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Jucepranig mpucBgUena JIOCTIZKEHHIO BIUIMBY HEJIOKAJLHOCTI B3AE€MO/IIT:
Io-1Iepiile, Ha TePMOJUHAMIUHI XapaKTePUCTUKN CJIaOKOB3a€MO/IIHOIO 0o3e-ra3y
SIK Y BEPXHBOMY OKOJII TeMIepaTypu epexojy (Buiie, aje GJU3bKO JI0 Hel) J0
crany 3 6Goze-efinmreiiniBecbkum komgencatoMm (BEK), tak i B crani 3 BEK 3a
HYJIOBOI TeMIIepaTypH; Mo-Jpyre, Ha edeKkTH, MoB s3aHi 31 CIIIHOM, a TaKOXK Ha
CTPYKTYPY CHEKTPY OJTHOUYACTUHKOBUX 30Y/7KEHb CJIaOKOB3aEMO/IIHOIO D03e-ra3y
ATOMIB 3 TIOBHUM HYJILOBUM a00O OJMHUYHUM cIinoM B cTaHi 3 bEK 3a mynnosoi
TeMIepaTypH.

Posziyr 1 npucBsiueHo BUKJIAaHHIO MaTepiay, sIK1ii CKJIaB OCHOBY i1 TI0CTY-
ryBaB TOYKOIO BIJJIIKY JIOCJIPKEHb 3/100yBada, a came: TepMOJIUHAMIUHOI Teopil
30ypeHb, Teopil BorosodboBa cirabKoB3aeMOIiitHOrO 0o03e-ra3y i y3araJibHEeHHSI
KaHOHIYHUX TIEPEeTBOPEeHb borosiobosa.

Poszisr 2 npucBstueHo 1moOy0BI TepMoJinHaMiKKi 003e-Ta3y B BEPXHBOMY
OKOJIi TemriepaTypu (aszoBoro nepexoay Jo crany 3 bEK i3 ypaxyBanHsMm morpa-
BOK IIEPIIIOrO 1 JIPYToro MOPSJIKY 38 B3aEMOJIIEI0 JIO OCHOBHUX TEPMOJIMHAMIYHUIX
BesinanH. TeoperwdHuii ormc 1modyaoBaHUil y paMKax TEePMOIMHAMIUHOI Teopil
30ypeHb. PesyibraTi 1mpoaHaJii3oBaHO 3a JOINOMOI'OI0 YHCEJIBHUX METOJIB JIJIsd
JIOKAJIbHOI I HeJIOKaJIbHOI MoJiesieil MMOTEeHIITHOI B3aeMO/Ti].

Y posmiai 3 aHaJi3yeThcd CUCTeMa PIBHSHD, dKa, Ta€ 3MOI'Y BUBHAYUTH TaKi
TepMOJIMHAMIUHI XapaKTePUCTUKU CJIaOKOB3aEMO/IINHOIO YIBTPAX0JIOIHOIO Do3e-

ra3y aTOMiB i3 TOBHUM HYJILOBUM CIIIHOM y cTani 3 bEK, gk: xiMiuanit morentiar i



I'YCTUHY YacTUHOK KoHjeHcary. O3HadeHa cucTreMa PiBHIHL BPaXOBYE BHECOK Bijl
KBaJpaTUIHUX 3a OIlepaTopaMi HapOJKEeHHs i 3HUIIEHHS JO0JAHKIB 1 J03BOJIAE
JIOCJIJIZKYBATU CUCTEMY JIJIsl HU3KU MOJEJbHUX IOTEHIIa/1B HeJIOKAJbHOI B3ae-
Moziil. [loBHumit anaJi3 MpoBeIeHo 3 BUKOPUCTAHHAM YNCEIbHIX METO/IIB /I JTBOX
HeJIOKAJIbHIX MOoJIesIeil TOTeHITa Iy B3a€MO/IIl: MO/Ie/Ib MBIIPO30pUX cdep i MoJIesb
3 mipodisieM raycoBoro (HOPMaJIbHOTO) PO3IOJILITY.

