAHY)
Macy CIOKOIO 3apsify.

PiBHSIHHS pyXy TOUYKOBOTO 3apsily B 30BHIIITHBOMY €JIEKTPOMArHiTHOMY IOJI1, Y IKOMY
BpaxOBaHO BIUIMB TpaBiTallii Ta BJIACHOTO IMOJI YAaCTUHKU (peakilis BUIIPOMIHIOBAHHS),

BUTJIIIa€ HACTYITHAUM YHMHOM:
2

m{aﬂ —H—ZQ(Z)(Z(z-u)uﬁ +Qz(z)zﬂ)}—2iaﬁ +EQZ(Z)(a-a)uﬂ
2 3 3 (4.15)

+0°H2Q(2)(z-u)a’ +q—32 H 2Qz(z)[Q_l(Z)(— Q2 (2)+(z-a))-H?(z- u)?h? = £

ext
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B nepmomy psaky 6auMMo reofe3suyHe PIBHSHHSA Ta aHAJOr Peakilii BUIPOMIHIOBAHHS Y
IJIOCKOMY TPOCTOpi, a B JPyroMy — JOJaHKH, OOyMOBJCHI TpaBiTaiiiauM ¢oHoMm. lle
piBasHHsA  JleBitTa-bpeme-I'o66ca (1.2), amanrtoBane s wmetpuku gAe  Citrepa
9., =Q*(X)n,, cumBomniB Kpicrodpdens (2.11) i Tensopa Piuui (2.13).

BucnoBkn

I3 anani3zy 30epeKHUX BEIMYMH, K1 BIAMOBIAAIOTE 3 rpynu 13omeTpii SO(4,1) npoctopy
ne Cirrepa, OTpUMaHO BHpa3 s peaklii BUIPOMIHIOBAHHS TOYKOBOIO 3apsiy, IO
PYXa€eThCS MO JOBUIBHIN TpaeKTOpii, 3MIHM E€HEPrii-IMIYJbCYy Ta KyTOBOTO MOMEHTY, IO
MEPEHOCATHCA EIEKTPOMArHiTHUM I0JIEM, 30a71aHCOBAHI B1IIMTOBIIHUMH 3MIHAMHU 4-1MITYJIbCY
Ta KyTOBOI'O MOMEHTY YaCTHHKH BiMoBiIHO. Cuila peakiiii BUIPOMIHIOBAaHHS BUIUIMBAE 3
UX piBHSAHB OanaHcy. OKpiM HEBIIIUIBHOTO Bif 3apsaay noaaHky [lloTTa Ta 1anekocssKHOTo
nonaHky Jlapmopa, 110 onucye BUIPOMIHIOBaHHS, SIKE PO3CIIOETHCS B IPOCTOPI, 3’ SIBISAIOTHCA
MONpaBKH, OOYMOBJIEHI HETPHUBIAIBHOIO METPUKOI0. BusBIEHO, IO Maca TOYKOBOIO
EJIEKTPUYHOTO 3apsiy, KU pyxaeTbcsi y BceecBiTi, 0 pO3UIMPIOETHCS, 3MIHIOE CBOIO Macy
CIIOKOIO Yepe3 B3a€MO/III0 eJIEKTPOMArHiTHOTO MOJIsl YACTUHKY Ta rpaBiTawii (AUB. pIBHAHHS
(4.14). 1le Oysn0 BCTaHOBJICHO paHille aas cKaisspHoro 3apsuy [27,28]. [ToxiOHuit edext
BUHHKA€E y Tuiockomy (2+1)-mpoctopi-yaci MinkoBcbkoro [(3.27), 29]. 3mina macu He
MPU3BOIUTH JI0 MOPYIIEHHS 3aKOHY 30€pexeHHs eHeprii.
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RADIATION REACTION OF A POINT CHARGE
IN DE SITTER SPACE

The paper is concerned with the motion of a point electric charge in de Sitter spacetime.
A point particle of mass m and charge g moving on a geodesic curve produces
electromagnetic field that diverges at a particle's position. The field is determined by the
electromagnetic Green's function by Higuchi and Lee [1]. Effective equations of motion
is derived from conservation laws corresponding to the group of isometry of de Sitter
space. Following the Detweiler-Whiting concept that a charge's motion should only be
enforced by the regular component of its own field, we ignore the divergent terms in
conservation laws. We assume that the divergencies are absorbed by particle's

individual characteristics within the renormalization procedure.

Keywords: de Sitter spacetime, Maxwell equations, conservation laws, renormalization,
radiation reaction.
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ON THE SOLUTION OF THE PROBLEM
OF THE COSMOLOGICAL CONSTANT

Calculating the vacuum energy density in quantum field theory gives a value that exceeds
the observed value by 10%% times, and many proposed approaches have not solved this
problem and calculated its real value. However, the application of the microscopic theory of
superconductivity to the description of the physical vacuum on the Planck scale for the first
time made it possible to solve the problem of the cosmological constant from basic principles,
and without various adjustments, and to obtain a formula for the observed vacuum density or
dark energy (DE). Its numerical value is 6.09-107?" kg/m® and is in complete agreement with
observations. The cosmological model with superconductivity (CMS) proposed by the author
also implies a description of the earliest stage of the evolution of the Universe, which
precedes the stage of inflation. It de-scribes the formation of the inflaton field as a special
condensate of primordial fermions with a Planck mass, followed by the inflationary
expansion of the early Universe. At the same time, the current expansion of the Universe and
its evolution is described as an ongoing phase transition of the second kind, and the flow of
physical cosmological time is a consequence of processes occurring on Planck scales. The
value of the Hubble parameter Hy=69.76 km-s™-Mpc™ calculated in CMS corresponds to the
average value for most values of this parameter obtained by various methods. CMS removes
the problem of the existence of 105%° possible vacua arising in string theory, since the
mechanism of condensation of primary fermions naturally forms the only observable version
of the Universe and its vacuum. CMS also gives a description of black holes as a quantum
condensate of primordial fermions.

Key words: vacuum energy density, superconductivity, cosmological constant, cosmology,
cosmological model with superconductivity, inflation, phase transitions, passage of time,
string theory, shadow matter, fine structure constant, Hubble parameter, Kaluza—Klein
theory.

1. Introduction
The problem of the cosmological constant [1] or the dark energy problem is the one of
the most important and difficult in modern cosmology. A number of authors have proposed
many options for solving this problem, but almost all of them do not provide an opportunity
to accurately calculate the value of the density of dark energy.
In addition, as is known, standard estimates in the framework of quantum field theory
give vacuum energy density values that are 10%?? times higher than the observed one:

Ep
p, j E°dE ~ E; 0 (10 GeV), where E, = (5ic® /G, )2 is the Planck energy.
0

According to John A. Wheeler’s hypothesis, it is usually assumed that space-time on the
Planck scale has a foamy structure [2]. However, in the works of P. I. Fomin [3, 4] it is shown
that quasi-closed worlds of Planck dimensions can form regular structures [3], a crystal-like
lattice with cells of the Planck order, acting as “space atoms™: L, =(G,% /c*)2.

Since these worlds are quasi-closed objects, their effective mass is close to zero. At the
same time, they must interact with each other by quadrupole gravitational forces. The
additional energy contributions of vacuum condensates to the vacuum energy density are
automatically compensated due to the corresponding deformation of space atoms.
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Because of this, P. I. Fomin in 1989 proposed to consider the physical vacuum as a four-
dimensional gravitational quantum crystal with energy bands that correspond to generations
of observed fermions.

Indeed, the connection between quantum solid state physics and elementary particle
physics is fairly obvious. Moreover, they use not only the same mathematical apparatus, but
also in modern solid state physics there are analogues of a number of elementary particles,
and in the so-called. Many processes describing the evolution of the Universe, including
inflation, are modeled in metamaterials.

According to P.l. Fomin, all particles in the Universe as vacuum excitations are
completely similar to quasi-particles living in a crystal, however, the space of a crystal is
completely empty for them, although from an external point of view it has a regular ordered
structure.

Let's take the next step in describing such a structure of the physical vacuum.

2. Structure of the vacuum on the Planck scale and superconductivity

Let us consider such a crystal-like structure not just as an analogue of a solid body, but as
a structure similar to the structure of a metal, in which there are free primary fermions [5-10].

These fermions can interact with a spatial crystal-like lattice, and under certain conditions
can pair through phonon interaction, similar to the Bardeen-Cooper-Schrieffer (BCS)
mechanism [9] for electrons in a metal with the formation of a Bose condensate.

Thus, pairing of fermions can occur near the Fermi surface of this spatial “quasicrystal”.
In this case, the maximum oscillation frequency of a crystal-like lattice, as an analogue of the
Debye frequency, is close to the Planck frequency: op ~ op.

In [5-7] we described the process of formation of dark energy as a condensate of primary
fermions, by analogy with the theory of superconductivity by Bardeen-Cooper-Schrieffer
(BCS). It gives a better understanding of the dark energy nature.

Let us consider the degenerate almost ideal Fermi gas with attraction between the
particles, which are the primary fermions with a mass close to the Planck mass: M =~ M.

It is well known, that even in the presence of an arbitrarily weak attraction between the
particles, the ground state of the system is unstable respect to the restructuring, changing
whole system and lowering its energy. This instability arises from the Cooper effect, i.e.
aspiration to the formation of bound states of fermions pairs that are in the p-space near the
Fermi surface and have momenta equal in direction and antiparallel spins.

3. The energy spectrum of the superfluid gas

Let’s consider the degenerate almost ideal Fermi gas with attraction between the particles,

which are the primary fermions with a mass close to the Planck mass: M = M.

It is well known, that even in the presence of an arbitrarily weak attraction between the
particles, the ground state of the system is unstable respect to the restructuring, changing
whole system and lowering its energy [9, 10]. This instability arises from the Cooper effect,
I.e. aspiration to the formation of bound states of fermions pairs that are in the p-space near
the Fermi surface and have momenta equal in direction and antiparallel spins. For
consideration of this problem, following to [10], we introduce the Bogolyubov transformation
of the operators, which bring together the operators of the particles with opposite momenta
and spins:

p- p p- p~=p,+? . (8)
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The indexes + and — refer to the two values of the spin projection. With gas isotropy the
coefficients u,, v, can depend only on the absolute value of the momentum p . The operators

comply with the creation and annihilation of quasiparticles on condition:
b b +b*b =1, 9)

pa~po pa. -~ pa
where the index o numbers the two values of the spin projection. Other pairs of operators are

anticommutative. Therefore, the transform coefficients are imposed a condition:
2 2
up+vy =1. (10)
The transformation inverse to 6p_,6p+ takes the form

R N ~,
a =upb +vb s

p R (11)

A

A _ +
ap+ _upbp, vpb_p+

Due to the primary role of the interaction between pairs of particles with opposite
momenta and spins only write the Hamiltonian with the members, in which

P =P, =P, p1=—p'zzp':
:Zz };%——Z}’:\p+ A A, (12)
pa

where § =4nh’ \b\ /M is a “coupling constant”, b <0 is the scattering length.
Following to Pitaevskii L.P. & Lifshitz E.M. [10], we get the value of the energy gap:

2n2h3j nh
A, =€exp| ——— |=&exp| ~——— |. (13)
° ( gmp ( ZpFIblj

Ao =&exp(-2/ gy¢)

or

(14)
where x. =mp. / n°4° is the energy density of the particle states on the Fermi surface, pg is

a momentum of a fermion at the Fermi surface, g =4nh \b\/ M is a “coupling constant”, b < 0
Is the scattering length.
The energy of elementary excitations with a change in the filling of quasiparticles is:
e(p) = A +n)
N, =Ve(p—pg)
where v = pe /m. Thus, the energy of quasiparticles cannot be less than A. For p=p

e(p)=A.

Therefore, the excited states of the system are separated from the main energy gap, as
well as the quasi-particles must appear in pairs, it is possible to write down the value of this
gap as 2A. From &(p)#0 it follows that the Fermi gas has superfluidity. Thus from

quasiparticles with energies €(p) a gas appears, which translationally moves as a single unit

relative to the fluid with velocity v. Such gas from quasiparticle corresponds to the normal
component of the superfluid. The rest of the liquid will behave like a superfluid component.
The density of such superfluid liquid is equal to the sum of the normal and superfluid
components: p=p, +p;.

(15)
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The energy 2A is the energy of the Cooper pairs. It must be expended to break a pair. The
value of the distance between the particles with correlated momenta, or the coherence length,

nh
is &) =nve /A, = rie?Pe P / Pe -
From thermodynamics of superfluid Fermi gas it follows [10] that A =0, when
T, =vA, /= 0.57A,

2
a=T. |2 - T Z306sT 1L (16)
e T T,

The difference between the basic levels of the superfluid and normal systems is [10]:

E,—E,=-V %Aﬁ, . (17)

The sign in (17) is the instability of the “normal” ground state in the case of attraction
between gas particles. On one particle it falls ~ A? /.

Hence the difference of entropies is:

5. _s. — v m(l_lj, (18)
7¢(3)n T

In the case T — T, with regard to (16) the difference between the free energies [10] is

equal to

(134

7C(3)R° T

C

We apply the theory outlined above to describe the dark energy of the Universe and the

calculation of its density. Let’s transform (17) into the expression for the density:
E,.-E, mpe 2
TN T T )

The observed density of dark energy can be regarded as the binding energy of the
fermions. Therefore, considering it as the difference between the densities of the energies of
the levels of the superfluid and normal systems, it is necessary to attribute this difference as
negative, indicating instability of the normal ground state for an arbitrarily small attraction
between fermions, according to (20).

With Ap=p,z = A/8rG, =mp.A? /4n?h* we choose, for example, vp =nc /8, in order
to the fermion velocity on the Fermi surface was lower than the speed of light. Then

2 2
F,-F =V m[l—lJ . (19)

nh @E 1
__mh “2p. b ~2b N
A, =¢e 2pF\b\:Mpe pFH:MPe ’ :Mpe (21)
0 4n 4 4

where M is the Planck mass.

_p M
At A=A2 /4=5% °2PM _g% 2% where ), is the constant of fermions interaction. We
estimate the value of %,. Since AY2=g/e"" =M, /e/~C, then assuming a natural cutoff
parameter of maximum energy equal to €=M, when %, = a,, =(137.0599) " and C =8z, we
obtain:

5

Ppe = 2= 32 ot ?
47|:GN Sntpel/}‘i 2567 GN hez em
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poe = 6.09-10%g/m? in excellent agreement with the PLANK data [11].

J. Prat, C. Hogan, C. Chang, J. Frieman obtain pa=(6.03+0.13)-107*°g/cm? as “the most
accurate constraint to date, with an absolute calibration of cosmological measurements based
on CMB temperature” [12].

Note that the smallness of the energy gap Ao compared to the Planck energy makes the
use of the nonrelativistic BCS approach completely justified and quite sufficient, even at
Grand Unified energies.

Thus, in the modern era, at z =0, the observed density of dark energy interaction
parameter of primary fermions is very close to the electromagnetic fine structure constant o,

or equal to it. There are two possibilities: either the interaction of fermions has
electromagnetic nature, or the equality A, =o,. points to the existence of “shadow” or

“mirror” long-range interactions, like the electromagnetic ones (for example, “dark photons™),
and a number of corresponding charges from the shadow sectors of matter g, gj, gk...., some
of them may be equal in magnitude with the electric charge. Then

_ o _ qJ? _ o
k'_hc’ xj_hc, xk_hc.... (23)

The existence of shadow electric charges and their corresponding shadow electromagnetic
fields can be described in extended versions of the Kaluza-Klein theory with additional
microscopic dimensions.

The condensation of primordial fermions forms a scalar field, which is used in inflation
theories.

If the parameters Ai, Aj, Ax,... are similar to aem, then we can estimate the dynamics of their
change depending on the energy density in the early Universe. Let us consider the process of
formation of modern values of dark energy in the hot early Universe. As we know from
guantum electrodynamics, the value of the electromagnetic fine structure constant is a

function of the four-momentum Q?:

2
-1 p Q

=y, ——In| — | . 24
PERINEY ”
For Ai ~ aem, My is equal to the electron mass me, and the effective dark energy density is:

4p

A c® c? Q =
Ppe = = N = 321 ol [ ] ) (25)

8rGy, 2[%}1_3111['5] J 2567°G2 he?n | 2m,
32 3 4m,
256m°G fie

where Q=KT /¢ is momentum of radiation quanta in the early Universe. In this particular
case, poe reaches a minimum and becomes constant at Qc = 2m,c? =1.022MeV .

In the general case, the laws of change in the parameters Ai, Aj, Ax,..., may not be related
to the dynamics of changes in oem and my # me.

Because dark energy is the only one of the components of the observable Universe, but it
is comparable to other, so it is rightful to consider the energy density of the entire observable
Universe as evolving dynamically changing difference of density of normal and superfluid
fermion systems, i.e. being in a state of a phase transition with changing energy density. Then
the density Ap can be identified with the critical density of the Universe. When
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3 2_ MPe 2

Hy = A 26

8nGy, ° 4n’h® ° (26)
and m=M,;, choose pr =aMc/4, in order to the fermion velocity on the Fermi surface will

be lower than the speed of light. Then the square of the dynamically changing energy gap
determines the Hubble radius: A% =6H;. That means that the time parameter t,, is a function

of the occurring phase transition of type Il, corresponding to the Universe evolution and the
variable 1 :
J

Ap=p. =

Aj: o o E&E: 1 (27)
el ame?PePl  Ane?Pl geh

4. The Hubble parameter

T

-1
From t, =H;'=1.4.10"years, t, =8nte'l = 8nt,e %l xf =Thg, /2|b|z137;oc;r}1 at

2=0, where a,, is the fine structure constant. In this case, the Hubble radius is determined
by the distance between the interacting fermions, or the coherence length, &~ ctw.

The critical density corresponds to the Hubble parameter with a value
Ho = 69.76 km's'-Mpc™!

2 nie )
pom—H2=—S |1 1 3 L oW 91400 Pgsm’.. (28)
8nGy, 8ntpexj 8nGy, | 8nt,

This value p, is in good agreement with the observational results. It is noteworthy that the

value of Ho obtained in the cosmological model with superconductivity (CMS), proposed by
us, is the arithmetic mean between the value obtained by PLANK (Ho = 674 =+
0.5km's ""Mpc™!) [11] and the local value obtained from Cepheids (Ho = 73.04 +
1.04 km-s~!-Mpc™!) [13], and within the limits of error it coincides with the values obtained
by other methods:

Ho=69.8 £ 1.3 km-'s !-Mpc™! [14],
Ho=69.5 + 1.7 km-s™!-Mpc™! [15],
Ho=69.0 + 1.1 km-s™!-Mpc™! [16],
Ho= 69.51+0.70 — 0.65 km's™'-Mpc ! [17],
Ho=69.79 £ 0.99 km-s~!-Mpc ' [18],
Ho= 69.82+0.63 — 0.76 km-s™!-Mpc ™! [19],
Ho= 69.74+1.60 — 1.56 km-s™'-Mpc ™' [20],
Ho=69.88 = 0.76 km-s™!-Mpc ™' [21].

It should be noted that the proximity of the dark energy density value of the critical density
of matter and generally can be explained by the proximity or the equality of the interaction
parameters in the modern era. Such equality can be explained by the approximation of the
various parameters A; to a single value, similar to the behavior parameters in the era of Grand

Unification: A; =&; =, =4, . Thus, the observed dark energy and matter can be regarded as

a set of quasi-particles with energy of communication of primary fermions. Therefore, the
observed world can be seen as the difference between two energy levels of a fermion system,
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which  density is close to the Planck density: p, =p, ~3M;: /8m,
Ps =Py —Pe =3(MS—M|§A2J-)/81E_

Thus, we can describe the observed critical density of the Universe as the difference
between the densities of the superfluid and normal fermion systems, and this process is
dynamic, providing the energy difference, which coincides with the energy of the observable

Universe. Therefore, in the beginning we can start from the Planck density, when p, =0, to

2/%;

Pp —Psy =Pour and thento p, > p, 1-¢e

Let’s note that the obtained energy density equations also naturally describe the
exponential expansion of the early Universe.

Let’s apply the developed theory to describe black holes. When Azg =6/ Rz, P =m,mc /4
2
3 ¢ MPe_ 2 (29)

“81GR. 4n’h® O

PeH

The value obtained by Azg corresponds to the scalar curvature and is determined by the

gravitational radius of the black hole.
Therefore, in the framework of the cosmological model with superconductivity (CMS),
we can consider black holes as a gravitational condensate of primary fermions.
Thus, a cosmological model with superconductivity (CMS) arises, which makes it
possible to give a new description of a whole series of cosmological processes.
5. The Hubble parameter
From our proposed cosmological model with superconductivity (CMS), a number of
consequences are derived:

3. Within the limits of the theory of superconductivity the real value of density of dark energy
as density of energy interactions of a primary fermions condensate is received. These
fermions do not give a contribution to observable energy density. The contribution to
observable forms of energy is given only by the interaction energy of the primary
fermions.

4. Initial exponential expansion of the vacuum-like Universe within the limits of
superconducting cosmology allows to provide the birth of the hot Universe and solves the
same problems which are solved by an inflationary cosmology.

5. Origin of cosmological time becomes clear: t, =t in the observable Universe time is a

consequence of proceeding phase transition of Il kind, which is similar to the phase
transition, which has created the up-to-date vacuum energy density with change and fixing

of a fine-structure constant o =In t, / 8at, . This also solves the problem of time

irreversibility. Therefore, the evolution of the entire observable Universe can be described
as an ongoing second-order phase transition.
6. The closeness of the densities pyz, p,, and p, (coincidence problem) is due to the

similarity or identity of the interaction constants: o; = a; = o, .

7. If the observer is at a point close to the end of the phase transition, he records the
coincidence of a number of dynamic and static quantities, such as the Large Dirac
numbers, etc., which also happens in reality.

8. Black holes can be described as gravitational condensates of primordial fermions.
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9. The transition from the macroscopic classical dynamics of general relativity to the
microscopic dynamics of fermions near the Fermi surface shows that the real structure and
dynamics of space-time are described by coherent quantum processes. In particular, the
evolutionary cosmological time parameter itself is determined by the dynamics of
microscopic quantum processes on Planck scales.

10. The macroscopic nature of the observed space-time is provided by the factor e* ", which
varies in the range from 1 to 3.26-10°° and determines the scale of coherence of quantum
processes in superconducting cosmology.

11. Instead of 10°%° variants of worlds possible in superstring theory, CMS has a single version
with several variables Ai, Aj, Ak,... which run through all possible ranges during the
evolution of the Universe.

10.
11.

12.

13.
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PO BUPIIIEHHS 3AJIAYI KOCMOJIOI'TYHOI CTAJIOI

Po3paxyHOK rycTHHHM eHeprii BakyyMy B KBAaHTOBiil Teopii mois jJae 3Ha4eHHs, IO
TIEPEBUIIY € CTIOCTEPEKyBaHe 3HaueHHs B 10122 pasy, i uMcieHHi 3anponoHOBaHi MiX01 He
BUPIMIYIOTH IIf0 IPo0JIeMy, Ta HE JAI0Th MOXIIMBOCTI HE pO3paxyBaTH ii peanbHe 3HaUCHHS.
[IpoTe 3acTocyBaHHS MiKPOCKOIIIYHOT TEOPil HAATIPOBITHOCTI IO OMUCY (Pi3UIHOTO BAKyyMy
B IUIaHKIBCHKOMY MacITa0i BIepIe JO3BOIHMIIO BUPIIIUTH MPOOIEeMy KOCMOJIOTIYHOI CTaI01
3 0a30BHX WPUHIMIIB, 1 0e3 pI3HOMAHITHHX TIONPAaBOK OTpUMaTH (opMyry s
CIIOCTEpPEKyBAHOI T'YCTHHH TeMHOi eHeprii. I uncnose 3HauenHs craHoBUTH 6,09-10°%7 kr/M°
1 MOBHICTIO BIAMOBIIA€ CIIOCTEPEKEHHIM. 3aIIPOIIOHOBAaHA aBTOPOM KOCMOJIOTIYHA MOJIEb 3
HaanposigaicTio (CMS) Takox mnepembadae OMUC HAMOUIBII PAaHHBOI CTaMil E€BOJFOLIT
Bcecsiry, sika nepenye craaii inQuiswil. Bona onucye ¢popMyBaHHs 1H(IATOHHOTO TOJIS SIK
0COOJIMBOTO KOHJEHCATy MEPBICHUX ()EPMIOHIB i3 IUIAHKIBCHKOIO MAcoOl0, 3 IMOJABIIHNM
IHQUALIAHAM pO3IMMPEHHAM paHHbOTO BceecBiTy. IIpm mpoMy cydacHe pO3MHPEHHS
BcecgiTy 1 H0T0 €BOJIOIIISI OMTUCYETHCA SIK HOTOYHHUHN (Da30BUil Iepexi APYroro poy, a ININH
HE3BOPOTHBOTO (Pi3MYHOTO0 KOCMOJIOTTYHOT'O 4acy € HACIIIKOM MPOLECIB, 1110 Bi0yBatOThCs
Ha IUIAaHKIBCbKHX Macmitabax. PozpaxoBane B CMS 3HauenHs nmapamerpa Xaboma Ho=69,76
kM ¢t -Mix! Bigmosigae cepeJHEOMY 3HAYEHHIO I OLIBIIOCTI 3HAYEHD IILOTO HapaMeTpa,
oTpumanux pisHuMu Metogamu. CMS ycysae mpobnemy icuysanns 10°%° moxamBux
BaKyyMiB, 110 BHHHKAIOTh Y TeOpii CTPYH, OCKUIbKM MEXaHi3M KOHJEHcalii MepBUHHUX
(epMioHIB TPUPOIHO GOPMYE €ITUHY CHOCTEPEKyBaHy Bepcio BeecBitTy Ta #ioro Bakyymy.
CMS Takox ONHCy€ YOPHI AipH K KBAHTOBHH KOHJCHCAT MEPBICHUX (PepMiOHiB.

KuarouoBi caoBa: ryctnHa eHeprii BakyyMy, HaINpOBiTHICT, KOCMOJIOTIYHA CTaia,
KOCMOJIOTis, KOCMOJIOTi9HA MOJIeTb 3 HaINPOBiIHICTIO, iH(IIALIS, (a30Bi mepexoau, MIHH
4acy, Teopisi CTPYyH, TIHbOBAa MaTepisi, CTaJla TOHKOI CTPYKTypH, mapameTp Xab0ma, Teopis
Kanyuun—Kieiina.

186



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

Jean-Pierre Magnot
LAREMA, Université d'Angers et Lycée Jeanne d'Arc, Clermont-Ferrand, France
e-mail: jp.magnot@gmail.com

MULTIVALUED PAIRWISE COMPARISONS FROM HIGH
ENERGY PHYSICS AND GAUGE THEORY TO DECISION
THEORY

We extend here the mathematical setting for pairwise comparisons to multiple values. The
geometry of such objects is sketched, and the relation with existing theories is given.
Keywords: Pairwise comparisons, physics of information, decision theory. MSC (2020):
90B99, 81T13

INTRODUCTION

Pairwise comparisons are a key tool in decision theory. Roughly speaking,they
serve as a basic evaluation to a finite number of items, intending to give to them a
ranking despite the inconsistency of evaluations by pairs. The importance of pairwise
comparisons in decision theory is so central and high that a long list of publications
would not be sufficiently exhaustive to give tribute to all the contributors. One can see
e.g. [1] for a key concise work. We have recently linked explicitely inconsistency in
pairwise comparisons (PC) with Yang-Mills theories, showing a possible (non-Abelian)
generalization of the classical framework [10, 11]. Moreover, we have linked pairwise
comparisons with physics of information [2]and their link with contextually. Finally,
when investigating random values for pairwise comparisons [13], we have highlighted
the mathematical central role ofthis construction for various purposes beyond the
reduction of the inconsistency: discretized gauge theories, Feynman-Kac like integral
formulas, finite elements methods, singular (co-) homology among others.
We present here a setting which considers only finitely multivalued gauges, gver aunique
simplex An where O—vertices stand for the states that have to be compared. A (trivial)
G—bundle over A is the base of the construction, and (univoque) gauges are given
by (n + 1) values in G, while a connection is given by "1 independent values in G,
since these values roughly correspond to the homonymiesof the connection along the
edges along the lines of loop quantum gravity [15, 11]. Motivated by information
physics (see the recent work [13]), considering T-dualityand non-geometric fluxes as
amodel for 2-valued fibered gauges along the lines of e.g. [1], we also have the Monte
Carlo approximations of pairwise comparisonswith values in probability measures as
a technical goal, to be developed elsewhere. Few motivating examples and aspects
will be briefly
discussed at the end of the communication, while the structures described here intend
to be the common constructions for all these non-equivalent frameworks.

1. ASHORT OVERVIEW OF FINITE CONFIGURATIONS
AND BRANCHEDCONFIGURATIONS

Following [8], we set a locally compact manifold N, identified with a set of Dirac
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measures.
Let | be a set of indexes that is assumed here to be a finite subset of N (typically, | =
Nk = {1, ..., k}). We define the ordered configuration spaces.

Or* =1{ (u..u,)e N“O such that, if i # j,u, 7 U; }
or =JJor*.
keN*

The general configuration spaces are not ordered. Let Xk be the group of
bijections on Nk. We can define the action:

>k xOI'k — Ork
(o, (U1, ..., ) —  (Us(), ..., Us(k))-
Then, we define general configuration spaces:

=0r"/y, r=JJr".

and neN*

Finite configurations I" are made of a countable disjoint union. We now fix a metricd
on N. The idea of branched configurations is to glue together the components I'"on
the “generalized diagonal”, namely, we define the following distance on I'":

Definition 1.1. Let (u, V) € I'%. dr(u, v) = supxx')euxv {d(x, v), d(x, u)}

dr is a metric on I', which coincides with the restriction of the Hausdorff distance
restricted to I". The following proposition traduces the change of topology of I" into
BI" by cut-and paste property: .

Proposition 1.2. [8] Yne N* B[ = F”“H o B[ where the identification is made
along the trace on I'"*1 of the dr—neighborhoods of BI™ in N"*1 5 O1™"*1,

We now give a corrected version for the Frolicher structure on BI'. For this, consider the
massive finite k—set

szk—{«um (Gom ) (N xR

>m, 1}

ieNy

The set C*(N, R) defines the set Fx on MNk by

((uy, my).(u,m )= D> mf(u

IENK

This set Fk can be identified with the natural Frolicher structure induced by the vague
topology on the space of probabilities on N noted by P(N) [4, 11]

restrictedto the space MNk understood as a subspace of P(N).
By the canonical projections from MN to BI'k, the Frolicher structure generated by
the family Fx projects to a diffeology on BI'k, compatible with the distance dr. A
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recent overview on diffeologies and Frolicher spaces and diffeologies can be foundin [4].
For an example of non-trivial smooth map with values in BI'k, we refer to [8].

2. BRANCHING OR NO-BRANCHINGS? TECHNICAL ASPECTS

We have described, till now, branching configurations which are set-theoretically
isomorphic to classical finite configurations [3]. In the setting of finite configurations,the
subsets I'" form a topological partition of I, in other words, two subsets I'" and I'™
are disconnected topologcally and hence diffeologically.

In the diffeology of branching configurations, one can find a smooth path linkinga 1-
configuration to a well-chosen n configuration. Therefore, we can highlight few
important technical features which vary between the two settings:

o the topology fo I' is a topology of classical manifold [3]. Its algebraic
topology is studied. Classical techniques from dynamics on manifolds are
available.

e the topology of B I' is a topology of generalized manifold called
Diffeologicalspace. It is not studied actually.

3. MULTIVALUED GAUGES AND BRANCHINGS

Let us now consider a trivial fiber bundle F with typical fiber N over the simplex An.
By trivial constructions, there is a canonical trivial fiber bundle BF over An,with
typical fiber B N. Our model is only local (that is, over the contractible
simplex An) and this property ensures the robustness of our vocabulary with
respect to potential misleading terminology. Given G, a group acting faithfullyand
transitively on N, on

the one hand, there is a classical construction of thecorresponding principal bundle
P(F,G) = Fx G, seee.g. [6]. Therefore, G alsoacts on BN faithfully, but not
transitively. The same action can be extended toBF = Anx<BN. On the other
hand, as a fiber bundle over An, the

canonical structure group for BF is the diffeological group Diff (BF ) which is
actually notstudied. Therefore, in order to fit with classical pictures of gauge-
invariance, we prefer the following definition:

Definition 3.1. We denote by B(BF, G) the (diffeological) quotient BF/G.
Since BN is a topological gluing of a simplicial complex, it is itself a

simplicial complex as well as BF and B(BF, G). We now assume and for the rest of the
paper that N = G and that G is a regular diffeological Lie group.
A smooth multivalued gauge is a smooth (global) section

B(BF, G) — BF
or equivalently a G—equivariant map

BF — G.

We call by the fiber bundle of multivalued gauges the space BS(F ) the space of
smooth sections.

Within this picture, a smooth multivalued gauge restricts to a (classical) gauge
trivially using the inclusion F (— BF and a gauge on F and reciprocally, a gauge on
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F defines a smooth map from F to BG.

Proposition 3.2. A smooth multivalued gauge always exist on BF. In other words,
BS(F )#0.

Proof. Since F =An x G is trivial, there exists a classical gauge on it, that generates
a multivalued gauge.

Clearly, there can exist multivalued gauges that are not deduced from a classicalgauge.
Passing now to discretizations, we have to consider a (fixed) triangulation z ofthe
simplicial complex B(BF, G).

Definition 3.3. A discretized gauge with respect to z is a map from 0-vertices of

7 to G.

4. MULTIVALUED CONNECTIONS

We can now propose one possible generalization of the notion of connection adapted to
multivalued gauges as defined before.

Definition 4.1. A connection on branchings on F is a connection on the G—principal
bundle BF — B(BF, G).

We feel the need to precise here that the notion of connection relies on the setting of
diffeologies since both BF and B(BF, G) are diffeological spaces. The reader who feels
not fluent enough to deal with diffeologies can understand the notion of connection
as a G equivariant 1-form in Q'( F, g).

Since G is regular, a connection 1-form generates horizontal paths, as it is proven in [12]
for such a generalized setting. As a consequence, over the

edges of the triangulation z defined before, horizontal paths can be produced up to a
specific ordering of the O vertices of z along the lines of the procedure described in
[9] fortriangulations of a classical manifold. Here the same procedure is adapted for
thetriangulation z without any technical problem. Let us sketch the procedure directly
generalized from [9].

The first key heuristic idea relies on the fact that Doexp = Id on the Lie group G, which
implies that, for “short” paths and on a prescribed localtrivialization D <G of P over

a star-shaped domain D, |(7)06t7(0) ~exp o, .- This approach is the way how loop

guantum gravity (again, heuristically) producesa discretization of a connection,
defining “holonomies along the 1-vertices" of a prescribed triangulation. Without
more assumptions on gauges and basepoints, this approach is ill-defined, and only the
holonomy of a loop, which corresponds to the notion of curvature, is (almost)
rigorous.
The nodes of this triangulation are assumed indexed by N, noted by (sn)n (the
manifold M can be non compact). Recall that, for a fixed index iy, ...In, St(Si1, ...Sin
) is the domain described by the simplexes with nodes si. Fixing So as a basepoint
and po € 7 !(S0),
@ Letj = min{le N*Isic St(s))}. We define goj = 1 and p; the
endpoint of the horizontal path over [so, sj] with starting point po. Let 1, = {0;
i3

(2) Assume that I, exists, and that,
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e Viel, , we have constructed pi ¢ 7 (si) and

e Vi, j)el?,  withi < j, gi;j is the holonomy of [si, sj], starting at
pi, i.e. pj.gi,j is the endpoint of the horizontal path over [si, sj] with starting
point pi.

Let j = min {i € N - In|Si St(sk; k € In)}. We define
e k=min{icln|si € St(sj) and let pj the endpoint of the horizontal
path over [si, sj] starting at pi.
o for i € In, gij is defined such as pj.gi,j is the endpoint of [si, Sj]
starting at pi.
L4 |n+1 - In V) {j}
The discretization thus describes the holonomy of the connection along the 1-
vertices. We have a first sequence (pn)n Which stands as a slice of the pull-back
((sn)n)* P and if K*1is the 1-skeleton of z, the family (gi,j)i<j, expresses holonomy
elements of the connection & on the vertices of K*;.
Within this picture, a 1-vertex on the triangulation z is a multivalued path itself. A
discretized connection on branchings is then well-defined, and this definition is
coherent with our definition of multivalued gauge.

5.FEW EXISTING EXAMPLES

5.1.A toy example: evaluations by multiple experts.

The importance of multiple gauges for decision theory is certainly the most easy
example to deal with,with the following example: one editor requires n reports about
ten submitted papers, with the capacity to publish only four of them. The reviewers
are asked togive a mark - say from 1 to 100 - for the paper (or the papers) under
evaluation. Even if the editor decides to care only about the rating,

e The numerical marking given by each reviewer can differ, from one reviewerto
another, from the qualitative (fuzzy) appreciation of each work, see [14].1n other
words, the scale for a good paper can differ from one expert to another.

e if multiple, reviewers produce two simultaneous reports about two papers,the
ranking of the papers can differ from one reviewer to another.

