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KIRISH (fan doktori (DSc) dissertatsiyasi annotatsiyasi)

Dissertatsiya mavzusining dolzarbligi va zarurati. Dunyoda ilk bor kvant
fizikasidagi bashorat gilingan makroskopik hodisa Boze-Eynshteyn kondensati
(BEK) hisoblanadi. Boze-Eynshteyn kondensati materiyaning ajoyib va g‘ayrioddiy
holati bo‘lib, unda bir guruh bozonlar, subatomik zarralar bir xil kvant holatni
egallaydi. Bu hodisa 1924 yilda hind fizigi Satendra Nas Boze va Albert Eynshteyn
tomonidan bashorat gilingan va 70 yildan ko‘proq vaqt o‘tgach, birinchi marta 1995
yilda eksperimental ravishda kuzatilgan. Ushbu tajribalar 2001 yilda fizika bo‘yicha
Nobel mukofotiga sazovor bo‘ldi. BEKning kashfiyoti fizika uchun, jumladan, o‘ta
o‘tkazuvchanlik, o‘tasuyuqglik va kvant hisoblashlarni o‘rganish uchun muhim
ahamiyatga ega bo’ldi. Shuningdek, u atom va kondensirlangan muhitlar fizikasida
yangi tadgiqgot yo“‘nalishlarini ochdi.

Boze-Eynshteyn kondensati nazariyasidagi fizikasining eng qizigarli
mavzularidan biri bu o‘zaro ta’sir giluvchi zarralardan tashkil topgan Boze-
Eynshteyn kondensatlarini tushunishdir. Kondensatni tashkil giluvchi zarralar
o’zaro ta’siri ikki xil xususiyatga ega bo’lishi, yani o’zaro itaruvchan yoki
tortishuvchan bo‘lishi mumkin. Sintetik spin-orbital bog‘lanish (SOB) bilan Boze-
Eynshteyn kondensatining fizik xususiyatlarini o‘rganish Boze-Eynshteyn
kondensati to‘g‘risidagi bilimlarni yanada kengaytiradi. Spin-orbital bog‘lanish
holatida optik tarzda yaratilgan atom psevdospini-1/2, atom impulsi va sintetik
magnit maydon bilan birlashadi. Spin-orbital bog‘lanish gattiq jismlar fizikasida
mavjud bo‘lgan simmetrik Rashba va Dresselhaus kabi, ko‘p shakllarga ega bo‘lishi
mumkin. Nochizigli fotonik panjaralar kabi boshga tizimlarda soliton formadagi
Boze-Eynshteyn kondensati tushunchasini kengaytirish bo‘yicha harakatlar davom
etmogda. Bundan tashqari, eksperimental tarzda yaratilishi mumkin bo‘lgan tartibsiz
potentsiallardagi Boze-Eynshteyn kondensati xususiyatlarini o‘rganish nochizigli
dinamika va kvant lokalizatsiyasi (mahalliylashuvi) o‘rtasidagi munosabatlarini
ko‘rsatib beradi. Bundan tashqari, Boze-Eynshteyn kondensatida holatida
solitonning harakatini o’rganish muhim ahamiyatga ega bo’lib, uning dinamikasiga
tartibsiz potensial va spin-orbital bog‘lanish sezilarli darajada ta’sir qilishi mumkin,
hatto yarim klassik rejimda ham. So’nggi yillarda Boze-Eynshteyn kondensati
koinotdagi ba‘zi hodisalarni bashorat qilish uchun astronomiya sohasidagi
olimlarning e‘tiborini tortdi. Katta materiya to‘lgini sifatida Boze-Eynshteyn
kondensati qorong‘u materiyaning xususiyatlarini taglid qilishi mumkin va ularni
o‘rganish gorong‘u va ko‘rinadigan materiyaning dinamikasi va xususiyatlari hagida
tushuncha berishi mumkin. Umuman olganda, Boze-Eynshteyn kondensatining
dinamik xususiyatlarini o‘rganish bizning dunyo hagidagi tushunchamizga sezilarli
ta’sir ko‘rsatishi va muhim texnologik yutuglarga olib kelishi mumkin. Bu esa ushbu
Ilmiy tadqgiqot ishini global darajada dolzarbligini asoslaydi.

Mamlakatimizda so‘ngi yillarda fundamental va amaliy tadqiqotlarning
dolzarb yo‘nalishlarini rivojlantirishga tobora ko‘proq e’tibor berilmogda. Xususan,
istigbolli yo‘nalishlardan biri bo‘lgan nazariy fizikani rivojlantirish bugungi
kunning muhim muammosidir. Yurtimizda ilm-fanning muvaffagiyatli rivojlanishi
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uchun fundamental tadqiqotlar va ishlanmalarning asosiy yo‘nalishlari va ularni
amaliy qo‘llash O‘zbekiston Respublikasini yanada rivojlantirish bo‘yicha 2022-
2026-yillarga mo*‘ljallangan Strategiyasida® o‘z aksini topgan. Shuning uchun Boze-
Eynshteyn kondensatlarining makroskopik dinamikasini o‘rganish fundamental
tadgiqotlar sohasidagi dolzarb muammolardan biri bo‘lib golmoqda.

Mazkur dissertatsiya ishi davlat me’yoriy hujjatlariga, O°‘zbekiston
Respublikasi Prezidentining 2020-yil 29-oktabrdagi “Ilm-fanni 2030-yilgacha
rivojlantirish konsepsiyasini tasdiglash to‘g‘risida”gi PF-6097-sonli Farmonida,
shuningdek, O‘zbekiston Respublikasi Prezidentining 2021-yil 19-martdagi “Fizika
sohasida ta’lim sifatini oshirish va ilmiy tadgigotlarni rivojlantirish chora-tadbirlari
to‘g‘risida”’gi PQ-5032-sonli garorlari hamda ushbu sohadagi boshga normativ-
huquqiy hujjatlarda belgilangan vazifalarni amalga oshirishda mazkur dissertatsiya
tadgigoti muayyan darajada xizmat gilaqdi.