Y pozmiiri 4 BUBYAETHCA TEepMOJMHAMIKA I MATrHITHI BJIACTUBOCTI BCiX
MozknBuX ctaniB BEK y 603e-razi gactunok 3i cminoMm S = 1 3a HasgABHOCTI 30B-
HIIHBOTO Mar"iTHOro moJjigd. Ha Biaminy Bij momepeanixX JOCTIIZKeHb CIITHOPHUX
KOHJICHCATIB MI?KaTOMHA B3a€MO/IisI BBAYKAETHCs HEJIOKAJBHOIO. Y IHOMY BUIIAIKY
BIJIMOBIIHNI TaMiJIbTOHIAH Oy/IyeThC 3 ypaxyBaHHAM CIIHOBHUX 1 KBaIPYTOJIbHITX
CTYTIEHIB CBOOOJM, sIKi €JIETAHTHO BBOJATHLCA Ha PIBHUX IMpaBaxX KpPi3b MPU3MY
asnre6pu SU(3). 3B’5130K 13 30BHIIIHIM MATHITHUM OJIEM 3a0€31e9y€eThCs 38 JI0I0-
MOTOIO $IK CITIHOBOTO oreparopa (JiHiiiHuii epekT 3eemana), Tak i 3a JOMOMOIOM0
orepaTopa KBaJ[pymnoJbHOr0 MOMEHTY (KBajpaTndHuii edekT eeMana).

HayxoBa noBusna jaucepTariiiiol poboTu mnojsdrae y Takux i1 pe3yibTarax:
1. 3aCTOCOBAHO TEPMOJIMHAMIYHY TEOPilo 30ypeHb JIJId OOUUCEHHS MOTTPABOK
[epIioro # Jpyroro MOPsAKY 3a B3aEMOJIEI0 1O TePMOJMHAMIUHUX BeJUUNH:
THCKY, XIMI9HOTO IOTEHIay, €HTPOIil fI TEeIJIOEMHOCTI 3a CTajoro 00’emMy —
KOTPI XapaKTepu3yTh CJ1a0KOB3aeMO/IiiHIil 003e-ra3 aTOMIB i3 IOBHIUM HYJIHOBUM
CIIIHOM Y BEPXHBOMY OKOJII TeMIlepaTypu nepexoay B ctaH 3 BEK;

2. BJIOCKOHAJIEHO aJIrOPUTM OOUMCJIEHHSI cepejiHiX 3a Teopemoio Bika-biioxa-
JlomiHicica 3a JIOIIOMOTOIO BBEJICHHS ITOHATH MaTPHUIll I Bu3HAYHNKa Bika;

3. IIOKa3aHo, 110 BILJIUB HEJIOKAJBHOCTI B3a€MO/Iil Ha XapaKTEPUCTUKHU CJI1a0-
KOB3a€eMO/IiitHOro 0603e-ra3y aToMmiB i3 IOBHUM HYJIBOBUM CIIIHOM y BEPXHBOMY
OKOJII TeMIepaTypu nepexojy B cran i3 bEK nesmaunmii, a, oT:Ke, TPUITYIIEHHS
KOHTAKTHOCT1 B3a€MO/II1 111/1 Yac OINCY 3a3HaUeHOl CUCTEMU € JIOCTATHIM;

4. JUTsT CTADKOB3AEMOJIIITHOrO 003e-ra3y aToMiB i3 MOBHUM HYJILOBUM CITIHOM

y crani 3 BEK posp’sizana cucrema piBHsIHD, 1[0 BU3HAYAE XIMIUHUI MOTEHIIAJ

1 I'YCTUHY YacCTUHOK KOHJEHCATy 3a& HYJIbOBOI TeMIlepaTypu, 3 ypaxyBaHHAM



BHECKY KBaJpaTHUUIHUX 38 ollepaTopaMHi HapOJ»KeHHs 1 3HUIIEHHs T0JaHKIB Ta
BUKOPUCTAHHAM HU3KM MOJIeJIbHUX IOTEHIIAIIB HeJJOKAJIbHOI B3aEMO/IIT;