Therefore, as a raw data set of markings of one paper by n reviewers, we get an
element in [1, 100]", which is not exactly a n-gauge since we can get the samemark
for the same paper by two different reviewers. Within this basic picture, the marking
is only a random variable, that can be treated by standard techniques. But basic
psychology tells us that a reviewer with multiple evaluations will naturally express his
preferences by choosing different marks for each paper, defining intrisicallya ranking.
The same way, the editor will do so by reading the reports. Therefore, there will be
naturally comparisons between the ten papers, that no longer demandon the marking
in second evaluation, namely, an element of

B(B (A1 x [1, 100]), Diff.[1, 100])
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where Dif f+[1, 100] is the group of orientation preserving diffeomorphisms of [1, 100].
In this context, branchings are not necessary.

5.2. Twists in information physics.

The evaluation by experts or reviewersis a simple model for information physics, where
one is gathering systems that exchange informations. Within this large picture, rankings
are

interpreted as a specific case of global gauge, and one gets multivalued values (in fact
multivaluesin {0, 1} ). A concept that enables passing from multivalues to classical
values is contextuality. It consist in separating different collections of observables that
are jointly commensurable into distinct measurement contexts. Each such context thus
represents a logically consistent scenario (or ?reality?) in which all the associated
observables can have simultaneous and thus well-defined values. Switching the context
corresponds to replacing some of the observables, thus making a new choice of the ones
that are to be considered, and we are interested in models in which there is a reasonable
local compatibility between contexts in order to allow for consistent context switching
in the context of game theory and quantum computing. We refer to [2] for a
comprehensive presentation.

5.3. Various approaches to double geometries: double field theory, T- duality.

Following the paper [5] which stands at a key step of the development of theories
envolving double geometry (or geometries) in high energy physics, a double geometry on
a vector bundle V over a base X is

= either given by the vector bundle V @ V over X, that is a bundle of 2-

configurations in B I'?(Vy) that fiber over x € X,

= or given by BT?(V).
In these settings, the interwinning of the two points may carry a fundamental role, first
in terms of symmetries of the theory, second in terms of non-triviality of the underlying
geometry. A project in progress intends to interpret some of the physical quantities in
double theories ad T-duality (see e.g. [1]) in terms of BI'2—branching.

REFERENCES

1. Andriot, D.; Non-geometric fluxes versus (non)-geometry. In: Donagi, Ron
(ed.) et al., String-Math 2012. Proceedings of the conference, Universitét
Bonn, Bonn, Germany, July 16?21, 2012. Proceedings of Symposia in Pure
Mathematics 90, 213-225 (2015)

2. Ellingsen, A.; Lundholm, D.; Magnot, J-P.; “The six blind men and the
elephant”: an interdisciplinary selection of measurement features. in:
Kielanowski, Piotr (ed.) et al., Geometric methods in physics XL, workshop,
Bialowieza, Poland, June 20?25, 2023. Cham: Birkhduser. Trends Math.,
275-307 (2024).

3. Fadell, E.R.; Husseini, S.Y.; Geometry and topology of configuration spaces
Springer, Berlin (2001)

192



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

4. Goldammer, N.; Magnot, J-P.; Welker, K.; On diffeologies from infinite
dimensional geometry to PDE constrained optimization Contemporary
Mathematics 794, 1-48 (2024).

5. Hull, C.; Doubled geometry and T-folds. J. High Energy Phys. 2007, no 7, 080
(2007)

6. Kriegl, A.; Michor, P.W.; The convenient setting for global analysis. Math.
surveys and monographs 53, American Mathematical society, Providence,
USA. (2000).

7. McOirist, J.; Morrison, D.; Sethi S.; Geometries, non-geometries, and fluxes.
Adv. Theor. Math. Phys. 14 1515?1583 (2010)

8. Magnot, J-P.; From Configurations to Branched Configurations and Beyond.
Research andReports in Mathematics 1 no 1, art. ID 1000105 (2017).

9. Magnot, J-P.; Remarks on a new possible discretization scheme for gauge
theories. Int. J. Theor. Phys. 57 no. 7, 2093-2102 (2018).

10. Magnot, J-P.; A mathematical bridge between discretized gauge theories in
guantum physics and approximate reasoning in pairwise comparisons Adv.
Math. Phys. 2018, Article ID 7496762, 5 pages (2018).

11. Magnot, J-P.; On mathematical structures on pairwise comparisons matrices
with coefficients in a group arising from quantum gravity Helyion 501821
(2019)

12.Magnot, J-P.; On diffeological principal bundles of non-formal pseudo-

13. differential operators over formal ones. Proc. Int. Geom. Cent. 16 no. 2, 125-141
(2023).

14.Magnot, J-P.; On random pairwise comparisons and their geometry. J. Appl.
Anal. In press.

15. Mazurek, J.; Perez Rico, C.; Fernandez, C.; Magnot, J-P.; Magnot, T.; The 5-Item
Likert Scale and Percentage Scale Correspondence with Implications for the Use
of Models with (Fuzzy) Linguistic Variables. Journal of Quantitative Methods
for Economics and Business Administration Volume 31 3-16 (June 2021)

16.Rovelli, C.; Vidotto, F.; Covariant loop quantum gravity Cambridge university
press (2014).

Jean-Pierre Magnot
LAREMA, Université d'Angers et Lycée Jeanne d'Arc, Clermont-Ferrand, France
e-mail: jp.magnot@gmail.com

BAI'ATO3HAYHI ITAPHI HOPIBHAHHA
B/l ®I3UKU BUCOKHUX EHEPI'TU TA TEOPII
KAJIIBPYBAHHS 10 TEOPII IPUUHATTSA PILLEHD

TyT MU PO3LIMPIOEMO MaTeMaTHYHE HAIAIITYBAHHS JIJIsl IOMAPHUX MOPIBHSAHD HA KiJIbKa 3HAYEHb.
[IpencraBneHo reoMeTpito TaKUX 00'€KTIB 1 HABEIEHO 3B'A30K 3 ICHYIOUHMH TEOPiIMHU.

Karouosi ciioBa: nmonapHi nopiBHAHHS, ¢i3uka iHpopMmaii, Teopist npuitHaTTs pimens. MSC (2020):
90B99, 81T13

193


mailto:jp.magnot@gmail.com

Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

Valery Dvoeglazov

UAF, Universidad de Zacatecas

Apartado Postal 636, Suc. 3 Zacatecas 98061, Zac., Me 'xico
e-mail: valeri@fisica.uaz.edu.mx

NEGATIVE-ENERGY AND TACHYONIC SOLUTIONS IN THE
WEINBERG-TUCKER-HAMMER EQUATION FOR SPIN 1

We considered Weinberg-like equations in the article [1] in order to construct the
Feynman-Dyson propagator for the spin-1 particles. This construction is based on the
concept of the Weinberg field as a system of four field functions differing by parity and
by dual transformations. We also analyzed the recent controversy in the definitions of the
Feynman-Dyson propagator for the field operator containing the S = 1/2 self/anti-self
charge conjugate states in the papers by D. Ahluwalia et al [2] and by W. Rodrigues Jr. et
al [3, 4]. The solution to this mathematical controversy is obvious. | proposed the
necessary doubling of the Fock Space (as in the Barut and Ziino works), thus extending
the corresponding Clifford Algebra. However, the logical interrelations of different
mathematical foundations with physical interpretations are not so obvious. In this work
we present some insights with respect to this for spin 1/2 and 1. Meanwhile, the N.
Debergh et al article considered our old ideas of doubling the Dirac equation, and other
forms of T- and PT-conjugation [5]. Both algebraic equation Det(p” — m) = 0 and Det (p

2 2

+m) = 0 for u— and v— 4-spinors have solutions with p0 =+Ep =+ P +M" The same
is true for higher —spin equations (or they may even have more complicated dispersion
relations). Mean- while, every book considers the equality p0 = Ep for bothu and v
spinors of the (1/2, 0) (0, 1/2)) representation only, thus applying the Dirac-Feynman-
Stueckelberg procedure for elimination of negative-energy solutions. The Fock space can
be doubled on the quantum-field (QFT) level. In this article we give additional bases for
the development of the correct theory of higher spin particles in QFT. It seems, that it is
impossible to consider the relativistic quantum mechanics appropriately without negative
energies, tachyons and appropriate forms of the discrete symmetries, and their actions on
the corresponding physical states.

1 Introduction.
The algebric equations Det(p — m) = 0 and Det(p + m) =0 for u— and v—4-

spinors have solutions with po = +Ep = +,/p2 + m?.

The recent problems of superluminal neutrinos, negative-mass squared neutrinos, various
schemes of oscillations including sterile neutrinos, re-quire attention. The problem of the
lepton mass splitting (e, u, t) has long history. This suggests that something missed in the
foundations of relativistic quantum theories. Modifications seem to be necessary in the Dirac
sea concept, and in the even more sophisticated Stueckelberg concept of the backward
propagation in time. The Dirac sea concept is intrinsically related to the Pauli principle.
However, the Pauli principle is intrinsically related to the Fermi statistics and the
anticommutation relations of fermions. Recently, the concept of the bi-orthonormality has
been proposed; the (anti) commutation relations and statistics are assumed to be different for
neutral particles [6]. We propose the relevant modifications in the basics of the relativistic
guantum theory below.Next, Sakharov in 1967, Ref. [7], introduced the idea of two universes
with opposite arrows of time, born from the same initial singularity (i.e.Big Bang). Next, the
authors of [5] constructed (within the framework of the present-day quantum field theory)
negative-energy fields for spin-1/2 fermions. Currently, the predominating consensus is existence
of the dark matter (DM) and the dark energy (DE) paradigm. Numerous possible candidates
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have been proposed for the DM, but to the date, searchfor these candidates was not successful.
“There is growing favor with the idea that new ideas need to be considered until an answer is
found.”*“A paradigm shift that allows the serious consideration of negative massis a real
possibility.” However, see [8] on the relation of inertial and gravitational masses.

The paper is composed in the following way: Introduction, General Frameworks, Negative-
energy and Tachyonic Solutions for the spin 1, and Conclusions. In the main text the Dirac
spinor formalism is given.

2. The General Frameworks.

The Dirac formalism with negative energies.
The Dirac equation is:

[iy“0. —m]¥(x) = 0. (1)
The y* are the Clifford algebra matrices, (u,v =0, 1, 2, 3):
yeyy +yty =201, (2)

g is the metrics of the Minkowski space. Usually, everybody uses the following definition of
the field operator [9, 10] in the pseudo-Euclidean metrics:

2;; ZI ah p)e Ilox"'Vh( )b;(p)eﬂpvx]’ 3)

as given ab initio. After actlons of the Dirac operator at exp(%ip.Xx*)the 4-spinors (u and
v) satisfy the momentum-space equations: (p - m)un(p) = 0 and (p + m)vn(p) = 0,
respectively; h
is the polarization index. It is easy to prove from the characteristic equations
Det(p ¥m) = (p? — p? —m?)? = 0 that the solutions should satisfy the energy-momentum
relation po = +Ep = +./p? + m?.

The general scheme of construction of the field operator has been presented in [11]. In the
case of the (1/2, 0¥® (0, 1/2) representation we have:

¥(x)= o7 j d*ps(p? -m? ¥ (p)

2 [d"polpi - B0 " un Py P (prp)-
)

(4)

- (Zzlr)3 g%’[ﬁ(po B Ep)é(po + Ep)]
6000 )+ 00 po )™ 2t (Pl (p

(
- (Zflrfzh: Id4p/2Ep[5<p0 —Ep)+5(p0 t+ Ep)]

16(p, Ju, (e, (P ™" + 6(p, u, (- pay, (- Pl
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- (23:)3; J-%H(p(’)

where an, bﬁL are the annihilation/creation operators, and in the textbook cases
exp(+a- )z (0)
u,(p h ®)
exp(~o- )¢z (0)

cosh(p) = Ep/m, sinh(p) = p /m. During the calculations above we had to represent 1 =
0(p0) + 6( p0) in order to get positive- and negative-frequency parts [12]. Moreover, during
these calculations we did not yet assume, which equation this field operator (namely, the
u spinor) satisfies, with negative- or positive- mass?? In general, we shouldtransform un( p) to
the v(p). The procedure is the following one [13].1n the Dirac case we should assume the
following relation in the field operator:

2P (p)= 2, (- play - p) (6)

We need A, (p) = V. (p)us(-p). By direct calculations, we find

pO=Ep

-mb;(p)=2 A, (pla, (- p) @
Hence, Ay = —im(e - N)w, N = p/|p|, ;nd
~b;(p)=iY(sn),.a, (- p) (®)
Multiplying (6) by u . (-p) we obt;in
a,(-p)= —i;(c-n)yibl(p)- )

The equations are self-consistent. In the (1, & (0, 1) representation thesimilar procedure
leads to the different situation:

(p) = [1 = 2(S - n)*|udi(—p)- (10)

This signifies that in order to construct the Sankaranarayanan-Good field operator [35], it
satisfies [y,,0.0» @299m?]¥(x) = 0, we need additional postulates. For instance, one can try
to construct the left- and the right-hand side of the field operator separately each other [12].
We have, in fact, un(Ep, p) and un( - Ep, p) originally, which satisfy the equations:
Ep(xY°) -7 P —m un(£Ep, p) = 0. (11)

Due to the properties UTy°U = - y0, UTy'U = +v' with the unitarymatrix

0-1 -
U=(1 OJ=—77 (12)

in the Weyl basis,? we have in the negative-energy case:

Epy® —y p—m Ufun(—Ep, p) = 0. (13)

8 . - . . . _ . .
Moreover, since bispinors are, in general, complex-valued, we can even use the different basis such as Uz = column (i 0 0 0) etc. instead of the
well-accustomed one.
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Thus, unless the unitary transformations do not change the physical con-tent, we have that the
negative-energy spinors y>y°u( Ep, p) (see (13)) satisfy the accustomed “positive-energy”
Dirac equation. Their explicatesforms y>y°u( Ep, p) are different Trom the textbook “positive-
energy” Dirac spinors. From the first sight (just E ,— —E ) they are the follow- ing ones:

—p +m
_( )_ N _pr
u\p = Jan(E,m) o —m , (14)
_pr
- P
~ -p +m
0P)= e _p |
pr—m (15)

We use tildes because we do not yet know their polarization properties. It is not even clear,
which helicity operator, 3/2 or (¢ ' P)/2, or some other should be used after T — conjugation
[5]. Next,

Ep= yp°+m* >0, po = +Ep, p* = Ep £z, pr1 = P £ipy.  (16)
What about the ¥(p) = y°u transformed with the yo matrix? They are not equal to the
previous “negative-energy” 4-spinors va(p) = y°un(p)? Obviously, they also do not have
well-known forms of the usual v spinors in the Weyl basis, differing by phase factor and in
the sign at themass term. The normalizations of these 4-spinors are to (+2N°). One can prove
that the matrix

. 01
P= i0 O= i0 2Xx2 17
ey ¢ (1 oj (17)

can be used in the parity operator as well as in the original Weyl basis. However, if we would
take the phase factor to be zero we obtain that while un(p) have the eigenvalue +1, but after
space inversion operation (R = (X — —Xx, p — —p))

PRy®y°u;(-Ey, p) = -U(p) , (18)
PRy*y°u (-Ep, p) = -U(p) - (19)

Perhaps, one should choose the phase factor 6 = . Thus, we again con- firmed that the relative
(particle-antiparticle) intrinsic parity has physical significance only.

Similar formulations have been presented in Refs. [14], and [15]. The group-theoretical
basis for such doubling has been given in the papers by Gelfand, Tsetlin and Sokolik [16],
who first presented the theory in the 2- dimensional representation of the inversion group in
1956 (later called as “the Bargmann-Wightman-Wigner-type quantum field theory” in 1993).
M. Markov wrote long ago two Dirac equations with the opposite signs at the mass term [14].

[ityuou —m]¥1(x) = 0, (20)

P Ru(p)
P Ru(p)

 The properties of the U— matrix are opposite to those of P7y°P = +y° P7»iP = — with usual the
P =9, thus giving [— Epyo +y-p— m]Puh (— E, p): —[[5 + m]\7?(p) = 0. While, the relations of the spinors
Vh(Ep, P) = psun(Ep, p) are well-known, it seems that the relations of the v-spinors of the positive energy to u—
spinors of the negative energy are frequently forgotten, \7?(p) = 7°uh (— Ep, p)
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liyudy +m]P2(x) = 0. (21)

In fact, he studied all properties of this relativistic quantum model (while he did not know yet
the quantum field theory in 1937). Next, he added and subtracted these equations:
iyuoue(x) —my(x) = 0, (22)
iyuouy(x) —mo(x) = 0. (23)
Thus, ¢ and y solutions can be presented as some superpositions of the Dirac 4-spinors u and
v These equations, of course, can be identified with the equations for the Majorana-like A and
p, which we presented in Ref. [17] on the basis of postulates [18].
The four-component Majorana-like spinors are

ﬂ(p){;ifgp)} (24)
O = G’ _Olj, (25)

They become eigenspinors of the charge conjugation operator S¢ with eigenvalues +1 if the
phase 3 is set to + i:

S APt =), - (26)

In a similar way one can construct p  spinors on using or.
Of course, the signs at the mass terms depend-on, how do we associate the positive- or
negative- frequency solutions with A and p:

iy“0,A%(x) — mpA(x) = 0, (27)
iy*0upA(X) —mAS(x) = 0, (28)
iy“0, M (X) + mpS(X) = O, (29)
ivh0,p5(x) + mAAX) = 0. (30)

Neither of them can be regarded as the Dirac equation. However, theycan be written in the
8-component form as follows:

[i[*0, -m]¥Y(x) = O, (31)
(+)
[iT“0u + M]¥Y(X)» = O, (32)
with
(P (PP . [0 ¥
\P(+)(X)_(As (X)j’ \P()(X)_[AA(X)] and | _(7/” O] (33)

It is easy to find the corresponding projection operators, and the Feynman-Stueckelberg
propagator.
The connection with the Dirac spinors has been found [17, 19]. Forinstance,

%(p) 1 i -1 iYuy,(p)
A(p)| 1= 1 —i-1 ] uy,(p)
ﬂ?(p) 2|1 -0 -1 V+1/2(p)
lf(p) i 10 -1hvy,(p)

provided that the 4-spinors have the same physical dimension. Thus, wecan see that the two
4-spinor systems are connected by unitary trans- formations, and this represents itself
rotations of the spin-parity basis. However, it is usually assumed that the A— and p— spinors
describe the neutral particles, meanwhile u and v spinors describe the charged particles.
Kirchbach et al. [19] found the amplitudes for neutrinoless double beta decay (00vp) in this
scheme. It is obvious from (34) that there are some additional terms comparing with the
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standard formulation.

One can also re-write the above equations into the two-component forms. Thus, one
obtains the Feynman-Gell-Mann [20] equations.

Barut and Ziino [15] proposed yet another model. They considered y°> operator as the
operator of the charge conjugation. Thus, the charge-conjugated Dirac equation has the
different sign comparing with the ordinary formulation:

: C

['7/ﬂau _ m]‘ysz =0, (35)
and the so-defined charge conjugation applies to the whole system,
fermion+electromagnetic field, e — —¢ in the covariant derivative. The superpositions of
the Wez and W°  also give us the “doubled Dirac equation”, as the equations for A  and
p spinors. The concept of the doublings of the Fock space has been developed in the Ziino
works (cf. [16, 21]) in the framework of the quantum field theory. In their case the charge
conjugate states are simultaneously the eigenstates of the chi-rality. Next, it is interesting to
note that for the Majorana like field operators

=85 (00, (0 + 2 (0l (0 R g
e oo 2= =85 %Hi(wﬂ(p#q%(w)em« .

0

(37)

+(—i®¢ﬁf7(p“)]a;<p,,)eip.x !

which, thus, naturally lead to the Ziino-Barut scheme of massive chi- ral fields, Ref. [15].
Next, the relevant paper is Ref. [22]. It is obvious to merge u(p) and v(p) spinors in one
doublet of “positive energy” and v(p) and u(p) spinors, in another doublet of “negative
energy” ,as Markov and Fabbri did. However, the point of my paper is that both u(po, p) and
V(po, p) contains contributions to both positive- and negative- energies, cf. [23].

2.2 The Feynman-Dyson propagators for neutral particles (locality or non-locality?)
We study the problem of construction of causal propagators in both higher-spin theories and
the spin S = 1/2 Majorana-like theory. The hypothesis is: in order to construct the analogues
of the Feynman-Dysonpropagator we need actually four field operators connected by the dual
and parity transformation. We use the standard methods of quantum field theory. So, the
number of components in the causal propagators isenlarged accordingly. The conclusion is
discussed in the last Section:if we would not enlarge the number of components in the fields
(in the propagator) we would not be able to obtain the causal propagator.

Accordingly to the Feynman-Dyson-Stueckelberg ideas, a causal propagator Sk has to be
constructed on using the formula (e g., Ref [10, p. 91])

(%, %) Z j
[e(tZ_tl) () (p)e i

i
=
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+0(t, —t, v (p)v° (ple ™" ] (38)
where X = X2 - X1, mis the particle mass, p* = (Ep, p), u’, v’ are the 4-spinors, 0(t) is
the Heaviside function. In the spin S = 1/2 Diractheory, it results in

. d*p ~-ipx  p+m
SF (X) - J. (2z) € p?-m?+ie (39)
rovided that the constants a and b are determined by imposing
(i02 -m)SE (X2, X1) = §®(x2 - X1), (40)

namely, a =-b = 1/i; 02 = 0/0xz, € defines the rules of work near the poles.

However, attempts to construct the covariant propagator in this way have failed in the
framework of the Weinberg theory, Ref. [24], which isa generalization of the Dirac ideas to
higher spins. For instance, on the page B1324 of Ref. [24] Weinberg writes:

“Unfortunately, the propagator arising from Wick’s theorem is NOT equal to the
covariant propagator except for S = 0 and S = 1/2. Thetrouble is that the derivatives act
on the e(x) = 0(X) - 0(- x) in A®(x)as well as on the functions'® A and Ai. This gives rise
to extra terms proportional to equal-time & functions and their derivatives. .. The cureis well
known: . ..compute the vertex factors using only the originalcovariant part of the Hamiltonian
H ; do not use the Wick propagator for internal lines; instead use the covariant
propagator.

The propagator proposed in Ref. [25] is the causal propagator. How-ever, the old problem
remains: the Feynman-Dyson propagator is not the Green function of the Weinberg equation.
As mentioned, the covari-ant propagator proposed by Weinberg propagates kinematically
spurioussolutions [25].

The aim of this subsection is to consider the prablem af constructingthe propagator in the
framework of the model given in [26]. The conceptof the Weinberg field doubles has been
proposed there. It is based on the equivalence between the Weinberg field and the

antisymmetric tensor field, which can be described by both F,. and its dual If/,w. These

field functions may be used to form a parity doublet. An essential ingredient of my

consideration is the idea of combining the Lorentz and the dual transformation. For the

functions y and y@, connected with the first one by the dual (chiral, ys = diag (1sxs),-
13x3)) transformation, theequations are!!

(7,,p,p, +m? &
(7,,p,p, —m? e

with u,v = 1,2, 3,4. For the field functions connected with ‘Pl(l) and ‘Pz(l) by the ysyas
transformations the set of equations is written:
7,0, 0. -m* ' =0, (43)
7.0, 0. +m* =0, (44)
where 7, = 7.7 ,.7 1S connected with the S = 1 Barut-Muzinich-Williams y,, matrices

[27, 28]. In the cited paper | have used the plane-wave expansion. The corresponding
‘bispinors’ in the momentum spacecoincide with the Tucker-Hammer ones within a

0, (41)
0, (42)

10In the cited paper AL(X) =i [A+(X) + A+ (—X)] and A(X) = A+ (X) — A+ (—X) have been used.
iA+(X) = 1/(27?)3_[ (d *n/ 2E, )exp(ipx) is the particle Green function.

11 have to use the Euclidean metrics here in order a reader to be able to compare the formalism withthe classical
cited works. In the next Sections we turn to the pseudo-Euclidean metrics on using simple correspondence rules.
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normalization. *2 Their explicit forms are

[m+ (S-p)+ {ET%];G

m-(s-p)+ 225k, o

7 (p)=v"(p)=%

and

[m+ (S-p)+ 1%5-5
(46)
* [—m—(s p) tﬂs]?

where &, are the 3-component objects (the analogs of the Weyl spinors). Thus, u®(p) =
ysu®(p) and T (p)=-aY(p)y;. The bispinors

() () (S p)+ E+m
o2 — o2 — 1| 47
07 (p) =7 (p)= 4 _(S.p)“:p)z (1)

-m+(S-p)+ %5

o) (n) =y _ 1
u, (p)—Vz (p)—ﬁ I , (48)
—(S-p)- 25K,

satisfy Eqgs. (43) and (44) written in the momentum space. Thus,
@)

fz)(p) = 75744”1(1)(p)’ Ul(Z) = LT1(1)7/57/44 , UQZ)(p) =75V a4 Ugl)(p)and Uz(Z)( p) ==U,"V -
Let me check, if the sum of four equations

00wl ( t, our (p)a ()™ + 6lt,—t, b (p)o (p)e ™
7//”8#61/ —-m ]J. @ d)ggE )aud(l) U(l Ipx + 9( t —t ))V p)va(l —lpx]
[yﬂvéyav++m ]I G d)ggE [9( —t, )au a(2)( —a(z)e.p.x+9(tl_t2)ovl @ (p)e z)e,.p.x]
[7ﬂvauav —m ].[ (27) dsp [ -1 )auz (p)u 7WePx 4 9(t1 -1, )ovg(l)(p)v;(l)e—m*]
= 5(4)()(2 - Xl) (49)

can be satisfied by the definite choice of a and b. The relation ui(p) = vi(p) for bispinors in
the momentum space had been used in Ref. [26]. Inthe process of calculations | assume that
the 3-“spinors” are normalizedto é.-" . The simple calculations give

8,0, adlt, -t B** ) +bol, -t, b |-

~lap,p,6lt, —t, " +bp,p 6lt, —t, p 0]

+al-6,,6,.5(t, -t )+i(p, 5,4 + p,5,.)5(t, . )

12 They also coincide with the Ahluwalia et al. ones within a unitary transformation [2].
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explip(x, — X )|+ b[5,,8,,8 (t, =t }+ i(p, 5,4 + p,5,. 5t —t, ) Jexpl=ip(x, - x )}

and

2
sogo =™ e ®Ss (50)
|s,®s, m’

-m?> S ®S

W@ _ 1 P P
u’o,’ =4 51
© z(sp@)sp —m? &

2

wg =g " S @S (52)

|s,®s, —m?

2
@) _ 1 m S,®53,
u2 u2 2 2 (53)
Sp®Sp m
where
S, =m+(S- p)+&eL
(54)
S (S p)+ E+m ? (55)
are the Lorentz boost matrices. Due to

[Er—(S P)]S ®Sp = m?[Ep + (S p)], (56)
[Eo+ (S P)IS ®Sp = m?[E, —(S p)], (57)

one can conclude: the generalization of the notion of causal propagatorsis admitted by using
the Wick-like formula for the time-ordered particleoperators provided thata = b = 1/4im?
It is necessary to consider all four equations, Egs. (41)-(44). Obviously, this is related to the
12- component formalism, which | presented in [26].

The S = 1 analogues of the formula (39) for the Weinberg propagators follow
immediately. In the Euclidean metrics they are:

(p)"——(pm—,g) 7 v PP, —m? ! (58)
(2) -
s¥(p) Wmnvpﬂp +m?}| (59)
SE(P)~ ~ eyt i PP+ (60)
s&(p)~ — e V Pu P, — M (61)

The controversy in the case of A- and p-spinors of the (1/2®)) (0, 1/2) representation is:
| cited Ahluwalia et al., Ref. [2]*3: “To studythe locality structure of the fields A(x) and
Mx), we observe that fieldmomenta are

[T0)=% =5 A) 62

13 The notation should be compared with the cited papers.
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and similarly n(x) = (0/0t) A—(x). The calculational details for the two fields now differ
significantly. We begin with the evaluation of theequal time anticommutator for A(x) and its
conjugate momentum

_ =2m(I+C(p) _
The term containing C (p) vanishes only when x - x* lies along the ze axis (see Eq. (24)
[therein], and discussion of this integral in Ref. [31])

x—x alongz.: {A(X,t), II(X, t)} = i83(x —x)]I. (63)

The anticommutators for the particle/antiparticle annihilation and cre-ation operators suffice
to yield the remaining locality conditions,
{A(X, 1), AX,1)}= 0, {TI(X, t), TI(X, )} = O.
(64)

The set of anticommutators contained in Eqgs. (63) and (64) establishthat A(x) becomes
local along the z. axis. For this reason, we call z¢ as the dark axis of locality.”

Next, | cite Rodrigues et al., Ref. [3]: “We have shown through ex- plicitly and detailed
calculation that the integral of (p) appearing inEq. (42) of C /2] is null for x x' lying in
three orthonormal spatial directions in the rest frame of an arbitrary inertial frame ey =
o/ot.

This shows that the existence of elko spinor fields does not implies inany breakdown of
locality concerning the anticommutator of {A(x,t), IT(x, t)} and moreover does not implies
in

any preferred space- like direction field in Minkowski spacetime.”

Who is right? In 2013 W. Rodrigues [4] changed a bit his opinion. He wrote: “When A; =

0, "(x x) is null the anticommutator is local and thus there exists in the elko theory as

constructed in [2] an infinity number of “locality directions”. On the other hand G(X - X')
is a distribution with support in A; = 0. So, the directions A = (Ax, Ay, 0) are nonlocal in

each arbitrary inertial reference frame eo chosen to evaluate G(X - X'), thus accepting the

Ahluwalia et al. viewpoint. Meanwhile, | suggest to use the 8-component (or 16-component)
formalism in similarity with the 12-component formalism of this subsection. If we calculate!*

St 06,1 = [ g2 [olt, ~tJaw? (02 (k™ ot —t, Jows () (p)e |

_ [ g-ipx _(pzm)
- .[ (2z)* p2-m?+ig’ (65)

we easily come to the result that the corresponding Feynman-Dysonpropagator gives the

14 For Wo see Eq. (33)
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local theory in the sense:

Z [iruag + m]sl(:'_)(xz - Xl) = é‘(4)()(2 - Xl) (66)

However, physics should choose only one correct formalism. It is not clear, why two correct
mathematical formalisms lead to different physical results? First of all, we should check,
whether this possible non- locality in the propagators has influence on the physical observables
such as the scattering amplitudes, the energy spectra and the decay widths. Ifnot, we may find
some unexpected symmetries in relativistic quantum mechanics/field theory. This is the task
for future publications. How- ever, it is already obvious if we would not enlarge the number
of com- ponents in the fields (in the propagator) we would not be able to obtainthe formally
causal propagators for higher spins and/or for the neutral particles.

The dilemma of the (non)local propagators for the spin S = 1 has alsobeen analized in [33]
within the Duffin-Kemmer-Petiau (DKP) formal-ism or the Dirac-K&hler formalism [32].
However, the propagators given in [33] are those in the generalized Duffin-Kemmer-Petiau
formalism, infact. They are not in the Weinberg-Tucker-Hammer formalism. More- over, the
problem of the massless limit was not discussed in the DKP formalism, which is non-trivial
(like that of the Proca formalism [34]).

The dilemma of the (non)local propagators for the spin S = 1 has alsobeen analized in [33]
within the Duffin-Kemmer-Petiau (DKP) formal-ism or the Dirac-K&hler formalism [32].
However, the propagators given in [33] are those in the generalized Duffin-Kemmer-Petiau
formalism, infact. They are not in the Weinberg-Tucker-Hammer formalism. More- over, the
problem of the massless limit was not discussed in the DKP formalism, which is non-trivial
(like that of the Proca formalism [34]).

We should use the obtained set of Weinberg propagators (58-61) in the perturbation
calculus of scattering amplitudes. In Ref. [29] the am- plitude for the interaction of two 2(2S
+ 1) bosons has been obtained on the basis of the use of one field only and it is obviously
incomplete, see also Ref. [28]. But, it is interesting to note that the spin structure was proved
there to be the same, regardless we consider the two-Dirac-fermion interaction or the two-

Weinberg S = 1-boson interaction. However, the denominator slightly differs (1/K2 —
172m(Ao —m)) in the

cited papers [29] from the fermion-fermion case, where Ao, A is the momentum-transfer
4-vector in the Lobachevsky space. More accurate considerations of the fermion-boson and
boson-boson interactions in the framework of the Weinberg theory has been reported
elsewhere [30]. So, the conclusion of this subsection is: one can construct analogs of the
Feynman-Dyson propagators for the 2(2S + 1) model and, hence, local theories provided that
the Weinberg states are quadrupled (S = 1 case), and the neutral particle states are doubled.

3. Negative-energy and Tachyonic Solutions.
What is the physical sense of the presented mathematical formalism? Why did we consider
four field functions in the propagator for spin-1 inRef. [1, 21]? Let us make some additional
observations for spin-1/2 and spin 1.

We have 4 solutions in the original Dirac equation for u- and 4 solutions for v = °u

(remember we have p, =+E_, =F/p*+m?). See, for example, Ref. [36]. In the S
= 1 Weinberg equation [24]we have 12 solutions®®. Apart pp = +E, we have taquionic

Bin Ref. [28] we have causal solutions only for the S=1 Tucker-Hammer equation.
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solutions p, =+E, =+/p® —m?,i.em —im. This is easily to be checked on using the
algebraic equations and solving them with respect to po:

Det[y*p, +m] = 0, (67)
and
Det[y“'p.py £mM?] = 0. (68)
In construction of field operator [36] we generally need u(- p) = u(- po,p, m)

which should be transformed to v(p) = y°u(p) =y°u(+po, +p, m). On the other hand, when we
calculate the parity properties we need p — —p. The u(po, —p, m) satisfies

[#" pupv + m?Ju(po, -p, m) = 0. (69)
The u(—po, p, M) “spinor” satisfies:
[#"pupy + M*Ju(-po, +p, m) =0, (70)

that is the same as above. The tilde signifies ¥ = yooy#*yoo that is analogoues to the
S = 1/2 case ¥ = yoy*yo. Theu(- po,- p, m) satisfies:

[v*"Puby + M?Ju(=po, —p, M) = 0. (71)
This case is opposite to the spin-1/2 case where the spinor u(- po, p, m) satisfies
Wﬂpﬂ + m]U(_po, +p’ m) = 0’ (72)
and u(po, —p, m),
[?’upﬂ - m]U(pO, P, m) =0 ' (73)
and
[Yﬂp# + m]u(—po, -, m) =0. (74)

In general we can use u( po, +p, m) or u(po, .M} to constructthe causal propagator
in the spin-1/2 case. However, we need not to use both because a) u(  po, +p, M) satisfies
the same equation as u(+po, p, m)and b) we have the integration over p. This integration is
invariant with respect to p — —p:

SF(XZ’Xl):Z I%E% (75)
[ 6(t, —t,)au” (p)a (ple ™) + 0(t, —t, v (p)e” (pv (ple™™ =) ]

So the result for the causal propagator

[ d% A-ipx  p+m
SF (X )_ J‘ (2z) € p?-m’+is (76)
does not change regardless the use of one or another Dirac equation.

The situation is different for spin 1. The tachyonic solutions of theoriginal Weinberg
equation

_ ~ [Y*"pupy + mM?Ju(po, +p, m) = 0 _ (77)
are just the solutions of the equation with the opposite square of m —im):
[v*"Pupv —M?Ju(po, +p, im) = 0. (78)

We cannot transform the propagator of the original equation (77) to thatof (78) just by the
change of the variables as in the spin-1/2 case. The mass square changed the sign, just as in
the case of v “spinors”. Whenwe construct the propagator we have to take into account this
solution and the superposition u(p, m) and u(p, im), and corresponding equations.

The conclusion is paradoxical: in order to construct the causal propagator for the spin 1 we
have to take acausal (tachyonic) solutions of homogeneous equations into account. It is not
surprising that the propa-gator is not causal for the Tucker-Hammer equation because it does
notcontain the tachyonic solutions. Probably, this statement is valid for all higher spins.

205



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

The Conclusions.