Tadgiqotning respublika fan va texnologiyalari rivojlanishi-ning ustuvor
yo‘nalishlariga bog‘liqligi. Mazkur tadgiqot respublika fan va texnologiyalari
rivojlanishining II. «Energetika, energiya va resurs tejamkorligi» ustuvor yo‘nalishi
doirasida bajarilgan.

Dissertatsiya mavzusi bo’yicha xorijiy ilmiy-tadgigotlar sharhi.? Vagtga
bog‘lig bo‘lgan Gross-Pitayevskiy tenglamasi (GPT) bilan tavsiflangan Boze-
Eynshteyn kondensatining nochizigli dinamikasi, kvazi-ikki o‘lchovli Boze-
Eynshteyn kondensatining collapsi, tashqgi tasodifiy potentsiallardagi Boze-
Eynshteyn kondensati dinamikasi dunyoning yetakchi olimlari tomonidan
eksperimental va nazariy jihatdan o‘rganilgan, jumladan, Ispaniya (G. Muga)
Portugaliya (V.V. Konotop), Amerika Qo‘shma Shtatlari, Kolorado universiteti va
NIST (E.A. Kornell, C.E. Wieman, V. Ketterle, M. Edvards, D. Kleppner, A. J.
Leggett), Germaniya (T. V. Héinsch, I. Bloch, D. Jaksh, M. Weidemiiller), Fransiya:
(J. Dalibard, Ch. Salomon, T. Giamarchi), Buyuk Britaniya (S.L. Kornish, K.
Burnett), Kanada: (R.G. Hulet), Italiya (M. Inguscio, S. Stringari, L. Pitaevskii, L.
Salasnich), Isroil (B.A. Malomed, N. Davidson), Rossiya (A.Fetter, E.I. Rashba,
V.V. Kartashov) va boshgalar.

Boze-Eynshteyn kondensatilarda kollaps (qulash) nazariyasi doirasida
mahalliy olim F.X. Abdullayev va Y. Kogon, A.E. Muryshev, G.V. Shlyapnikov
kabi xorijiy mualliflar tomonidan o‘rganilgan. Bir guruh E.A. donli, N.R. Klaussen,
S.L. Kornish, J.L. Roberts, E.A. Kornell va C.E. Vieman kabi olimlar tomonidan
Bose—Eynshteyn kondensatlarining kollapsi va portlash dinamikasi eksperimental
ravishda olingan.

Boze-Eynshteyn kondensatlarida Spin-orbital bog‘lanish va Zeeman ta’sirini
immitatsiya gilish imkoniyati mavjudligida Y.-J Lin, R.L.Kompton, K.Ximenes-
Garsiya, J.V.Portu, 1.B. Spielman, X. Zhai, V. Galitski kabi olimlar tomonidan katta

1 Oc¢zbekiston Respublikasi Prezidentining 2022-yil 1-yanvardagi Ne PF-60 son farmoni *“2022-2026 yillarga
mo‘ljallangan Yangi O‘zbekistonning taraqqiyot strategiyasi to‘g‘risida”.

Dissertatsiya mavzusi bo‘yicha xorijiy ilmiy-tadgigotlar sharhi: http://arxiv.org; https://webofknowledge.com;
https://scholar/google/com. J. Nature, J. Science, J. Reviews of Modern Physics, J. Physical Review Letters; J.; va
boshga manbalar asosida ishlab chigilgan.
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hissa go‘shildi va bu nochizigli hodisalarning o‘zaro ta‘siri va tizimlarning spin
dinamikasiga katta giziqgish uyg-otdi.

Polaron tushunchasi, ya‘ni biror-bir o‘rnatilgan muhitda bog‘lig holatni hosil
giladigan tashqi zarracha, fizikadagi eng gizigarli g‘oyalardan biri hisoblanadi. Bu
L.D.Landau va R.P.Feynmanning muhim asarlarida paydo bo‘lib, gattiq jism va
kondensirlangan muhit fizikasining turli sohalarida, shu jumladan magnit
hodisalarida (F.C Zhang and T.M. Rice tomonidan o‘rganilgan) bundan tashgari
panjara deformatsiyasi effektlarining o‘zgaishida (V.V. Konotop, J.T. Devreese,
M.A. Semina, M.M. Glazov and E.Ya. Sherman tomonidan o‘rganilgan) yetakchi va
samarali tushunchalardan biriga aylandi.

Muammoning o‘rganilganlik darajasi.

So‘nggi bir necha o‘nyilliklardan beri Bose—Eynshteyn kondensatining kollaps
hodisasi keng miqyosda o‘rganilib kelinmoqda va uni nazorat gilishning ko‘plab
turli usullari taklif gilindi va tekshirildi. Bu yondashuvlardan biri kondensatni
kollapsiga qarshi barqgarorlashtirish uchun tashqi potentsiallardan foydalanish,
garmonik potentsialni o‘rnatish yoki atomlararo o‘zaro ta’sirlarni sozlash uchun
Feshbax rezonanslaridan foydalanishdir. Yana bir yondashuv - tizimning nochizigli
dinamikasini kollaps uchun ishlatish va keyin uni oldini olish uchun teskari aloga
nazorat gilish usullarini foydalanish hisoblanadi.

Umuman olganda, Boze-Eynshteyn kondensatining kollapsini nazorat gilishni
o‘rganish ko‘plab eksperimental va nazariy o‘rganishlarning faol tadgigot yo‘nalishi
hisoblanadi. Ba’zi tegishli nashrlar quyidagilarni oz ichiga oladi: M. Edwards and
K. Burnett, Phys. Rev. A 51, 1382 (1995); J. Javanainen and M. Mackie, Phys. Rev.
A 66, 013607 (2002); S. T. Karpiuk, et al., Phys. Rev. Lett. 109, 205302 (2012); K.
Adhikari, J. Phys. B 49, 170201 (2016).