D. MOKa3aHo, 0 BHECOK KBAIPATUIHUX JI0/IAHKIB, 3raJlaHuX BUIIE, MOXKE OyTH
Takuii camMuil 3a IOPSKOM BEJUYMHM, SIK 1 THUX JIOJaHKIB, SKl IOXOJATH 3 C-
YUCJ0BOI YaCTUHU TaM1JIbTOHIAHY:;

6. IIPOJIEMOHCTPOBAHO, 10 BHECOK KBaJIpATUYHUX YJIEHIB y XIMIYHUN I10-
TeHIllaJl MTPU3BOJIUTh, 3arajioM, J0 €HepPreTU4YHol MIJIMHU B OJITHOYACTUHKOBOMY
EHEPIeTUIHOMY CIIEKTPI 30Y/I?KEHb;

7. 3HalijleHo 11 JIOC/IJ?KEHO HOBUIl PeXKUM CTaHy 3 IOPYIIEHOI OChOBOIO
CUMETPIEI0 CJIa0KOB3aEMOIIITHOr0 003€e-ra3y aToMiB i3 HOBHUM OJMHUYIHUM CIITHOM;
8. MOOY/IOBAHO JIIT 3TaaHOT0 PEXKUMY JliarpamMy MArHITHUX CTaHIB, sKa
3acHOBaHa Ha IXHIT HAMarHiueHOCT;

9. B paMKax Teopil 30ypenb st MaruiTHoro crany BEK i3 nopymienoro ocbo-
BOIO CUMETPIEI0 B CJIaOKOB3aEMOIIHOMY 003e-ra3i aTOMIB 13 TTOBHUM OJIMHIIHUM
CIIHOM OTPMMAHO €HEPIreTUYHHI CIEKTP OJHOYACTUHKOBHUX 30Y/KEHb 38 HYJIHO-
BOI TeMmIlepaTypH I 3 ypaxyBaHHsM IIOIPABOK, IO CHPUINHEH] HEeJTOKAJbHICTIO
B3aEMO/II.

[[o0 mpakTUIHOTO 3HAYEHHsI OTPUMAaHUX PE3YJIbTaTiB, TO IepPelyciM BOHH,
sIK MOXKHA 3PO3YMITH 3 T€MH JHCepPTallil, JolIoMaraioTh ¢chopMyBaTu PO3YyMIiHHsI
TOr0, HACKILJIbKN 3HAYHOIO € POJIb HEJOKAJHbHOI B3a€MOJIII 3 TOUKU 30pPY BILIUBY
Ha (DIBUYHI BJIACTUBOCTI YIBTPAXOJIOLHOIO O03e-rasy. 30KpeMa, JIesKi XapaKTepu-
CTUKHU OJIHI€T it Tiel »K 003e-cucTeMu 3aJIe;KHO BiJI TOIO, UM 3HAXOJUTbCsl BOHA B
crani 3 bEK, 4 i, MOXKYTb 9K JOCUTH CyTTEBO 3MIHIOBATH CBOIO TEOPETHIHO
nepejidadyBaHy IMOBEJIIHKY, TaK 1 MalizKe He 3a3HaBaTh AKICHUX 3MiH YHACJIJI0K
HEJIOKAJILHOCTI B3aeMO/Iil, BimmoBiaHo. BoueBuab, Takmii pakT € BarKJIUBUM He
TIJIBKN 1111 Yac IJIaHyBaHHs eKCIepUMEHTAJbHUX JIOC/II?KEHb, a ¥ I1J] 4Jac
TJIyMa4deHHsI TXHIX Pe3YJIbTaTiB.

Okpemo cJ1iji 3BepHYTH yBary Ha BJIOCKOHAJIEHHS aJrOPUTMY IIJIPaXyHKY

cepenix 3a Teopemoro Bika-biioxa-/lominicica. Lleit pesyabrar crane B Haromi

OyIb-KOMY, XTO CTHKHETbCs 3 HEOOXIJIHICTIO MiAPaxyHKy CepejHix 3a 3raJaHoio



Teopemoro. Came TOMy Take BJOCKOHAJICHHS Ma€ cTaTn OaKaHUM JIOIIOBHEHHSIM J10
KypCy KIHETUYIHOI TeOPil ra3omno iiOHNX cucTeM, (PI3UKN CUCTEM DaraThboxX YaCTUHOK
TOIIIO, SIK1 BUKJIQJIAI0ThCS CTYJAEHTaM BLIIIOBIJIHUX CIElia/IbHOCTEI].