First of all, the point of my paper is: there are “negative-energy solutions” in that is
previously considered as “positive-energy solutions” ofrelativistic wave equations, and vice
versa. Their explicit forms have been presented. For example in the S = 1/2 case both
algebraic equation

Det(p-m) = 0 and Det(p + m)= 0 for u- and v- 4-spinors for higher-spin equations.
Meanwhile, every book applies the Dirac- Feynman-Stueckelberg procedure for elimination
of negative-energy solutions. The recent Ziino works (and, independently, the articles of sev
eral other authors) show that the Fock space can be doubled. We re- consider this possibility
on the quantum-field level for both S = 1/2 andhigher spin particles. Next, the relations to the
previous works have beenfound. For instance, the doubling of the Fock space and the
corresponding solutions of the Dirac equation and those of higher-spin equations obtained
additional mathematical bases in this paper. The tachyonic solutions seem to play crucial role
in construction of the propagators for higher spins.
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PO3B’A3KH 3 BIJI’EMHOIO EHEPI'IEIO TA TAXIOHIYHI
PIBHAHHSA BAUHBEPI'A-TAKEPA-XAMMEPA JJISA CIIIHA 1

VY crarti [1] Mu posrisHynu piBHsSHHS BaifHOepra, mo0 moOymyBatu mpomaratop DeitHMaHa-
[Haiicona st yacTuHOK 31 criHoM 1. L koHCTpyKLis 6a3yeThesi Ha KOHUENil nojis BaiinOepra sik
CHCTEMH YOTHUPHOX TMOJbOBUX (YHKIIH, M0 BIAPI3HAIOTHCS NAPHICTIO Ta MOABIHHUMH
MEepPEeTBOPEHHSIMU. MU TaKoX IpOaHANi3yBajld HEIIONABHIO CYIEPEYKY MLIOJ0 BHU3HAYCHHS
nponararopa ®eiinmana-Jlaficona s oreparopa Mmojisi, MO MICTUTh S = 1/2 COpsDKEHHX CTaHIB
BJIACHOT'O/aHTHBJIACHOTO 3apsny B craTTsx J[. Amysaiia Ta in. [2] Ta B. Rodrigues Jr. Ta inmmi [3, 4].
Po3B'si3ka 1i€i MareMaTHYHOI CyINepedkdn OYeBHAHA. S| 3amporoHyBaB HEOOXiIHE IIOJIBOEHHS
npoctropy Poxka (sik y poborax bapyra ta 3iHO), pO3MMPHUBIIN TAKUM YHHOM BIIIIOBIIHY anreOpy
Knippopma. OpgHak 7OTidHI B3a€MO3B'SI3KH PI3HHX MaTEMaTHYHHX OCHOB 3 (i3MYHHMHU
IHTepIpeTalisiMA He HACTUTBKU OYEBUAHI. Y I poOOTI MU MPENCTaBIAEMO MesKi el MoA0 Oro
i croiriB 1/2 ta 1. Tum gacom y crarti N. Debergh Ta iHmmx posrisgamucs Hamn crtapi imei
noABoeHHs piBHsHHA Jlipaka Ta iHumi ¢opmu T- ta PT-kow’toramii [5]. ]. O6uasa anrebGpaiuHi
pisustans Det(p” — m) =0 i DVet (p” + m) = 0 qu1st u— i v— 4-criiHOpiB MarOTh po3B’s3ku 3 p0 = +Ep =
+ Te came CTOCY€eThCS PIBHSHD i3 BUIINM cIiHOM ( 200 BOHM HaBiTh MOXKYTh MaTH OiJbIN CKJIAQIHI
JUCTIEPCiHHI CHIBBiAHOMEHH). THM YacoM y KOXHil kKHI31 po3risaaeTbes piBHicTh p0 = Ep sk s
u, TaK i s v criHopiB npenactasineHss (1/2, 0) (0, 1/2)), TakuM 9MHOM 3aCTOCOBYIOUH IPOLEAYPY
Hipaka-@eiiamana-11ITykens0epra s yCyHEHHS pO3YHHHM 3 HeraTHBHOIO eHeprieto. [Ipoctip Poxka
MOJKHa To/1BOiTH Ha piBHI kBaHTOBOTO 1Mo (QFT). ¥ miif cTaTTi MM HataeMO T0IaTKOBI OCHOBH IS
PO3BUTKY MpPaBMIIBHOT Teopii yacTHHOK 3 BUIINMM criHoM y KTII. 3xa€eTbcsi, HEMOXIMBO HaJIS)KHUM
YMHOM PpO3IIISAATH PEISATUBICTCBKY KBAaHTOBY MEXaHIKy Oe3 HEeraTMBHHMX €Hepriif, TaxioHIB i
BiIOBITHUX (POPM AMCKPETHUX CUMETPIi, @ TAKOXK IX il Ha BiAMOBiIHI (hi3UYHI CTaHU.
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HILBERT’S 6th PROBLEM: THE RELATIVISTIC VERSION

Y. Elskens?, M.K.-H. Kiessling?, A.S. Tahvildar-Zadeh?

1: Aix-Marseille université, UMR 7345 CNRS, Case 322, Campus Saint-Jérome,
13397 Marseille Cedex 13, France
2: Department of Mathematics, Rutgers, The State University of New Jersey, 110
Frelinghuysen Rd., Piscataway, NJ 08854, USA
e-mail: miki@math.rutgers.edu

Hilbert’s 6th problem has been called *'The axiomatic foundations of physics.”’
In 1900, physics still meant pre-relativistic classical physics. Newton had formulated
his atomistic mechanics axiomatically already. Hilbert elaborated that he meant the
rigorous derivation of the effective laws of everyday physics from the more
fundamental axiomatic atomistic laws.

As a particular example Hilbert mentioned the derivation of the kinetic Maxwell-
Boltzmann equation of a dilute neutral gas from Newton’s mechanics of many tiny
hard balls. Quite some progress has been made on this front in the past 120+ years, not
only for the Maxwell-Boltzmann equation but also for other kinetic equations, in
particular the Vlasov equations of a Coulomb plasma and the Jeans equation of stellar
dynamics. Yet there still is room for improvement and much left to be done in order to
fulfill Hilbert’s program in its original formulation.

The birth of the special theory of relativity in 1905, and of the general one in
1916, and then of quantum theory in the mid 1920s, has made it plain that analogous
versions of Hilbert’s 6th problem could be posed in these contexts as well, at least in
principle. In this talk we will focus mostly on the progress made on the special-
relativistic version; the general-relativistic version is still only in its baby stage.

The special-relativistic analog of the Vlasov kinetic equations for a Coulomb
plasma is known as the relativistic Vlasov-Maxwell system (of equations) for a plasma
with electromagnetic interactions. Its Cauchy problem in unbounded space is locally
well-posed classically, and while it is not yet settled whether it is always globally well-
posed classically, it has been shown that for nearly neutral data it is.

The rigorous derivation of the relativistic Vlasov-Maxwell system from a more
fundamental microscopic classical description has faced a very serious obstacle at step
one already: the prototype, known as Lorentz electrodynamics with point charges, is
notoriously ill-defined, claims to the contrary in the plasma physics literature
notwithstanding. The reason are the infinite self-interactions of the point charges.

A putative way out of the dilemma was first suggested by Max Born in 1933,
soon joined by Leo Infeld, who argued that the infinite self-energy problem would go
away by interpreting Maxwell’s law of the electromagnetic vacuum (what Maxwell
called the law of the pure ether) as the weak-field linear approximation to a nonlinear
law that they proposed. The complicated nonlinearity of their algebraic law has slowed
down progress substantially, though. In 1940, Fritz Bopp, and soon after Alfred Landé
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and Llewellyn Thomas, and then Boris Podolsky, proposed a linear differential law,
here called the BLTP vacuum. Still there was a problem: the Lorentz force expression
for self-forces was still ill-defined. Based on the principle of local conservation of total
momentum, a joint initial value problem for the electromagnetic fields and N point
charges in a BLTP vacuum was recently formulated [1] and shown to be locally well-
posed [2], and in [3] a road map was presented for how the relativistic Vlasov-Maxwell
system could be derived from this microscopic BLTP electrodynamics. A synopsis of
the key ideas and results will be presented in this talk.

The general-relativistic analog of the relativistic VIasov-Maxwell system is the
relativistic Vlasov-Maxwell-Einstein system. Also this set of partial differential
equations has been studied thoroughly and found to be locally well-posed classically,
though it is unlikely it will be found to be globally well-posed — presumably black
holes can form for suitable smooth initial data. To pose the general-relativistic analog
of Hilbert’s 6th problem, a well-posed joint initial value problem for a microscopic
classical formulation of N point charges that interact through the electromagnetic and
gravitational degrees of freedom of the spacetime is needed. Einstein, Infeld, and
Hoffmann started this challenging quest in the late 1930s, and it is still on [4].

[1] M.K.-H. Kiessling, Phys. Rev. D 100, 065012 (2019); Erratum ibid. 101,
109901(E) (2020).

[2] M.K.-H. Kiessling, A.S. Tahlvildar-Zadeh, BLTP electrodynamics as initial
value problem, 100+ pages, in preparation (2024).

[3] Y. Elskens, M.K.-H. Kiessling, J. Statist. Phys. 180, 749-772 (2020).

[4] A. Burtscher, M.K.-H. Kiessling, A.S. Tahlvildar-Zadeh, Class. Quantum
Grav. 38, 185001 (2021).
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30B5PAKEHHS EBOJIIOLIMHO BUIUMUX MIHJIUBUX
MHOKHUH Y BUI'JIAAI MYJIbTHOBPA3Y

.1 I'pymika

Incemumym mamemamuxu HAH Ykpainu, Kuig
e-mail: grushka@imath.kiev.ua

MotuBariiero st moOyA0BH Teopli MIHJIMBUX MHOXKHH ITOCTYXKHJIA IIOCTa
npobiema ['inbbepra, ToOTO MpodIeMa MaTEMAaTHYHO CTPOToro (popMyTrOBaHHS OCHOB
TeOpeTUYHO1 (Pi3uKH. 3 THTYITUBHOI TOUKH 30py MIHJIMBI MHOKMHU—IIE€ CYKYITHOCTI
00'eKTiB, fKl, HA BIAMIHY B1J €JIE€MEHTIB 3BHYaHUX (CTAaTUYHUX) MHOXHUH, MOXYTb
nepelyBaTu y npolieci NocTiitHUX TpaHnchopmallii (€BoJrollii), TOOTO 3MIHIOBaTH CBOT
BJIACTUBOCTI (BTpadalroud B KOKEH MOMEHT 4Yacy CBOIO (hOpMalbHO-MAaT€MATUYHY
CaMOTOTOKHICTh), 3'IBISITUCH YW 3HUKATH, PO3MAJaTHCS Ha JEKIUJIbKa YacTUH YW,
HABIIaKH, JEKUIbKAa 00’€KTIB MOXYTh 3JIMBaTHCSI B oauH. KpiM TOro, xapakrep
€BOJIIOII] MIHJIMBOI MHOXXHMHH Ta 11 KOMIIOHEHTIB MOYKE 3MIHIOBATHUCS 3aJIE)KHO BIJI
CIoco0y CIOCTEPEKEHHS, TOOTO 3alleKHO BiJ cHUCTeMH BiWIIKy. OTxe, MOXKHA
CKa3aTH, 0 MIHJIMBI MHOXUHU OJIM>K41 A0 TUX “MHOXKHUH’, 3 AKHMU MU Ma€EMO CIIPABY
B peasbHIi J1ACHOCTI. | KoM MU Hamaraemocs 3aritOMTUCS B CYTHICTb 00’ €KTIB, SIK1
BHUBYA€E (P13MKa Ta AESAKI 1HII TPUPOAHUYI HAYKH, MU IPUPOJHUM YUHOM IPHUXOAUMO
70 TOHSTTS MIHIMBOI MHOXHMHH. [IpobGnema maremMatnyHoi dopmainizaiii HOHATTS
MIHJIMBOT MHOXXHHH, TOOTO mMpobiieMa MoOyJ0BM MaTeMaTU4YHOI Teopii MIHJIMBHUX
MHOXXHH, B Pi3HHX (hopMax cTaBwiacs B poOOTax HE JIMIIE MaTeMaTUKiB, ajne W
MPEICTaBHUKIB IHINUX MPUPOJHUYUX HayK, 30kpema Omnekcanjapa Jleiua, Mixaens
bapa, Konina Maknapti, Yapas3za Benca, /[>kona bena. Ha matematuuHo crporomy
P1BHI T€Opisi MIHJIMBUX MHOXHH Oyia nmoOynoBana B [1, 2] Ta iHmmx podoTax aBTopa,
MPUCBSYEHUX 1111 TeMaTuill. HallO1b11 MOBHUM 1 IeTaIbHUM BUKJIA[l TEOP1i MIHIMBUX
MHOWH MO>KHa 3HAWTH B [3].

B nmomoBiail miuaHyeThCsi OOTOBOPUTH AYXKE€ BaXKJIMBE TOHSITTS BUAUMOCTI B
MIHJIUBUX MHOKMHAX (K€ XapaKTepU3ye, HACKIIBKH aJICKBATHUMU OJMH JI0 OJIHOTO
MOXXYTb OyTH OTHMCH TIOJII PI3HUMU CIIOCTEpiradyamMu, B pI3HUX CUCTEMax BIJIIKY) Ta
pi3HI rpagaiii BUIUMOCTI. 30KpeMa, OyJe pO3INIAHYTO HalOUIbIl CUIBHY (QopMy
BUIMMOCTI — CBOJIIOLIMHY BUIAMMICTh, KOJH JOBLIbHI, 00’€qHaHI J0JCIO B OJHIN
CHUCTEMI BIUTIKY €JIEMEHTApHO-YacoOBI CTaHM, MEPEXOJAATh B 00’€aHaHI J0Jei0 abo
CHHXPOHHI B 1HIIINA cUCTeM1 BIJIIKY. BaxnuBi 115 crienialibHOT Teopii BITHOCHOCTI Ta
il TaXiOHOBUX PO3IIMPEHH MIHJIMBI MHOXXWHH € €BOJIIOIIMHO BHUIUMUMH, OCKIIIBKH
BOHU OYAYIOTBhCS SIK MYJIbTHOOpa3 JAesikoi 0a30BOi MIHJIMBOI MHOXKMHHM 1 MO>KHA
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JIOBECTH, IO JOBUIBHUN MyJIbTHOOPA3 € €BOMIOIIIHO BUIMMUM (JI€TabHIIIE TUB. |3,
subsection 27.3, Assertion 3.27.7]).

CdopmynpoBaHUll BUIIE pE3yNbTAT MOPOKY€E HACTYIIHY OOCpHEHY 3a/1ady:
Yu KoXCHY e80IOYItIHO BUOUMY MIHIUBY MHONCUHY MONCHA NOOAMU ) GULTIAO]
MYIbMuUoopasza 0esaxoi 6a3080i MiHAUBOI MHONCUHU?

B nonoBizi miaHyeThes MPEACTaBUTH TEOPEMY, 1110 A€ TIO3UTUBHY BIAMOBIIL HA
MOCTaBJICHE MMUTAHHS.

[1] SL.I. I'pymka, Bumumicte y MIHIMBHX MHOXWHaX. 30ipHUK mpans [H-TY
MaTeMaTHKH HAH VYkpainu. 9, (2), (2012), 122--145,
(https://www.researchgate.net/publication/236217050).

[2] S1.I. Tpymka, MiHaMBI MHOXHMHM Ta iX 3aCTOCYBaHHS I IOOYJI0BH
KIHEMaTHKU TaxioHiB. 30ipHUK npaib [H-Ty matematuku HAH Vkpainu. 11, (1),
(2014), 122--145, (https://www.researchgate.net/publication/268069239).

[3] Ya.l. Grushka, Draft Introduction to Abstract Kinematics (Version 2.0).

Preprint ResearchGate: DOI: https://doi.org/10.13140/RG.2.2.28964.27521,
(2017).
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ON THE ELECTRON SPIN, THE RELATED CLIFFORD
ALGEBRA AND DIRAC EQUATION NATURE

N.N. Bogolubov? (Jr), A.K. Prykarpatski?

DICTP, Trieste, Italy
2)Cracov University of Technology, Krakéw, Poland,
and Lviv Polytechnic University, Lviv, Ukraine
e-mail: pryk.anat@cybergal.com

We will first discuss the electron spin origin within the Fock space approach and
the related Clifford algebra structure, next we will consider the Dirac Hamiltonin
operator and proceed to the electron spectrum energy problem from a rigorous
mathematical physics point of view. We will treat the electron Hamiltonian operator
structure on the Fock space background and analyze the related symmetry algebra
properties of its representations. Subject to our physical real spacetime we assume as
a fact the existence of such an elementary particle as electron, specifed by its nonzero
discrete charge parameter, localized in the Minkowski spacetime M*. Its coordiantes
are, obviously, important for specifying electron by means of external and independent
observables allowed by the physical world. We naturally also accept that there exist
also another elementary particles like proton, photon, mesons etc, considered as quants
of the physical world structure, and which are indistinguishable, that is identical within
each particle kind. Moreover, we accept such experimentally approved important
physical phenomena as creation and annihilation of elementary quantum particles
during their interaction in the ambient spacetime. At the beginning of the past 20
century both qualitive and quantitive properties of these quantum physical phenomena
have been efectively enough described by classical theoretical physicists W. Pauli, E.
Schrodinger, W. Heisenberg, P. Dirac and others within first quantum mechanics and
next quantum field theory by means of modern mathematical tools, based on special
differential-operator expressions, called "Hamiltonians", jointly with the related
spectral theory of special linear differential-operator Schredinger equations in the
corresponding Hilbert space H of complex-valued functions f : R®* —C; integrable with
respect to the usual Lebesgue measure dx for x € R®; and whose solutions possess
almost all information about the evolution of quantum particle states in spacetime and
their interaction with neighborhood. In particular, theoretical physicists soon enough
understood that each quantum event in microuniverse, related with such elementary
particles, can be well modelled by means of some special operator on the Fock space
of the corresponding quantum states, and in case of electron, the mostly fundamental
facts — their creations and annihilations in physical vacuum. These fundamental
operator objects on the Fock space and the related symmetry properties of their
algebraic representations proved to be governing in deepening our understanding the
electron spin nature and its importance for the mattaer stability in the Universe. The
elementary point charged particle, like electron, its spin, energy spectrum and mass
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problem were inspiring many physicists from the past as J. J. Thompson, G.G. Stokes,
H.A. Lorentz, E. Mach, M. Abraham, P.A. M. Dirac, G.A. Schott and others.
Nonetheless, their studies have not given rise up to date to a clear explanation of this
phenomenon that stimulated new researchers to tackle it from dicerent approaches
based on new ideas stemming both from the classical Maxwell-Lorentz
electromagnetic theory, and modern quantum field theories of Yang-Mills and Higgs
type and other, whose recent and extensive review was done in [1,2]. In our report we
mostly will concentrate on some details of quantum analysis of the spin structure and
its dependence on the symmetry properties of the related representations of the basic
Clifford algebra, generated by creation-annihillation operators. The self-interaction
phenomenon is dicussed within the quantum renormalized Lorenz constraint on a
suitably reduced Fock space. The electron energy problem for the photon dressed
electron model is analyzed within the Fock many-temporal approach [3-5] and the
Feynman proper time paradigm [6] subject to deriving the quantum electromagnetic
Maxwell equations. For the .rst time the proper time approach to classical
electrodynamics and quantum mechanics was possibly suggested still in 1937 by V.
Fock [2], in which, in particular, there was constructed an alternative proper time based
Lagrangian description of a point charged particle under external electromagnetic field.
A more detailed dynamical motivation of using the proper time approach was later
presented by R. Feynman in his Lectures [6]. Based on these motivations, we have
stated that the self-interacting quantum mechanism of the charged particle with its self-
generated electromagnetic .eld consists of two physically dicerent phenomena, whose
infuence on the structure of the resulting Hamilton interaction operator proved to be
crucial, ensuing a modified analysis of the problem within the Lagrangian formalism.

[1] F. Wilczek, QCD and natural phylosophy. Ann. Henry Poincare, 4, 2003, 211-228
[2] F. Wilczek, Origins of Mass, MIT-CTP/4379. arXiv:1206.7114v2 [ hep-ph], 22
Aug 2012[
[3] V. Fock, . Die Eigenzeit in der klassischen und in der Quantenmechanik. Sow.
Phys., 1937, 12, p. 404-425
[4] N.N. Bogolubov (Jr.) and A.K. Prykarpatsky and D. Blackmore,
Maxwell.Lorentz Electrodynamics Revisited via the Lagrangian
Formalism and Feynman Proper Time Paradigm. Mathematics 2015, 3,
190-257
[5] A.K. Prykarpatski, On the electron spin and spectrum energy problems
within the Fock many temporal and Feynman proper time paradigms, J.
Phys.: Conf. Ser. 2482, 2023, 12017
[6] R.Feynman, R. Leighton. and M. Sands, The Feynman Lectures on
Physics. Electrodynamics, v. 2, Addison-Wesley, Publ. Co.,
Massachusetts, 1964
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PRODUCTION OF SUPERHEAVY NUCLEI IN HOT-FUSION
REACTIONS

V.Yu. Denisov

Institute for Nuclear Research, Nat. Acad. Sci. Ukr., Kyiv, Ukraine
National Laboratories of Legnaro, Nat. Inst. Nuclear Physics, Legnaro, Italy
Physical Department, Taras Shevchenko National University of Kyiv, Ukraine

e-mail: v.yu.denisov@gmail.com

A new model for hot-fusion reactions leading to the synthesis of superheavy
nuclei is discussed [1]. The values of the hot-fusion cross sections obtained in the
model agree with the available experimental data. The hot-fusion cross sections are
found for two different models of the fission barrier heights of superheavy nuclei.

The calculations of the cross sections for the various hot-fusion reactions leading
to the 119 and 120 elements are presented. It is shown, that the projectiles “°Sc and
“5Ti can be used for the synthesis of the elements with 119 and 120 protons.

New qualitative expressions have been obtained for the probability of the
formation of the compound nucleus and the cross-section of formation in reactions
leading to superheavy nuclei. It is shown that the superheavy nuclei production cross
section is proportional to the transmission coefficient of the capture barrier, realization
probability of the xn-evaporation channel, and exponentially depends on the
guasielastic barrier, fusion reaction Q value, compound nucleus formation barrier,
neutron separation energies, and fission barrier heights. These quantities are important
for the reaction choice for the synthesis of superheavy nuclei.

It is shown that the various models for the fission barriers and SHN binding
energy lead to very different values of the SHN production cross section. This takes
place due to dependencies of the compound-nucleus formation probability on these
quantities and of the survival probability on the fission barriers.

[1] V.Yu. Denisov, Phys. Rev. 109, 044618 (2024).
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INPUT-OUTPUT OPTICS AS A CAUSAL TIME SERIES
MAPPING: A GENERATIVE MACHINE LEARNING SOLUTION

A. Sen, B.K Parida, K. Jacobs, D. Bondar

Department of Physics and Engineering Physics, Tulane University, New Orleans,
Louisiana 70118, USA
e-mail: asenl@tulane.edu

Optics can be viewed as the study of input-output time series, where an input
pulse transforms into an output pulse based on the optical properties of the material.
Traditionally, this transformation is determined by solving the time-dependent
Schrodinger equation (TDSE), but for high-dimensional quantum systems, especially
In phase transition regimes, solving TDSE is often intractable. We propose a data-
driven approach, modeling the input-output dynamics of such systems using temporal
convolutional networks (TCNs). Focusing on quantum systems generating High
Harmonic Generation (HHG) outputs, we identify the minimal TCN architecture
required to accurately model these dynamics with the fewest trainable parameters. This
minimal parameter count provides a quantitative measure of the system's complexity
in producing output signals from input pulses. We also compare this approach to
amplitude-aware permutation entropy, showing that both methods effectively

characterize system complexity and complement one another.
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KOOPMAN-VON-NEUMAN MECHANICS AND GRAVITY

A.Sen

Department of Physics and Engineering Physics, Tulane University, New Orleans,
Louisiana 70118, USA
e-mail: asenl@tulane.edu

Koopman-von Neumann (KvN) mechanics reformulates classical mechanics in
a Hilbert space, offering new insights through quantum intuition. Using Sudarshan's
interpretation, we explore three key directions: (a) the implementation of Einstein's
equivalence principle in KvN mechanics, highlighting parallels with quantum
mechanics and the absence of quantum interference effects [1,2]; (b) Planck-scale
modifications of classical mechanics, showing how quantum gravity effects disrupt
classicality within the KvN framework [3]; and (c) the inclusion of spin via Galilean-
invariant wave equations, deriving the Lévy-Leblond equation as a null reduction of
the massless Dirac equation [4]. These studies underscore KvN mechanics' potential to

bridge classical, guantum, and relativistic theories.

[1] S. Dhasmana, A. Sen, Z.K. Silagadze, Ann. Phys. 434, 168623 (2021).

[2] A. Sen, S. Dhasmana, Z.K. Silagadze, Ann. Phys. 422, 168302 (2020).

[3] A. Sen, Z.K. Silagadze, O.l. Chashchina, Int. J. Mod. Phys. D 29(10),
2050070 (2020).

[4] B.K. Parida, A. Sen, S. Dhasmana, Z.K. Silagadze, Mod. Phys. Lett. A
38(32n33), 2350149 (2023).
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MATPHUIII ITAYJII I KBAHTOBI OBYUCJIEHHS

A. AdTan

Inemumym enexmponnoi ¢isuku HAH Yxpainu, Yoceopoo
e-mail: anandriy87@gmail.com

IcHytoTh 3amaui, IkKi MOXYTh OYTH pO3B’S3aHI JIMIIE 3 BHUKOPUCTAHHIM
kBaHTOBUX 00OuucieHs (KO), mo o0yMOBI€HO BIACTUBOCTSIMU KBAaHTOBUX CHCTEM.
OdynnamenTtanibHa Monenb KO — KBaHTOBI cXeMmH. 3a aHAJOTi€l0 3  KIACHYHUM
KOMIT IOT€pOM, SIKUH MICTUTh IMACUBHI, aKTUBHI Ta JIOTIYHI €JIEMEHTH, KBAaHTOBHI
KOMIT'IOTEp OYyIyeTbcs 3 KBAHTOBUX CXEM, SIKI CKJIAHAlOThCS 3 €JIeMEHTapHUX
KBAaHTOBHX €JIEMEHTIB, W0 JO3BOJISIIOTH NEpeJaTh KBAaHTOBY 1H(oOpMallito Ta
ornepyBatu Hero. bynb-sika KBaHTOBa cXema BiJI0Opa)kae€ MEPEeTBOPEHHS KBAHTOBOI
cucteMu. EBOIOLIsT KBAHTOBOI CUCTEMH, KA HE 3a3HA€ BUMIPIOBAHHSI, TIEPEBOJIUTH
BUXITHUN CTaH KBAaHTOBOI CHUCTeMHM B 1HIIUH 31 30epexeHHsM Hopmu. Jlis
['inpOepToBOrO MPOCTOPY MEPETBOPEHHS Mae OyTH yHITapHUM. /[OBUIbHE yHITapHe
MEPETBOPECHHSI € JOMYCTHMHUM KBAaHTOBHUM TIEPETBOPEHHSM 1 HaBMakd. Takum
YUHOM, YMOBa YHITapHOCTI € €JUHUM OOMEXKEHHSM, SIKE HAKIaJa€EThCA HAa KBAHTOBI
€JIEMEHTH. YHITapHE TEpPETBOPEHHS MOXKe OyTH TpakTOBaHE $K IOBOPOTH B
KOMITJIEKCHOMY BEKTOPHOMY TIpocTopi. BasknmuBum Hachiakom Toro (axty, 1mo 0yab-
K€ KBAHTOBE MEPETBOPEHHS YHITapHE, € HOro 00OPOTHICTh. TOMY KBAaHTOBI JIOT14HI
eJeMeHTH (KBaHTOBI TeiTH — «quantum gates») moBuHHI OyTH 0OOPOTHUMHU.

KBaHToBa cxema € KBaHTOBOIO OOYMCIIIOBAJIbHOIO MOJIEIII0, TOOYA0BaHOIO
3 KBAHTOBHMX JIOTIYHUX T€HTIB, B AKUX OOYMCIIOBaJbHI KPOKM CHUHXPOHI30BAHO B
yacl. Bxoau KBaHTOBHX TIE€WTIB 3B’A3aHl 3 BXOJaMH CXeMH a00 BHUXOJAMH 1HIIINX
reiTiB. CkjajHa YHITapHa omepaiiss Moke OyTH MpelcTaBieHa Yy BUIIIAIL
CXeMH, SKa CKJIAJa€ThCsl 3 KUIBKOX KBAaHTOBUX TE€HTIB. 3MIMCHIOIOYM  YHITapHI
NEPETBOPEHHS, K1  BIAMOBIIAIOTh TEBHUM JIOTIYHUM OMEpaIlisiM, OTPUMAEMO
KBaHTOBHH Tporiecop. Pob 3’e1HaHb (MPOBIAHUKIB) BUKOHYBATUMYTh KYOITH, a POJIb
JOTiYHUX OJIOKIB (TEWTIB), Ha SKiI PO3KIANAETHCA BECh MPOLEC OOYUCIICHB,
BUKOHYBAaTUMYTh  yHITapHl mnepeTBopeHHs. Jlama  konuenmiss KO  Oyna
3anpornonoBaHa /Jl. Jleituem [1]. Byso moBeneHo, 1110 0lHO- Ta JABOXKYOITHUX OJIOKIB
JOCTATHBO ISl OTPUMaHHS BCbOTO HEOOX1THOTO HA0OPY YHITApHUX MEPETBOPEHb.

OCHOBHUM €J€MEHTOM OyAb-SIKUX KBAaHTOBHUX cxeM € BeHTw1 [laymi, Ha3BaH1
Ha dyecTh B. [1ayni. Bonu 6a3yroThes Ha BimoMux MaTpullax [laymi (BOHH % CITIHOBI
matpuii [laymi) [2], ockimbku CHiH €JIEKTpOHA, SK BIACTHUBICTh, MOXKE OyTH
BUKOPUCTAHUN 1JI1 KyOiTa B KBAaHTOBMX BOpOTax, a maTpuii 1 BeHTwm [laymi
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3HAXOJIATh IMUPOKE 3acTocyBaHHs. [ kKoxkHOT oci B ipoctopi (X, Y, Z) icHye oauH
BeHTIwIb/MaTpuns [laymi. Bentwni [layni — me ofgHi 3 HAWNPOCTIIIMX KBAaHTOBUX
BEHTWIIB. BeHTW1 110Th HAa OJIMH 1 JIMIIIe OJWH KyOIT 3a pa3.

Bentunes Ilayni-X Bigmosimae knacuyHomy BeHTWwI O NOT. Came 3 1ux
MIpKyBaHb, BCHTHJIb-X TaKOXX 4YacTo Ha3uBaeTbcs kBaHTOBUM NOT BeHTHIIEM.

|4) |4)

I'padiune 300paxkenns BenTuwiato [laymi Take . Enement NOT
Ji€ JMHIHHO, 3MIHCHIOIOYN HACTYIHI IIEPETBOPCHHS ! UNNN(a|O) + B1)) — all) +

f10). IIpencrasienns kBantoBoro eimemMeHTa NOT B MaTpuyHOMY  BHUTJISIIL

X EE;} . SIxio xkBanToBUi cTaH |Y) = a|0) + B|1) npeacTaBUTH y BEKTOPHOMY BUIJIS/IL:
W:ﬁﬂ’ ae a Bigmosizae ammiirtyni crady [0), a B — [1), To nif0 KBaHTOBOIO

c oy %[ B
eneMenta NOT MoHa 3amvcaTd HACTYIHUM YHHOM: X| |=
a

} . Bentuns Ilaym

Z

10 o . . .
|:0 l:| 3anuMac BaXKJIMBC MICIIC B KBAHTOBHX CXCMaX, Bl1H 3aJIUIIA€ CTaH |0> oe3 3M1H,

a |1) mepeBoauth B ctaH -|1): Bentuip Ilayni Y e komOiHarliero eixeMeHTiB X ta Z:

10
dyHgaMeHTaIbHUM KBAaHTOM BEHTHIIEM € efeMeHT Anamapa [3]. Bin go3Boise

0-1 .
Yz[ } Jlanuii enemMeHT 3ailicHIoe neperBopeHHs: [0) — |1) Ta |[1) — -|0).

BiAiiiTH Bix momtociB chepu brnoxa [4] 1 cTBOpuTH cynepno3ulliio cradiB. lle

IIEPETBOPEHHS], SIKE ONMUCYETHCS MATPHULICIO H:}E 11}, BIJIITPAE KIIOUYOBY pOJIb
2

B 0araThbOX KBAaHTOBUX CXE€Max, 3/IIMCHIOIOYH TEPETBOPECHHS: |o>_>w 1
2

0)-|1 i

|1>—>%. Enement Anmamapa € BaOXJIMBHM KBAaHTOBUM €JIEMEHTOM, a MOTO JIis

IpoCTO TMpeAcTaBisieTbcss Ha cdepi  bmoxa, ne nii OAHOKYOITHMX €JIE€MEHTIB
BIJINOBIIAIOTh 00epTaHHio cdepu. Omnepamiss Anamapa — 1e oOepTaHHs cdepu
HaBKkoJI0 ocl Y Ha 90° 3 HacTynmHUM 00epTaHHSM HAaBKOJIO TUIOHIMHM XY Ha KyT 180°, sk

MOoKa3aHo Ha puc.l.
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10)

Puc.1. Onepanisi Agamapa
Takum. ynHOM, ais BeHTWIIB [layni 3BOAMTHCA 10 BIIOMHUX KBaHTOBO-MEXaHIUYHUX

MIEPETBOPEHb:

alO)+8)) —— x a|1)+ B|0)
aloyrply —f 2z |—  alo)-sly
alo)+pl) — n Lttt

[TincymMoByIO4H, MOKHA CTBEPJIXKYBATH, III0 TEXHOJIOTTYHUI CTPUOOK 10 001acTi
KBaHTOBUX OOYMCIIEHb CTaB MOYKJIMBHUM, 3aBISKH (QyHIaMEHTAIbHUM HaIMPAIFOBaHHSIM
(13UKIB-TEOPETHKIB 1 MaTeMAaTHUYHOMY amapary KBAaHTOBOI MEXaHIKA B MUTaHHAX
rJIMOOKOTO PO3YMIHHS MIKPOCBITY.

[1]. D. Deutsch, Quantum theory, the Church-Turing principle and the
universal quantum computer Proc. Roy. Soc. London A 400, 97 (1985).

[2]. W. E. Pauli, Prinzipien der Wellenmechanik. (1947), Wienn, p. 332

[3]. J.S. Hadamard, Géométrie non euclidienne dans la théorie des fonctions
automorphes., (1950), p.137.

[4]. F. Bloch. Atoms in Variable in magnetic fields. Rev. Mod. Phys., v.17,
N2, (1945), p.237-244. Quantum Spin (3) - The Bloch Sphere. (n.d.).

[5]. https://www.youtube.com/watch?v=10qvMocHFZg&t=1769s.
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THE INFLUENCE OF THE ELECTRIC FIELD AND THE
POSITION OF THE ACCEPTOR ON THE ENERGY SPECTRUM
AND THE INTERSUBBAND OPTICAL ABSORPTION
COEFFICIENT IN THE GAAS/ALAS QUANTUM DOT
HETEROSTRUCTURE

H.Ya. Bandura, I.V. Bilynskyi

Physics Department, Drohobych Ivan Franko State Pedagogical University,
3 Stryiska Street, 82100 Drohobych, Ukraine

e-mail: galinka.bandura@gmail.com

The modern nanotechnologies enable the creation of various nanostructures with
predefined properties. Among them, quantum dots (QDs) attract the most attention.
The optical properties of QDs are influenced by several factors: the shape of the QD,
the material of the QD, its surroundings, and the presence of impurities of both donor
and acceptor types. Applying an electric field causes a shift in the energy levels of
QDs, which can be experimentally observed and utilized in the development of
optoelectronic devices.

To study the optical absorption of light in GaAs/AlAs quantum dot
heterosystems, the intersubband light absorption coefficient was calculated. The
optical characteristics of many devices based on bulk and nanoscale semiconductors
are significantly influenced by the presence of impurities. Devices created with
impurities play a key role in the development of modern electronics. Impurities
introduced into semiconductors alter their electrical properties, paving the way for the
creation of various devices. Through the doping process, important devices such as
diodes, transistors, solar cells, LEDs, photodiodes, and thermistors are manufactured.
Additionally, acceptor impurities play a crucial role in changing the energy spectra of
nanosystems, which have been extensively studied by many researchers. The
introduction of external parameters such as magnetic field, temperature, and electric
field can modify the electronic properties of low-dimensional systems.

As is well known, an electric field has a significant impact on the distribution of
charge carriers and simultaneously causes an energy shift, making it a useful tool for
studying material properties and providing valuable information about them. Many
authors have studied the effect of an electric field on spherical quantum dots (QDs).
The electric field can be either longitudinal or transverse in relation to the impurity's
position. Moreover, impurities can be intentionally or unintentionally introduced into
a semiconductor during the growth process. This leads to the formation of bound states
and causes several important effects on the electrical and optical properties of the
materials.
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This work investigates the influence of quantum dot size, heterosystem material,
and the presence of acceptor impurities on the intersubband absorption coefficient in
nanostructures based on spherical quantum dots. The optical absorption coefficients
were calculated for different values (ranging from -5x107 V/m to 5x107V/m) and
directions of the electric field (either along the axis or perpendicular to the direction of
the quantum dot center-impurity) in the presence of an acceptor. The results show that
the presence of an electric field in combination with an impurity leads to the existence
of two absorption bands corresponding to [M| = 1/2 and 3/2. As in the case without an
electric field and with an off-center acceptor impurity, the absorption bands
corresponding to transitions between states with M| = 3/2 are larger than those
corresponding to transitions between states with |M| = 1/2.