Spin-orbital bog‘langan Boze-Eynshteyn kondensatlari so‘ngi yillarda keng
gamrovli nazariy va eksperimental tadgigotlar mavzusiga aylandi. Spin-orbital
bog‘langan Boze-Eynshteyn kondensatlarni o‘rganish spin Hall effektlari, topologik
izolyatorlar va Abel bo‘Imagan o‘lchov maydonlari kabi yangi hodisalarni kashf
etishga olib kelgan turli nazariy ishlarda o‘rganilgan (Zhai, H. Reports on Progress
in Physics, 78(2), 026001 (2015); N. Goldman, G. Juzeliiinas, P. Ohberg, & 1.B.
Spielman, Reports on Progress in Physics, 77(12), 126401 (2014)). Spin-orbital
bog‘langan Boze-Eynshteyn kondensatlar, shuningdek, yuqori haroratli o‘ta
o‘tkazgichlar va topologik izolyatorlar kabi murakkab kondensatsiyalangan
moddalar tizimlarini simulyatsiya gilish uchun platforma sifatida ishlatilgan (Y. Xu,
F. Zhang, & C. Zhang, Reports on Progress in Physics, 79(6), 066501 (2016); M.
Aidelsburger, et al. Physical Review X, 8(3), 031027 (2018)). Bundan tashqari,
Spin-orbital bog‘langan Boze-Eynshteyn kondensatlar atom interferometri, kvant
simulyatsiyasi va kvant ma’lumotlarini gayta ishlash kabi turli xil eksperimental
ilovalarda qo‘llanilgan (Y.J. Lin, et al. Nature, 471(7336), 83 (2011); P. Wang, et al.
Physical Review Letters, 117(21), 215301 (2016)).

Boze-Eynshteyn kondensatlarida polaron hosil bo‘lishi ham keng o‘rganilgan,
chunki u tashqgi aralashma va atrofdagi kondensat o‘rtasidagi o‘zaro ta’sirni
tushunishda muhim rol o‘ynaydi. Polaron hosil bo‘lishi aralashma va atrofdagi
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kondensat o‘rtasidagi kuchli bog‘lanish tufayli yuzaga keladi va bu aralashmani
bozonlar bilan yopishiga olib keladi. Boze-Eynshteyn kondensatlarda polaronni
o‘rganish Bose polaroni, Fermi polaroni va Frohlich polaroni kabi turli
hodisalarning kashf etilishiga olib keldi, ular turli nazariy ishlarda o‘rganilgan (T.
Yin, D. Cocks, and W. Hofstetter, Phys. Rev. A 92, 063635 (2015); N.B. Jergensen,
L. Wacker, K.T. Skalmstang, M.M. Parish, J. Levinsen, R.S. Christensen, G.M.
Bruun, and J.J. Arlt, Phys. Rev. Lett. 117, 055302 (2016); Z.Z. Yan, Y. Ni, C.
Robens, M.W. Zwierlein, Science 368, 190 (2020); J. Takahashi, R. Imai, E.
Nakano, and K. lida, Phys. Rev. A 100, 023624 (2019); A. Schirotzek, C.-H. Wu,
A. Sommer, and M.W. Zwierlein, Phys. Rev. Lett. 102, 230402 (2009)). Boze-
Eynshteyn kondensatlarda polaronlarning shakllanishi kondensirlangan holatlar
tizimlarida aralashmalar dinamikasini o‘rganish uchun, shuningdek, Boze-
Eynshteyn kondensatlarda o‘ta sovuq aralashmalarning xatti-harakatlarini o‘rganish
uchun platforma sifatida ishlatilgan (M. Cetina, et al. Science, 354 (6316), 96-99
(2016); C. Kohstall, M. Zaccanti, M. Jag, et al. Nature 485, 615-618 (2012)).

Dissertatsiya mavzusining dissertatsiya bajarilgan oliy ta’lim va ilmiy-
tadgiqgot muassasasi ilmiy-tadqgiqot ishlari bilan bog‘ligligi. Dissertatsiya ishi
quyidagilar doirasida amalga oshirildi: O‘zbekiston Innovatsion rivojlanish
vazirligining F-FA-2021-432 (2021-2025) ragamli ilmiy loyihasi; O‘zbekiston
Respublikasi Innovatsion rivojlanish vazirligi huzuridagi Fanni moliyalashtirish va
innovatsiyalarni qo‘llab-quvvatlash jamg‘armasi tomonidan moliyalashtiriladigan
“Yosh olimlarning xorijiy ilmiy tashkilotlarda qisqa muddatli ilmiy stajirovkalarini
tashkil etish va moliyalashtirish to‘g‘risida”gi 2022-yil 19-yanvardagi 2-sonli
shartnomasi; O‘zbekiston Respublikasi Vazirlar Mahkamasi huzuridagi “El-yurt
umidi” Mutaxassislarni xorijda tayyorlash va vatandoshlar bilan muloqot qilish
jamg‘armasining 2019 yil stipendiyasi;

Tadgigot maqgsadi nochiziqli Gross-Pitayevskiy tenglamasi asosida turli ichki
va tashqi tizimlar ta’siridagi Boze-Eynshteyn kondensatining yangi nochizigli
dinamik xususiyatlarini rivojlantirish, Boze-Eynshteyn kondensatini makroskopik
hodisa sifatida dinamik xususiyatlarini klassik fizika (Nyuton mexanikasi) ba’zi
gonunlari yordamida tavsiflashdan iborat.