[IiArpyHTaM I MOJAJIBIINX TEOPETUIHNX i eKClepuMeHTaJIbHUX JTOCITi-
JIZKEHb TaKOXK MOXKYTb CTaTU TakKl IMUTaHH:: eKClIepUMeHTaJIbHE I1TBEeP/I?KEHHS
nepeIdaueHoro pexKIuMy CTaHy 3 MOPYIIEeHOI0 OCHOBOIO CHMETPI€0, IIIJINH B OTPU-
MaHHUX CIEKTPax OJHOYACTHHKOBUX 30Y/2KEHb; IOJAJIBIII JOCIIIZKEHHsT CHCTEMU
PIBHSIHb, ¢Ka BU3Hada€ XIMIYHUII MOTEHIlaJ 1 I'yCTUHY YacTUHOK KOHJIEHCATY
cJ1a0KOB3aeMO/IiiTHOrO 003e-ra3y, a TakKOoXK I1HIINX TEePMOJIMHAMIYHUX XapaKTepH-
cTUK (EeHTPOIIT, MUTOMOI TEIJIOEMHOCTI 3a CTAaJIOro 00’€My TOIO) 3a HEHYJIHOBOI
TeMIlepaTypH.

3arajioM, pe3yJabTaTi poOOTH € KOPUCHUMHU JIJId BUBUYEHHS TaKUX MaKpPO-
CKOIIIYHUX $IBUIIl Y KBAHTOBUX CHUCTeMaX, K: HaJIIJUHHICTH, HAJIIPOBIJIHICTD,
HaIJIMHHICTH KPUCTAJJIY TOINO — OCKLIbKH gBuine bEK croiTh 3a HuMm.

KirouoBi cjioBa: KBaHTOBa, CHCTEMa, YJIbTPaxoJoaHuii 06o3e-ras, 003e-
efHIMTeNHIBCHKII KOoHeHcaT, (ha30BUil Mepexij, TepMOMHaMIKa, eHepreTuIHni
cIeKTp, Teopist borosobosa, Teopist 30ypeHb, XIMITHUII ITOTEHIIAJ, CIIIH, HaIILJINH-

HICTb, HAJIIPOBLJIHICTh, MArHITHE 110Ji€, MArHITHA BJIACTUBICTb, YUCEJbHUI METO/I.
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The dissertation is devoted to studing the effect of the nonlocality of
interaction on: first, thermodynamic quantities of a weakly interacting Bose gas
both in the upper neighbourhood of the transition temperature (higher, but close
to it) to the state with Bose-Einstein condensate (BEC) and in the state with



BEC at zero temperature; second, spin-related effects and the structure of the
single-particle excitation spectrum of a weakly interacting Bose gas of spinless or
spin-1 atoms with BEC at zero temperature.

Chapter 1 deals with the presentation of the basic approaches and the
reference point of the author’s research: thermodynamic perturbation theory,
Bogoliubov theory of a weakly interacting Bose gas, and generalization of
Bogoliubov canonical transformation.

Chapter 2 is devoted to the constructing thermodynamics of a Bose gas in
the upper neighbourhood of the phase transition temperature to the state with
BEC taking into account the first and second order corrections in interaction to
the main thermodynamic quantities. The theoretical description is based on the
thermodynamic perturbations theory. The results are analyzed by using numerical
methods for local and non-local models of the interaction potential.

Chapter 3 analyzes the system of equations that allows one to determine
such thermodynamic characteristics of a weakly interacting ultracold Bose gas of
spinless atoms with BEC as chemical potential and condensate particles density.
It involves the contribution of quadratic terms in the creation and annihilation
operators and enables to study the system for a number of model non-local
interaction potentials. The complete analysis was carried out by employing the
numerical methods for two models of non-local interaction potential: a model of
semitransparent spheres and a model with Gauss (normal) distribution profile.