This research is aimed at improving the understanding and optimization of the
optical properties of nanomaterials, as well as at controlling the properties of such
heterosystems in order to create optimal optoelectronic devices.
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DYNAMICS IN THE FEW-FERMION HUBBARD MODEL:
RESONANT TUNNELING AND UNDERBARRIER RESONANT
TRAPPING

E. Bilokon,'2? V. Bilokon,? D.R. Lindberg,! A. Sotnikov,?® D.I. Bondar!

!Department of Physics and Engineering Physics, Tulane University, New Orleans,
Louisiana 70118, United States
2Akhiezer Institute for Theoretical Physics, NSC KIPT, Akademichna 1, 61108
Kharkiv, Ukraine
3Karazin Kharkiv National University, Svobody Square 4, 61022 Kharkiv, Ukraine
e-mail: ebilokon@tulane.edu

Tunneling is a pivotal phenomenon in quantum physics, underpinning an
exceptionally broad range of phenomena. In particular, it plays a critical role in many-
body physics. However, understanding quantum many-body systems becomes
exceedingly difficult in the presence of strong correlations. To simplify their
description, one effective approach is to study few-body systems, which capture
essential properties and provide insights into the major phenomena of the system under
investigation.

We demonstrate the richness of the tunneling dynamics in few-body fermionic
lattice systems in the presence of an external asymmetric potential. We show that the
behavior of the interacting fermions is highly sensitive to the initial conditions leading
to vastly different effects. Although the few-body system is relatively simple compared
to its many-body counterpart, we demonstrate that it encapsulates essential features
and reveals critical phenomena of the resonant tunneling and underbarrier resonant

trapping.
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DECOHERENCE-FREE ENTROPIC GRAVITY: MODEL AND
EXPERIMENTAL TESTS

Denys Bondar

Tulane University New Orleans, USA
e-mail: dbondar@tulane.edu

Erik Verlinde's theory of entropic gravity, postulating that gravity is not a
fundamental force but rather emerges thermodynamically, has garnered much attention
as a possible resolution to the quantum gravity problem. Some have ruled this theory
out on grounds that entropic forces are by nature noisy and entropic gravity would
therefore display far more decoherence than is observed in ultra-cold neutron
experiments. We address this criticism by modeling linear gravity acting on small
objects as an open quantum system. We show that the proposed master equation is fully
compatible with the gBounce experiment for ultra-cold neutrons. In addition,
comparing our mode of entropic gravity to the Diosi-Penrose model for gravity induced

decoherence indicates that the two theories are incompatible.
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ALCHEMY AS AN OPTICAL PROBLEM: THEORY AND
EXPERIMENTS

Denys Bondar

Tulane University New Orleans, USA
e-mail: dbondar@tulane.edu

Using tracking quantum control, we theoretically unveiled an unexplored
flexibility of nonlinear optics that a shaped laser pulse can drive a quantum system to
emit light as if it were an arbitrary different system. This realizes an aspect of the
alchemist’s dream to make different elements look alike, albeit for the duration of a
laser pulse. This finding has received broad public coverage in such scientific outlets

as Physics, PhysicsWorld, Nature Materials, Quanta Magazine, Wired, etc We will show how

this unexplored flexibility of nonlinear optics opens new venues of investigation that
include ultrafast artificial intelligence, chemical mixture characterization, and
broadband ENZ materials with infinite phase velocity of light. Based on these
theoretical insights, recent experimental results will be presented, showing how water

can be transformed into alcohol and how ENZ materials can be dynamically created.
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CIIIH-NOJSPU3ALINAHI EGEKTU Y MPOLIECI
MATHITOI'AJIBMIBHOI'O BUITPOMIHIOBAHHA B
CUJIBHOMY MAT'HITHOMY HOJII

M. JIsuenko, O. HoBak

Inemumym npuxnaouoi ¢isuxu HAH Ykpainu, Cymu
e-mail: mykhailo.m.diachenko@gmail.com

AKTYallbHICTb ~ TEOPETUYHOTO  JOCIHIKEHHS OpoleciB  KBaHTOBOI
enexkrpoauHaMikd (KEJI), mo BigOyBarOTbCs mMiJ Mi€I0 CHUJIBHOTO 30BHIIIHBOTO
Mar”iTHOTO TOJIsl, 3yMOBJICHA HASBHICTIO TakuX (PI3UYHUX O0'€KTIB SIK HEHTPOHHI
31pKH, JIe MarHiTHE I0JIe JOCATaE KPUTUYHOTO 3HAUCHHS (TyJIbcapH) a00 1 IepeBUIITYE
ioro (Marnerapu). B TeopeTmuHux Mmojensx Takux o00’ekTiB enemeHTapHi KE]|
MPOIECH BIJITPAOTh KIIOUOBY pOJb, 30KpeMa, y TMpOIecl TeHepallii eIeKTPOH-
MO3UTPOHHOI MJIa3MHU O1J151 TIOJIFOCIB 31PKH.

Cnin 3a3HaYUTH, 1[0 TMPOTATOM OCTAaHHBOTO 4YacCy BEJIMKUM 1HTEpec
MPUALIAETCS eKciepuMeHTalIbHIN nepeBipul HemHIHUX KE/] edekris. [Inanytorbces
EKCIIEpUMEHTH 3 BUKOPHCTAHHSAM IOTY)KHHX JiazepiB. Taki eKcriepuMeHTH OyayTh
npoBeneHi B HIBEF (the Helmholtz International Beamline for Extreme Fields) na
ycta"oBill XFEL (European X-ray Free Electron Laser, Germany) [1], a Takox Ha ELI
(Extreme Light Infrastructure, Czech Republic, Romania, Hungary) [2]. Cmin
BIIMITUTA 1 TOSBY TMEPIIUX PE3yJNbTATIB JOCHIKEHHS MOJISpU3allii ONTHYHOTO
BUIIPOMIHIOBAHHS BiJl HEUTPOHHUX 31POK, J€ 3HAUEHHS MArHiTHOTO TOJI OJIU3BKE /10
KpuTu4dHOTO. Byso Bmepiiie BU3HaUY€HO CTYIiHb MOJIApU3AIlii ONTUYHUX (POTOHIB AJIs
1307p0BaHO1  HeWTpoHHOT 3ipku RX J1856.5-3754, mo Moxke OyTH TPOSBOM
HoJIsIpU3allii BaKyyMy B CHIIBHOMY MarHiTHoMy moJi [3].

B pamkax KBaHTOBOi  €IEKTPOJWHAMIKH  TPOIEC  CHHXPOTPOHHOTO
BUIIPOMIHIOBaHHS €JIEKTPOHOM B MAarHiTHOMY TIOJII JAOCTIP)KyBaBCs B 0OaraThbox
poGotax. IIpouec po3risnaBcs K B yIbTPAPEISTUBICTCBKOMY HAOIMKEHHI, TaK 1y
HaOmkeHH1 HaiHwk4nx piBHiB Jlammay (LLL approach — Lowest Landau Level
approach). LLL nHaGnuxeHHs NOTpedy€e HAsIBHOCTI CUIIBHOTO MAarHiTHOTO MOJIS, SIKE
MOPIBHSAHO 3 KpUTUYHUM nojieM [IIBiHrepa. Y MarHiTHUX MOMSIX, sIKI XapaKTepHI AJis
Mar"iTocepu HEUTPOHHUX 31POK, JaHUH MPOIEC TOCTIKEHO, 30KpeMa, B poooTi [4].
B niporieci MaruiToraibMiBHOTO BUITPOMIHIOBAHHSI ICTOTHHMH € TIOJISpU3alliiH1 SBUIIA
1 BOXKJIMBO BPAaxOBYBATH SIK TMOJIAPU3AINIO BUIIPOMIHIOBAHHS, TaK 1 CIIHA YaCTHHOK.
AHai3 eBoJIOIIiT CITiHA eNIeKTpoHa (TIO3UTPOHA) MPU3BIB J0 BIAKPHUTTS TAKOTO SBHIIA
K pajiaifHa caMmoIoJsapu3allis YacTHUHOK, IO PYyXarThCSd B HAKOMHYYBAIBHUX
KUTBIISIX. SIK pe3ynbTar, 92% eneKkTpoHiB MatOTh CITiH, OPIEHTOBAHUHN MPOTH HATIPSIMKY
MarHiTHOTO Tmods. He3Bakaroum Ha BENHKY KUIBKICTh POOIT, TPHUCBIYCHUX
nociipkerHo KEJI nporieciB B MarHiTHOMY MOJIi, 1 JJOCI 3QJIUIIAETHCS HEAOCTATHBO
BUBUYECHHUM BIUIMB MOJSPHU3alli YaCTUHOK Ha WMOBIPHOCTI MPOULECIB JIJISi BUIAJIKY
HAJKPUTUYHOTO MArHiTHOTO IOJIs, 110 1 JOCTIKY€EThCS B JaH1d pOOOTI.

226



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

B pamkax KBaHTOBOI Teopii TMOJIsI MPOBEICHO JOCHIKEHHS MPOIEeCy
CUHXPOTPOHHOTO BHIPOMIHIOBAHHS €IIGKTPOHA B CHJIBHOMY 30BHIIIHBOMY
MarHiTHOMY TIOJNi. 3HAWICHO AaHAIITHYHI BUpPa3d HWMOBIPHOCTEH TMIpoOIECy s
JOBUTHHOTO 3HAYEHHS IMOJISI 3 ypaxXyBaHHAM MoJisipy3aliii yacTuHok. [lokazano, 1o y
BUIAJKY HAJKPUTUYHOTO TIOJS, KOJU BHUIIPOMIHIOBAHHSA PO3MOBCIOKYETHCS
NEePHEHIUKYJIIPHO JO0 HbOIO0, WMOBIPHOCTI OCHOBHOTO Ta CIIH-(JIIN KaHAJIB
BUPIBHIOIOTHCS. 3Ha1eH0 mapaMeTpu CTOKCa MarHiTOraJibMiBHOTO BUIPOMIHIOBAHHS
1 MOKa3aHo, 1110 BOHO MOBHICTIO MOJISIPU30BaHE 11 000X BHUIIAJKIB MPOCKINA CHIHY
MOYaTKOBUX eNeKTpoHiB. [lokazaHo, 110 A1 BUNAAKY, KOJU €JIEKTPOH BUIIPOMIHIOE
B3/IOBK MATHITHOTO TIOJISl, MaeEMO TMpaBy KpPyroBy MOJSpHU3aIilo, a KOJIU
NEPIEeHIUKYISIPHO, TO JUIsI OCHOBHOTO CIIIHOBOTO CTaHy OyJae HopMalbHa
nmoysipu3ariisi, a JIig 1HBEpCHOro — aHopMmanbHa (puc. la). VY BHmaaky x
HEMOJIIPU30BAHOTO MyYKa €JIEKTPOHIB, KOJIW BUIPOMIHIOBAHHS PO3MOBCIOIKYETHCS
MEPIICHIUKYJISIPHO TIOJI0, TO JIIHIMHA MoJispu3allis 3aleKUTh Bl BEJIMYUHU
MarHiTHOro nosis. Tak, B CyOKpUTHYHOMY TOJII BUIIPOMIHIOBAHHS OyJl€ HOPMAJIbHO
MOJISIPU30BaHE, a B HAIKPUTUYHOMY — CTYMIHb MOJSpU3aLlii npsmye A0 HyJis (puc. 10).
3HailIeHo 3a1eXHICTh JUdepeHIiaTbHOT IHTEHCUBHOCTI BUMPOMIHIOBAHHS BiJl KyTa 1
MOKAa3aHo, 1110 31 30UIBIIEHHSAM MarHITHOTO TOJIS 3’ ABJISIETHCS KOHYC CUHXPOTPOHHOTO
BUIIPOMIHIOBaHHS IEPICHAUKYJIIPHO MOJIIO.
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Puc. 1. 3anexHicTh mossipu3ailii BAPOMIHIOBAHHS BiJl KyTa BUJIBOTY JIJIs
PI3HUX 3HAYE€Hb MArHITHOIO MOJIs (IITPHXOBA JIiHIs BiamoBigae &y, a cyminbHa — &£3),
KoM a) | = -1 Ta 6) HEMOAAPU3OBAHUYN BUIIA]IOK.

[1] H.P. Schlenvoigt, T. Heinzl, U. Schramm et al., Phys. Scr. 91, 023010 (2016).

[2] O. Tesileanu, D. Ursescu, R. Dabu, N. Zamfir, J. Phys.: Conf. Ser. 420, 012157
(2013).

[3] R.P. Mignani, V. Testa, D.G. Caniulefet et al., Mon. Not. Roy. Astron. Soc. 465,
492 (2017).

[4] A.K. Harding, R. Preece, The Astrophysical Journal 319, 939 (1987).
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PROPAGATORS FOR NEGATIVE-ENERGY
AND TACHYONIC SOLUTIONS OF RELATIVISTIC
EQUATIONS

Valeriy V. Dvoeglazov

UAF, Universidad Autonoma de Zacatecas, Mexico
e-mail:valeri@fisica.uaz.edu.mx
It is well known that the relativistic equations have acausal solutions which
generally have been ignored. Particularly, this is true for higher spins. We consider
spin %2 and spinl in this talk. We calculated corresponding propagators which indicate
if a theory is local or non-local. Tachyons and negative-energy solutions are also
considered.. The conclusiones are paradoxical in both cases.
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PO3PAXYHKU CTPYKTYPU ATOMA BAHAAIIO
3 BUKOPUCTAHHAM 3AJIEXKHUX BIJI TEPMY
HEOPTOI'OHAJIbHUX OPBITAJIEN

C.B. I'eneon, B.I1O. JIazyp, A.A. Kouemba

JIBH3 “Varceopoocwvkuti Hayionanvrutl yHieepcumem ™', Yacecopoo
e-mail: sergej.gedeon@uzhnu.edu.ua

JlochipkeHHsI CHEKTPOCKOMIYHUX XapaKTEepPUCTUK Ta CTPYKTYPH aTOMHOI
CHUCTEMHM BaHa/IiI0 CTAHOBUTH 3HAUHUHN 1HTEpeC AJs OaraThboX raixysel MpUKIagaHol Ta
(yHIaMEHTaJIbHOT HAYKH.

I3 3apsgom spa Z = 23 Ta koHpirypauiero ocHoBHOro ctany [Ar]3d4s? Bananiit
HaJIOKUTh 10 TaK 3BaHUX IEPEXiJHUX CJICMEHTIB 1 Ma€ He3amoBHEHY (-000JIOHKY.
ATOMHI CTPYKTYpH, SIKi MaOTh BIIKpUTI OOOJIOHKH 3 JIEKiTbKOMAa €KBiBaJICHTHUMU (-
€JIEKTPOHAMH, TPEACTABISAIOTH OCOOJIMBHUI 1HTEpeC UIsi TEOPETUYHOTO BUBYCHHS,
OCKIJIBKH CaM€ CHUCTEMHU LIbOTO THUIY JEMOHCTPYIOTh XapaKTEPUCTUKH, TPOMIKHI 32
CKJIAJIHICTIO MK J00pe BHBYECHUMH S- 1 P-€JIE€MEHTaMH Ta JYyK€ CKJIQJIHUMHU
PIIKICHO3EMEIbHUMH €JIEMEHTaMH, B CTPYKTYpax sIKUX MepeBa)xaroTb KOHQIryparii 3
f-enmexTpoHamu.

3acTocyBaHHs pi3HHX ab INiti0 METOMIB 11 BUBUCHHS €IEKTPOHHOT CTPYKTYPH
NepexigHUX METaliB II0Ka3aj0 BCIO CKIQJHICTh TaKHMX CHCTEM 1 BaXKJIMBICTh
BpaxyBaHHs €JIEKTPOHHOI Kopenslli. BceOluHe noCaiKeHHs eIeKTPOHHOI CTPYKTYpHU
aTOMIB MEPEXIIHUX METalIB Ma€ BUPIIIAIbHE 3HAYEHHS JIsI BAUBYEHHS €JIEKTPOHHOL
CTPYKTYpH MOJIEKYJ 1 KOMIUJIEKCIB MEpPEeXiAHUX METaliB, OCKIJIbKM 0araTo aTOMHHX
CTaHiB, UMOBIPHO, OEpyTh y4acTh y (pOpMyBaHHI XIMIYHHUX 3B’SI3KIB 4epe3 OJIU3bKY
BIZICTaHb MK aTOMHUMH MYJIbTHUILICTAMU, YTBOPEHUMH Maibke BupomkeHiuMu 3d 1 4S
enekTpoHamu [1].

Jl71st po3paxyHKy XBUJILOBUX (DYHKIIIF OCHOBHOTO Ta 30y/>)KEHUX CTaHIB aToMma
BaHaJ1l0 HamMu OyJl0 3acTOCOBaHO OaraTokoH(irypauiinuii meron Xaprtpi-Doka
(MCHF) [2] y moennanHi 3 meTonoM koHdirypaiiiinoi B3aemonuii (CI) [3, 4], mo
BUKOPUCTOBYE HEOPTOTOHAJBHI opOiTam Ta B-craiinu sik 6asucHi dynkumii. Lei
M17X1] J03BOJISIE THYYKO 1 €PEKTUBHO BPaxOBYBATH 3aJI€KHICTh BIJl TEPMY BaJICHTHUX
opOitaneit, edextu Kopensiii Ta penakcaiii. BuxopucTtaHHs HEOPTOTOHAIBHHUX
opOiTanei, 30KpeMa, [03BOJIIE 3HAYHO 3MEHUIMTH KUIBKICTh KOHQIrypamii y
OararokoH@irypamiitanx poskiagax [5]. Taka edeKTUBHICTH JOCITAETHCS TaKOXK
[UIIXOM TPABWJIBHOIO BIAOOPY IOMIHYIOUMX KOH(QIrypamiii 3 COTeHb YM THUCSY
OKpEeMHX AaTOMHHUX KOHQIrypailiii, yTBOPEHHX YyciMa MOXJIUBUMHU OJHO- Ta
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JBOXEIIEKTPOHHUMH 30y/KeHHsME BajieHTHUX 3d, 4S 1 4p opOitanei po3risayBaHOi
KoH(OIryparii. AHam3yl0oud TOBHI KOH(DIrypamiiHi po3Kiagud s KOXXHOTO
PO3TJISyBAHOTO TEPMY 1 BUOMparouu Jiniiie KoHDIrypariii 31 3HaUHUMU KoeillieHTaMu
pO3KJIaJy MOXHA OTPUMATH OCTaTOYHI OaraToKOH)IrypariiHi po3KiIagu, 1o
BKJIFOYAIOTh yCl B@XJIMBI €JICKTPOHHI KOpemsiii 1 B TOH € Yac MaloTh
KOHTPOJBOBAHUN PO3MIp, 110 € BAXKJIUBUM JUIs MOAAIBIINX PO3PaXyHKIB IMapaMeTpiB
PO3CISTHHSI.

[HIIIM Ba)KJIMBUM aCTEKTOM JOCIIKEHHS OyJI0 BpaxyBaHHS 3aJ€KHOCTI BiJ
TEPMy OJHOCJIICKTPOHHUX opOiTaneir. Tak, I po3paxOBaHUX HAMHU XBUIHOBHUX
byHKII# cepenuiit paaiyc opoitaini 3d mopiBaioBas 1.88, 1.56, 1.51, 1.35 ta 1.34 ar.ox.
nns xoHgirypauiii 3d°, 3d*4s, 3d*4p, 3d°4s?, i 3d%4s4p, BinnosiaHO.

B pesynbrati npoBeieHUX po3paxyHKiB HAMH OyJI0 OTPUMaHO XBWJIbOB1 (DyHKIII1
OCHOBHOTO Ta 44 30y/PKEHUX CTaHIB HEUTPAJIBHOTO aTOMa BaHA/Ii10, SIK1 BIAMOBIAIOTh
xou(irypamism 3d4s?, 3d*4s, 3d34sdp, 3d® Ta 3d*4p Tepmin 2*PDFGH2I°SD i
2654°pPDFG®.

Jlnst GaraToKOH(IrypauiiHUX PO3KIAIIB KOKHOIO 3 I1'ATU TUIIIB PO3IISIHYTUX
enexTpoHHUX KoHpirypauiii (3d%4s?, 3d*4s, 3d34s4p, 3d° i 3d*4p) Gyno nocmimkeHo
OCHOBHI KOPEJIAIIfHI BHECKHU.

Koudirypamii 3 xoediiientamu 3minryBanHs, MmeHmmumu 3a 0.001, Oymu
Bunaneni 3 kinneBux Cl-poskmaniB. Takuii mapamerp BijcikanHs 3abe3neunB CI-
po3kiaau po3mipoM Bix ~30 1o ~650 koHDirypamiit a1 po3riisaayBaHuX CcTaHiBy LS-
HaOmMKeHHI. BBakaeTbcs, IO IHOTO JOCTATHBO JJSI BKJIIOYEHHS OCHOBHHUX
KOpEJSIiHUX €(EeKTIB 3 BIIHOCHO HEBEJIMKOIO KUIbKICTIO KOH(Irypariid. PozpaxoBani
eHeprii 30yKEHHS 3aJ0BUTBHO Y3TOKYIOTHCS 3 YCEPEAHCHUMH 32 PIBHSIMH TOHKOT
CTPYKTYPH €KCIIEpUMEHTAJIbHUMU 3HaUYCHHAMH [6] 3 cepenHiM BiaxuneHHsM ~0.5 eB.

[Tonpu nwuiie 3a70BUIbHE Y3TOMKEHHS PO3PAXOBAHUX EHEPTik 30y/HKeHHS 3
HAssBHUMH EKCIIEPUMEHTATBPHUMHU JAaHUMH, BAXXJIMBO BII3HAYWTH B IJIOMY I00pe
Y3TOJPKEHHS JUIsl PI3HULI MK €HeprisiMu 30y/DKEHHs pi3HUX cTaHiB. TOOTO B3aeMHe
PO3MIIIIEHHSI PO3paxOBaHUX PIBHIB eHeprii s OuIbIIOCTI 30y/HKEHUX CTaHIB
HEUTpaJIbHOIO aToMa BaHAAII0 BIANOBIAAE TOMY, IO CIOCTEPIraeThCs Ha
excriepuMeHnTi. Lle Bimirpae BauBY poJib NP MOJAIBIIOMY BUBYEHHI MPOIECIB
MepeXoy MK PIBHSIMH 3 BUKOPUCTAHHSIM PO3PAXOBAHUX XBHJILOBUX (DYHKIIIM.

Hacamkidenps, My OTpHMalM 3aJIeKHI Bl J CTaHM NUIIXOM JiaroHami3arii
raminbTOoHIaHa bpeitta-Ilaynmi B 0asuci OaratokoHdirypamiianx LS XBUIHLOBUX
(GyHKLIA, ONMMCAHMX BUIIE, BUKOPUCTOBYIOUM METOJ B3aeMmojii KoHirypaiiil Ta
HeopToroHanpHl opOitami [3]. B maHux po3paxyHkax MM BKJIIOYMIM BCI
“onHOYACTHUHKOBI” omnepaTopu bpeitta-lIlaymni: pensTuBICTCHKY MONpaBKy IJsi MacH,
OJIHOYACTHUHKOBUI omnepatop JlapBiHa Ta onepatop cniH-opOiTaibHOi B3aemoli. Lle
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J03BOJIMJIO OTPUMATH BIATMOBIIHUN €HEPTETUYHHUM CHEKTP 3 BpaxyBaHHSM TOHKOTO
PO3IIETIIICHHS! PiBHIB.

Opepxkani HaOOpU XBHJIBOBUX (PYHKIIA MOXYTh OyTH BHUKOPHCTaHI B
NOJANBIINX PO3paxyHKaX HHU3bKOCHEPTETHYHOTO PO3CISTHHSA EJIEKTPOHIB HAa aToMi
BaHA/Ii10 Ta MpoIeciB GOoTO10HI3aIII].

[1] M.C. Bohm, J. Phys. B: At. Mol. Phys. 17, 3103 (1984).

[2] C. Froese Fischer et al., Comput. Phys. Commun. 176, 559 (2007).

[3] O. Zatsarinny, C. Froese Fischer, Comput. Phys. Commun. 124, 247 (2000).

[4] O. Zatsarinny, C. Froese Fischer, Comput. Phys. Commun. 180, 2041 (2009).

[5] A. Hibbert et al., Comput. Phys. Commun. 51, 285-293 (1988).

[6] Kramida, A., Ralchenko, Yu., Reader, J., and NIST ASD Team (2022). NIST
Atomic Spectra Database (ver. 5.10). Available: https://physics.nist.gov/asd.
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MOLECULAR GRAPH THEORY OF PROBLEMS OF
RADIATION MODIFICATION OF BIOORGANIC MOLECULES

V. Hanulych

Institute of Electronic Physics of the National Academy of Sciences of Ukraine,
Uzhhorod
e-mail: hanulychvitalij@gmail.com

The main task of molecular graph theory is to represent the topological structure
of a molecule in the form of a single number, which would be unique for a given
topology and reflect either the energy of the molecule as a whole or its orbitals, its
spatial or electronic structures. It is expected that such numbers will also correlate with
the physical and chemical properties of the corresponding molecules and will help to
identify theoretically possible topologies of molecules that have not yet been
discovered practically. [1]

Molecular graph theory also has applications in studying the transformation of
bioorganic molecules under the influence of radiation. For this purpose, the concept of
colored sets of atoms is introduced, which determines the nature of the structural
arrangement of their molecules and the configurational entropy. [2]

Under the influence of radiation, bioorganic molecules can randomly disintegrate and
form new bonds. Therefore, it is important to study all possible structural combinations
of a particular molecule and to model those topologies that could exist in real
conditions. For this, the “ball-and-stick” representation model is used, where each atom
is considered as a separate object that can attach other similar elements to itself. In
other words, the so-called “Lego principle” is used, i.e., the arbitrary assembly of
molecules from atoms as from construction blocks. The maximum possible number of
attached atoms is determined by the atom valence. In this way, a molecular graph is
formed, where atoms act as vertices, and bonds between atoms act as edges of the
graph. It is important to note the following facts:

1)  an atom cannot be connected to itself, so the edges of the molecular graph are
not loops

2)  all bonds must be saturated; there should be no vacancies in atoms

3)  the set of atoms connected to the current atom determines the color of this atom

There are two ways to study the possible topologies of a molecule. Using the
first method involves working with half-bonds. First, a set of all half-bonds existing in
the molecule is formed, after which an arbitrary pair of unused elements of this set is
selected and connected. This action continues by recursion. When all items of the set
of half-bonds have already been used, the corresponding colored sets of atoms are
formed from the formed topology. Then, the last pairs of half-bonds are disconnected,
and we search for an alternative connection. After going through all possible
combinations of connections, we get sets of colored sets of atoms at the output, and
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these sets demonstrate theoretically permissible topologies of the molecule under
consideration.

When using another method, a set of all possible colored sets for a given
molecule is first formed. Then, having designated the types of bonds between atoms
by certain variables, we create a system of equations that will relate the number of
bonds of one kind or another to the number of atoms of the corresponding colored sets
that use this type of bond. The resulting system of equations serves as a filter for
filtering out those combinations of colored sets that cannot form a molecule due to
internal contradictions. By applying this filter while going through all possible
combinations of colored sets, we also get theoretically permissible topologies of the
molecule at the output.

The difference between the first and second methods is that when using the first
method, we work with «bare» atoms, assigning them colored sets already during the
algorithm execution. Instead, in the second method, each atom receives its identifier in
the form of a color set even before the program starts, and only then do we filter out
those combinations that do not suit us using equations. However, it is advisable to use
both methods at once. After all, using a system of equations, we can finally make sure
of the possibility of the existence of topologies obtained by recursively connecting half-
bonds, and working with half-bonds provides us with additional information necessary
for a better understanding of a particular topology.

After collecting data on the topology of the molecule, each of them can be
visualized in two-dimensional (if the corresponding topology graph is planar) or three-
dimensional space. We also can convert information about the spatial structure of the
molecule into images by using the tools and means of the Unity platform and the C#
programming language. A correspondence is established between the ready-made atom
models and the corresponding molecular graph vertices by using a separate algorithm.
For this, all the vertices of the molecular graph are numbered, after which numbers
begin to be assigned to the atom models in the program. The atom model must be of
the same type (Carbon, Oxygen, etc.) as the corresponding vertex of the molecular
graph. After that, the atom models are connected based on the data obtained during the
phase of research possible topologies.

Thus, we have the opportunity to recreate all possible variants of modification
of bioorganic molecules under the influence of radiation and to visualize theoretically
permissible topologies. The current study may also contribute to the development of
molecular graph theory, as analyzing additional properties of different topologies may
accelerate the search for a single number to characterize them.

[1] Estrada, E.; Bonchev, D. Section 13.1. Chemical Graph Theory. In
Handbook of Graph Theory, 2nd ed.; Gross, J.L., Yellen, J., Zhang, P., Eds.; CRC
Press: Boca Raton, FL, USA, 2013; pp. 1538-1558

[2] V. Maslyuk; A. Zavilopulo; V. Hanulych; N. Svatyuk; O. Pop; O.
Simkanich. Computer 3D modeling bioorganic compounds: How the amino acids can
be created? AIP Conf. Proc. 2872, 090004 (2023)
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CIIEKTPAJIBHI XAPAKTEPUCTUKU TPUYACTUHKOBHUX
EK3OTHNYHUX MOJIEKYJ/JIAPHUX IOHIB 3 ATOMIB KUCHIO,
OBYUCJIEHI B OJHOBUMIPHOMY ITPOCTOPI

M. I. I'aiicak

Inemumym enekmponnoi gisuxu HAH Ykpainu, Yorceopoo
e-mail: mykhaylo.haysak@gmail.com

[IpoBeneHo pO3paxyHKH CIEKTPOCKOMIYHUX MapaMeTpiB TPUYACTUHKOBHUX
€K30TUYHHUX MOJIEKYJISIPHUX 10HIB 3 aTOMIB KHCHIO, SIKi CKJIaJalOThCS 13 YACTUHOK Ta

AHTU-YaCTUHOK [O*Beio*s] [aminbTOHIaH PO3TIIATYBAHOI CHCTEMH € IHBapiaHTHUM

BIJTHOCHO 3aMiHM BCIX YaCTHMHOK Ha iX aHTUYaCTUHKU, TOMY B 000X BHITaJIKaX MU
OJIEP’)KYEMO OJIHAKOBI [TapaMeTpH.

Po3paxyHKu BUKOHAaHO y paMKaxX HEPEISITUBICTCHKOI KBAaHTOBO-MEXaHIUHO1
MOJIeJI1 3a]1a4l TPHOX T1JI, sIKA IPYHTY€EThCS Ha BIIHOCHUX KOJIEKTUBHUX 3MIHHUX K001
[1]. B nanHOoMy BUMaIKy JJis 3HaXO/IXKEHHS YaCTUHHHUX PO3B’SI3KiB HEPEISATUBICTCHKOTO
piBHsiHHS [lpeninrepa (HPI) Bix TpbOX HE3aJIEKHUX 3MIHHUX 33Jlayy 3BEICHO 10
PO3B’sI3yBaHHS JBOX KpalOBHX 3a/1a4: 3HAXO KeHHS afiadatnyaux nmoteHmiaiis Uy (R)
Ta 3HAYE€Hb €HEPrii (€) OCHOBHUX 1 30y/KEHUX CTaHIB MAPHO-TIAPHOI cepli (ee) JaHoi
CUCTEMH.

Po3paxyHOK ekcTpeMaldbHUX TOYOK a/1adaTUYHOrO MOTEHIaly, IIO
BU3HAYAIOTHCSA MapHUMU (even) Oasucuumu GyHKiismMu {1, c0s(4a)}, mokasye, mo
rmmbuna nortenuianbHoi amu |Uy(R)| mamoi cepii -4.78358991953343x10 a.u.
nocsaraeTse y Toumi I = 1.1920928955078x10°8 a.u.

[To3uTHBHI i0HU [O*%* O*S], NPUTATYIOYM HEraTHBHI 10HU [O+se— O+8] ,

V) . 8 =+ 8
YTBOPIOBAaTUMYTh  HEUTPAJIbHI  MOJEKYIHM  BHIY [0+ e 0" ] 2, TOOTO €

IIECTUYACTUHKOBUMHU CUCTEMaMU (HEHUTpalbHUMHU MoOJeKynamu) [2]. 3HaueHHA
€HEepriii OCHOBHUX Ta 30y/PKEHUX CTaHIB PO3IITHYTUX CHCTEM JIEXKATh B J1ana3oH1
~[-2.721160000x10%, -1.850388528x10'"] eV (nuB. Tabmumio 1).
Tabnuysa 1
Po3paxyHKu CEKTpaIbHUX XapaKTEPUCTHUK cepii (e€) MONEKYISIPHUX €K30TUYHUX
CHCTEM 3 aTOMiB KMCHIO [o%iﬁ} (st €00) T [o%iﬁ} 2 (s €5, 1=1-4)

Cramu | Enepria craiis (V) IHTep?aan pamiain. Cepenniii pamiyc Cepenniit paaiyc
3MiH. (a.U.) JUIs cTany (a.U.) cucremu (M)
€00 -1.850388528x10 [0, 1.51x10%0] 5.2+ 101 -
€01 -8.498182680x10%° [0, 4.78x1010] 1.5341x10%
€02 -1.632668788x10%° [0, 1.13x107] 3.3856x10%°
€03 -1.088464000x10%3 [0, 2.2x10°] 8.9930x10%°
€04 -2.721160000x 10 [0, 3.87x107] 1.5870x10%°
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Crix 3ayBakuTy, 10 cepel X MOJIEKYJT HalOIbIa eHepris 3B 3Ky OJiepikaHa
i ocHoBHOTO cramy. 1.85x10Y eV, a 30ymKeHi cTaHM MOIEKYJIHM MAalOTh 3HAYHO
MEHII eHeprii 3B’ a3Ky. Taki Haa3BUYalHO BEJIMKI €Heprii MaroTh KOCMIUHI ITPOMEH],
30kpema, BiakpuTa y 2023 pori pigkicHa YacTHHKA 3 KOCMIYHUX TPOMEHIB, sKa
nicranacs 3emui. Enepris miei vactuaku (Amaterasu particle) cranosuts 2.4x10% eV,
i mocrymaernest nue vactuani «Oh-My-God particle», enepris sxoi carae 3.2x10%°
eV [3].

Ha pucynkax 1 ta 2 npencrapieHi rpadgiki XBUILOBUX (DYHKIIIH MEPIIOTO Ta
JAPYTOTO PiBHIB MOJIEKYJIH [O*SeiFJ 2 3 EK30TUIYHUMH aTOMAaMH KHCHIO.

N /’“\\
021 \\ 035 },f Y
| , \
[ \ 04 \
| /
\ de6™ 03
[ \ 3\ f
\ A i \
0 t 7 ] l| T \
1.x10¥2 x 103 x {0 %4 x 101 4 i / \
\ r / 0.14—% ! T
-0.1 Y 7 | ,"' \
\ " 0 I" -10 10 -2
\ / 2§10 ;"ﬁ * 10 1x o
lesry 02 Y 7 -0 | !'
\ L 02 "' I
s \ / x
' \ / ) RN RRF
\ / V1
-04 <17 04 7
—
Puc. 1. PanianbHa xBUIb0Ba QyHKIIS Puc. 2. PagianbHa XBUIIbOBa QYHKITiS
HIECTUYACTUHKOBOI MOJIEKYJIN KUCHIO IECTUYACTUHKOBOI MOJIEKYJIH KUCHIO
(ee) cepii. 30y IKEHHST PE30HAHCHOTO (ee) cepii. 30y KeHHS 2-TO PiBHI.

piBHSI (IIEPIIIOTO).

OTxe, 3aCTOCYBaHHS TPUYACTMHKOBOTO KBAaHTOBO-MEXAHIYHOTO MIiAXOAYy Ta
IPOBENICHI  YHUCENbHI  PO3PAaXyHKH  JIO3BOJIAIOTH  TPUIYCTUTH  ICHYBaHHS
IIECTUYACTHHKOBHUX HEUTPaIbHUX MOJICKYJ KHCHIO, BEJTMYMHA €HEPTii 3B’ 53Ky SKHX
KOJIMBAcThCsl B Mexkax Bim -2.72x10 eV mo -1.85x10Y eV samexHo Bij piBHA
30yI>KEHHS.

[1] Haysak M.I., Haysak I.I1., Nagy M., Onysko V.V., Acta Physica Polonica A, 142
(4), 549-552 (2022); Doi: 10.12693/APhysPolA.142.549. http://przyrbwn.
icm.edu.pl/APP/PDF/142/app142z4p14.pdf.

[2] Wolfe J. & Mysyrowicz A. Excitonic Matter. Scientific American, 250(3), 98-107
(1984) Retrieved October 12, 2020, from http://www.jstor.org/stable/24969326.

[3] EnuiB A.A., I'natuk b.1., Kinematuka 1 ¢i3uka nebecnux tin, T.22 (4), 297-307
(2006). https://www.mao.kiev.ua/biblio/jscans/kfnt/2006-22/kfnt-2006-22-4-06.pdf.