Tadqgigotning vazifalari:

Boze-Eynshteyn kondensatining kollapsiga spin-orbital bog‘lanish ta’sirini va
kollapsga to“sqinlik giluvchi kritik shartlarni aniglash;

Gross-Pitayevskiy teglamasida diagonal va ichki spin-komponentlarning
nochizigliklari bo‘lgan holda, kondensat spiniga tashgi magnit maydoni go‘llash
orgali kondensat kollapsiga ta’sirini o‘rganish;

tartibsiz potensial va spini kuchli o‘zaro ta‘siri ostidagi Boze-Eynshteyn
kondensatida solitonning harakat dinamikasini tahlil gilish;

Gross-Pitayevskiy tenglamasi va klassik fizika gonunlari bilan tavsiflangan bir
va ikki o‘lchovli Boze-Eynshteyn kondensatida polaron effekli o‘rnatilgan tashqi
zarrachaning kondensat bilan o‘zaro bog‘liglik dinamikasini o‘rganish;



bir o‘lchovli Boze-Eynshteyn kondensatida “gravitatsion” o‘zaro ta’sirga ega
ikkita zarrachalar dinamikasi bilan modellashtirilgan gorong‘u materiyaning bir hil
bo‘Imagan zichligi modelini tahlil gilish.

Tadqgigot ob‘ektlari Boze-Eynshteyn kondensati, spin, soliton, tasodifiy
potentsial, tashqi o’rnatilgan zarralar, polaronlardir.

Tadqgigot predmeti Spin-orbital bog‘langan Boze-Eynshteyn kondensatining
kollapsi; tasodifiy potentsialda spin-orbital bog‘langan soliton dinamikasi; Boze-
Eynshteyn kondensatidagi polaronlar va tashqi zarralar.

Taqgdidot usullari. Boze-Eynshteyn kondensati nazariyasining matematik
apparati, klassik fizika ba’zi qonunlari va xususiy differensial tenglamalar sistemasi
yechishning analitik va ragamli usullarini go‘llash bilan hisoblanadi.

Tadgiqgotning ilmiy yangiligi quyidagilardan iborat:

ilk bor spin-orbital bog’lanish va tashgi magnit maydon tomonidan
boshgariladigan kondensat spinining kvazi-ikki o‘lchovli kondensat kollapsiga
ta’siri o‘rganildi va spinga bog‘liq anomal tezlik kondensat kollapsini to‘liq nazorat
gilishi ko‘rsatdi;

ilk bor spinga bog‘liq anomal tezlik tufayli tasodifiy potentsialda soliton
dinamikasining lokalizatsiyasi yoki delokalizatsiyasi uchun Zeeman bog‘lanishi
muhim rol o‘ynashi ko‘rsatildi;

ichki  tortishuvchan  spin  komponentalariga ega  Boze-Eynshteyn
kondensatining siljishi Zeeman maydonidagi spin presessiyasi va tasodifiy
potentsial mavjudligining birgalikdagi effekti tufayli yuzaga kelishi mumkinligi
ko‘rsatilgan;

ilk bor Gross-Pitayevskiy tenglamasi va klassik Nyuton mexanikasi qonunlari
bilan tavsiflangan bir va ikki o‘lchovli Boze-Eynshteyn kondensatlari va
polaronlarning o‘zaro bog‘liglik dinamikasi ko‘rsatildi;

Ik bor bir o‘lchovli Boze-Eynshteyn kondensatida ikkita tashqi o‘rnatilgan
zarralarning “gravitatsion” o‘zaro ta’siri dinamikasi bilan modellashtirilgan
gorong‘u materiyaning bir hil bo‘lmagan zichligining soddalashtirilgan modeli
tagdim etildi. Polaron, ya’ni o‘rnatilgan zarracha yaqinidagi Boze-Eynshteyn
kondensati zichligining o‘zgarishi zarralar orasidagi  “gravitatsion” kuchlari
ta’sirida yuzaga keladigan dinamikani sezilarli darajada o°zgartirishi va
gravitatsiyaviy qulash vaqtining o‘zgarishiga olib kelishi aniglandi.

Tadgigotning amaliy natijalari quyidagilardan iborat:

Kvazi-ikki o‘lchovli Boze-Eynshteyn kondensatining kollapsni boshqgarish
uchun spin-orbital bog’lanishidan kelib chigadigan anomal tezlikning collaps
tezligiga nisbattan kritik giymatlarini aniqlanishi tajriba o’tkazishga ahamiyatliligi
bilan asoslanadi.

spin-orbital bog’lanish va Zeeman ta’siriga proportsional bo‘lgan spinga
bog‘liq anomal tezlik tufayli solitonning lokalizatsiyasi yoki delokalizatsiyasining
analitik va sonli shartlari aniglandi. Yetarlicha kuchli Zeeman maydoni
potentsialning tasodifiy minimallari yaqginida yorgin solitonning lokalizatsiyasiga
olib kelishi ko’rsatildi;



Gross-Pitayevskiy va klassik Nyuton tenglamalari sistemasida tasvirlangan
polaron va kondensatning o’zaro bog’liggan birjinsli bo’lmagan dinamikasi
ko'rsatildi. Boze-Eynshteyn kondensati polaronlar uchun o‘zini yumshoq kvant
materiya sifatida tutishi aniglandi;

polaron effekti zarralar orasidagi Nyuton “gravitasiyasi” kuchlari ta’sirida
yuzaga kelgan dinamikani sezilarli darajada o‘zgartirishi va gravitatsiyaviy qulash
vagtining o°zgarishiga olib kelishi ko‘rsatildi;

statsionar bo‘Imagan potentsialdagi kondensat dinamikasining
“gravitatsiyalanuvchi” tashqi zarrachalar harakatiga ta’siri tahlil gilinadi.