In Chapter 4 the author explores thermodynamics and magnetic properties
of all possible magnetic states of a Bose gas of spin-1 atoms with BEC in the
presence of an external magnetic field. In contrast to previous studies of spinor
condensates, the interatomic interaction is considered to be non-local. In this
case, the corresponding Hamiltonian must be constructed taking into account the
spin and quadrupole degrees of freedom, which are elegantly introduced on an
equal footing through the prism of the SU(3) algebra. The coupling with the
external magnetic field is provided both by the spin operator (the linear Zeeman

effect) and by the quadrupole moment operator (the quadratic Zeeman effect).



The scientific novelty of the dissertation consists in its following results:
1. the author employed the thermodynamic perturbation theory to compute
the first and second order corrections in interaction to the following thermody-
namic quantities: pressure, chemical potential, entropy, and heat capacity at
constant volume, which characterize a weakly interacting Bose gas of spinless
atoms in the upper neighbourhood of the phase transition temperature to the
state with BEC;
2. the author improved the algorithm to find the averages according to the
Wick-Bloch-Dominisis theorem by introducing the concepts of the Wick matrix
and determinant;
3. the author showed that the effect of the non-locality of interaction on the
thermodynamics quantities of a weakly interacting Bose gas of spinless atoms in
the upper neighbourhood of the phase transition temperature to the state with
BEC is insignificant, and, therefore, it is sufficient to assume that the interaction
as a contact one when describing the specified system;
4. for a number of model non-local interaction potentials, the author solved the
system of equations which determines the chemical potential and the condensate
density of a weakly interacting Bose gas of spinless atoms with BEC up to
quadratic terms in the creation and annihilation operators.
5. the author showed that the contribution of the quadratic terms mentioned
above can be of the same order of magnitude as those that originate from the
c-number part of the Hamiltonian;
6. the author demonstrated that the contribution of the quadratic terms to
the chemical potential leads, in general, to a gap in the energy spectrum of single-
particle excitation;
7. the author found and studied the new regime of the broken-axisymmetry
state of a weakly interacting Bose gas of spin-1 atoms with BEC;
8. the author constructed the diagram of magnetic states with the foregoing
regime in terms of their magnetization;

9. within the pertubation theory the author obtained the energy spectrum of



single-particle excitation for the broken-axisymmtery state of a weakly interacting
Bose gas of spin-1 atoms with BEC in a magnetic field at zero temperature taking
into account the corrections caused by the interaction nonlocality.

As for the practical importance of the obtained results, first of all, as
can be understood from the dissertation topic, they help to form the insight
of how significant is the role of non-local interaction when describing the physical
properties of ultracold Bose gas. In particular, due to the nonlocality of
interaction, the physical characteristics of the same Bose system can either change
their theoretically predicted behaviour quite significantly or undergo almost no
qualitative changes depending on whether it is in a state wuth BEC or not,
respectively.  Obviously, this fact is important not only when planning an
experimental study but also when interpreting its results.

In addition, it is worth stressing the result associated with the improved al-
gorithm for averages computing according to the Wick-Bloch-Dominicis theorem.
It will be helpful to anyone who deals with the indicated problem. Therefore, the
obtained result should be an apt addition to the course of the kinetic theory of
gaseous systems, physics of many-body systems, etc., which are taught to students
of the relevant specialties.

The following issues can also become the basis for further theoretical and
experimental study: experimental confirmation of the predicted regime of the
broken-axisymmetry state and experimental evidence of the energy gap in the
single-particle excitation spectra; the further analysis of the system of equations
that determines the chemical potential and the condensate particles density of
a weakly interacting Bose gas at finite temperature as well as the computation
of other thermodynamic quantities (entropy, specific heat capacity at constant
volume, etc.).

In general, the obtained results are useful for studying such macroscopic
phenomena in quantum systems as superfluidity, superconductivity, supersolidity,
etc., since their nature is closely related to BEC.

Key words: quantum system, ultracold Bose gas, Bose-Einstein condensate,



phase transition, thermodynamics, energy spectrum, Bogoliubov theory, pertur-
bation theory, chemical potential, spin, superfluidity, superconductivity, magnetic

field, magnetic property, numerical method.