235


https://www.mao.kiev.ua/biblio/jscans/kfnt/2006-22/kfnt-2006-22-4-06.pdf

Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

EKCIHEPUMEHTAJIBHA IIEPEBIPKA KBAHTOBO-
MEXAHIYHOI TEOPII TEILNIOTPAHCIIOPTY HA ITPUKJIA I
HPOCTHUX KPUCTAJIIB I KOMITIO3UTHUX MATEPIAJIIB

10.B. I'op6arenko, O.1. Kpusdikos, O.0. Pomanrmona, O.0O. Koposrok

Dizuxo-mexuiynuu incmumym Husvkux memnepamyp im. b.1. Bepkina HAH Ykpainu,
Xapkis
e-mail:horbatenko@ilt.kharkov.ua

Bigomo, 110 TerIonpoBiAHICTE MaTepialy 3ajekKUTh BIJl CTPYKTYpH Ta THITY
BIIOPSIIKYBAaHHST aTOMIB Yy IIbOMY Marepiaii. 3a XapakTepoM TeMIepaTypHHUX
3aJIEKHOCTEN TEIUIOMPOBIIHOCTI, 1X YMOBHO MOAUISIIOTh HA KPHUCTAJIONOAIOHI Ta
ckJonoioH1. JIyisi KpucTanonoAiOHOi MOBEIHKU TEIUJIONPOBIIHOCTI XapaKTEPHOIO
0o3Hakol0 B koopauHatax K(T) € HasgBHICTh J3BOHOIOJIOHOIO MAaKCUMYMY B
HU3BKOTEMIIEPATYpHill 00JacTi, 10 IJIABHO MEPEXOJUTh B 00EPHEHO-TIPOIOPIIiiiHE
3MEHIIICHHSI TEIJIONMPOBITHOCTI 31 3pOCTAaHHSAM TeMIEpaTypu. 3iiBa BiJf MAaKCUMYyMY
TETUJIONPOBITHOCTI MAIOTh MICIE MPOIIECH PO3CIsTHHS (DOHOHIB HAa PI3HOMAHITHUX
nedekTax  KpUCTaII4HOI  rpaTku  Marepiany  (rpaHuii, gomimku).  Jas
PO3YMHOPSAIKOBAHUX CHUCTEM (aMOpP(QHI, OpIEHTAIIIHO-PO3YNOPSAIKOBAHI KPHUCTAJIN)
TETUJIONPOBITHICTh IEMOHCTPYE CKIIONOAI0HY MOBEAIHKY: i 3HAUYEHHS € HIXKYUM, HIXK
y KPHUCTAJIIYHOTO aHajora, i KOJW TeMmIepaTrypa MiABUIIYETbCA BiJ HaWHIKYUX
Temrneparyp, cmnodatky kpuBa K(T) AeMOHCTpye KBaApaTUuUHy 3aJ€KHICTh BIJ
TemMnepatypu (BiJ HaHHIKIUX TemrepaTyp 1 10 = 2 K), moTiMm B 1iana3oHi TeMneparyp
~ 5+ 10 K BUHHUKa€e TUIATO TEIUIOMPOBIAHOCTI, MICIs SKOTO CIOCTEPIraeThCs TIaBHE
3poctanss K(T).

3a3BUuail s OMKMCY TEIJIONPOBIAHOCTI  BHOPSJAKOBAHUX TBEPAUX TUI
BUKOPHCTOBYETHCS MOJIeTh (DOHOHHOTO rasy, 1€ OCHOBHMMH TEIUIOHOCIIMH € Ta3
KBa314aCTUHOK — (DOHOHIB. B TOI ke wac, NJIsi mpeacTaBiICHHS TEIUIOMPOBIAHOCTI
pPO3yMHOPSAIKOBAaHUX 1 amMopdHHUX MaTepiaiB BUKOPUCTOBYIOTh PI3HOMAaHITHI
(eHOMEHOJIOT1YHI MOJIeNi, TakKi SK CTaHJapTHA TyHEJIbHA MOJECNb, MOJECIbh M’ SKHX
noTeHIianie, Moaeas Kaximna-Ilomst, Mmogens Anena-®enpamana Ta id. [1]. OgHak y
po6ori [2] aBTOpH npeacTaBHIN MPUHIIMIIOBO HOBY TE€OPIiO, 3aCHOBAHY HA KBAHTOBO-
MOJILOBOMY TIAXOAl JJIi OMUCY TEIUIOBOTO TpaHCHopTy (y3arajibHeHa Teopis
TETUIOTPAHCITOPTY Simoncelli-Marzari-Mauri), gKa  JO3BOJISE OIHCaTH
TEIUIONPOBIHICTh TBEPAUX T SIK B YIOPSIAKOBAHOMY, TaK 1 Y PO3YNOPSIAKOBAHOMY
ctanax. OCHOBHa 1/1es 11i€1 Teopli MOJISATAE B TOMY, IO KOJIMBAJIbHI 30y>KEHHS MOXKYTh
MIOIIIUPIOBATUCS HE TUTBKH SK KBa3iYaCTUHKH, ajie TaKOXX BOHU MOXYTh TYHEIIOBATH
MIX CIIAPEHUMHU EHEPreTUYHUMH CTaHaMu, TOOTO, B OyAb-SKOMY TBEpIAOMY Tii
TETUTOTPAHCIIOPT 31MCHIOETHCS IBOMA MUIIXAaMH — KBa31YaCTHHKOBHH TETUIOTIEPEHOC
Ta XBUJIbOBE TYHEIIOBAHHS KOJMBAIBHHUX 30YIKCHb.

VY naniii po0OOTI MU MPEACTaBISLEMO MPOIEAypy OOpPOOKH Ta aHami3 JaHUX
TETJIONPOBITHOCTI MOJEKYJSIPHUX TBEPAUX TUT JUISI €KCIEPUMEHTAIBHOI TEPEBIPKU
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MOJIOXKEHb 1 mependadeHb Teopii TeruoTpancmopty Simoncelli-Marzari-Mauri.
[TokazaHo, 1O Ham METON PO3paxyHKy 3abe3medye yHIBepCadbHI aHATITHYHI
3aNIeKHOCTI JJI OMHCY TEIUIONPOBITHOCTI OYy/Ib-IKOTO TBEPAOTO Tija, B TOMY YHUCIHI
CHUCTEM 3 HATHU3bKOI TEIUIONPOBITHICTIO B paMKaX €JIMHOTO YHIBEPCAIBHOTO
nigxoay. Ampobarliss Haloro MeToay Oyja BUKOHAHA Ha MPUKIAAl pi3HOMAaHITHUX
KPUCTAIIYHUX 1 aMOp(HUX MaTepiaiiB, TaKUX SK MOJICKYJISIpHI, HaIliBIPOBITHUKOBI,
METaJIOOpraHiuHi, KJaTpaTHI CIOJIYKH, IOJIMEpPH TOIIO0 B IIMPOKOMY JIiala3oHi
temneparyp. llokazaHo, M0 B Takux MaTepiajaXx TYHEIbHHH BHECOK Y
TETUTONPOBITHICTh 3pOCTa€ 3 TEMIIEPaTypor0, a B JCSIKUAX BUMAJKaX HAaBITh CTa€
nominyrounM. OTpuMana iHpopMallist Ma€ PyHIaMEHTAIbHUN 1 TPUKIATHUN aClIEKTU
1 MOke OyTH BUKOpPHCTaHa B PI3HUX Taly3sX MaTepialo3HaBCTBA.

BasiunicTh: poboTa BUKOHaHa 3a miATpuMku HarionansHoro Gouay Ykpainu
(mpoexT Ne 2023.03/0012).

[1] A.l. Krivchikov, et al., Materialia 32, 101944 (2023).
[2] M. Simoncelli, N. Marzari, & F. Mauri, Nature Physics, 15(8), 809-813 (2019).
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“CHROMOSOME TEST” FOR METALLICITY AND
UNIVERSALITY IN SIZE-DRIVEN EVOLUTION TOWARDS
BULK POLARIZABILITY OF METALS

J. Jellinek

Argonne National Laboratory, Lemont, Illinois 60439, USA
e-mail: jellinek@anl.gov

The properties of finite systems in the sub-nano and nanoscale size regimes are
very different from those in the bulk limit. For example, small atomic clusters of
nominally metallic elements (i.e., elements that are metals in bulk quantities) do not
possess any characteristics usually associated with the bulk metallic state. These
characteristics then grow in as the clusters grow in size. How does this process of the
size-driven evolution towards metallic attributes take place? Does it follow some
common trends for different metallic elements or is it element-specific? In the case of
a cluster of an arbitrary unidentified element, how large should it grow to allow for
prediction of whether it will be a metal or a nonmetal in the bulk limit? Is such a
prediction at all possible before actually reaching the bulk limit?

These fundamental questions will be addressed and answered using
polarizability as a descriptor that allows for identification of bulk systems as metallic
or nonmetallic through the manner in which they respond to an external electric field.
The response in nonmetals is polarization that results in the reduction of the field in the
interior of a nonmetallic system. In metals, the field induces charge transfer that leads
to the expulsion of the field from the interior of a metallic system. How do finite
systems respond to an external electric field and what are the implications of this
response for characterization of the metallic vs nonmetallic identity and characteristics
of these systems?

To answer these questions, we employ the methodology of the atomic-level
analysis of the dipole moments and polarizabilities of finite systems [1]. Specifically,
we show that this methodology allows for decomposition of the total polarizability of
a finite system into the so-called local, or dipole, and charge-transfer components. The
dipole component of the total polarizability characterizes the nonmetallic type of
response of the system, whereas the charge-transfer component gauges its metallic type
of response. As long as both have nonzero values, the system is neither a metal nor a
nonmetal.

To explore the size-evolution of the total polarizabilities and their dipole and
charge-transfer components in metallic elements, we performed extensive density
functional theory (DFT) based calculations on clusters of Na, K, Al and Zn with up to
146 atoms [2]. Na and K were chosen as representatives of alkali metals, Al as a
representative of s-p type metals, and Zn as a representative of transition metals. The
analysis of the accumulated data revealed some fascinating behavior. In all four cases,
the charge-transfer component evaluated on the per-atom basis showed in initial rapid
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increase with the increase of the cluster size and then a saturation levelling off that
started at the very small size of about 25 atoms. Remarkably, the saturation value for
each element agrees with the magnitude of its corresponding bulk polarizability. This
means that the metallic identity of each metallic element is inherent in it from the very
small sizes at which none of its characteristics is yet in agreement with those of its bulk
metallic state. The dipole component of the total polarizability evaluated on the per-
atom basis decreases for each of the four elements with the increase of the cluster size
and is extrapolated to go to zero. As a consequence, only the charge-transfer
component survives as the clusters grow in size, and the element “reveals™ its full
metallic identity.

Another remarkable (and surprising at first sight) finding is that the rate of the
size-driven approach to metallicity - as gauged by a quantity we call degree of
metallicity - is the same for all four metals. We developed an analytical model that
explains this finding and points to its universal nature. Test studies on clusters of
nonmetallic elements indicated that the size-dependent behavior of the dipole and
charge-transfer components of their total polarizabilities is different from that
described above for metallic elements. Consequently, an analysis of the size-evolution
of the dipole and charge-transfer components of the total polarizability of a cluster of
an unidentified element over a limited range of small sizes of a few tens of atoms allows
for an unambiguous identification of the nature of the element. If the value of its
charge-transfer component per atom does not level off to a constant, the element is a
nonmetal; if it does level off, the element is a metal. Moreover, in the latter case, the
chemical identity (name) of the element can be established by matching the magnitude
of its levelled off charge-transfer component to a value in the table that lists the bulk
polarizabilities of metals. This use of the charge-transfer component as a tool for very
“early” (at a level of just a few tens of atoms) identification of an unidentified element
as a future bulk metal or nonmetal can be viewed as a “chromosome test” for metallicity
that mimics the ability of the true chromosome test to identify the biological gender
(male or female) of a future newborn as early as 6 weeks after fertilization of the egg.

[1] K.A. Jackson, M. Yang, J. Jellinek, J. Phys. Chem. C 111, 17952 (2007).
[2] J. Jellinek, K.A. Jackson, Nanoscale 10, 17534 (2018).
* This work was supported by the Office of Basic Energy Sciences, Division of
Chemical Sciences, Geosciences and Biosciences, U.S. Department of Energy under
Contract No. DE-AC02-06CH11357.
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KOI'EPEHTHI CTAHU
OJHOPITHOI I'PYIIU JIE CITTEPA

I. Kauypuk, I. I'yna

I'nyxiecvkuti HayionanvHuu nedazo2iunuii ynisepcumem imeni O. /[oeocenka, 1 nyxis
Xmenvnuyvbkuii HayionanvHu ynieepcumem, XmeavHuybkui, Ykpaina
e-mail: kachurykivan@gmail.com, hulaih@khmnu.edu.ua

VY po6oTi cTaBUTHCS 3aja4a MOOYIOBH 1 MOCIIIOBHOIO BHUBYEHHS BJIACTUBOCTEH
yBeneHoi B [1] cucremu korepenTHux craniB (KC) nnst ognopiaHoi rpynu e Citrepa
SO(1, 4). Meton KOrepeHTHUX CTaHIB CTaB HEBIJ €MHOI YaCTHHOIO B apceHasl
MaTeMaTUYHUX 3ac00iB cyyacHOi TeopeTu4Hoi (izuku. lleit meTon BHHUK 1 MouaB
pPO3BUBATHCS 3pa3y IMIClg CTBOPEHHS KBAHTOBOI Teopii. Taki cTaHM — HEpO3IUIMBHI
XBUJILOBI MAKETH AJI TAPMOHIYHOTO OCHUIISITOpA — OyAyBaJIMCH 1 IOCTIHKYBAIIUCH IIIE
[peninrepom (1926 p.) nns BUSABICHHS 3B A3KYy MDK KJIACMYHUM 1 KBaHTOBHUM
ONMCAaHHAMU. Y TaHUW YaC BOHU BUKOPUCTOBYIOTHCS MaikKe B yCiX 00JacTAX (I3UKU.

Bussuinocs, mo KC TicHo noB’s3ani 3 rpynamu. Tak, yxe 3BuyaitHi KC, sxi
Briepiie OyJIu yBeJEHI B ONTHKY, 3B’s13aH1 3 rpynoto ["aiizenOepra, 1 iX HallBaXXIuBIIIIi
BJIACTUBOCTI OTPUMYIOTHCA 3 TOMOMOTro0 i€l rpymnu [2, 3]. Came 3aBAsSKHA TPylOBOMY
niaxoay no yciei tematuku KC, 3HayHO 3MinHUBCS 0a30Buil piBeHb Metony KC 1
MOMITHO pO3IIMPUIACH 00JIACTh HOT0 3aCTOCYBaHb, 30KpeMa, y KBaHTOBIH Teopii moJis,
KBaHTOBIM OMNTHII, Teopii MarHeTu3sMy 1 B (PYHIAMEHTAIbHUX MUTAHHAX CaMOi
KBAHTOBOI MEXaHIKH. 3HAYHOIO MIPOIO 1€ TOSCHIOETHCS TAKOX 1 0COOJUBOCTIMHU
camux KC. Busnauansuum € te, mo KC | Z > — e QyHkIii HenepepBHOi 3MIHHOT —
KOMIUIGKCHOTO 4YHClIa Z, a He Halbip BJIAaCHUX BEKTOpIB IIOBHOTO HaboOpy
B3aEMOKOMYTYIOUHX OIepaTopiB. byno BcTaHoBieHO Takoxk, mo KC — me iiHiiHO He
HE3aJIe)KH1, MEPENOBHEHI CHUCTEMH BEKTOPIB, HE OPTOTOHAIbHI OJUH OJHOMY VY
MIPOCTOP1 CTaHIB. AJjie sIKpa3 1Sl iX HE3BUYANHICTh BIAKPHUIIA LILITUN PSII MOXKIUBOCTEM.
Kpim Toro, y 6arateox Bumajakax KC, sk KBaHTOB1 CTaHH, T03BOJISIIOTH CIPOILYBATH
KBAaHTOBY 3aJlady, BUKOPUCTOBYIOUH HATJIAHY KIIACHYHY MOBY, OCKIJIBKH BOJIOJIIOTh
MiHIMaJIbHUMH HEBU3HAYEHOCTSAMH.

Meton KC ocobmuBo e(exkTHBHUNA, KOJMW 3B’s3aHAa 3 HHUM Tpyla € TPYIOIo
nuHaMiyHOi cumeTpii. ['pyna [aii3enOepra — HaWMpOCTIIMKM MPUKIIA] TaKOl TPyNH
(U1 KBAaHTOBOTO OCHMJIATOPA, IO 3HAXOIUTHCS ITiJT JII€F0 3MIHHOI 30BHIIIHBOI CHIIH).
AJie BOHa He yHiBepcajbHa: y 0aratbox 3ajadax 3yCTpi4aroThCs 1HINI, OLIBII CKIIaH1
rpynu. Hanpuknazn, y 3amadi mpo mpelecito CriHa y 3MIHHOMY MarHiTHOMY MOJI
3’sBsieThess HekommakTHa rpyna SU(L, 1) ~ SL(2, R). ITepenomosum [2] moustrs KC
Oyino ysaraabHeHO Ha JoBuUIbHY rpymy Jli. Ilpm mpomy BnactuBocti KC TicHO
OB’ SI3YIOThCS 3 TEOPi€l0 mpesacTaBieHb rpyn ( auB. Takox [3]). Bonu 3agarorbes
TOYKaMHU B OJIHOPIIHUX MIPOCTOPAX, Y AKUX JII€ TpyTa.

VY poboTi [2] mpoBoauThCa cuctematruuHuii Bukian teopii KC, ocobmmBo st
HIDKYMX rpyn. JleranbHo BuBUaeThes Takox cuctema KC mis rpymu SO(L, n) i
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netanpHinie — st rpym Jlopenma SO(1, 2) 1 SO(1, 3). Y Takomy x IiaHi y 1aHid poOoTi
nociipkyerbes cuctema KC s rpymu SO(L, 4). YV nunamivaomy acriexti SO(1, 4)
BiloMa y ¢i3lll, K TUHAMIYHA TPpyNa CUMETPii HEPENATUBICTCHKOTO aTOMa BOJHIO.
Tomy mnpupomHo BUHHKae mpobiema po3pobkum mns Hei Teopii KC 3 meroro
MOJIAJTBIIIOTO AKTUBHOTO BIPOBA/KEHHS 11 Y (hi3WUHy MPOOIEMATHKY.

Cucremy KC mis po3risiiyBaHoi Tpynd KOHCTPYIOEMO Ui MAaKCHUMAaJbHO
BUPOJDKEHOT HETIepepBHOI cepii yHITapHUX TpencTaBicHb. [Ipu 1mpomMy cama rpyma
SO(1, 4) BucTymae y poii rpymu pyxis 4-umipHoro npoctopy Jlo6auescpkoro L&),
SAKUH peali3yeThCs, SK TOBEPXHS BEPXHBOI TOPOKHUHHU JBOTIOPOKHUHHOTO 4-
BuMipHoro rinep6onoina H® B (1+4)-BumipHOMy npocTopi MiHKOBCHKOTO.

KorepeHTHI CTaHM NapaMeTpu3yloThcs Toukamu mpoctopy L®. Perensno
aHAJI3yI0ThCA OTpuMaHi B [4] pesynbrati 3 rapMoHiuHOro aHamizy Ha L™ i ma miii
ocHoBi BuBUaroThes BiaactuBocTi SO(1,4) — KC. 3okpema, mpoBoasThes po3kiaan KC
1o 0a3ucHUX (PYHKIISAX HE3BIIHUX YHITApHUX TpeacTaBieHb kinacy 1 rpymu SO(1, 4).
OyHKIIT, 32 SKAMH K€ PO3KIaJ] CKAISIPHOI «XBUJIBOBOI (PYHKII» Yy JIEKapTOBIA
CUCTEeMI KOOpJHUHAT, MpeAcTaBIsIioTh coboro SO(1, 4) — KC. Bouu iHTepIIpeTyIoThCs
K «IUIOCKI XBWJI» (Ha3UBAaTUMEMO iX OpHUCHEPUUYHUMH XBWJISMH), OCKIJIBKH B
€BKJIJIOBIM TPaHUIll BOHU CTAlOTh 3BUYAHUMHU TJIOCKUMHU XBWIAMH. BcTaHoBIOEMO
Uit HUX U epeHIiadbHO-PI3HUIIEBE PIBHAHHS — aHaJor BUIBHOTO PIBHSHHA
[pexninrepa B peisITUBICTCHKIM 001aCTi.

Iokazano, mo KC He OpTOroHanbHi OAMH 10 OAHOrO. IX cKanspHUii 10OYTOK
BUpaaeThes yepe3 30HambHI SO(1, 4) — chepuuni GyHKIIT, 3B’ s13aH1 3 IPUETHAHUMH
dbynkuisimu Jlexanapa 1-ro poay. BBogumo B po3riisan kKoHIrypamiiHuil mpocTip,
«KAHOHIYHO CHpsKEHUI» iMIysibcHOMy mpoctopy L;%; mpusonsrtsca y sBHOMY
BUTJISIII TEHEPATOPH TPAHCISIMIA [BOTO MPOCTOPY — OMNEPaTOPH IMITYJIBCIB p.
3Haii/IeHO, 110 CITiTBHUIA CIIEKTp IIUX ONEepaTopiB CITiBIA/IA€ 3 KPHBHM p-TIPOCTOPOM JIE
Citrepa L;¥, a ix cmimpHOIO BnacHow (yHKIiEI0 € opuchepudHa XBHUIIA.
JlocmiKy€eThbes TaKOXK 3a7a4a po3CISIHHS, TICHO meperieTeHa 3 nociiakyBanumu KC
rpynu SO(1, 4). 3naiigena y sBHOMY BUTJISII BIAMOBIIHA MapiiaibHa S-MaTPHUIISL.

[1] U.M. Kauypuk. O6 anajnore mpeodpasoBanus lllanupo B MATHMEPHOM IMOIXOJIE:
[Ipenp. / AH Ykpaunsl. Ua-T Teopet. pusuku; UTD-76-98P. — K.: 1976. — 23c.

[2] A.M. IlepennomoB. O6001IEHHBIE KOTEPEHTHBIC COCTOSTHUS U MX TIPUMEHEHUS. — M.
Hayka, 1987. —270c.

[3] N.A. Mankud, B.M. Manbko. JIMHaMHUYeCKHE€ CHUMMETPUM M KOTE€PEHTHBIC
COCTOSIHUSI KBAaHTOBBIX cucteM. — M.: Hayka, 1979. — 320 c.

[4] A.Y. Kmumeik, N.M. Kauypuk. BbluuciuTenbHble METOAbI B TEOPUHU
npeacrasiaenuil rpymnmn. — K.: Buia mkona, 1986. — 224c.
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LONG-RANGE INTERACTION IN HIGHLY EXCITED
DIATOMIC SYSTEMS

Mykhaylo Khoma

Institute of Electron Physics NAS of Ukraine, Uzhhorod
e-mail: khomamv@nas.gov.ua

The accurate study of the highly excited quasimolecular system H," continue to
attract attention due to the prospects they offer for calculation of the long-range
potential energy curves (PECs) for more complex Rydberg dimers [1]. For instance,
the so-called generalized local frame transformation theory would use the states of H,"
as a starting point for description of some long-range homonuclear Rydberg molecules
(see [2] and references therein). It has been shown already in the 1950s that accurate
long-range energies of H," cannot be obtained with perturbation theory [3,4].

In the present work we report quantum-mechanical calculations for energies of
high-lying X states of H," which exhibits the expected sequences of avoided crossings
[1,5] of the PECs. For this problem spheroidal coordinates were used which allow to
separate the variables in the corresponding electronic Schrodinger equation. Each
electronic state is characterized by a set of angular, radial, and azimuthal quantum
numbers (numbers of nodes) {q, k, m} [1,5,6]. The principal quantum number of the
state is given as gq+k+m+1. Avoided crossings for selected high-lying states with k=0
are shown in Figures 1 and 2. In the figures 1 and 2 we plot the value ne [=(—2/€)Y?]
as a function of the internuclear distance R (here ¢ is the pure electronic energy). All
values are given in atomic units (au). The ridge of avoided crossings is clearly observed
between gerade states {q, 0, 0} and {g-2, 0, 0}.

Neff (au)
~
—

(9,00, ¥, Ne)]
IO~

1000 2000 3000 4000 5000 6000 7000 8000 9000
R (au)

Fig. 1. The sequence of avoided crossings for 2% states of H,* with k=0 and
0=68-90.

242



Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia
VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

190
185
180
175
170

165

E 160

2155
150
145
140
135
130
125
120

0 10000 20000 30000 40000 50000 6000(
R (au)

Fig. 2. The same as in Fig. 1 but for q=162-190.

The results of the present calculations plotted in figures 1 and 2 are in good
agreement with the results reported in [1].

[1] T.J. Price, C.H. Greene, J. Phys. Chem. A 122, 8565 (2018).

[2] P. Giannakeas, C.H. Greene, F. Robicheaux, Phys. Rev. A 94, 013419 (2016).
[3] A. Dalgarno, J.T. Lewis, Proc. Phys. Soc., London, Sect. A 69, 57 (1956).

[4] P.D. Robinson, Proc. Phys. Soc., London 78, 537 (1961).

[5] J.M. Rost, J.S. Briggs, P.T. Greenland, J. Phys. B 22, L353 (1989).

[6] J. D. Power, Phil. Trans. R. Soc. A 274, 663 (1973).
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BUBYEHHS BIIJIUBY MAT'HITHOI'O I1OJIA
HA TEMIIEPATYPHY 3AJIEKHICTD ICEBJOIIIJIMHHU
Y OIITUMAJIBHO JOITIOBAHUX IIVIIBKAX YBa2Cu307-0

A. C. Konicuuk?, €. B. Ilerpenxo’, A. B. Tepexos?,
JI. B. biiynosa?, K. Poranskuii?, A. JI. Conosiiop!?

L ®isuxo-mexuiunuii incmumym nuzoxux memnepamyp im. 5. I. Bepxina HAH
Ykpainu, Xapxis, 61103, Ykpaina
2 [ncmumym Hu3bKux memnepamyp i cmpykmypHux oocnioxcens ITAH, Bpoynas, 50-
422, Ilonvwa
e-mail: kubandrey606@gmail.com

3 MOMEHTY BIAKPUTTS BHCOKOTeMmIiepaTypHoi HaamposigHocti (BTHII) y
1986 porii moci HemMae eauHOI Teopii, sika O MOsSCHIOBAJIa MEXaH13M HaIAIIPOBITHOTO
cnaproBanHsa Buiie 100 K. @akTu4HO, 1€ € CEpHO3HUM BUKIMKOM JUIsI Cy4acHOI
G13UKM TBEPIOTO Tija, OCOOJMBO 3 OTJIANY Ha MOUIYK HOBUX MaTepiaiiB 31 I
BUILMMU KPUTUUHUMHU TeMiiepatypamu (T.) OTU3bKUMU 10 KIMHaTHUX. BBaxaeThcs,
10 BUBYEHHS TAKOTO SIBUIIA, SIK MCEBAOLIIINHA, 110 CIIOCTEPIraeThCs y KylpaTax
npu T*>T>T,, 3M0oke HaJaTH KIIOYOBY 1HPOPMAILIIIO 1JIs1 TOBHOI[IHHOTO PO3YMIHHS
asuia BTHIT [1].

VY po6oTi mpoaHaniz0BaHO 3MiHY TEMITEpaTypPHOT 3aJIEKHOCTI MCEBAOITUTHHH
A*(T) B nmiBkax YBa,Cus;0,-5 (YBCO) [2] 3 T, = 88,7 K (B = 0) mix BrmBoM
MarHiTHOoro nonsg B nmo 3 Tn, mo opieHTOBaHE MEPHNEHAUKYISPHO 10 MPOBIIHOI
wiomuuau ab. byno 3’scoBano, mo A pisHUX 3HaYeHb B dopma A*(T) Bix
TEMIIEpaTypy BIIKPUTTS TCEBIOIMIUIMHU 1* 110 TeMmrepaTtypu loi, HUKYE SKOL
CHOCTEpIraloThCcsl HAAMNPOBIAHI (QUIyKTyalli, Ma€ I[IHUPOKUA MAKCUMyM MpHU
temneparypi kpocoBepa BEK-BKII Tpair =~ 140K, sika € TUIIOBOIO K IS IIJIIBOK, TaK
i nns monokpucranie YBCO. Bemvanna A”(Tpair) M BIUIMBOM MarHiTHOTO TIOJIS
30epiraeThCsi, TOAl K cama [pair 3CYBAa€ThCSl B CTOPOHY HIDKYMX TeMIleparyp 31
3pocTaHHsiM B. 3i 30UIbIIEHHSAM MAarHITHOTO TIOJI, HU3BKOTEMIEpATYypHUMN
MaKCUMyM T00Nu3y Temmeparypu 1o > T., HIbK4Ye siKo1 (pirykTyariiifHa mpoBiTHICTh
nepexoauTs 3 pexxumy 2D Maki-Tomcona 1o 3D AcnomazoBa-JlapkiHa, MOCTyOBO
posmuBaeThes i 3HuMkae npu B > 1 Ta. Bume temneparypu [insOypra Te, sika
oOMexye 00JacTh KpUTHUHUX (uIyKTyaui, y Bunaaky B > 0,5 Tn 3’sBnserscs
miHiMyM Ha A"(Tmin), SKHI cTac TOBOJI BUPAKEHUM i3 MONAJIBIIAM 301IbIICHHAM
TIOJISL.

[Moseninka cuissignomenns 2A(0)/KeTe =2A™(Ts)/KsTc [1] mac ocobmuBocTi: y
nouti B =1 T71 BOHO 3MEHIITyeThCs 31 CBOTO TIOCTIMHOTO 3Ha4Y€HHS 5,0, THTIOBOTO JIJIst
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YBCO, no 4.,9. IIpote, nounnaroun 3 B =2 T, HaBmaKu Iemio 3pOCTae Ta, BPEIITI
pewt, Bumie 3 Tn BkIOYHO 3HOBY cTae 5,0. OCKIIbKM Mar”iTHE IOJIE SBHO HE
BiuinBae Ha R(T) 3a Bucokux T, BUABIEHI OCOOJMBOCTI MOXKHAa TOSICHUTH

B3a€MOJII€I0 MArHITHOTO TOJIS 3 JIOKAJIBHUMU TapamMu, 110 BuHukarTs y BTCII npu
T<T[1].

[1] A. L. Solovjov and V. M. Dmitriev, Low Temp. Phys. 35, 169 (2009).

[2] E. V. Petrenko, K. Rogacki, A. V. Terekhov, L. V. Bludova, Yu. A.
Kolesnichenko, N. V. Shytov, D. M. Sergeyev, E. Lahderanta, and A. L. Solovjov,
Low Temp. Phys. 50, 325 (2024).
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KBAHTOBI JIOKAJII30BAHI CTAHA HA MEXKI IPATKH JIIGA
TA TEKCATOHAJILHOI IPATKHA B MATHITHOMY HOJII

I.B. KosnoB, F0.0. KojecHiueHko

Dizuxo-mexHiyHuu iIHcmumym Hu3bkux memnepamyp im. b.1. Bepkina
Hayionanvhoi akademii nayk Ykpainu, Xapxis
e-mail: kozlov@ilt.kharkov.ua

Mexa po3aily JBOX CEpElOBUIN 3 PI3HUM TOIMOJOTIYHUM  TOPSIAKOM
XapaKTEpU3y€EThCS] HU3KOIO BIACTMBOCTEH 1 CTaHIB, 3000B'sI3aHUX CBOIM ICHYBaHHSIM
caMe€ BIAMIHHICTIO TIPUPOJM JIBOX TOMOJIOTTYHMX MaTepiaiiB, a TOMY CTIMKHUX 10
30BHIIIHIX BIUIMBIB. BiIOMUM NpUKIAIOM € MPOBIIHICTh MOBEPXHI TOMOJOTIYHUX
130sTOopiB. Taka mpupoaHA CTIAKICTH TOBOPUTH NPO MNPUBAOIUBICTH MOAIOHHX
iHTepheiciB  UIsI Cy4acHOi EJEKTPOHIKH, SKa XapaKTePU3YEThCA IIBUIAKUM
3pOCTaHHSIM KUIHKOCTI €JIEMEHTIB Ha YiIl, 10 MiABUILYE BUMOTH 0 iX HAIIAHOCTI.

Po3risiHyTo Taky MexXy MK JBOMA PI3HHUMH TONOJOTTYHUMU MPOBITHUKAMMU: 3
Tak 3BaHuMHU 'cmiH-1" Qepmionamu [1], Ta 31 3BUYAHHUMHU HOCISIMH 3apsry
TUPAKIBCHKOTO THITY, 1K1 peaii3oBaHo Ha rpatui Jlida [2] Ta B rpadeHonoaiOHii rpatii
B1IMOB1IHO. OOW/IBI I'PAaTKU XapaKTEPU3YIOThCS HASIBHICTIO KOHYCA B €JIEKTPOHHOMY
€HEepPreTHYHOMY CIEKTPI, ajie BiAp13HA0TheA (a3oro beppi, fAka 1opiBHIOE 7 y rpadeHi
Ta TpuBiajabHa B rpaTti Jlida.

0. Toso | /7] \
0.6 \
0.4 // \..._\

0.2
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0.0 0.5 1.0 1.5 2.0 2.5
Lar i I
a.
Puc.1. KoedimieHT mpoxoKeHHS K (YHKIIIS IHTETpaia MepeKpUTTS Ha MEXK1
t,, TP HOPMAJIBHOMY TaJliHHi (2) Ta fioro KyToBa 3anexHicTs (D).

Ha puc.] mokazaHo BHSBJICHY 3aJIeKHICTh KOEQIII€EHTa MPOXOKEHHS T
BEJIMYMHU I1HTETpaia MEepPeKpuTTs t, Ha MEXi IpaTok (a), HOPMOBAHOTO Ha MOTO

3HAQ4YEHHS B T€KCArOHaJbHIN rpaTill t,, Ta HOro KyToBY 3aJIeKHICTh (b), sika mokasye
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BIJICYTHE “‘CyNepTyHENIOBaHH : T <1 JAJs BCIX 3HAYCHb KyTa MaJiHHS Ta IHTETPaJiB

-1
1 1 . . . .
IMCPCKPUTTA. MaxkcumanbHe 3Ha4YCHHS T = (_—'_Ej B1AITOB1J4a€ CIIBITAA1HHIO tM 3 tL.

Ve

TynemtoBanns KieitHa 0e3 30epekeHHs CIIIHY HE BUSBJIEHO, Ha BIAMIHY BiJl MOJENI,
3allpONOHOBaHOI B po0O0Ti [3], m0 MOXHA MOSCHUTH BHKOPHCTAHHSIM aBTOpPaMH
KOHTHHYaJIbHOTO onucy Juist Oap’epy. KoediieHT mpoxomKkeHHs HE YyTIMBUU 0
abCOIOTHOTO 3HAYEHHS XBUIILOBOT'O BEKTOPA, aJie MAa€ ICTOTHY KYTOBY 3aJIEKHICTb.

[TokazaHo, 1110 y KBaHTYIOUOMY MarHiTHOMY I10JIi BUHUKAIOTh MEKOBI CTaHH, 10
3B'SI3yIOTh BJIACTUBOCTI MPOBIAHMKIB 3 BIACYTHBOIO Ta HasBHOIO (azamu beppi.
OTprMaHO aHAJIOT KBA31KJIACUYHOTO MpaBujla KBAHTYBAaHHS JJI MEKOBUX KBAaHTOBHX
CTaHiB, II[0 MA€ BUTJIS;

S, =2zn —% +2Arg [\/5 (sin@+sinS, ) +cosS cosd + 2t cosS, 00526},

V3t
=——S,, Sg=—-S;—0e3p0o3MipHI IUIOLIl CETMEHTIB KJIIACHYHOI TPAEKTOPIi
eBn eBn
€JIEKTPOHA B IMITYJIbCHOMY IPOCTOPI, IO BIIMOBIAA€ JAHOMY KBaHTOBOMY CTaHy, a 6
-- KYT 11 BIAXWIEHHS BiJl HOPMAQJIbHOTO MEPETHUHY MEXi. Y TPaHUYHMX BHIIAJKaX
S, <<Sg abo S, >>S;, fK 1Ie TOMITHO Ha puUC.2, BIANOBIAHI 3aJ€KHOCTI IOYMHAIOThH

N c
ne S,

BI/I6YIIOBYB3TI/IC5I B3JOBKX BCPTHKAJIbHUX Ta TOPHU30OHTAJIbHHUX ACHUMIITOT, K1

OIINCYIOTBHCS BUPpAa3aMU:

eBn 3 eBn

3
S, =2r——(+-), S;=2r——(+v), v
: C ( 4) ¢ C ( )

SC «sh R
22 4

1

V| L —
S7,>§
2702 4

10 MOSICHIOETHCS BIUTMBOM (ha3u beppi. 301IbIIeHHS] CErMEHTY TpaeKkTopii S = const

BeJE€ 10 JOAATKOBOIO 3CyBY (pa3W TOPU3OHTAIBHOI aCHMIITOTH, OOYMOBJIEHOIO
HasBHICTIO (a3u beppi y rpadeni, B TOH yac sk BEpTUKajIbHA ACUMITOTA, S, = CONst He

BiJTUYyBAa€E 3CyBY, IO UTIOCTPYE BiACYTHICTH (pa3u beppi y rparii JliGa.