Tadgiqot natijalarining ishonchliligi Tadgiqot natijalarining ishonchliligi
dissertatsiya ishida matematik va nazariy fizikaning standart usuli, jumladan, yugori
samarali sonli usullar va dasturlardan foydalanilganligi; boshga mualliflarning
nazariy natijalarining muvofigligi sinchkovlik bilan solishtirilganligi; xulosalar
Boze-Eynshteyn kondensatlari nazariyasining asosiy goidalariga juda mos kelishi
bilan izoxlanadi.

Tadgiqot natijalarining ilmiy va amaliy ahamiyati. Tadgiqot natijalarining
iIlmiy ahamiyati shundan iboratki, dissertatsiyada ishlab chigilgan formalizm Gross-
Pitayevskiy tenglamasi bilan tavsiflangan makroskopik modda sifatida Boze-
Eynshteyn kondensatining nochizigli dinamik xususiyatlarini tahlil gilish asosida
Boze-Eynshteyn kondensatini kvant hisoblashlar va kvant ma’lumotlar sohalarda
keng go‘llash bilan belgilanadi. Shuningdek, kvant materiyaning makroskopik
xususiyatlarini chuqurrog tushunishni yoritib berishi, atom kondensatlarining turli
xil ta’sirlarini o‘rganish orgali bugungi kunda hatto asosiy xususiyatlari ham
yoritilmagan gorong‘u materiyaning xususiyatlari va dinamikasini yoritib berishi
mumkin bo’ladi.

Tadgigot natijalarining amaliy ahamiyati shundan iboratki, ulardan Boze-
Eynshteyn kondensatining nochizigli dinamikasini, masalan, kollapslanadigan
materiyani, spin dinamikasini, deformatsiya parametrlarini, siljishlarni o‘rganishda,
shuningdek Nyutonning gravitatsion modelidagi tuzatishlardan gorong‘u materiya
modellarini baholash uchun foydalanish mumkin. Natijalar kondensirlangan
holatning tabiati va dinamikasini tahlil gilish, kuzatuv tajribalarini ishlab chigishda
ham foydali bo‘lishi mumkin.

Tadgigot natijalarining joriy qilinishi.

Sharqiy Yevropadagi hamkorlar bilan institutsional hamkorlikni qo‘llab-
quvvatlash uchun SCOPES dasturi doirasida Shveytsariya Milliy jamg‘armasi
(“Schweiz. Nationalfonds™) granti 127470 160527/1.

Spin-orbital bo’glangan Boze-Eynshteyn kondensatlarining kollapsi bo’yicha
chop etilgan maqolalarga yugori impakt faktorli jurnallarda chop etilgan 40 dan ortiq
ilmiy magolalar tomonidan havola gilingan (H. Sakaguchi, B. Li va B.A. Malomed,
Phys. Rev. E 89)., 032920; Y. Chjan, M.E. Mossman, T. Busch va boshqalar. Front.
Fizika 11, 118103; H. Sakaguchi, E.Ya. Sherman va B.A. Malomed, Phys. Rev. E
94, 032202; B.A. Malomed 2018 EPL 122, 36001 va boshqalar).

Turli tizimlarda spinga bog‘liq anomal tezliklarning dinamik xususiyatlarini
ishlab chiqish uchun tasodifiy potentsialdagi solitonning spin orqgali Kiritilgan
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dinamik jarayonlar bo’yicha chop etilgan maqolalarga 10 dan ortiq ilmiy maqolalar
tomonidan havola gilingan (J. Sun, Y. Chen, X. Chen va Y. Zhang, Phys. Rev. A
101, 053621, J. Yang va Y. Chjan, Phys. Rev. A 107, 023316; J. Fan, G. Chenva S.
Jia, Phys. Rev. A 102, 063311 va boshqgalar).

Tadqgigot natijalarining aprobatsiyasi. Mazkur tadgigotning asosiy natijalari
4 ta xalgaro va 4 ta Respublika miqgyosidagi ilmiy-amaliy konferensiyalarda
ma’ruzalar qilinib, tegishli muhokamalardan o‘tkazilgan.

Tadqiqot natijalarining e’lon qilinganligi. Dissertatsiya mavzusi bo‘yicha
jami 19 ta ilmiy ishlar chop etilgan, shu jumladan, O‘zbekiston Respublikasi Oliy
ta’lim, fan va innovatsiyalar vazirligi huzuridagi Oliy attestatsiya komissiyasining
dissertatsiyalar asosiy ilmiy natijalarini chop etish uchun tavsiya etgan ilmiy
nashrlar ro‘yxatida 11 ta ilmiy maqola (1 ta respublika va 10 ta xorijiy jurnallarda)
chop etilgan.

Dissertatsiyaning tuzilishi va hajmi. Dissertatsiya tarkibi kirish, to’rtta bob,
xulosa, bitta ilova va foydalanilgan adabiyotlar ro’yxatidan iborat. Dissertatsiyaning
hajmi 165 betni tashkil etadi.
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DISSERTATSIYANING ASOSIY MAZMUNI

Dissertatsiyaning Kirish gismida o’tkazilgan tadqiqotlarning dolzarbligi va
zarurati asoslangan, tadqiqotning maqsadi va vazifalari, ob’ekt va predmetlari
tavsiflangan, respublika fan va texnologiyalari rivojlanishining ustuvor
yo’nalishlariga mosligi ko’rsatilgan, tadgigotning ilmiy yangiligi va amaliy
natijalari bayon gilingan, olingan natijalarning ilmiy va amaliy ahamiyati ochib
berilgan, tadgiqot natijalarini amaliyotga joriy qilish, nashr etilgan ishlar va
dissertatsiya tuzilishi bo’yicha ma’lumotlar keltirilgan.

Dissertatsiyasining birinchi bobi "*Boze-Eynshteyn kondensatining kollapsi**
deb nomlangan kvazi-ikki o'lchovli BEKning kollaps jarayonini, shu jumladan SOB
spinning o'zaro ta'sirini o'rganishga bag'ishlangan. Bundan tashqari, Rabi chastotasi
bilan spin komponentasining ichki va o'zaro ta'sirlar ko'rib chigiladi. Ushbu bobda
biz SOB bilan BEKning kollaps jarayonini stabillashtirish (bargarorlashtirish) sharti
ko'rsatiladi va Rabi chastotasiga asoslangan spin komponentasining kollaps
maydonini taqdim etladi. Bu yerda nazariy va eksperimental kondensatsiyalangan
moddalar fizikasida keng o‘rganilayotgan ikki komponentali to‘lqin funksiyasi va
sintetik SOB va magnit maydonlarni tavsiflovchi psevdospin-1/2 ni ko‘rib chigamiz.

Faraz qgilaylik, nol Kelvin haroratda kondensatning dastlabki holati kvant
garmonik potentsialning asosiy holati quyidagi shaklda tayyorlangan bo’lIsin:

NN/« r2 |[1]

V== {_2a2(0)}L0J' )

Bu erda [1,0]" - z o'gi bo'ylab yo'naltirilgan spinning boshlang'ich holati. Spin-
orbital bog’langan, psevdospin-1/2 bog'langan kondensatning keyingi dinamikasi
v =[w,(r,t),w,(r,t)] to'lgin funktsiyasi bilan tavsiflanadi, bunda r = (x,y), to’lgin

funksiyasi zarrachalar soni N ga normallashtirilgan. To'lgin funksiyasining

evolyutsiyasi quyidagi GPT tomonidan tasvirlanadi
2

elVs h 2
in—"=-——A+H_ - : 2
- { - w— 9l },, (2)

bu yerda m zarracha massasi, H, SOB Gamiltoniani. (2)-tenglamada o'zaro ta'sir
konstantasi g = -4~%%a, / ma, ifoda bilan aniglanadi, bunda a, kondensatning z o'qi
bo'ylab targalish uzunligi va a, manfiy. Quyida, #z=m =1 birliklar va § =-4ra_/a,
o'lchovsiz birligisiz o'zaro ta'sir kuchi ishlatiladi. Uzunlik birligi sifatida a(0)
ixtiyoriy ravishda tanlanadi va mos keladigan vaqt birligi a*(0) bilan olinadi.

Kondensatning spindan bog’liqg bulmagan kollapsi uchun umumiy energiya
quyidagicha aniglanadi

E =~ [[w'av + gly| Joxey. 3)

Kollaps evolyutsiyasini ko'rsatish uchun biz variatsion yondashuvga
asoslangan Gauss ansatz funksiyasidan foydalanamiz va (3)-tenglamaga asosan
umumiy energiyani quyidagi ko’rinishda olamiz

12



g N (1_@'\'j. ()

- 2a’ 2r
(4) ifoda shuni ko'rsatadiki, agar parametr gN kritik giymat 1 =2~ dan oshsa,

kondensat kollapslanishi mumkin, chunki energiya manfiy bo’ladi va kondensat
diametric nolga intilganda energiya minus cheksizga intiladi. Kondensatning
vaqtdan bog’liq diametri a(t) quyidagicha aniglanadi

At?
a(t) = a(0) /1— )" (5)

bunda 4 =(gN —4)/2. (5) ifodadan kelib chigadiki kollaps vaqti T, =a*(0) /<4 va
kollaps tezligi v, = a(0) /T, =/ A / a(0) ga teng.

Endi SOBning kollaps jarayoniga ta'sirini ko'rib chigamiz. Anomal spinga
bog'lig o'zgartirilgan tezlikni quyidagicha yozamiz:

0
V=k+—H_, 6
ok % ()

(6) ifodaning oxirgi qism to'g'ridan-to'g'ri kondensatning spiniga bog'liq
qo’shimcha hisoblanadi. Bu erda ogim (doimiy hyarakat) zichligi evolyutsiyasini
ko’rish uchun quyidagi formulani keltiramiz

J(r,t)='Z[WW—WVI//}W%?(HSO}W- (7)

Kondensatning kollapsini ko’rsatish uchun biz kondensatning diametrini
aniglovchi quyidagi formuladan foydalanamiz
N

a(t) = JZ[ [itxay] ™. (8)

Quyidagi shaklda Dresselhaus SOB simmetriyalangan Gamiltonianini
tanlaymiz

H,, = a(kxax + kyO'y), 9)

bu yerda « SOB doimiysi, o,, o, - mos ravishdagi Pauli matritsalari. (9)-

ifodadan tezlikning mos koordinatalar bo’yicha komponentlari quyidagicha
aniglanadi

v, =k, +ao,, v, =k, +ao,. (10)

Spin tezligiga mos bir aylanishga ten xarakterli masofa L, =1/« bilan
belgilanadi.

3 0' =0
. a@=0.5v,
2.5 :
= 0 a=0.67h

=
=

0.0 05 10 15
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1-rasm. (8)-tenglama va (2)-tenglamaning to'g'ridan-to'g'ri sonli yechimi bilan aniglangan
kondensat diametrining dinamikasi. Egri chiziglar SOB konstantasi « ning rasmda berilgan
giymatlariga mos keladi va o'zaro ta'sir parametri gN =87 .

1-rasm shuni ko'rsatadiki, gisga vaqt davomida kondensat diametri SOB ning
barcha giymatlar uchun doimiy bo'lib, shundan keyin zarralar orasidagi tortishish va
spinga bo’gliq anomal tezlik o'rtasidagi o'zaro ta'sir boshlanadi. Ko'rinib turibdiki,
SOBning ma’lum bir giymatidan so'ng, kondensat kollaps bo’lishdan to’xtaydi.
Shunday qilib, BEKning kollapsini oldini olish uchun « =v_ olish etarli, shunda 2-

rasmda ko'rsatilgandek Desselhaus SOB BEK markazidan gochuvchi zichlik
ogimini keltirib chigaradi.