~1o ﬁ
S,

s}

a4t

102 104 S 108 110
L

Puc.2. [Tnomii cerMeHTiB, 110 BIANOBIIAIOTh MEKOBUM CTaHaM Ipu S, >> S;.

[1] R. Mignani, E. Recami, M.Baldo, Lett. al Nuovo Cim. 11, 568 (1974).
[2] E.H. Lieb, Phys. Rev. Lett., 62, 1201 (1989).[3] Luyang Wang and Dao-Xin Yao,
Phys. Rev. B 98, 161403 (2018).
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TITLE GEOMETRIC DECOMPOSITION METHOD IN SOLVING
EQUATIONS OF PHYSICS AND GEOMETRY EQUATIONS

R.A. Kycia

Politechniki Krakowskiej
e-mail: radoslaw.kycia@pk.edu.pl

We provide an algorithmic way of solving the Cartan structure equations, which
model also all basic equations of mathematical physics. We use operator method called
the geometric decomposition. It employs linear homotopy operator that defines dual
cohomology to those defined by exterior derivative operator, when restricted to local
star-shaped neighborhood on a manifold. The presentation will be based on the

following works

[1], J. Silhan, Inverting covariant exterior derivative, arXiv: 2210.03663
[math.DG]

[2] R.A. Kycia, The Poincare lemma for codifferential, anticoexact forms, and
applications to physics, Results Math. (2022)

[3] R.A. Kycia, The Poincare lemma, antiexact forms, and fermionic quantum
harmonic oscillator, Results Math 75, 122 (2020)
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BILIUB IHTEP®EPEHIIAHOI OBJIACTI HA CTPYKTYPY
JUDGPAKIIHHOIO KOHYCY IIPYKHOI'O IMPOTOH-
IHPOTOHHOI'O PO3CIAHHA IIPU BUCOKUX EHEPI'IAX

O. Jlegnen

Inemumym enekmponnoi ¢izuxu HAH Yxpainu, Yaceopoo
e-mail: alexanderlengyel39@gmail.com

Hudepenmianpauii  mepepis  NPYXKHUX  NPOTOH-NPOTOHHUX  3ITKHEHb
JOCITIJKYEThCS B JIialla30Hi BiJl eHepriit aaponHoro kosuaiaepa ISR (Vs = 19.4 I'eB)
1o eHepriii Benukoro aaponnoro kostaiinepa LHC (vs =13 TeB) ta B mmpokomy
iHTEpBAJIi MEPENaHOro IMITYIIbCy, BKIKOYaroun intepdepenmiiiny oonacti 103 I'eB%/c
<|t| <15 TeB?%c B 1BOXKOMIOHEHTHOMY HabmmkeHHi FMO aMILIiTy M po3cisHHSL.

Ha BinMiHYy BiJ 3arajqibHONPHUIHATOI JyMKHA 90-X pOKiB MUHYJIOTO CTOPIYYs B
MOIIYKY «aCHUMIITONI» MPO MAJIOUMOBIPHICTh Oyab-SIKHX HOBHX OCOOJHMBOCTEW B
aapoHHI audpakiii mpu BUCOKHMX eHeprisx, ekcrnepumeHtd Ha LHC mosenu
MpPOTUJIEXKHE. Y TOW K€ 4Yac BHBYEHHS TakuX (yHAAMEHTAJIbHHX IapaMeTpiB
IPY>KHOTO PO3CIAHHA NPOTOHIB HAa NPOTOHAX, SK IOBHUM TIIepepi3 o (s),

nudepeHIialbHul mepepi3 %—G(s,t) , BIIHOIICHHS peajdbHOI YaCTUHHU aMILIITYIH
t

PO3CIsiHHS 110 ii ysiBHOT yacTuHH p(s), Haxui B(s,t) 1 mapamerp kpuuzau C(s,t) (ams
POCTOTH KPUBU3HU) € BUPIIIAIBHUM Yy CTBOPEHH1 IEBHOT MOJIENI CUITLHOT B3a€MOIII.
3 iHmoro OOKy, HaxWJl Ta KPHUBHU3HY, SIK XapaKTEPUCTUKU TOHKOI CTPYKTypHu
TupakiifHOTO KOHyCa aJpOH-aJ[pOHHOTO PO3CISTHHS, MOXHA pO3MJISIIaTH  SIK
1HIUKATOPH Tiepexoay a0 «acumnronii». OgHodyacHO OyJIO BHUSBIEHO, IO €(EeKT
KPUBU3HM, IMOINPH HE3HAYHOTO BKJIALy B aMIUIITyAy PO3CISHHSA, NMPU3BOJIUTEH [0
3HAYHUX 3MIH Yy TapamMerpl Haxwiy MNOpIBHIHO 3 MOro BEIMYMHOIO B YHCTO
€KCIIOHEHIIIAJIbHOMY HaOJM>KEHH1, TOMY B MIATOHII AU(EpEHIaJbHUX MONEePEUYHUX
nepepi3iB KOHYE MOTPIOHO BpaxXyBaTH BHECOK KPUBHU3HHU.

Panime KpuBH3HA MNPOTOH-NPOTOHHOTO TIPYKHOTO  PO3CIIHHSA  OyJa
nociipkeHa Hamu B Aiana3oHi ['eB-nux (ISR) ewnepriit, ne Oyio BHU3HA4YEHO, WIO
HEEeKCHOHeHIlabHa (yHKIis Jumky IlomepoHa, a TakoX HENIHIMHICT HOTO
TPAEKTOPIi CYTTEBO MUKTYIOTHCS EKCIIEPUMEHTAILHUMU JaHUMU [1].

B yHIKanpbHHX eKCHEepUMEHTaX 3 MPYKHOTO pp-po3citoBanHs mpu 8 1 13 TeB,
npoBeneanx B I[EPH [2,3], Takox Oyna BusBIEHAa Taka HEEKCIIOHCHIIIAJTbHA
MOBEJIHKY IU(PaKIIfHOTO KOHyca MPYKHOTO PP-audepeHIliaabHoTo mepepisy.
AHai3 UX JaHUX BCTAHOBUB, 110 qudepeHITliabHIN TPYKHUN TIepepi3 GaKTUIHO HE
CHaJa€e YMCTO EKCIOHEHIIAThHO SK exp(-b|t|) mpu masoMy 3Ha4YeHHI TEPEeIaHOro
IMITYJIBCY [t|, @ CKOpillle JEMOHCTPYE HEHYJIbOBY BEJIMYUHY KPUBU3HHU.

Y [4] vamu Oyno BHUSABJICHO, IO IS BEJIMYMHA KPUBU3HM Ma€ TEHJCHINIO [0
3MEHIIICHHS Ta 3MIHU 3HaKa y BijyaneHii odnacti TeB-Hux enepriid. ¥ 3B’s3Ky 3 UM
BUHMKJIA 1/1€sl TEpEerjiiHyTH JlaHl MpPYKHOTO PP-pPO3CIIOBAHHS ISl IIUPOKOIO

249


mailto:alexanderlengyel39@gmail.com

Teopernuna ¢iznka na 3akapnarri Theoretical physics in Transcarpathia

VYoxkropon, 17-19 rpynus 2024 Uzhhorod, December 17-19, 2024

iHTepBairy eneprii Bix eHeprii ISR mo enepriit LHC s qudpakiiiinoro KoHyca B
paMkax mojeni MakcumanbHOro [lomepona i Oanepona (PMO) y mmpokiit o6macTi
MepeIaHoTo IMIYJIbCY [5].

Ha manomy eTami mOCTiI>KeHHS MOBEIIHKH KPUBU3HU MU BUKOPHUCTOBYEMO MOJICITH
OMO 1t JBOKOMIIOHEHTHOI AaMIUTITyJId PO3CIIOBaHHS 3 TIEPEBOPOTOM Ta 0Oe3
MIePEBOPOTY CIIiHA, JIOAABIIN BHECOK IHTep(DEPEHIIiT KYyJIOHIBCHKOI 1 SIZICPHOT aMILTIITY .
Ile mano 3mMory BpaxyBatH iHTepdepeHIiiiHy o0jacTio AudepeHIaIbHOTO mepepisy i
YTOYHUTH TPOPiib yCEepeTHEHOI MO0 TEBHOMY IHTEpPBaIy IMEPENIaHOTO IMIYJIbCY
KpuBu3HA. OTpuMaHa pe3yibTyloya KpHBa Kpalle OMHCY€E «EKCIIEPUMEHTAIBHY»
KPUBHU3HY Y TIOPIBHSHHI 3 MOMEPEIHIMU CIPONTEHUMH HAOIMKCHHIMH.

[1] P. Desgrolard, J. Kontros, A. I. Lengyel, E. S. Martinov, Nuovo Cim. 110A, 615
(1997).

[2] TOTEM Collaboration, G. Antchev et al. Nucl. Phys. B, 527, 899 (2015).

[3] G. Antchev et al. (TOTEM Collaboration), Eur. Phys. J. C, 79, 861 (2019).

[4] N. Bence, I. Szanyi, A. Lengyel, J. Phys. Studies, 26, 1101 (2022).

[5] A. Lengyel, T. Bence, I. Szanyi, PAST, 12,145 (2023).
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HOBA KOJIBOPOBA CTATUCTHUKA
HEAIUTUBHUX CUCTEM

B.T. Macnrok

Inemumym enexmponnoi ¢isuxu HAH Yxpainu, Yoceopoo
e-mail: volodymyr.maslyukl@gmail.com

OCHOBH KJIACHYHOI CTAaTUCTUYHOI (i3UKK Ta TEPMOAMHAMIKK OyIu 3aKJIajeHi y
apyriit monosuHi 19 -ro cromitrs podoramu JI.K. Makcemnna (1860 pik), JI. Boiasimana
(1871 pik) Ta immmx. IX BiIKpUTTS cTOCYBanocs po3nofily HMOBIpHOCTEH I CHCTEM,
K1 MOXKYTb Iepe0yBaTH y pI3HUX MIKPOCKOIIYHHUX CTaHaX sIK (PYHKIIs €Heprii Iux
CTaHIB Ta TEMIIEpATypH CUCTEMH. [HIIUM THCTPYMEHTOM ISl XapaKTEPUCTUKU TaKUX
CTaHIB, BIIMIHHUM Bi1J] TEIJIOBUX BEJIWYHH, € CHTpOMis, BBeJeHa Knay3iycom. Po6oTu
TaKOTo poJy OyJM HampaBlieHl Ha CTBOPEHHS TEOPETUYHUX OCHOB TEIUIOBUX MAIIMH,
poObOUMM MaTepiajioM SIKMX € Ta30Bl CEPE/IOBMINA, IO CKIAIATUCA 3 CYKYIHOCTI
HEB3a€EMOMIIOUMX MOJEKyJ. Taki cepenoBuIla € MPUKIAAaMU KIACHUYHUX aTUTHBHUX
CUCTEM, XapaKTEPUCTUKH SIKUX — EHEPT1isl, CHTPOMIs Ta 1HII TePMOANMHAMIYHI (PYHKIIIT
€ TIPSIMO MPOTIOPIIITHUMH YUCITY 1X YacTHHOK, N. Y mojanbimomMy nepemik afuTHBHIX
cucteM OyB JONOBHEHMX KBAaHTOBUMH YaCTMHKaMH — (epMioHaMU Ta O030HAMH,
XapaKTEPUCTUKU SKUX TaKOX TMPOIMOPIIHHI iX YHCIEHHOCTI, a OCOOJMBOCTI
3aMOBHEHHS MIKPOCTaHIB BpaxoBaHl cratuctukamu @Depmi— [lipaka Ta boze—
Eiinmrelina.

[Tounnarouu 3 20-T0 CTOMITTA NPEAMETOM JOCIIIKEHHS CTAaBAJIM KOHAEHCOBaH1
cepeIoBUIIA, sIKI MOIJIM Nepe0yBaTh y pi3HUX (pa30BUX CTaHAX BHACHIIOK B3a€MOJIIT
aToMiB Ta MoJieKyJd. Taka B3aemojis Tependavaia BTpaTy aJUTUBHOCTI
TEPMOJIMHAMIYHUX TTApPAMETPIB MO YUCITY YACTUHOK, MPOTE OCHOBU CY4YaCHOI XIMIYHO1
TEPMOJAMHAMIKM BHUIIMCAHI 3 BUKOPUCTAHHSAM aJUTUBHUX TEOPETHUYHUX MOJIeNen
HaBITh JIJI1 TETEPOTCHHUX XIMIYHHUX CHCTeM. | JIMIle OCTaHHIM 4YacoM MPeIMETOM
JOCIIJKEHHS! CTAlOTh HEAJAUTUBHI CUCTEMH, JJIS IKMX TEPMOJMHAMIYHI apaMETpH €
TaKOX HEaJUTUBHUMHU BEIMUYUHAMHU. 30KpEMa, 3M1H 3a3Haia KOHUEMNI11 eHTPOMii, pi3Hi
aBTOPH 3aIpPONOHYBAIM y3arajibHEeHHsS eHTpornii bonbsiiMana-1'166ca [1]. BigMiTHOMO
BJIACTHUBICTIO IIUX (POPMYI € iX HEAAUTUBHICTh 10 MMOBIpHOCTEN (hakTOpHM3allii, 4u
B3araji y3araibHeHa ¢opma entpomii Penni (Rényi) [2], sika BpaxoBye pi3Hi
IMOBIPHOCTI peaJizailiii OJHOTO CTaHy CUCTEMHU.

B nmomoBizi po3risgaioThes ABa KJIACH HEAIWTUBHHUX CHUCTEM, BHYTPIIITHS
EHEPTis SKUX HE JOPIBHIOE CYyMi €HEPTii 3B’ 53Ky 1X eJeMEHTapHUX KOMIIOHEHT, TPOTe
EHTPOIIHI YIEHHW JAHOTO CTaHy MaloTh SIK 3BUYHY JOrapupMiuHy, Tak 1 OUIbII
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yckIagHeHy Ghopmy 3 cyMu (DakTOpiaIbHUX WICHIB IS PI3HUX KOJLOPOBHUX HAOOPIB.
OcoOaMBICTIO HOBOI CTaTUCTHUKU ISl TAKUX CHCTEM € MOXKIIUBICTH TPAKTyBaTH iX
CKJIQJIOB1 YACTUHHU SIK CTATUCTUYHO HEEKBIBAJICHTHI, KOJIM BOHU € HaBITh OJTHOTO COPTY
(aToMM, HYKJIOHHM), ajle 3 BiAMIHHUMU €HEprisIMH 3B’A3Ky. IX CTaTHCTHYHA
HEEKBIBAJICHTHICTh MOTpeOy€e BBEACHHS OKPEMHUX MAapKepiB MJisi LHUX YaCTHUHOK,
HANPUKJIaA, YABHUX KOJbOPiB. [Ipy 11bOMy JUIsl 1-TO €HEPreTUYHOIO CTaHy CHUCTEMU
3MIHIOETbCSI TIPABUJIO BCTAHOBJIEHHS MHOro BHUPO/DKEHHS Wi ypHOBAa MOJETb,
KOMOIHAaTOpHKa HE YOpPHO-OUTMX, a KOJbOPOBHX KyJb. EHTpomiiiHi wieHH, sKi
OTPUMYIOTBCSI ISl TaKUX CHUCTEM, MArOTh NPUPOJHE TOSCHEHHS CKOpillle HE B
TepMiHaX TEPMOJIMHAMIYHOI Teopii, a B paMkax iX 1H(opmariiiHoi €MHOCTI Ta
J1aOUTIBHOCTI MEPETBOPEHB ISl IOCSATHEHHS PIBHOBA)KHOT'O CTaHy. [HIIMMU clioBamH,
3alpoNOHOBaHA TEOpis JO3BOJISE JIOCHIKYBATU YIOPSAKYBAHHS HEATUTUBHHUX
CUCTEM, €HepreTuyHi napamerpu skux {U;} BHU3HAYAIOTBCS Uepe3 MapaMeTpu
B3a€MOJI] MK YaCTUHKaMHU {X;} Ta MAaCHBH KOJbOPOBUX HAOOpIB {Njj}, SIKI MOKHA
CTBOPHTH JJI KOKHOI'O IapameTpa 3 Habopy {Xi}. B ymoBax cranux temnepatypu T
Ta TUCKYy P pIBHOBaXHWI CTaH Takol CHUCTEMH JOCATAETHCS MPU MAKCUMAIBHOMY
3HAY€HHI BUIbHOI eHeprii ['166ca G:

Gi=Ui-TS;+PV, (1)

xapaktep 3MiHu sk0i AG = AH - TAS Bu3HauaeTbcs 4yepe3 BIUIMB MPOTUIICKHUX
¢akTopiB —eHTpomiitHOTO TAS Ta eHTanbmiinoro AH. B po6oTi po3rasHyTO BUMaIKH,
ko Uj mae HeammTHBHY 3anexHicte Bif umcia gactuHok Ui = Ui ({Xi}, {ni}),

>y =N
j

, @ EHTPOIMIMHUI (PaKTOp MOMXKHA MPEICTABUTH Y BUTJISI/IL:

N!
(=)
nij.
Si =In i JUTSL AIEPHUX CUCTEM (a) (2)

N!
({nzn}Znu!)

Si=1In J 1T oJTiMepHuX cucteM (D)

Bupa3 2 b) mae cxoxicTe a0 eHTpomii PeHbi Ta iHTEpHmpeTyeThcsi B paMKax
iH(pOpMaIIiifHOT EMHOCTI, Ta0ITLHOCTI CTPYKTYpH (iznunoi cuctemu. Bupaswu (1) ta (2)
OyJl0 BHKOPHCTAHO JUIsi MOOYJOBH HOBOI KOJBOPOBOi CTATHUCTHKH, SKA TO3BOJISIE
pO3paxoByBaTU WMOBIPHOCTI peajizallii 1-BUX CTaHIB HEQJUTUBHOI CHUCTEMH IpHU
temneparypl T, Tucky P Ta BpaxyBaHHI KonbOpoBHUX HaOO0piB {Njj}, popmyna (2).
3anpornoHoBaHa KOJILOPOBA CTATUCTUKA JO3BOJISE€  OUIbII  aJ€KBATHO
BCTAHOBUTHU OCOOJIMBOCTI YHOPSAKYBaHHS yJaMKIB MOJUTy aToMHUX sigep [3] Ta
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MacuBIB METAcTaOlIbHUX CTPYKTYp, SIKI MOXYTh YTBOPUTHCS MpH pajialiiHin
dbparMenTaiii BaXJIMBUX 115l 610TH O100pTaHIYHUX MOJICKYJ [4].

[1] C. Tsallis. Nonadditive entropy: The concept and its use. Eur. Phys. J. A 40, 257
(2009). https://doi.org/10.1140/epja/i2009-10799-0

[2] T.S. Biro, A. Deppman. Entropy. Non-Additive Entropy Formulas: Motivation and
Derivations. 25(8), 1203 (2023). https://doi.org/10.3390/ e25081203

[3] V. Maslyuk, et al. Schottky-like phase transition in the fission of atomic
nuclei: 235U. (2018). DOI: https://doi.org/10.1103/PhysRevC.98.064608

[4] V. Maslyuk, A. Zavilopulo , V. Hanulych, N. Svatyuk, O. Pop, O. Simkanich.
Computer 3D modeling bioorganic compounds: How the amino acids can be
created? AIP Conf. Proc. 2872. 090004. (2023). https:// doi.org/10.1063/5.0163041
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QUANTUM DYNAMICAL EMULATION

Gerard McCaul

Loughborough University, Loughborough, United Kingdom
e-mail: G.McCaul@Iboro.ac.uk

Here | introduce a constructive method for mapping non-unitary dynamics to a
weighted set of unitary operations, termed Quantum Dynamical Emulation (QDE).
This construction is then used to derive a new correspondence between real and
Imaginary time. This enables an imaginary time evolution to be constructed from the
overlaps of states evolved in opposite directions. ITQDE is then developed as a tool
for estimating the ground and thermal state properties associated with a given
Hamiltonian.

Additionally, a prescription for leveraging ITQDE to estimate the complete
Hamiltonian spectrum (shown in Fig. 2) is outlined. This is used to develop a quantum
algorithm for computing Hamiltonian spectra based on ITQDE, which is validated
through numerical simulations and quantum hardware implementations.

Set of unitary
operations {U;} on state p

Llp) = 32, kiUipld;

‘ ‘Irtmr!:r{!t Llp| as Repeated application of £|p]
infinitesimal generator to initial state pg
pr + A7) = L{p(7)] + O(AT") Pm = L™ [po]

Corresponding differential equation
is non-unitary evolution Interpret p,, as average
dir () = G[p(r)) of unitary evolutions

Quantum Dynamical Emulation
PIMAT) = pm

Figure 1:Schematic Representation of the QDE procedure
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Finally, I will discuss how ITQDE can be utilized more broadly to derive novel
thermodynamic results, including a generalisation of the Hubbard-Stratonovich

transformation.
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Figure 2: Spectral calculation performed using ITQDE. Dashed lines are the exact
eigenenergies of the system, solid lines are the results of evolution using QDE.

A pre-print of this work can be found at: https://arxiv.org/abs/2403.03350
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DFT STUDY OF HALF-METALLIC FULL-HEUSLER ALLOY
N2CaNa: STRUCTURAL, ELECTRONIC, MECHANICAL
AND THERMODYNAMIC PROPERTIES

E.B. Ettah!, M.E. Ishaje!, Kseniia Minakova?, Valentyna Sirenko3, lvan Bondar?

L University of Cross River State, Calabar, Nigeria
2 National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
3Verkin Institute for Low Temperature Physics and Engineering of the NAS, Kharkiv,
Ukraine
e-mail: Kseniia.Minakova@khpi.edu.ua

This study explores the structural, electronic, mechanical, and thermodynamic
properties of the full-Heusler alloy N,CaNa, using density functional theory (DFT) to
assess its potential in advanced applications like spintronics and structural engineering
[1, 2]. The results indicate that N,CaNa is structurally stable, exhibiting half-metallic
behavior with significant implications for spintronics. Mechanical and thermodynamic
analyses further suggest that the alloy is suitable for environments requiring durable
materials with high thermal stability, paving the way for applications in technology
sectors where electronic and structural reliability are essential.

Heusler alloys, intermetallic compounds with flexible electronic, magnetic, and
mechanical properties, have drawn attention for their use in high-performance
applications, particularly in spintronics. Full-Heusler alloys, with their characteristic
formula X,YZ, include transition metals and main-group elements and are renowned
for their tunable properties. One is half-metallicity—a behavior where one spin channel
Is metallic, and the other is semiconducting. N.CaNa, a lesser-known full-Heusler
alloy, has been proposed for advanced applications due to its theoretical half-
metallicity and thermal stability, which make it attractive for spintronic devices and
materials requiring tailored thermal and mechanical resilience.

This study applies density functional theory (DFT) to comprehensively analyze
N.CaNa’s properties, establishing its potential for practical applications. DFT
calculations allow us to investigate the atomic structure and electronic interactions
from first principles, offering accurate predictions of properties such as stability,
electronic band structure, and thermodynamic behavior [3].

The primary aim of this study is to characterize N,CaNa through DFT to assess its
potential for applications in spintronics and structural engineering. Specific objectives
include determining optimized structural parameters, such as lattice constants and bond
lengths, to confirm stability; analyzing electronic properties, including band structure
and density of states (DOS), to investigate half-metallicity and suitability for spin-
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polarized conduction; evaluating mechanical properties, like elastic constants and the
bulk-to-shear modulus ratio, to determine N,CaNa’s response to stress; examining
thermodynamic properties to gauge the material’s stability over various temperatures
Is crucial for high-temperature applications.

The DFT calculations were conducted using the Vienna Ab initio Simulation
Package (VASP), chosen for its efficient plane-wave basis set and projector augmented
wave (PAW) method. The Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) was used for the exchange-correlation function, and an energy
cutoff of 500 eV ensured accurate wavefunction representation. We also used Quantum
ESPRESSO for specific thermodynamic calculations. Key input parameters included:

« Lattice Structure and K-Point Mesh: A face-centered cubic (FCC) Bravais
lattice and an 8x8x8 Monkhorst-Pack k-point grid were applied to model the crystal
structure accurately.

. Convergence Settings: Electronic convergence was set to 10°eV with force
convergence at 0.01 eV/A for each atom.

Structural optimization was achieved through the third-order Birch-Murnaghan
equation of state, optimizing lattice constants and minimizing energy. Electronic band
structure and DOS were calculated to explore the alloy’s electronic characteristics.
Mechanical properties were derived from elastic constants, bulk modulus, and shear
modulus values, while thermodynamic properties were assessed using Debye and
Einstein models to predict stability across temperatures.

N,CaNa displayed a stable structure with an equilibrium lattice constant of
approximately 5.94 A. The formation energy, calculated as 29.90 eV, confirmed its
energetic favorability and crystallographic stability, both essential for applications
requiring resilient materials. The electronic band structure revealed half-metallicity,
with metallic behavior in the majority spin channel and a narrow bandgap (~5.08 eV)
in the minority channel. This distinct feature allows N,CaNa to conduct spin-polarized
electrons, a valuable property for spintronics where data is processed via electron spin
rather than charge. The DOS further corroborated this, with significant contributions
from nitrogen 2p, calcium 2s, and sodium 4p orbitals near the Fermi level. Such
hybridization between atomic states contributes to N,CaNa’s potential in spin-based
electronic applications, enabling efficient data storage and processing. The calculated
elastic constants and bulk-to-shear modulus ratio (B/G = 4.77) suggest that N,CaNa is
ductile, compliant with Born’s stability criteria, and capable of withstanding stress
without fracturing. The bulk modulus of approximately 60.6 GPa and Young’s
modulus of 35.6 GPa indicate a moderate stiffness and resistance to deformation,
making N2CaNa viable for structural applications where materials must absorb
mechanical energy and resist fracture. Thermodynamic stability was examined via heat
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capacity and entropy calculations across temperature ranges, with results aligning with
the Debye T° law at low temperatures and the Dulong-Petit law at high temperatures.
This behavior suggests that N,CaNa remains stable under varying thermal conditions,
making it suitable for applications requiring thermal resilience, such as electronics
where consistent thermal management is critical.

The DFT analysis of N,CaNa confirms its potential as a versatile material with
wide-ranging applications. Structural stability, half-metallic electronic behavior,
mechanical flexibility, and thermodynamic resilience collectively position N,CaNa as
a promising candidate for spintronic, structural, and high-temperature applications.
Future experimental studies are recommended to validate these theoretical findings and
explore real-world feasibility. Given the alloy’s unique properties, NoCaNa could
transform next-generation devices requiring high-performance materials with
specialized electronic and mechanical traits.

[1] O. Appel, G. Breuer, S. Cohen, O. Beeri, T. Kyratsi, Y. Gelbstein, S. Zalkind,
Materials 12, 1509 (2019).

[2] X. Zhang, J. Magn. Magn. Mater. 477, 287 (2019).

[3] E.B. Ettah, K.A. Minakova, M.E. Ishaje et al., Low Temp. Phys. 49, 1389 (2023).
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CAMOIIOJIAPU3ALLA
HIBUAKHUX EJJEKTPOHIB
Y CWIBHOMY MATHITHOMY HOJII

O. HoBak, M. JIsuenko, P. XonomoB

Inemumym npuxnaonoi gizuku HAH Ykpainu, Cymu
e-mail: novak-o-p@ukr.net

Pamiamiitna camomomsipu3aiiiss  €IEKTPOHIB y Mar"iTHoMmy Tmom  Oyna
nepeadayeHa TEOPETUYHO, a Mi3HIIIE MATBEPKEHA EKCIIEPUMEHTAIILHO 1 MAa€ BaXKJIMBI
3acTocyBaHHA y (i3uil npuckoproBauiB [1]. Januit epekT nondrae y Tomy, 1o AJis
€JIEKTPOHIB Y HAKOIUYYBaJIbHOMY KUJIbLI1 IOCTYOBO 3pOCTA€E CTYIIHb MOISpHU3aLli

Ny — N_

N, +N_’
ne N — KUIbKICTh €JIEKTPOHIB 31 CIIIHOM B3JI0BK Ta MPOTH M0Jis. [{e MosICHIOETHCS TUM,
10 BUIPOMIHIOBAHHS (POTOHA EJIIEKTPOHOM MOXE HPU3BECTH TaKOX 1 JO 3MIHHU
HanpsMy WOTO CHiHYy, TPUYOMY IMOBOPOT CIIHY MPOTH HAMPSIMKY MAar”iTHOTO IOJS €
nenio Ou1bII iMOBipHUM. B pe3yinbraTi BennunHa P eKCoHeHIIMHO HaOIKaeThes 110
piBHOBa)kHOTO 3Ha4YeHHs P~—0.92.

B HaBeneHMX MipKyBaHHSX ICTOTHUM TMPUMIYIICHHAM € CTajiCTh EHeprii
€JIEKTPOHIB, 110 3a0€3MeYy€eThCs pOOOTOI0 HAKOMUYYBAJIBLHOTO KUIBIS. Y BHIAIKY
BHCOKOI €HEprii eJIEKTPOHIB CTalOTh MOMITHUMH SIK BTpaTa €Heprii eeKTpoHaMu, TaK
1 OUThII CKJIaJHA 3aJIEKHICTh IMOBIPHOCTI BUIPOMIHIOBAaHHS BiJ criHy. KpiMm Toro,
CWJIbHE MArHITHE TIOJie JIETHIe CTBOPUTH B MajoMy OO’€Mi MpPOCTOpPY, TOMY
TIMOTETUYHUN EKCIIEPUMEHT SIBIATHUME COOOI0 BUIBHUM MPOJIT €JEKTPOHIB uepes
00J1aCTh 3 MarHiTHUM Mnojem. Bigmitimo pobotu [2,3], 1€ 3anponoHOBaHO MEXaHI3M
oJiepKaHHSI CMJIBHOTO MarHiTHOTO MOJISl 3aBISKU B3a€MOJII1 IIUTBHOTO €JIEKTPOHHOTO
Imy4Ka 3 MIIIEHHIO, PO3TAIlIOBAHOIO IMiJl TOCTPUM KyTOM. ABTOPH AAlOTh OLIHKY TOJIS
4 TTc gna eneprii 10 T'eB Ta mineHocTi myuka 10% cm, mogibuux 10 mapameTpis
ycranoBku FACET-II [4].

B nmaniii po0oTi MU poO3MISAaEMO MPOLEC CaMOMoJsgpu3alii eJeKTPOHIB 3
ypaxyBaHHSIM TOYHOI CIIHOBOi 3aJI€KHOCTI IMOBIPDHOCTI Ta BTpPAaTU €HEprii
eJeKTpOHaMH. IMOBIPHICTH CHHXPOTPOHHOIO BHUIPOMIHIOBAHHS MOXHA BHUPA3UTU
yepes mapamerp e=EH/(mc?H.), ne E — enepria enextpona, H — MaruiTHe IoJe,
H~4.41-108 I'c — kputnune llBinrepiscbke mosne. [Ipy 1bOMY 9ac BUMIPIOETHCS B
omuHUIAX t=(amp)?, 1e o — cTana TOHKOI CTPYKTYpH, My — HUKJIOTPOHHA YacTOTa.
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o0 oxmep:katu 3aleKHICTh CTYNEHIO MOJSpU3AIIii Bil Yacy, pO3B’sI3yeEMO PIBHSHHS
OaytaHcy BITHOCHO (PYHKIIiH pO3MOIiTY €JIEKTPOHIB:

nu(t,e) = / (nu(t, Nwpu(ee’) + n_u(t,sf)w%_ﬂ(e,s’ﬂ de’ —n,(t,e)W,(e)
3
ae N,(t,e) — rycThHa po3MOALTY €JIEKTPOHIB 3a eHeprisaMu, W,,(&',€) — audepeniiaabHa
IMOBIpHICTh BHUINPOMIHIOBaHHS B ofuHHIIO dacy, W,(¢) — MoOBHa IMOBIPHICTb
BHUIPOMIHIOBaHHS B OJIMHMITIO Yacy.

Ha puc.1 300paxeHo 3aIeKHOCT1 CTYIICHIO MmoJisgpu3aliii P Bij 6e3p0o3MipHOTO
yacy t/to. 3ayBaxkumo, MO B JaHOMY BHIIQJKy EJIEKTPOHU IOCTIHHO BTPAvarOTh
€HEPrilo Ha BUIPOMIHIOBAHHS, TOMY HE MOKHA TOBOPHUTH IIPO PIBHOBAKHE 3HAYEHHS
CTYNEHIO TOJIsApU3allli, a JIUIIE MPO KIHIIEBE 3HAYCHHS MICIS MPOXOIKEHHS JESKOI
TUISHKY 1oJid. Ik BuAHO 3 rpadikiB, B 00JacTi MaJIMX MapameTpiB € BiOyBaeThCs
MIBUJKE 3POCTAaHHS KIHIIEBOTO 3HAYEHHs TMoJispu3aliii npu 3pocranHi €. Jma €>1,
OJIHaK, KIHII€BE 3HAUECHHS Mali’ke He 3MIHIOEThCS 1 cKitagae 0am3bko —0.8. HaTtomicTh
30UTBIIY€ETHCS Yac, HEOOX1THUM 1JIs1 JOCSTHEHHS IbOTO 3HAYCHHSI.

0.0 A 0.0 A
—0.2 - —0.2 A1
P J

_04 i _04 A
06 ~0.6
—0.8 A

_08 T T T T T T T T T T

0 100 200 300 400 0 100 200 300 400

(@) t/to (6) tito

Puc. 1. 3ajiexxHICTh CTyNEHIO MoJigpU3allii Bij yacy. 3HaUEHHS MapaMeTpy &,
BiJl TOHKMX 110 TOBCTHX JiHiM: (a) 1072, 0.5, 2, 20; (6) 2-:10%, 2-10%, 5-103, 10%.

Jlnst nanipy>kenocti monst 4 I'T'c Ta eneprii 10 I'eB [3] orpumaemo ortinky to=1.7
¢dc ta €=2. Sk BumHO 3 puc.l(a), B JaHOMY BHUIAJKy CTYMiHb MOJSpHU3AIi MOXKE
nocsiruyTd 3HadeHHst —0.56 3a yac Omusbko 170 ¢c, micns voro pict P 3HauHO
croBinbHIOETHCA. [Ipu 3HaueHHi mapameTpy £=10% kiHneBa nonspusanis 3pocrae 10
—0.8, ane yac nonsipuzanii 301IbIIY€E€THCS Mai>ke B TPU pasu.
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NEW SOLUTIONS FOR KERR WITH MATTER

A.J. Nurmagambetov!-23

1 Akhiezer Institute for Theoretical Physics of NSC KIPT, Nat. Acad. Sci. Ukr.,
Kharkiv, Ukraine
2 Department of Physics & Technology, Karazin Kharkiv National University,
Kharkiv, Ukraine
3 Usikov Institute of Radiophysics and Electronics, Nat. Acad. Sci. Ukr.,
Kharkiv, Ukraine
e-mail: ajn@kipt.kharkov.ua; a.j.nurmagambetov@gmail.com

We construct [1] solutions for the Kerr type rotating black hole with non-trivial
matter in flat and (A)dS backgrounds. Symmetry arguments and singularity analysis in
the proposed black hole models make it possible to fix the free parameters of the
solutions; the energy conditions constraint configuration and field content of external
matter. As a result, we establish a special type singularity in the north and south pole
directions, generating the bipolar outflow of particles from black holes. We briefly
discuss the extension of the proposed construction to the Vaidya and Kerr-Vaidya type
black holes, and properties of the solutions.

The work was supported in part within the Cambridge-NRFU 2022 initiative
“Individual research (developments) grants for researchers in Ukraine (supported by
the University of Cambridge, UK)", project No2022.02/0052.

[1] A.J. Nurmagambetov, Studying KARMA (Kerr and Relativistic Matter
Around), Preprint [arXiv:2411.07852 [hep-th]].
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THEORY AND EXPERIMENT OF GRAVITON PHYSICS

T.V. Obikhod

Institute for Nuclear Research NAS of Ukraine, Kyiv
e-mail: obikhod@Kkinr.kiev.ua

In the framework of physics beyond the Standard Model, an experiment is
presented to search for a chiral graviton mode. These particles were found in a special
type of liquid that behaves in a special way under the influence of a magnetic field.
Studying the properties of graviton modes will provide an opportunity to understand
guantum gravity.

To study gravitational modes, inelastic scattering of photons is considered, modeled
using microscopic theory with Hamiltonians at different filling factors [1]. A common
feature of fractional quantum Hall (FQH) fluids is multiple graviton modes (GMs) in
different subspaces in one Landau level (LL). The number of observed GMs is
dynamical and meaningful for specific interaction Hamiltonians. Each GM can be
interpreted as the null spaces of model Hamiltonians within one LL.

Our goal is to present the geometric origin of GM and the hierarchical structure of
conformal Hilbert spaces as null spaces of model Hamiltonians. We then introduce K-
group theory to identify each set of GM excitations, which leads to a topological
explanation of the emergence of multiple GM.

We’ll use the following Hamiltonian
N

H= Z %gabﬁiaﬁib + I7l'nt
i=1

where #;, = p;, + ed;, — the dynamical momentum operator of the i-th electron, 4;

is the external vector potential, connected with magnetic field by formula

B = €*9,A;,. V,,; describes the dynamics only within a single LL, the magnetic

length is Iz = W. The Hilbert space of a single LL, referred to as the lowest LL

(LLL), is parametrized by the metric g#?, which leads to density modes in higher LLs,

known as “cyclotron gravitons". The Hilbert spaces like LLL are called conformal
Hilbert spaces (CHSs) as they are generated by the conformal operators like the
Virasoro algebra, known as the Virasoro constraint in string theory, applied only on
the physical states. Such CHSs are built up with quasiparticles. Fig. 1 illustrates a
hierarchical structure of CHS in the LLL.
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Figure 1. The hierarchical structure of the CHSs in the LLL.

We can use the apparatus of the K-group for calculation of Hilbert space states of
charged particles for explanation of the FQHE, which are topological phases of LLLs.
Since we are dealing with four types of interaction, it is appropriate to use the apparatus
of vector bundles to describe a complex formation of D-brane type. B-field interacting
with D-branes can be taken into account through the Dixmier-Douady invariant, which
characterizes the bundles and describes the strength of the Neveu-Schwarz B-field
interacting with D-branes. D-branes are topological solitons whose charges are
described by Grothendieck K-groups. Reduction of twisted K-groups to an exact
sequence of the form
0-2-2-72,-0

leads to the result
Ko(S®n[H]) = Z, .
This group value determines the topological charges of the D6-brane in the presence

of the Neveu-Schwarz -field [2].

[1] Wang, Y., Yang, B., Phys. Rev. B 105, 035144 (2022).
[2] Yu. Malyuta, T. Obikhod, Reports of the NAS Ne 6, 84 (2001).
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IS THE REALIZATION OF COSMOLOGICAL ENERGIES AND
PROCESSES POSSIBLE IN LOCAL ASTROPHYSICAL EVENTS?

Oleksandr Bukalov

Center for Physical and Space Research of the International Institute of Socionics,
Yu. Illenka str., 12, Kiev-050, 04050, Ukraine
e-mail: boukalov@gmail.com

If the baryogenesis process occurred at energies below 1012GeV, it should also
occur in modern high-energy astrophysical processes, the indicators of which are ultra-
high-energy cosmic rays. But this would lead to a regular and significant violation of
the law of conservation of baryon number in the form of the effect of proton decay.
However, experimental data impose significant restrictions on this process. Therefore,
we propose the principle of energy prohibition, according to which it is impossible to
achieve energies at which baryon number violation can occur in astrophysical and
experimental local processes in a cosmologically stable vacuum. This conclusion
supports the baryogenesis models realized in the era of Grand Unification or during
inflaton decay, i.e. at energies of 1013+ 2-10%GeV. Therefore, baryogenesis models

considering energies below 10*2GeV need to be revised.
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SQUEEZING AND AMPLIFICATION IN OPEN QUANTUM
SYSTEMS WITH COLOR CENTERS IN THE LIMIT OF A LARGE
NUMBER OF LEVELS IN THE JAYNES-CUMMINGS MODEL
R.T. Ovsiannikov?, D. Bondar?, A.G. Sotnikov!

L NSC «Kharkiv Institute of Physics and Technology», Kharkiv Ukraine
2Tulane University, New Orleans, Louisiana, United States

Coupling microwave modes confined in a cavity with diamond slabs or films
enriched with numerous color centers could pave the way for novel approaches to
reducing noise. It also opens possibilities for advanced methods of signal processing
and the generation of quantum microwave states. One of the key advantages of
diamond color centers is their unique ability to reach their ground state when
illuminated with optical light. This preparation technique transforms the color centers
into an ultra-low-noise system. Effectively, this means they become an extremely low-
temperature medium, making them ideal for processing and controlling microwave
signals.

Ensembles of few-level emitters have the ability to create nonlinear interactions
for electromagnetic fields. To achieve this, the energy level structure is often
engineered, and external driving fields are applied to induce effects like
electromagnetically induced transparency. This phenomenon is crucial because it
minimizes unwanted absorption, which typically arises when nonlinearities are
accompanied by the decay of energy levels in the emitters. The absorption issue is
usually a major concern, but it becomes less problematic when dealing with color
centers.

For example, in nitrogen-vacancy centers, the spin levels with the lowest energy,
such as a three-level configuration, have exceptionally long lifetimes. As a result,
energy loss due to decay is significantly reduced, making these systems more efficient.
Beyond that, ensembles of emitters can also create nonlinear effects for single
electromagnetic modes. However, the magnitude of these effects is limited to the
strongest nonlinearities that could be produced by a single emitter.

The advantage of using an ensemble lies in its ability to increase the effective
coupling strength. In simpler terms, when multiple emitters work together, they
enhance the interaction rate. If an individual emitter has a coupling rate of go, an
ensemble with N emitters functions as if it were a single emitter with a much higher
coupling rate proportional to the square root of N, g=N2g,. This increase in coupling
strength is particularly useful for generating nonlinearities off-resonance, making
ensembles a powerful tool for amplifying interactions.
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At this research stage, we replace the ensemble of N two-level emitters by a
single N-level emitter and describe it in the framework of the Jaynes-Cummings model.
We consider the interaction of this N-level emitter with the cavity mode in the limit of
large N and employ the Holstein-Primakoff transformation for this purpose. To
determine the parameters at which the highest amplification and the lowest squeezing
are achieved, we construct and solve the equations of motion for the system under study
in the framework of the perturbation theory. As a result, we obtain the conditions for
parametric resonance in the system, accounting also for the impact of the damping
processes.

R.O. and A.S. acknowledge support by the National Research Foundation of
Ukraine under the call "Excellent Science in Ukraine", project No. 235/0073.
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QUANTUM OPEN SYSTEM IDENTIFICATION FROM TIME-
SERIES DATA VIA GLOBAL OPTIMIZATION: OPTIMALLY
ACCURATE MARKOVIAN MODELS WITH GENERAL MASTER
EQUATION IN KOSSAKOWSKI FORM

Denys I. Bondar,'* Zakhar Popovych,!" Kurt Jacobs,>* * Georgios Korpas,*>* and
Jakub Marecek®"

!Department of Physics, Tulane University, New Orleans, LA 70118, USA
2DEVCOM Army Research Laboratory, Adelphi, Maryland 20783, USA
3Department of Physics, University of Massachusetts at Boston, Boston,

Massachusetts 02125, USA
*HSBC Lab, Innovation & Ventures, 8 Canada Square, London E14 5HQ, U.K.
*Department of Computer Science, Czech Technical University in Prague, Karlovo
nam. 13, Prague 2, Czech Republic

emails: dbondar@tulane.edu, -“zpopovych@tulane.edu, “dr.kurt.jacobs@gmail.com,
sgeorgios.korpas@hshc.com, Yjakub.marecek@fel.cvut.cz

Accurate models of the dynamics of quantum circuits are essential for optimizing
and advancing quantum devices. Since first-principles models of environmental noise
and dissipation in real quantum systems are often unavailable, deriving accurate
models from measured time-series data is critical. However, identifying open quantum
systems poses significant challenges: powerful methods from systems engineering
perform poorly beyond weak damping because they fail to incorporate essential
constraints required for quantum evolution (e.g. positivity). Traditional methods that
can include these constraints are typically multi-step, fitting linear models to physically
grounded master equations, often resulting in non-convex functions in which
optimizers get stuck in local extrema. In this work, we solve these problems by
formulating quantum system identification directly from data as a polynomial
optimization problem, enabling the use of recently developed global optimization
methods. These methods are essentially guaranteed to reach global optima, allowing
us to efficiently obtain the most accurate Markovian model for a given system. This
allows us, for example, to take the error of these Markovian models as an operational
measure of the non-Markovianity of the system. We test our method with the spin-
boson model — a two-level system coupled to a bath of harmonic oscillators — for
which we obtain the exact evolution using matrix-product-state techniques. We show
that polynomial optimization significantly outperforms traditional state-of-the-art
optimizers, and we show that even for strong damping Kossakowski-form master
equations can provide accurate models of the spin-boson system (fractional errors at
the level of 1073). Using Breuer’s measure of non-Markovianity as an example we show
that there can be large differences between such measures and the accuracy of the best
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Markovian models, and both measures are highly non-monotonic with the damping
rate. We expect that our method can be extended to non-Markovian models, and has
the potential to significantly improve quantum system identification and control, with
applications ranging from gquantum gate design to error correction.

This research aims to formulate quantum system identification as a polynomial
optimization problem (POP) to recover physically well-grounded master equations
directly from experimental data, benefiting from the existence of global optimization
techniques tailored for such problems.

In our study, polynomial system identification was used to identify the parameters
of the GKSL master equation in form [1]:

n?-1
d 1
—==ilHpl+5 > Ca([furf1+[fip f1]) = Knc(®)

kl=1
where p is the density matrix, H - Hamiltonian, and C,; — Kossakowski matrix
responsible for the dissipation in the system, f, — basis operators. The uniform
discretization of the integration domain [0, t], by sampling the process N times, yields
the formulation for the identification of the parameters of Kossakowski super-operator
Ky c(p) as the following unconstrained polynomial optimization problem and the
associated unconstrained POP:

N
r;,l}ngllpm — e Kuct p, |
i=1

Our research validates this approach through a case study on the spin-boson
system, indicating high fidelity between exact trajectories and model outputs, alongside
the models’ correlation with non-Markovian behaviors [2].

This novel method simplifies the identification process, reduces computational
demands, and minimizes numerical errors. Our findings highlight the effectiveness of
polynomial optimization in managing both Markovian and complex non-Markovian
open quantum systems, promising advancements in quantum system control [3, 4, 6].

Keywords: Open quantum systems, system identification, polynomial optimization,
Lindbladian master equations, Kossakowski matrix, Markovianity, spin-boson
system.
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EJIEKTPOHHE 3BY/I’KEHHS TA IOHI3ALIISA ATOMIB
BAKKHNX METAJIIB
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e-mail: viktoriyaromanll@gmail.com

Ha cboroani st O11IIOCTI BaXKKUX aTOMIB Ta 10HIB TEOPETHYHI PO3PAXyHKH
nepepiziB 10H13aIlli Ta 30y/DKEHHS € qy’Ke HEHAIIMHUMHU, 110 € HACIIIKOM CKJIQIHOI
OyIIOBH iX €JIEKTPOHHUX OOOJIOHOK. [3 30UIBIICHHSM YHCIia €JIEKTPOHIB 3MIHIOETHCS
XapakTep 3B’S3Ky MDK iX MOMEHTAaMM, BUHUKAa€ 3MINIyBaHHS KOHIryparii, 0o
poOUTh HEMOXJIMBOK KJacu(ikaliro B TepMmiHax 4YHCTHX cTaHiB. Ll pobota
MPUCBAYEHA pO3paxyHKaM IMepepi3iB 10HI3AMIl E€JIEKTPOHHHM YyAApOM BaXXKUX
OaraTtoesleKTpoHHUX atomiB cBUHIO (PD) Ta Gicmyty (BIi). Touni maHi nmpo mepepizu
10HI3aMii MpHU 3ITKHEHHSAX IMOBLIBHUX EJICKTPOHIB 3 aTomamu PD Ta Bi Marorh sk
dbyHIaMEHTAIbHUI 1HTEPEC, TaK 1 Ba)JIMBE MPHUKJIAJIHE 3aCTOCYBaHHS, 30Kpema, B
actpodizuunux gocnipxeHHsX. [Lnpoky po3noBCIOIKEHICTh CBUHITIO OYJI0 BUSIBJICHO
y BIJJAJEHUX 3IpKax Hamoil rajiakTuku [l] W acTpOHOMIYHI CIOCTEPEKEHHS
MOKa3yl0Th, 1[0 Taki 3IpKU 30aradyeHi CBUHIEM OUIbIIE, HDK OyAb-SKUM I1HIIUM
XIMIYHUM €JIEMEHTOM, SIKUM € BaX4YWM 3a 3al130. [aKoX BUIPOMIHIOBAHHS
CHEKTpaJIbHUX JIIHIM OICMYTy BHUSIBJICHO Y XIMIYHO MKy sipHuX 3ipkax HgMn y JIymi
ta HR 7775 [2].

Po3paxyHku TpoBeAcHi 3a JOIMOMOrorw mporpamuoro makera Flexible Atomic
Codes [3] nutaxoMm po3B’si3ky piBHsAHHS [lipaka-®Poka-CreTepa B pelATHBICTCHKUX
HaOmmxeHHsx Kymnon-bopna (CB), cnoTtBopeHux xBwib (bw) Ta OIHApHUX 31TKHEHB
(BED). EdexTr BUIIUX MOPSAKIB OyJIM BpaXOBaHI MUISTXOM BKJIFOYCHHS BpeTiBChKOT
B3aemoii. binmbin geranbHo AMB. B [4-5].

Jlnsg Toro, moO OIIHUTH MOXJIMBOCTI BUKOPHUCTAHMX METOAMK Yy HaIIUX
TEOPETUYHUX PO3PAXyHKAX, MU MTOPIBHSIM OTPUMaHI1 MOBHI IEPepi3u MPsMOi 10H13a111i
atoma Pb enekTpoHHUM yAapoM 13 HassBHUMU Y JIITEpaTypl EKCIEPUMEHTAIBHIUMH Ta
TeOpeTHYHUMHU aaHuMu [6-8]. Ha puc. 1 HaBeJeHO MOpPIBHSIHHS MOBHUX IEpepi3iB
npamoi  ioHizalli  XGin=0ion(6p?)+Gin(65?)+Gion(5d°), oTpumManumx Hamm 3
BUKOPHUCTAHHSM TPbOX HAOIMKEHb 3 pO3paxXyHKaMHU MIOBHOTO Mepepi3y MpsIMOi 10H13a11ii
6p Ta 6s 0GONOHOK aroma Pb eNeKTpOHHUM YHAPOM XGion=0ion(6P?)+6Gion(6s%) [8],
BUKOHAaHUMHU y HaOJIMKEHH1 3aJIe)KHOTO BiJl 4acy cuibHOro 3B’s3Ky kananiB (TDCC -
time-dependent close-coupling method). /lani Hammx TEOPETHYHHUX PO3PAXYHKIB
MOPIBHIOKOTHCSA TaKOX 3 EKCIIEPUMEHTAIbHUMH JaHMMH Tiepepi3iB ioHizarii atoma Pb
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EIeKTPOHHUM yaapoMm [6] Ta [7], mid SKAX HEBU3HAYCHICTh EKCIIEPUMEHTATLHUX
pe3ynbTatiB ctanoBuia 10% Ta 7%, BiAMOBIIHO.

SAx 6aunmo, y OusTIOoporosii odacti eHepriil 1o 10 eB Halikpaitiie criiBmaiHHs 3
excriepuMeHToM Jae HaOmkeHHs BED. [Ipu OU1bI BUCOKHX €HEPrisiX BCl TEOPETUYHI
JlaHl Jar0Th 3aHW)KEHI pe3ysbTaTh. Lle moB’si3aHo 3 TUM, IO Hallll IaHl Ha PUCYHKY He
BKJIIOYAIOTh BHECOK OCHOBHOT'O HETIPSIMOTO MPOIIECY — 30Y/HKEHHSI-aBTO10H13all1i, a TAKHI
BHECOK 3a HaIllMMH pO3paxyHKaMu Ta omiHkamu [9] moxe mocsratu 45% B obmacti
eHeprii 3iTkHeHb 35-40 eB. Y wiit 001acTi eHepriii e1eKTPOHIB Pe3yIbTaT TEOPETUIHUX
po3paxyHKiB [8] Maibke CHIBMagalOTh 3 EKCIEPUMEHTOM, HaBiTh 0O€3 BpaxyBaHH:I
nepepizy npsMoi ioHi3amii Ta 30ymkeHHsA-aBToioHizamii 5d° oGomonkn. Tomy mu
BBaKa€EMO, 1110 PO3paxyHKH [8] € ABHO 3aBUIIICHUMH 1 IEPEOIIIHIOIOTh BHECOK 10HI3aIlii
6p? Ta 6S? 000JIOHOK y OBHHUIA TIEPEPi3 10HI3ALL].

10+ (Pb
g "v'i'*‘H’”H_i'r;wri -
(\lE |
(Oo IF .
o1k P
° b oxor. [7]
e " meop. TDCC/8]
w ~-=- meop. BED
B —+—meop. CB
——meop. DW
0.1k
i I 700

EHepris 3iTKHEHD, €B

Puc.1 Tlepepi3u moBHOT OJHOKpATHOI i0HI3alli o atoma Ph: exciepumenTanbHi AaHi [6, 7];
TEOPETHYHI PO3paxyHKH Nepepi3iB mpsamMoi ioHizamii B HabmmkeHHsx: DW — ciotBopennx
xBuib, CB - Kynon - bopna, BED — nunonsaux 6inapuaux 3itkaHeHs, TDCC - 3a1exHO0ro Bijg
4acy METOAY CHJIbHOTO 3B’S3KY [ 8]

AHanoriuyHa CUTYyaIlis 3 pe3yJIbTaTaMH BEJIMYUH TIEPEPI3iB CIIOCTEPIra€ThCs 1 IS
atoma Bi.
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[TpoBeneHi po3paxyHKH Mepepi3iB 10HI3aIii € KepenoM iHdopMalii mpo
cTpykTypy aromiB Pb i Bi Tta, okpiMm ¢yHmameHTanpbHOTO 3HAYEHHS, OYyIyTh
BUKOPHUCTaHI JJIs TUIAHYBaHHS €KCIIEPUMEHTIB y BIAIUT €IEKTPOHHUX MPOIIECIB 1
enemeHTapHux B3aemoii IE® HAH VYkpainu.
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ANALYSIS OF EXPERIMENTAL TEMPERATURE
DEPENDENCES OF THERMAL CONDUCTIVITY OF
POLYMERS AND POLYMER COMPOSITES

V.V. Sagan, A.l. Krivchikov, V.A. Konstantinov

B. Verkin Institute for Low Temperature Physics and Engineering of the National
Academy of Sciences of Ukraine
47 Nauky Ave., Kharkiv 61103, Ukraine
e-mail: sagan@ilt.kharkov.ua

In the broad field of nanotechnology, polymer matrix-based nanocomposites
have become a relevant area of modern development and research. This is due to their
wide application in biomedicine, electrical/electronic/optoelectronic applications, and
interest in fuel cells. The field of nanotechnology is one of the most popular areas of
current research and development in nearly all technical fields. In our work, we focused
on trends in improving the properties of these composites, particularly concerning heat
transfer.

Given the widespread use of graphene oxide (GO) for obtaining graphene-based
materials for composites and other applications, we focused on polymer
nanocomposites that use thermally reduced GO as a filler. Specifically, thermally
reduced graphene oxide (trGO), obtained from GSM-2 graphite powder with an
average particle size of approximately 10 um, was used to create the composite [1].

In this work, a study was conducted on the change in the temperature dependence
of the thermal conductivity of polymer composites based on ABS (Acrylonitrile
Butadiene Styrene) and epoxy resin. The thermal conductivity of the compounds was
measured over a wide temperature range, specifically using the PPMS system in the
temperature range from 2 to 5 K, and above 5 K using an experimental setup [2].

To describe the obtained experimental results, a universal approximation of the
temperature dependence for amorphous polymers was applied, covering a wide
temperature range—from the lowest to high values, including the plateau, inflection
point, growth, and saturation of thermal conductivity with increasing temperature. It
was found that this temperature dependence can be described by an Arrhenius-type
approximation expression: x(7) = kp + ko'exp(—E/T), where xy is the value of the high-
temperature limit of thermal conductivity, representing the maximum value of the
diffuson contribution by the excitation system referred to as diffusons, and E denotes
the characteristic energy associated with the dominant diffusons, expressed in K.
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Figures 1 and 2 show that this approach to analyzing the experimental
temperature dependencies of the thermal conductivity of polymers and polymer
composites is effective and can be applied to various polymer materials with glass-like
behavior over a wide temperature range, including both pure amorphous polymers and
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those containing fillers with different concentrations.
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DARWIN’S DREAM: PHOTONS AS PARTICLES
ON PAR WITH ELECTRONS

M. K.-H. Kiessling, A. Shadi Tahvildar-Zadeh

Rutgers University (New Brunswick)
e-mail: shadit@math.rutgers.edu

In 1932 the physicist C. G. Darwin wrote: "The Compton effect, at its
discovery, was regarded as a simple collision of two bodies, and yet the
detailed discussion at the present time involves the idea of the
annihilation of one photon and the simultaneous creation of one among
an infinity of other possible ones. We would like to be able to treat the
effect as a two-body problem, with the scattered photon regarded as the
same individual as the incident, in just the way we treat the collisions of
electrons." Notes on the theory of radiation. Proc. Roy. Soc. London. A
136, 36-52.

In this talk | will report on the extent to which we have been able to
realize Darwin's dream: In one space dimension we have provided a quantum-
mechanical treatment of Compton scattering in which photons are treated as particles
on equal footing with electrons [1]. This is achieved through a certain relativistic
extension of the framework proposed in 1927 by de Broglie and 25 years later again
by Bohm [2], and relies on our ability to describe (in any number of space dimensions)
not just the electron, but also the photon, as a point particle whose motion is guided by
a relativistic guantum mechanical wave function, one that possesses a conserved time-
like future-directed probability current [3].

In our model the interaction between the two particles is implemented via a
Lorentz-invariant no-crossing-of-paths boundary condition for the multi-body, multi-
time wave function of the system (first proposed by Dirac [4]) defined on the two-
particle configuration space. Boundary conditions are imposed on the submanifold of
coincident events in this configuration space and are shown to be compatible with
particle current conservation. The corresponding initial-boundary-value problem is
proved to be well-posed, and particle trajectories are shown to exist globally in a
Hypersurface Bohm-Dirac setting [5], for typical initial configurations.

We have recently extended this work to a quantum-mechanical three-body
system [6], still in one space dimension, comprised of one photon and two electrons.
Once again, manifest covariance is achieved using Dirac's formalism of multi-time
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wave functions, and the interaction between the photon and each electron is
implemented through the same type of boundary condition as in the above. The
electrons do not interact directly, but only via the photon bouncing between them. The
corresponding initial-boundary value problem is shown to be well-posed, and it is
shown that the unique solution can be represented by a convergent infinite sum of
Feynman-like diagrams, each one corresponding to the photon bouncing between the
two electrons a fixed number of times.

We are currently working on extending the above results to three space
dimensions. The main challenge in doing so is that in more than one space dimension,
the coincidence manifolds have higher co-dimension inside the configuration space,
and thus putting boundary conditions on them may have no effect on the evolution of
the multi-body wave function. We are optimistic that a differential-geometric approach
to the problem would provide a way out of this dilemma.

In another direction, we are now able to extend our work on the single photon
equation in three space dimensions to the case where the background spacetime is not
just the flat Minkowski space, but any asymptotically flat, globally hyperbolic
Lorentzian manifold, including those with no symmetries [7]. Our previous
construction of the photon probability current relied on the domain of the wave
function being the Minkowski space, and the conserved quantities associated to its
symmetries via Noether’s Theorem, to construct a constant time-like vectorfield ---and
thus a foliation by spacelike hyperplanes--- that was entirely determined by the initial
wave function. In the curved spacetime setting we are able to replace these with
conserved quantities that arise from the symmetries of the target space, which is the
Clifford algebra CI(1,3). (The existence of such additional conservation laws was
already foreshadowed in the work of Simulik [8].) The resulting Noetherian conserved
currents are then adjusted to become boundary currents [9], i.e. surface densities that
can be integrated on the sphere at spatial infinity of an asymptotically flat manifold to
yield global ADM-like conserved quantities. In this way we construct a constant rank-
two spinor “at infinity,” on which we can evaluate the Riesz tensor [10] associated with
our photon wave equation, to yield a constant time-like vectorfield that is once again
determined solely by the initial photon wave function. We can then use this vectorfield
to construct an “observer-independent” quantum probability current for the photon in
the same manner that was done in [3].

[1] M.K.-H. Kiessling, M. Lienert, and A.S. Tahvildar-Zadeh. A Lorentz-covariant
interacting electron—photon system in one space dimension. Lett. Math. Phys.
110:3153-3195, (2020).

[2] D. Bohm, A suggested interpretation of the quantum theory in terms of “hidden”
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SPECTRAL GAPS OF 2D AND 3D QUANTUM MANY-BODY
SYSTEMS IN THERMODYNAMIC LIMIT

I.V. Lukin!, A.G. Sotnikov'?, D.l. Bondar®

LAkhiezer Institute for Theoretical Physics, NSC KIPT, Kharkiv, 61108, Ukraine
2Karazin Kharkiv National University, 4 Svobody Square, Kharkiv, 61000, Ukraine
3Department of Physics and Engineering Physics, Tulane University, New Orleans,

LA 70118, USA
e-mail: a_sotnikov@kipt.kharkov.ua

We present an expression for the energy gap between the ground and the first
exited state of quantum many-body systems, opening up new prospects for performing
and accelerating spectral calculations. We develop and demonstrate one such
possibility in the context of tensor network simulations. Our approach requires only
minor modifications of the widely used Simple Update method [1,2] and is
computationally lightweight relative to other approaches.

Our algorithm for calculating the spectral gap runs as follows: We employ the
infinite projected entangled pair states of the bond dimension D and optimize the
randomly initialized infinite projected entangled pair state (iPEPS) wave function
(within a predefined periodic unit cell) with the imaginary time evolution. We
discretize the imaginary time propagation and apply either the Trotterized gates
representing the time-stepper evolution operator or a projected entangled pair operator
(PEPO) type approximation of this operator constructed via the W' method [3], to the
IPEPS. Following the application of these gates/PEPO, the bond dimension D of the
IPEPS wave function typically increases and must be truncated back to its original
value. This truncation is performed using the simple update method, a cost-effective
and widely used approach in IPEPS optimization, especially for gapped nontopological
systems

We validate it by computing spectral gaps of the 2D and 3D transverse-field
Ising models and find strong agreement with previously reported perturbation theory
results [4]. The runtime of our method scales as O(D*?), where z is the lattice
connectivity (i.e., z=4,6 for square and cubic lattice geometries, respectively).
Concretely, it takes about 10 min on a typical desktop computer to estimate one
particular value of the spectral gap in 3D for the given parameters of the transverse
field. Our method is complementary to the more powerful but computationally very
demanding variational iPEPS approach [5], which scales as O(D*°)-O(D*?); moreover,
the latter method is only applicable to infinite regular 2D lattices and, unlike our
approach, cannot be currently extended to 3D.

To verify the applicability of our proposed method to different types of systems,
particularly those with symmetry-protected topological order, we also extend our
analysis to calculate the gap for the 1D Haldane model. Our estimated numerical value
of the gap is in close agreement with previously published numerical results.
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We further discuss an extension of the proposed methodology to analyze the
dispersive relation E(K) in the transverse-field Ising models. In terms of special
operators creating excitations in the corresponding k-sectors, we show that for the
analysis of the energy spectrum one requires only additional data processing with no
need for any advanced computational schemes. For finite-size systems, we compare
our results from the imaginary-time evolution to those from the exact diagonalization
and observe a good quantitative agreement.

[1] H. C. Jiang, Z. Y. Weng, and T. Xiang, Accurate determination of tensor network
state of quantum lattice models in two dimensions, Phys. Rev. Lett. 101, 090603
(2008), https://doi.org/10.1103/PhysRevLett.101.090603.

[2] B. Bruognolo, J.-W. Li, J. von Delft, and A. Weichselbaum, A beginner’s guide to
non-abelian iPEPS for correlated fermions, SciPost Phys. Lect. Notes 25 (2021),
https://doi.org/10.21468/SciPostPhysLectNotes.25.

[3] M. P. Zaletel, R. S. K. Mong, C. Karrasch, J. E. Moore, and F. Pollmann, Time-
evolving a matrix product state with long-ranged interactions, Phys. Rev. B 91,
165112 (2015), https://doi.org/10.1103/PhysRevB.91.165112.

[4] I. V. Lukin, A. G. Sotnikov, J. M. Leamer, A. B. Magann, D. |. Bondar, Spectral
Gaps of 2D and 3D Many-body Quantum Systems in the Thermodynamic Limit,
Phys. Rev. Research 6, 023128 (2024),
https://doi.org/10.1103/PhysRevResearch.6.023128

[5] B. Ponsioen and P. Corboz, Excitations with projected entangled pair states using
the corner transfer matrix method, Phys. Rev. B 101, 195109 (2020),
https://doi.org/10.1103/PhysRevB.101.195109.
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MATRIX MODELS AS A BASIS FOR
QUANTUM SPACE-TIME AND GRAVITY

Harold Steinacker

Department of Physics, University of Vienna
e-mail: harold.steinacker@univie.ac.at
The IKKT matrix model was introduced as a constructive definition of (some
corner of) 1B string theory. We show that it naturally leads to quantum space-time
solutions, whose geometry is governed by an emergent 3+1 dimensional gravity. The
Einstein-Hilbert action is obtained as a quantum effect. At cosmic scales, significant
deviations from general relativity are expected. Some aspects of this emergent gravity
theory and the underlying framework are discussed, including the appearance of

higher-spin fields.
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UNUSUAL SUPERCONDUCTIVITY IN RARE EARTH BORIDES
Dyl-xYx(Rh, Ru)4B4

A.V. Terekhov, V.M. Yarowyi, I.V. Zolochevskii, L.O. Ishchenko,
and E.V. Khrystenko

B.Verkin Institute for Low Temperature Physics and Engineering
of the National Academy of Sciences of Ukraine, Kharkiv
e-mail: terekhov@ilt.kharkiv.ua

One of the current trends in solid-state physics is the study of materials in which
long-range magnetic order and superconductivity coexist. Such materials are of interest
not only from an academic point of view, but also from an applied one, since there is
currently an active search for superconductors with triplet superconducting pairing
(electrons in the Cooper pair have the same spin orientation). It is believed that such
superconductivity is very likely to be observed in magnetic superconductors with
superconducting electrons bonding via spin fluctuations rather than phonons as in
conventional ones. Triplet superconductivity is a necessary component for the artificial
creation of Majorana states, which would be stable for a long time and resistant to
external influences, and on the basis of which one expects to create qubits for quantum
computers [1-2].

Convenient objects for elucidating aspects of the coexistence of
superconductivity and long-range magnetic ordering are rare-earth borides of rhodium
with dysprosium, which have a tetragonal volume-centered crystal structure of the
LuRu4B,-type. In these materials, the transition to magnetically ordered and then
superconducting states is observed as the temperature decreases. It is not uncommon
for magnetism to coexist with superconductivity in such materials down to the lowest
temperatures [3, 4], and thus there is a high probability that triplet superconducting
pairing is present.

In this work, we review our results on the study of superconductivity in rare-
earth rhodium borides with dysprosium, and describe unusual phenomena and
behaviors of superconducting properties that have been observed and may indicate the
presence of unusual superconductivity.

In [3] we have shown that in Dy;.xYxRhsB4 compounds the magnetic ordering
temperature (Ty) decreases from 37 K in DyRhsB4 to 7 K in Dyg,YosRhsB,4 as the
concentration of non-magnetic Y increases. In contrast, the superconducting transition
temperature (T¢) increases with increasing Y concentration from 4,7 K for DyRh4B, to
10.5 K for YRh4B4 [3]. Data from heat capacity measurements of the compounds
DyO.SYO.ZRh4B4, Dy0.6Y0.4Rh4B4 and Dyo_6Y0_4Rh3_85RUo.15B4 indicate that another
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magnetic transformation takes place below the superconducting transition temperature
(Tmz = 1.5+2.7 K) [4, 5]. Intriguing was the discovery in Dy;xYxRhiBs (x = 0.2, 0.3,
0.4 and 0.6) of the paramagnetic Meissner effect (Wohlleben effect): when cooled in a
weak magnetic field, a jJump with a positive value of the moment is observed in the
temperature dependence of the magnetization below the superconducting transition
temperature instead of a negative diamagnetic one, as is typical for conventional
superconductors [6]. In addition, in DyixYxRhsBs (x = 0, 0.2, 0.4 and 1) non-
monotonic behavior of the He(T) and A(T) dependences [4, 7] and a strong dependence
of Heo(T) and R(T) on the slope of the external magnetic field [8] were discovered. All
these results did not fit well into the framework of the Bardeen-Cooper-Schrieffer
(BCS) theory for conventional superconductors and could be one piece of evidence for
the presence of an unconventional mechanism of superconducting pairing.

It is known that partial replacement of rhodium by ruthenium in Dy;.xYxRh4B,4
can lead to a change in the type of magnetic interactions in the Dy subsystem, due to a
change in the electronic structure and, as a consequence, the RKKY -exchange
interaction, which determines the type of magnetic ordering. As a result of such a
replacement, the superconducting transition temperature also changes. Our studies of
the superconductor Dy Y .4Rh3 g5sRU0 15B4 [9] have shown that this compound exhibits
ferromagnetic ordering, which coexists with superconductivity at low temperatures.
The stimulation of superconductivity (superconducting gap - A) by an external
magnetic field and the value of the ratio 2A/kgT. > 4, which exceeds the value of 3.52
for conventional singlet superconductors, were detected by Point-contact Andreev
reflection spectroscopy [10].

All of the above suggests that the studied class of superconductors is likely to
exhibit an unconventional mechanism of superconducting pairing, making these
materials potential candidates for triplet superconductors.
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[2] G. Livanas, M. Sigrist, and G. Varelogiannis, Sci. Rep., 9, 6259 (2019).

[3] V.M. Dmitriev, A.J. Zaleskii, E.P. Khlybov, L.F. Rybaltchenko, E.V. Khristenko,
L.A. Ishchenko and A.V. Terekhov, Acta Phys. Polon. A, 114, 83 (2008).
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ELECTRICAL RESISTANCE AND MAGNETORESISTANCE IN
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Bismuth possesses unique electronic properties. Recent studies have indicated
that specific electrons in bismuth can be regarded as massive Dirac fermions [1-3]. It
has also been shown that bismuth can be used in a relatively new area of modern
electronics — valletronics [3-5], which uses the valley degree of freedom to carry
guantum information in multivalent semiconductors or semi-metals, including bismuth
[5]. Research has shown that bismuth can achieve complete valley polarization in
strong magnetic fields [5-6], suggesting that valley-based quantum qubits may be
possible in the future [5-7].

Obviously, bismuth compounds exhibiting some of the unique electronic
properties of bismuth are also of considerable interest from both an applied and a
scientific point of view. Among these materials, BiMn alloys are particularly
noteworthy. BiMn is a ferromagnetic material with a high Curie temperature (Tc = 633
K) [8] and exhibits high coercivity even at room temperature. As temperature increases,
coercivity values can exceed those of rare earth permanent magnets [8, 9]. This high
coercivity, combined with the lower cost of rare earth magnets, makes BiMn alloys
promising for high temperature applications. It is worth noting that the electrical
transport properties in these materials are still largely unexplored and may reveal
behaviour no less interesting than the magnetic properties. Research by our group has
shown that the compound BigsgMnssoFeos2, Which contains a small amount of
manganese, exhibits a colossal positive anisotropic magnetoresistance and an unusual
behaviour of the temperature dependence of the electrical resistance in magnetic fields
[10, 11].

The aim of this work is to investigate how the R(T) behaviour changes in
magnetic fields with increasing manganese content. Specifically, we will study the
temperature dependence of the resistance in a Bigg0sMni1.9, cOmpound under magnetic
fields up to 90 kOe.
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The samples were obtained by crystallization using the Bridgman method. This
growth method can produce single-crystalline or textured polycrystalline samples.
Textured polycrystals were obtained in our case.

Resistive and magnetoresistive measurements of BiggosMni192 COmpound were
performed using a standard four-probe circuit on automated setup (PPMS) from
Quantum Design. Measurements were performed at alternating current (I = 15 mA,
f =19 Hz) directed along the larger sample size, both without field and in transverse
and perpendicular to the current magnetic fields up to 90 kOe in the temperature range
2+300 K.

The textured polycrystalline sample BisgsosMni19, contained two phases: a
bismuth matrix and magnetic inclusions of the a-BiMn phase. In the absence of an
external magnetic field, the metallic behaviour of R(T) is observed, manifested by a
decrease in resistance with decreasing temperature. In a magnetic field, the temperature
dependence of electrical resistivity changes significantly. The maxima appear on R(T).
It has been observed that the temperatures of maxima (Tmax) Shift towards higher
temperatures with increasing field strength. Temperature dependences of
magnetoresistance MR = ([R(H) — R(0)]/R(0))*100 % have been plotted for different
magnetic fields. It was observed that magnetoresistance rises with an increasing
magnetic field, reaching approximately 3300% and 394% at 90 kOe for H L I and H
I'1, respectively. Analysis of the MR(T) in Bigs seMn3 soFe€o 62 and Bigs osMni1 g, reveals
that, with higher manganese content, the magnetoresistance magnitude also increases.
Specifically, the MR values were found to be around 3300% and 2883% for H L | in
Bigs.0sMn11.92 and Bigs gsMn3 soF€0 62, respectively. Similarly, MR values for H // | were
approximately 394% and 235% in Bigg0sMn1;1.92 and Bigs gsMn3 g9F€0 62, respectively.