2 t=0.2/a*(0) ! ' ' r:0.4'/az(0} l ' ' 'I=0.6'/az(0)'
2
1
‘ I
S 0 @ 0 § 0
S S S
= = =
-1 _il -1
-2
_2 _2f
-2 -1 0 1 2 -2 -1 0 | 2 -2 -1 0 1 2
x/a(0) x/a(0) x/a(0)

2-rasm. Panellarda « =v,_, gN =87z va mos ravishda turli vaqt giymatlari uchun (7)-ifoda bilan
aniglangan zichlik ogimi chizmalari belrilgan.

Dissertatsiya ishining ikkinchi bobi “Tasodifiy potentsialdagi solitonning
nochiziqli dinamikasi” deb nomlangan bo’lib, tashgi sun'iy magnit maydonda va
tasodifiy potentsialga joylashgan ichki o’zaro ta’sirga ega kvazi-bir-o‘lchovli BEK
tomonidan hosil bo‘lgan spin-orbital bog‘langan solitonlar dinamikasini o‘rganishga
bag‘ishlangan. Kvazi-bir o'lchovli tizim sifatida koordinatali fazo mavjud deb
taxmin gilinadi va tizim vaqgtga bog'liq GPT yordamida namoyish etiladi. Kvazi-bir
o'lchovli tizim sifatida koordinatalar maydoni r = x =(x,t) deb gabul gilinadi va
tizim vagtga bog'liq quyidagi GPT tomonidan namoyish etiladi

~

2

0w = | rack+ Do UM+ al + G |, (11)
bunda x,x'=1,2 (x=x'). Bu yerda k=—-ia/ax- impuls operatori, A- Zeeman
bo‘linishi, U (x)- tasodifiy potensial. Spin komponentasi o’zaro-ichki ta’siri ¢
manfiy, (g<0 ), va ikkala komponent uchun bir xil deb hisoblanadi. Shunda
komponentalararo bog'lanish ta’siri g, g =g shaklida berilgan deb taxmin gilinadi,
ya'ni kondensat o'zaro ta'sir qilish energiyasi butun spin aylanishiga nisbatan
o'zgarmasdir. Faraz gilaylik, (11) tenglamada U(x)=0 va 4=« =0 bo'lmasin, u
holda solitonning asosiy holati quyidagi ifoda bilan aniglanadi,

el (42

" 2cosh [2(x—X,)/ 0

Ve

14



bu erda x, - solitonning massa markazining boshlangich nugtasi.

Silliq tartibsizlik katta L oraliqda o'zaro bog'liq bo'Imagan tasodifiy tugtalar x;
va o'rtacha chiziqgli zichlik n =N, /L bo’lgan "aralashmalar" N, >1 ta tagsimot
orgali quyidagicha hosil gilinadi

j:Nim

U(X)=U, > su(x—x,). (13)

Bu erda s, =+1 - j ning tasodifiy funktsiyasi, o'rtacha giymatlari (s;) =0, shuning
uchun (U (x))=0. Bunda biz aralashmalarni u(y)=exp(-y?*/&?) Kko’rinishida
olamiz, bu erda & potensial kengligidir.

Solitonning tasodifiy potentsialdagi dinamikasini tavsiflash uchun biz har bir
kuzatiladigan O bilan bog'langan va quyiagi formula bilan aniglangan O(t) integral
miqgdorlarni o'rganamiz

O(t) = v (x)Op (x)dx (14)

Xususan, soliton umumiy impulslari k(t) ni va kuchi F(t) ni aniglash uchun (14)

ifodadagi © o'rmiga k va F=-du(x)/dxlarni qo’yib va (11) tenglamadan
foydalanib, Erenfest munosabatiga o'xshash quyudagi ifodaga ega bulamis

di;it) = F(t). (15)

Biz boshlang'ich soliton statsionar va tasodifiy potentsial bilan muvozanat holatda

deb faraz gilamiz. 3-rasmda U(x) ning ko’rinishi va shu protokol yordamida

tayyorlangan solitonning zichligi ko'rsatilgan. Ushbu soliton potentsialning
minimumga yagin joyda lokalizatsiyalangan va keyingi dinamika SOB va Zeeman
maydonini kiritish orgali yuzaga keladi.

010
0.08 — UW Ty
006~ Wl 7 "1
0.04/ AT
0.02
(o )04 [A— S S A

-0.02)

4 -2 0 2 4

3-rasm. Qizil nugtali chiziq g =g =-5 uchun solitonning boshlang'ich holati va ko'k rangli
chizig U, =0.01, n =10 va & =1 uchun hosil gilingan tasodifiy potentsial keltirilgan. Ichki
gismdagi rasmda katta masofada ko’rsatilgan tasodifiy potensial keltirilgan.

(11) - tenglama bilan berilgan soliton tezligi, v(t) = dX (t) / dt sifatida aniglanadi, va
quyidagi ifoda bilan beriladi.
v(t) =k(t) + ao, (t). (16)
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4-rasm. A ning har xil giymatlari va g =g =-5 va a = 0.4 uchun solitonning traektoriyasi

keltirilgan. (a) paneldan ko’rish mumkinki, A =0 uchun soliton uzoq masofani bosib o'tadi, lekin

Zeeman maydonini yogish uning harakat trayektoriyasini cheklaydi. (b, c) panellar A =0.1 uchun

(t, x) - tekislikdagi ikkita spinor komponentining zichliklar dinamikasi keltirilgan.

o

4-rasmda « =0.4 va 4 ning turli giymatlari uchun soliton dinamikasi ko'rsatilgan.
(a) panelda 4=0 bo'lganda, soliton U (x) ning Kkatta tebranishga urilib teskari tezlik
olguncha tartibsiz potentsial bo'ylab katta masofani bosib o'tishi keltirilgan. Zeeman
maydonining mavjudligi soliton harakatini cheklaydi va oxir-ogibat 4 ning etarlicha
katta giymatlarida joyiga ushlab qoladi (bu grafikda 4=0.8 ).