The behavior of R(T) in BiggosMni1gz, both with and without an applied
magnetic field, is largely influenced by the internal magnetism of the a-BiMn phase
and can be interpreted within the context of multi-band theory.
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METO/J CKEUJIIHT'Y B TEOPII JO3UMETPII

I1.B. SIBopchkun
Inemumym enekmponnoi gisuxu HAH Ykpainu, Yorceopoo
e-mail: petro0798@gmail.com

Bigomumu € mnpoGnemu Teopii, IO OMUCYy€ KIHETUYHI MPOLECH IS
0aratopiBHEBHUX CUCTEM, HAIIPUKIIA/, Y Ta30BUX, JJA3EPHUX CEPEAOBUINAX, & TAKOX JJIs
3a1a4 J03UMeTpli. BoHH MonsraloTh y TOMY, IO BETUYMHH, SIKI BITYypPYyIOTh B ITHX
mapaMeTpax, MOXyTh MaTu Benrmaunau nopsaaky 10%° — 1017 cm Ta igpisnarucs na 5-
6 nopsiakiB. Tomy, sik IpaBUIIO, 1X PO3B’SA30K 3HAXOASATh HA OCHOBI PI3HUX HAOJIMKEHbD,
BUKOPHCTOBYIOUH TIPHUITYIIICHHS, 0 HE 3aBXKIA € OUYEBUTHUMH.

CyyacHa J03UMETpisl TPYHTYEThCS Ha BU3HAYECHHI BEJIMYMHHU EHEpPrii, sKa
AKyMYJIFOETBCSl Y PEYOBHHI TIPH i1 simepHuX 4acTUHOK [1]. Tak, BenuurHa 3amaceHoi
€Heprii MOXKe€ CYTTE€BO BIUIMBATH Ha CIHEKTPU BUIIPOMIHIOBAHHSA, CTHUMYJIbOBaHI
HarpiBoM (TepMocTUMyIboBaHa JtoMmiHecteH s, TCJI), yu onTUYHUM OPOMIHEHHAM
(ONTUYHO CTUMYJIbOBaHA JtOMiHecHEHIlis1). OcTaHHIM YyacoM OyJio BCTaHOBJIEHO[ 1],
110 JOCIIJXKEHHS CIEKTPIB JIIOMIHECIEHIIIT OMPOMIHEHUX 3pa3KiB B 3aJIEKHOCTI Bij
TEeMIIepaTypy HarpiBy, YM 4acy CIIOCTEPESKECHHS JI03BOJISIE BCTAHOBUTH CTPYKTYPY iX
E€HEePreTUYHUX PIBHIB Y 3a00pOHEH1 30H1, @ TAKOXK 3HAUCHHS KIHETUYHHX TapaMeTpiB,
10 BU3HAYAIOTh KIHETUKY BUIPOMIHIOBAIBHUX MEPEXOIiB. Sk mpaBuiio, Teopis, 110
orucye TCJI 6a3zyerbes Ha moaeni OTOR (one-trap-one-recombination center model)
BIIEPIIIC 3aPOIIOHOBAHIH 1151 MOsICHEHHS siBUIIA (hocopectieHitii y TBepaux Tinax [2].
Puc.1 npeacrasnsie enepretnuny cxemy OTOR Ta cucteMy KIHETUYHUX PIBHSHB, 1O
OTMUCYIOTh IEPEX0IU M1XK 11 eHepreTuuyHuMHU piBHIMU. [1ia giero pamialii BigOyBa€eThCs
Mepepo3Mnoia HOCIIB 3apsiay JAO3UMETPUYHOTO MaTepially, TOMY KOHIICHTparlis
€JICKTPOHIB Y 30H1 MPOBITHOCTI CTa€ PiBHOIO N, @ HA PIBHAX MAaCTOK, BIAMOBIIHO, Ny.

' A & band dn, (tydt __dn, (%+dn3 ('%t

k k2
) L_ ; dn2 (tydt _ kl *nl (t)*(N — nz (t))_ kz *nz (t)*exp(_%T)
dn, (t%[ =k, *n, (t)*n, (t)

« M-

|55

V - band

a) b)
Puc.1 a) - eneprernyna cxema ta b) — CTpyKTypa piBHSIHb, III0 OITUCYIOTh
KIHETHKY TIepeXOIiB HOCITB 3apsny y it moaen OTOR [2].
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Tyr mapamerpu, npuBeneni Ha Puc.l, mMaroTh HacTymHi 3HaueHHS: Ki —
IHTCHCUBHICTh 3aXOTUICHHS HOCIIB 3apsi1y macTkaMu, K, — IIBUAKICTh 1X BUBUTLHEHHS
y 30HY IIPOBIIHOCTI BHACIIIIOK TEILIOBOI eMicii, K3 — IHTEHCUBHICTh CJIEKTPOH-IIPKOBOT
pekoMOiHaIli 13 BUIPOMiHIOBaHHAM cBiTJIa Ta N -KOHIIEHTpAIlil0 PIBHIB 3aXOIJICHHS.
[Tonnpu mpoctoTy cucremu audepeHIialbHUX piBHAHB, Puc. 1 b), y miteparypi
BIJICYTHI IIPHKJIau 1i ab initio po3s’s3kiB. Lle 3yMoBiIeHO mpodieMaMu iHTErpyBaHHs
TaKUX PiBHSIHB JJIs BEMKUX 3HAYCHb KOHIICHTPAIIIN N1, Ny, IO pOOUTH BUKOPUCTAHHS
ICHYIOUHX OOYUCITIOBATIBHUX METO/IIB MPAKTUYHO HEMOXKIIMBUM. TOMy cyyacHa Teopis
TO3UMETPUYHHX MPOTIECIB 0a3y€ThCSA HA YMCICHHUX HAONMKECHHSX, TAKUX K N1<<Ny,
Pi3HI CHiBBiAHOIIEHHS KoediiieHTiB ki — Ks, a Takok npumyimeHHs na<<N.

Bupimenns 1€l 3agadi MOXKJIMBE TpPH BHUKOPUCTAHHI METOAY CKEHIIIHTY,
peamizoBaHoro y makeri Lumini [3]. Llel miaxix A03BOJSE EKCTPAIOIIOBATH
pe3yibTaTH, OTpPUMaHl B OJIHUX YMOBaxX, Ha 1HINI, BUKOPUCTOBYIOUU MPUHIIUITH
noaiOHocTI Ta MacmtadyBaHHsA. OCHOBOIO METONYy € NPHUIYLIEHHS, 10 (13MYHI
MPOIECH B TBEPAOTUIBHUX J03UMETpax MOKHA OMMCATU MAacCIITAaOHUMHU (PYHKIIISIMHU,
AK1 30€epiraroTb CBOIO (POpMy IPH 3MiHI TAKUX MApPAMETPIB, SIK PO3MIPH CUCTEMHU, Yac
a0o0 1HII1 XapakTepucTuku. Hanpukiaz, sKo B cUCTeMi MEBHUM MPOIEC MPOTIKAE 3
MIEBHOIO MIBUJIKICTIO, TO 3MI1HA PO3MIPIB CUCTEMHU MO>KE BIUTMBATH Ha MIBUJKICTh IIbOTO
IPOLECY BIANOBIIHO O BU3HAUEHUX 3aKOHOMIPHOCTEH. 3alporOHOBAHUNM METOJ 1€
Ha BCI KJIACH KIHETUYHUX PIBHSHb.

B nawniit po6oti 1y po3B’si3Ky cuctemu piBHsSHBb Puc.l b) BBomuThCs mpouenypa
CKEWJIIHIYy, BHUKOPHUCTOBYIOUM MacIITa0HE TIEPeTBOPEHHS (I3UYHUX BEJTUYMH.
3MIHCHIOIOTHCSI HACTYITHI MEPETBOPEHHS MapaMeTpiB KiHETHYHUX piBHsSHBL Puc.l b),

TyT i=1 —3:
0.0
nj (©) * +n
nik(t)=ﬁ°A, kik:kloN, k2=k2.n1—A2’ k;(t):nzl\ft) (2)
nl +n2

Macmtabyrounii MHOKHUK A MOe MaTH Pi3HI 3HAYEHHS, BPAXOBYIOUH TMOPSIOK
BEJIMYMHM TIOYaTKOBUX TTapaMeTpiB Ny ,N; . BUKOPUCTOBYIOUH TTepeTBOPEHH (2) MOXKHA

MPOBOAWTH YHUCJIOBE MOJIETIOBAHHSA [UIS JIOBUIBHHX YMOB JIO3UMETPUYHOTO
EKCIIEPUMEHTY, a TaKOXX 3alpONOHYBAaTH METOJl BHXOJY 3a pPaMKHU OJHOPIBHEBOIO
HaOmxeHHs. Taki MOXIMBOCTI OyJM peanizoBaHi B makeTi Lumini, mo 6a3yerbcs Ha
anroputmi po3B’sizaHHs cuctemu (4) merogom Pynre Kyrtra 4-ro mopsinky mnpu

* 0 0
nouyatkoBux  3HaueHHsx N (0)=n;,n(0)=n;. Tle mossomasie  0OpOGIATH

ekciepumeHTainbHl Jgani nmo TCJI 3a gomomororw mnakera Lumini Ta BU3HAYaTH
kiHeTnuH1 kKoediientu moaeni OTOR. Ilpuxnaa BUpilieHHs TaKoi 3a/1a4i MPUBEIEHO
Ha Puc.2, npu o6po61ui cnektpy TCJI Al,O3 nosumerpa. TouyHicTh Takoi MiATOHKH
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yepe3 kputepiit FOM[ 1] ne nepeBuitye 8%, 1110 103BOJIsI€ BCTAHOBUTH 3HAYCHHS PiBHS
nactku 1,35 eB Ta wacrornoro daxropy 103 c? [3].

- Gaus
20000 ~ e dn(t)/dt

18000 -
160001
14000 -
12000 -
10000 -
80004
6000 1
4000

Intensity, a.u.

160 180 200 220 240 0260 280 300 320
Puc. 2.Pe3ynbrar mijirOHKM €KCIIPUMEHTAIBHOI 3aJ1€KHOCTI (YOpHA KPUBA) MIKY
BucBiuyBanHs TCJI Ha ocHOBiI Al;O3 makeTom Lumini (uepBOoHa KpHBa)

Otxe, 3acTOCyBaHHS MPOLEAYpU CKEIUIHTY aajJio 3MOTy BHUKOHATH ab initio
pPO3paxyHKH JIIOMIHECIIEHTHUX XapakKTEPUCTHK JO3MMETPUYHUX MaTepiaiiB 0e3
BUKOPHUCTAaHHS HaOMMKeHb. Y MaillOyTHbOMY 3alpolOHOBaHAa MOJIEIb MOXKE
PO3IIUPUTH MOKIIMBOCTI METOLY JJIsl OLIHKH €HEPTreTUYHOT CTPYKTYPH Ta KIHETUUHUX
KOe(DIIIEHTIB peAIbHUX JTO3UMETPUUHUX MaTepialliB.

1. C. Furetta, Handbook Of Thermoluminescence. World Scientific Publishing
Company 564 p. (2003). https://doi.org/10.1142/5167.

2. Adirovitch E.l. La formule de Becquerel et la loi elementaire du decline de la
luminescence des phosphores cristallins. J. Phys. Rad. 1956. 17. 705.
10.1051/jphysrad:01956001708-9070500.

3. P.V. Yavorskyi. Lumini package for ab initio modeling of dosimetric experiments.

Problems of atom ic science and technology(PAST) ISSN 1562-6016
https://doi.org/10.46813/2024-153-154
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APPLICATIONS OF SYMMETRIC AND SUPERSYMMETRIC
POLYNOMIALS IN QUANTUM MECHANICS

R.O. Hryniv, T.V. Vasylyshyn, A.V. Zagorodnyuk

Ukrainian Catholic University, Lviv, Ukraine
e-mail: rhryniv@ucu.edu.ua
Vasyl Stefanyk Precarpathian National University, lvano-Frankivsk, Ukraine
e-mail: taras.vasylyshyn@pnu.edu.ua, andriy.zagorodnyuk@pnu.edu.ua

Connections between symmetric polynomials and statistical mechanics were
considered by many authors (see e.g. [1], [2], [3]). In particular, so-called complete
symmetric polynomials can be used for a representation of the canonical partition
function of the boson ideal gas, and elementary symmetric polynomials for fermion
ideal gas. In this talk we will observe that some bases of supersymmetric polynomials
[4] can be useful for a representation of the canonical partition function of an ideal gas
consisting of both fermions and bosons. Also, we will discuss the case when the series
for the canonical partition function of the system diverges but becomes well-defined in
the {p-sense. For this purpose, we can use algebraic bases for symmetric and
supersymmetric polynomials on &p.

In addition, we will consider quantum gases with entanglement particles. For
this case, it is possible to use block-symmetric and block-supersymmetric polynomials
[5]. Some other applications of block-symmetric polynomials for the quantum product
of symmetric functions were proposed in [6].

This research was supported by the National Research Foundation of Ukraine,
2023.03/0198.
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JOINT QUANTUM-CLASSICAL HAMILTON VARIATION
PRINCIPLE IN THE PHASE SPACE

Dmitry V. Zhdanov, Denys I. Bondar
Tulane University, New Orleans, LA 70118, USA

E mail: dm.zhdanov@agmail.com

Overview: At first glance, the Hamiltonian variation principle might seem
inapplicable to quantum particles as they lack well-defined trajectories. This work
introduces a method to overcome this limitation by employing the Husimi
representation of quantum mechanics. Discovered in 1940, the Husimi representation
is closely related to the Wigner function, whose evolution equation mirrors the
Liouville equation in classical statistical mechanics. Here, we show that this similarity
Is not coincidental: both quantum and classical mechanics follow from closely related
Hamiltonian variation principles. The core difference between the two principles is in
the definition of variations, which must preserve either the point-like nature of classical
particles or the quantum state purity. We provide a detailed explanation of how the
joint Hamiltonian principle can benefit modern computational quantum chemistry.

Core ideas: Quantum mechanics relies on the canonical commutation relation
[P, 2]=—ih petween the momentum and position operators of quantum particles. The
representations of quantum mechanics vary in how they realize this relationship. For
instance, the choice £=%; P=—1h d_am leads either to the familiar Schrodinger equation
ih 57 (2, )=Hv(2, 1) for wavefunction ¥(t) and Hamiltonian  in the position
representation, or to the quantum Liouville equation

ih & p=[H., p, (1)
if one chooses to work with the density matrix 2. However, it is equally feasible to pick
the so-called Bopp representation
f,:l/-l-tg % = Ix, ﬁ:p—ig % = p*’ )
where x is the differential Moyal star product operator. In this case, the Liouville
equation (1) becomes [1]
ih 2 W(p,z)=H W (p,z) — W(p,x) * H 3)
where W (p, *) is the Wigner function.
We discovered an alternative, continuity-equation-like form for Eq. (3)
SW(p,z)==V -J(p,a)=— & -Jp— 5 -Ja (4)

with simple and elegant closed-form expressions for the components of flow J for any
multidimensional analytical Hamiltonian H. However, an important distinction exists
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between Eq. (4) and the classical continuity equation for probability distributions:
although the function W(p, ) is real-valued and normalized, it assumes both positive
and negative values. Its evolution resembles the charge redistribution in a plasma,
where the total charge remains conserved, but the quantities of positive and negative
charges fluctuate due to charge separation and recombination.

Fortunately, quantum mechanics offers a way to fully resolve the negativity of the
Wigner function through convolution (denoted as x) with a Gaussian kernel

Q(p,@) x W (p,) % exp(— 527 — 427) -
provided that the standard deviations o= and %» satisfy 9=9p = h/2 The resulting
Husimi function @(P,) is normalized, non-negative, and satisfies the analytical
continuity equation in the form of Eq. (4). Thus, the Husimi function evolves in time
like a multidimensional flow J< of an effective compressible probability fluid.
However, do the trajectories of the elementary parcels of this fluid satisfy a variation
principle akin to that in classical statistical mechanics?

To answer this question, we observe that classical statistical mechanics represents
the limiting case of Wigner representation rather than its blurred Husimi counterpart.
To match apples to apples, let us introduce the classical Husimi function C' derived
from the classical probability distribution via the same convolution transform as in Eq.
(5). Notice that the point particles in C-representation constitute Gaussian blobs, like
the coherent states in &-representation, and varying a single trajectory would break the
particle pointness. Thus, the Hamilton variation principle in C-representation should
apply to infinite swarms of trajectories representing point particles rather than to
individual trajectories. We call such variations admissible. The second point to notice
Is that the states dynamics in C-representation are defined up to arbitrary circulations
J, which preserve the shapes of the point-particle blobs. This flexibility suggests that
the Hamilton variation principle in C-representation includes additional gauge freedom
in its action functional, hereafter termed Skodje gauge freedom, after the pioneering
paper that examined this concept in detail [2].

Returning to quantum mechanics, we use analytical expressions for J< to establish
the analogous Hamilton variation principle for the quantum Husimi function Qp, )
The primary distinction is that the admissible variations are now defined as preserving
the purity of quantum states. Ref. [3] provides the complete formulation.

Applications. The joint Hamilton variation principle unifies all known phase space
representations of classical and quantum mechanics, including enigmatic Bohmian
mechanics [4]. The latter appears to be a limiting form of the Husimi representation,
characterized by a degenerate convolution kernel and a distinct Skodje gauge. Beyond
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its pedagogical value, the joint Hamiltonian variation principle is a powerful tool to
enhance a broad class of semi-classical initial value representations. Specifically,
guantum many-body simulations widely apply Heller’s ansatz [5], which models a
time-dependent wavefunction as a superposition of coherent states evolving along
semi-classical trajectories. Our results indicate that using Husimi trajectories under an
optimized Skodje gauge in place of conventional semi-classical trajectories can
significantly improve the numerical performance of these simulations. This approach,
in particular, enables accurate modeling of quantum tunneling phenomena [6].

References.
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[3] D. V. Zhdanov and D. I. Bondar, J. Phys. A: Math. Theor. 10(55), 104001 (2022).
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In 1900, William Thomson (Lord Kelvin) declared that physics was complete,
save for two minor "clouds" on the horizon. These "clouds" ultimately led to quantum
theory and the theory of relativity. Today, we again face two such "clouds": dark matter
and dark energy. History seems to be repeating itself. Over a century ago, the
breakthrough came in 1925 with Werner Heisenberg's seminal paper [1], marking the
birth of quantum mechanics as a distinct field of theoretical physics. By that time, the
general theory of relativity (GTR) was already well-established, finding its first
applications and undergoing further development. It is conceivable that in the coming
years, the challenges posed by dark matter and dark energy might also be resolved.
Some groundwork for this has already been laid (see reviews [2—-11]). However, the
sheer number of proposed approaches might also signal a potential lack of clarity in
tackling these problems. Below, we briefly examine some of the possible solutions to
these challenges.

1. Unifying GTR and Quantum Theory. This is the quest for a more
comprehensive theory of nature, often termed the problem of quantum gravity. Both
theories encounter issues with infinities, giving rise to the well-known problem of
justifying quantum mechanics—a second major challenge in modern physics.

2. Resolving Quantum Mechanics Foundations. This could involve either
providing a coherent interpretation of the existing framework or creating an entirely
new theory. Several approaches exist. (i) Establishing a meaningful language that
incorporates the division of the world into a system and observer as a core feature. (ii)
Proposing a new interpretation of the theory that eliminates the dependence on
measurements or observations in describing fundamental reality. (iii) Developing a
novel theory that provides a deeper understanding of nature than current quantum
mechanics.

3. Unifying Particles and Forces. This involves determining whether the
various particles and forces can be explained as manifestations of a single, fundamental
entity. Without quantum mechanics, unified theories are straightforward to formulate.
However, incorporating quantum mechanics greatly complicates the task, as gravity,
one of the four fundamental forces, must also be addressed within the framework of
quantum gravity.

4. Explaining the Constants of Nature. How are the values of the free
parameters in the Standard Model of particle physics determined? For instance,
astronomers have used two methods to measure the mass distribution in galaxies. (i)
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By observing the orbital velocities of stars. (ii) By estimating the mass of visible matter,
such as stars, planets, gas, and dust.

These methods, applied to over a hundred galaxies, show a consistent
discrepancy of an order of magnitude, implying the presence of unseen matter—dark
matter.

5. Addressing Dark Energy and Cosmic Expansion. Observations at vast
scales reveal that even with dark matter accounted for, the universe's expansion
(triggered by the Big Bang 13.7 billion years ago) is accelerating, contrary to
expectations. This could suggest that: (i) GTR is incorrect on cosmic scales. (ii) A new
form of energy-dark energy—dominates on large scales, causing accelerated expansion.

Recent measurements suggest the universe comprises approximately 70% dark
energy, 26% dark matter, and only 4% ordinary matter. These figures underscore the
pressing need to explain the roles of dark matter and dark energy [12]. Cosmological
measurements have become significantly more precise over the past few decades, aided
by Moore’s Law, which predicts a doubling of computational power approximately
every 18 months. This has allowed for more detailed observations of the universe's
fundamental characteristics, such as total matter density and expansion rate. While a
Standard Model of Cosmology now exists, much like the Standard Model of particle
physics, its free parameters remain unexplained by theory and must instead be
determined through observation. [13].

[1] W. Heisenberg, Z. Phys. 33, 879 (1925).

[2]. A. N. Tawfik, E. A. E. Dahab, Gravitation and Cosmology, 25, 103, (2019).

[3]. M.J. Baker, J. Kopp, A.J. Phys. Rev. Lett., 37, 125, (2020).

[4]. A. Bandyopadhyay, A. Chatterjee, Research in Astron. Astrophys. 2, 21,(2021).
[5]. G. Bertone, D. Hooper, Rev. Mod. Phys. 90, 045002-1, (2018).

[6]. P. D. Mannheim, Progress in Particle and Nuclear Physics 56, 340, (2006).

[7]. A. Carmona, J. C.Ruiz, M. Neubert. Eur. Phys. J. 81, 58, (2021).

[8]. B. Carr, F. Kiihnel. Annual Review of Nuclear and Particle Science. 70, 355,
(2020).

[9]. T. Hu. W.Hiramatsu, K. Koyama, F.Schmidt F. Phys. Rev. D 87, 063525 (2013).
[10]. L. Lombriser, A. Slosar, U. Seljak, W. Hu. Phys. Rev. D 85,124038 (2012).
[11]. I.D.Saltas, I. Sawicki, L. Amendola, M. Kunz M. Phys. Rev. Lett. 113,191101
(2014).

[12] L. Smolin. The trouble with physics: the rise of string theory, the fall of a science,
and what comes next. — (A Mariner Book, Houghton Mifflin Company, Boston-New-
York, 2007); 392 p.

[13] S. Weinberg. Dreams of a final theory. — (Vintage Books a Division of Random
House, Inc. New York. 2004, 256 p.)
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METAPHYSICS AND THEORETICAL PHYSICS

R.R. Lompay?, V.M. Simulik?, T.M. Zajac!

'Uzhhorod National University, Dep. of Electronic Systems, Uzhhgorod, Ukraine
E-mail: robert.lompay@uzhnu.edu.ua;taras.zajac@uzhnu.edu.ua
2Institute of Electron Physics of the NAS, Uzhhorod, Ukraine
E-mail: vsimulik@gmail.com

In fundamental theoretical physics of the 20th century, the key conceptual
questions and problems were those that had been at the core of philosophical and
theological inquiry for two and a half millennia. By exploring a vast area of nature,
from the properties of the Universe as a whole to the most elementary elements of the
cosmos at the microscopic level, physics helps uncover extremely important
metaphysical principles that permeate all spheres of existence, from elementary
particles to biological and spiritual life. Physics deals with simpler systems that can be
described by strict mathematical models, allowing less significant factors to be
separated from the key ones. Within the framework of fundamental theoretical physics,
one can examine and formulate general principles of metaphysics that have universal
significance. There are two approaches to analyzing reality: holistic and reductionist.
Holism is based on an understanding of the world in which the whole is seen as
dominant and preceding its parts. Reductionism, on the other hand, breaks the whole
down into parts that are perceived as prior to the whole. Both approaches have played
an important role and complemented each other in the process of understanding the
world. Reductionism dominates in the development of ideas about the structure of
matter. Holism can be seen in the works of ancient thinkers, in the efforts of René
Descartes and other philosophers of the modern era to construct a monistic view of the
world. The ideas of holism were of particular importance in the 20th century, which
manifested in theoretical attempts to unify known types of physical interactions, build
a unified field theory, or geometrise all of physics.

Considering different branches of theoretical and mathematical physics, one can
overlook the manifestation of triadic structures. The key instances of this are as
follows.

1. Physical space has three dimensions. The question of "Why is space three-
dimensional?" was raised by E. Mach. Later, the concept of space was generalised by
A. Einstein, A. Eddington, P. Ehrenfest, and others.

2. Time is one-dimensional, yet within it, we distinguish the past, present, and
future, again exhibiting a triadic structure.

3. The development of general relativity is closely linked to the attempts to prove
Euclid's fifth postulate. This problem was resolved in the works of C.F. Gauss, M.I.
Lobachevsky, and J. Boyai, leading to the discovery of the first non-Euclidean
(hyperbolic) geometry. Later, B. Riemann formulated the second non-Euclidean
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(spherical, elliptical) geometry. As a result, three types of geometries with symmetries
became known.

4. These geometries were closely connected to the three possible behaviours of
geodesics passing through a point outside a given line, parallel to the initial line: one
line in Euclidean geometry, two (and thus infinitely many) in Lobachevskian geometry,
or none in the space of Riemann with constant positive curvature.

5. The foundation of modern cosmology is based on three types of homogeneous
isotropic solutions to Einstein's equations: a closed model with a three-dimensional
spatial section described by Riemannian geometry, an open flat model with Euclidean
geometry, and an open model with a spatial section described by Lobachevskian
geometry.

6. Reference systems, which play an important role in the theory of relativity,
are characterised by three physical-geometrical tensors: acceleration vector,
antisymmetric tensor of angular velocity of rotation, and symmetric tensor of
deformation velocities.

7. The differential geometry of Schouten, used as the foundation of general
relativity, is characterised by three and only three tensor quantities: torsion, sectional
curvature, and the third Schouten (the difference in connections for transporting co-
and contravariant tensors).

8. In microphysics, there are three dominant types of fundamental interactions:
electromagnetic, weak, and strong. In electroweak theory, there are three generations
of elementary particles. The matter that surrounds us is built from elementary particles
of the first generation. In the theory of strong interactions, the elementary components
of particles — quarks — can have one of three colour charges, which gave the theory its
name: quantum chromodynamics. Baryons, the particles that participate in strong
interactions, are made up of three quarks, which cannot be isolated due to confinement
properties.

9. In classical physics, three types of dimensional quantities are used: length,
time, and mass, while the physical theory in the general physics course operates with
three key physical categories: spacetime, particles, and fields.

10. The physical theories and programmes of the 20th century were built within
three types of dualistic paradigms, which united pairs of the aforementioned
foundational physical categories into one generalised category. These paradigms were
called the geometrical — general relativity, field-theoretical — quantum field theory, and
relational — theories of direct inter-particle interactions.

11. Some world religions make significant reference to the triad — God the
Father, God the Son, and the Holy Spirit.

It is not impossible that metaphysics may help resolve the urgent issues of
explaining the nature of dark matter and dark energy in the Universe. When considering
these problems, comparisons are often made with a fish in an aquarium, which will
never be able to comprehend spacetime beyond the walls of its aquarium. Or the
paradox of powerful and weak computers connected within one network. If the person
at the powerful computer’s controls does not want it, the person by the weaker
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computer will never learn of the existence or influence of the powerful machine on the
network.

In the framework of metaphysics, there exists a simple explanation for the dark
matter and dark energy of the Universe — the appeal to the multidimensionality of the
Universe. In such a case, humanity can only study its own Universe. If the figure of
4% is correct, then beyond our Universe, there are 24 other universes that are
Inaccessible to our current methods of knowledge.

What can be done to remedy this? History from a century ago reminds us of the
work of Werner Heisenberg, from which the theoretical foundations of quantum
mechanics began. This famous scientist, based on mathematics, constructed his model
of physical reality in terms of observable quantities. Perhaps, today, it would be
worthwhile to build a model of the Universe based on modern mathematics, within the
framework of principles that are not directly observable?

The consideration above is based on the publications [1-9].

[1]. E. W. J. W. Mach. Die Mechanik in ihrer Entwicklung, — (1883).

[2]. A. Einstein. Zur Eiektrodynamik der beivegter Korper. Ann. Phys., (1905), v.17,
891- 921; A. Einstein. Die Feldgleichungen der Gravitation // Sitzungsberichte
der Preussischen Akademie der Wissenschaften zu Berlin. — (1915). —p. 844—
847.; A. Einstein. Die Grundlage der allgemeinen Relativitdtstheorie // Annalen
der Physik. — (1916). — v. 354,

is. 7. —p. 769-822.

[3]. Sir A. S. Eddington. Space Time and Gravitation. Cambridge at University
Press, (1947), 247 p.

[4]. P. Ehrenfest, T. Ehrenfest. The Conceptual Foundations of the Statistical
Approach in Mechanics. Cambridge at University Press (1932), 114 p.

[5]. J.C.F. GauB}. “Theoria combinationis observationum erroribus minimis
obnoxiae”. Gottingen: H. Dieterich, (1823). J.C.F. GauB3 Allgemeine Studien zu
gekrimmten Oberflichen. Grundlagen der Geometrie.(1834);J.C. F. GauB,
Werke, Bd. | - XII. Konigl. Ges. d. Wissenschaften, Géttingen, (1870) ff. In
Commission bei Teubner, Leipzig.

[6] J. Bolyai. Applicatio continens veram spatii scientiam absolutam a veritate vel
falsitate Euclidis XI axiomatis. (1832), 243 p.

[7]. N.I. Lobatschewski. Etudes Geométriques. Théorie des paralléles. (1846), 176
p.

[8]. G.F.B. Riemann. Uber die Hypothesen, welche der Geometrie zu Grunde liegen.
(1859), 116 p.

[9]. J.A.Schouten. Tensor Analysis for Physicists 2d edn., New York: Dover
Publications, (1989); A.Nijenhuis, “J A Schouten: A Master at Tensors”, Nieuw
archief voor wiskunde 20 (1972), p.1-19.
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SEMICONDUCTOR HETEROSTRUCTURES WITH TUNNEL-
COUPLED QUANTUM DOTS OF DIFFERENT SIZES AND
MATERIALS: ENERGY SPECTRA AND WAVE FUNCTIONS

1.V. Bilynskyi!, R.Ya. Leshko?, M.V. Kvyk!

Physics Department, Kryvyi Rih State Pedagogical University, 54 Gagarin Avenue,
50086, Kryvyi Rih, Ukraine
2Physics Department, Drohobych Ivan Franko State Pedagogical University,
3 Stryiska Street, 82100 Drohobych, Ukraine
e-mail: leshkoroman@gmail.com

Semiconductor heterostructures with quantum dots are actively studied due to
their significance for both fundamental science and practical applications in
microelectronics and optoelectronics. In particular, such structures are widely used in
the development of semiconductor lasers. In most experiments, nanocrystals are
randomly distributed within a matrix and are separated by distances significantly larger
than their sizes. Modern technologies for producing quasi-zero-dimensional
semiconductors have advanced to the point where it is now possible to create structures
with closely spaced quantum wells. In the case of coupled quantum dots, electronic
energy levels split due to the tunneling effect, which can be utilized for creating
guantum switches in quantum processors. Injection lasers with an active region based
on InGaAs/GaAs quantum dots exhibit ultra-high thermal stability of the threshold
current density, with a characteristic temperature of about 350-400 K over a wide
temperature range (80-150 K). The use of vertically coupled InAs quantum dots in a
GaAs matrix has significantly improved the laser's performance, enabling ground-state
generation at 300 K.

The aim of this study was to determine the energy spectra and wave functions of
particles in a system of two coupled quantum dots of different sizes and materials. The
system consists of two tunnel-coupled, spherical quantum dots. The plane wave
expansion method was used for calculations. Energy spectra for different structures
were computed, and the wave function was determined. The probability and probability
density of an electron's presence in this heterosystem were also analyzed. To solve the
Schrodinger equation, a variational method was employed. Additionally, the oscillator
strength of the inter-dot exciton transition for this heterostructure was investigated.
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INVESTIGATION OF THE ELECTRONIC SPECTRUM OF
TETRAHEDRAL-SHAPED NANOCRYSTALS BASED ON
SEMICONDUCTOR MATERIALS

1.V. Bilynskyi!, R.Ya. Leshko?, H.Ya. Bandura?, Ya.Yu. Melnyk*

'Physics Department, Kryvyi Rih State Pedagogical University, 54 Gagarin Avenue,
50086, Kryvyi Rih, Ukraine, iv.bilynskyi@gmail.com
2Physics Department, Drohobych Ivan Franko State Pedagogical University,
3 Stryiska Street, 82100 Drohobych, Ukraine
e-mail: galinka.bandura@gmail.com

The development of technologies for synthesizing nanocrystals with complex
three-dimensional architectures opens new possibilities for creating functional
materials in microelectronics, optoelectronics, and energy. Nanocrystals in the form of
tetrapods are of particular interest due to their potential applications as building blocks
for solar cells and active components in nanoscale transistors. Their unique properties
enable the creation of architectures that cannot be realized using spherical or cylindrical
nanocrystals. The synthesis of CdSe tetrapod-like nanocrystals by thermal
decomposition of organometallic precursors has led to the development of several other
methods for synthesizing such structures. Recent studies have shown that
semiconductor nanocrystals of group II-VI with complex shapes, such as fibers,
tetrapods, and hyperbranches, can be grown by adjusting the initial concentrations of
materials and the nature of surfactants. In particular, ideal CdTe tetrapods were
synthesized with high yield, making them promising for applications in new functional
materials.

The theoretical justification of the results was carried out using the plane wave
expansion method. This method made it possible to thoroughly investigate the energy
spectra and wave functions for the system of tetrapod-like nanocrystals. The plane
wave expansion provides high accuracy in analyzing the behavior of electrons in such
complex systems. As a result, particle wave functions were obtained, the probability
density of their location in the three-dimensional heterosystem was determined, and
specific features of electronic transitions in tetrapods were revealed. The oscillator
strength of the transitions was also investigated, which is important for understanding
the optical properties of these structures.

Thus, the synthesis and theoretical analysis of tetrapod-like nanocrystals
demonstrate their significant potential for application in new functional materials,
particularly in solar energy and nanoscale electronic devices.
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This summary was written by the Organizing Committee

in the absence, because of technical reasons, of an original
text directly from Prof. Spalek in order to mark his oral report,
which contains very interesting and useful results.

RIGOROUS SOLUTION AND ANALYSIS OF HEITLER-LONDON
MODEL OF THE CHEMICAL BONDING: TRUE COVALENCY

Jozef Spatek

Nanotechnology Centrum at Jagellonian University, Krakow, Poland.

E-mail: jozef.spalek@uj.edu.pl

Author presented a detailed investigation of the electronic structure and bonding
characteristics of hydrogen-based molecular systems (H,", Hz, Hy) using the Exact
Diagonalization Ab Initio (EDABI) approach within the framework of combined first-
and second-quantization. By analyzing the relative contributions of kinetic exchange
and effective Coulomb interactions, a comprehensive understanding of covalency,
atomicity, and ionicity as a function of interatomic distances, was provided. Approach
leverages exact solutions of the extended Heitler-London model to quantify these
interactions, extending the analysis to the discussion of properties of excited states and
the dissociation limit to these molecules.

0.4

Figure 1: Electron density n.(r) for different interatomic distance (a) R=1ag?, (b)
R:1:4320,0_1, (C) R:2:320,o_1, (d) R:4(10_1.
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The findings reveal significant differences in bonding characteristics,
particularly highlighting the stability and bonding nature of the neutral H, molecule
compared to its ionic counterparts. This study not only enhances an understanding of
molecular interactions in hydrogen systems but also demonstrates the potential of the
EDABI approach in developing more accurate computational models in quantum
chemistry. The process under consideration is demonstrated on the figures 1.

The parts centered at nuclei are practically disjoint for R _ 5a0, illustrating the
robustness of atomic behavior in that situation. This density contains also the double-
occupancy (ionicity) contribution which becomes rapidly negligible with increasing R
beyond Rwuoi. The notation a! for the size of the orbital is used, the diameter of the
orbital in the correlated state (2002) is equal to the interorbital distance Ryt
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Figure 2: The atomicity, ionicity, and covalency for various ground and spin-excited
states of the hydrogen molecule (H.) as functions of the interatomic distance R.

The energy expressions for these states include contributions from Kkinetic
energy, Coulomb interaction, and exchange terms.

The corresponding mathematically well-defined formalism was given in the oral
report of the author as well.
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