Biz spinning to'liq aylanishi uchun saglanadigan 0'z-0'ziga ta’sirlashuvchi
energiyaga ega ingichka solitonni ko'rib chigayotganimiz uchun adiabatik soliton
w.,(x) uchun (11) chizigli gismining Gamiltonianni o'rtachasi saglangan "kam
energiya" miqdorini sifatida ¢, = k*(t)/ 2+ ao, (t)k(t) + 4o, (t) / 2+U (X (t)) ni kiritish
mumkin, ya'ni o,(t) =cosé(t), o, (t) =sind(t)cosg(t) hisobga olgan holda e,
saglanishni (adiabatik yaginlashuvda tasdiglangan) quyidagicha ifodalash mumkin.

V() —a’o; () + Ao, (1) = 2[U (X (0)) ~U (X ()], (17)
bunda v(t) tezlik (16) ifodada bilan berilgan.

Dissertatsiyaning uchinchi bobi “Polaronlar o¢z-o‘zini tashkil etishi va Boze-
Eynshteyn kondensatlarining” garmonik potentsial bilan chegaralangan bir va ikki
o‘lchovli BEKda polaronning kogerent bog‘langan harakatining turli rejimlarini
o‘rganishga bag‘ishlangan. Bir-biri bilan chambarchas bog'liq bo'lgan kondensat
shakli, evolyutsiyasi, uning massa markazi va polaron koordinatasi uchun nochizigli
bo'lmagan polaron-kondensat bog'langan tebranishlari o'rganiladi. Faraz gilaylik,
o'zaro ta'sir giluvchi BEK N >1 zarrachalar tomonidan qurilgan bo’lsin, u holda bir

o'lchovli fazoda tizim quyidagi shakldagi GPT tomonidan tasvirlanishi mumkin:

ist"”(x’t)z(_ld+X2jl//(x1t)+9‘//(X’t)Z'//(X,t)JrV(X—X(t))z//(x,t), (18)

(18)- tenglamada yangi ko’paytuvchi v (x— X (t)) o'rnatilgan tashqi zarracha
potensialini ifodalaydi. Biz o'rnatilgan tashqi zarrachaning potentsialini
V (x—X(t)) =V, exp(—(x— X (t))* / 26*) ko'rinishida tanlaymiz, bu erda v, amplituda
musbat yoki manfiy bulishi mumkin, va s kondensat uzunligidan ancha kichik

bolgan uzunligi. Shuning uchun, zarracha va kondensat o'rtasidagi o'zaro ta'sir
energiyasini quyidagicha aniglaymiz:
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(19)

VX)) =V, [ w9 exp(—(x_z);z(t))jdx ~27V

bu erda (V =V,s). Yana, (19)- tenglama sifat tahlili va sonli hisoblar uchun juda mos

keladi. Biz kondensat va tashqi zarralar o'rtasidagi kuchga bog'lig yondashuvni
umumlashtirish uchun quyiudagi anig vaqgtga bog'liq kuchdan foydalanamiz:

FX(1) =0y | V(X=X @)y (x1)f dx. (20)

Biz tashqi o’rnatilgan zarrachalarni kondensat zarrachalariga nisbatan juda og'ir deb
olamiz, shuning uchun ularning trayektoriyasi quyidagi klassik Nyuton tenglamasi
bilan tavsiflanadi:

MX (t) = F (X (t)). (21)

v
5-rasm. BEKda polaron hosil gilish modelining sxematik shakli.

5-rasmda BEKda hosil bo'ladigan polaron modelining sxematik shakli
ko'rsatilgan. Bunda w (r,t) funktsiya t =0 da BEK zichligi tagsimotini, v <0 - tashqi
zarrachaning tortishishuvchan potentsialini, M - massasi bildiradi va zarracha
kondensat massa markazidan ma’lum masofada joylashgan. Qizil chizigchali
chiziglar bilan parabolik potentsiali va uning asosiy holatidagi kondensat sizchlik
tagsimoti, ko'k chiziq esa polaron hosil giluvchi zarralar tufayli deformatsiyalangan
kondensat zichlik taqgsiboti ko'rsatilgan. Polaron va kondensatning barcha
dinnumikalari t >0 vaqtda tagdim etiladi.

O'rnatilgan tashqgi zarracha va kondensatning barcha dinamika parametrlari
(18), (20) va (21) tenglamalar sistemasining sonli yechimi bilan hisoblanadi.
Kondensatning barcha parametrlarl (14) tenglama bllan aniglanadi.

< 8 f\n/\m\ W o
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: 02 /:;/:;;5:\ (d)
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0 10 20 30 40 50 -04 -0 0.0 0.2 0.4
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6-rasm. Grafiklarda berilgan massa giymatlari uchun polaron harakatining traektoriyalari (a),
kondensatning massa markazi traektoriyalari (b) va massa markazining X (t) ga nisbattan holati
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(t <40 vaqt uchun) (c), (d) grafiklari keltirilgan. O'zaro ta'sir gilmaydigan BEK (g =0)da
polaronning dastlabki parametrlari quyidagicha olingan: X (0)=0.5, §=0.1, V, =-1.

6-rasmda polaron va kondensatning massa markazining o’zaro bog'liq tartibsiz
dinamikasi keltirilgan. Natija shuni ko'rsatadiki, polaron massasining ortishi polaron
tebranishlarida tartibsiz impulslarning kamayishiga olib keladi, chunki polaronning
massasi kondensatning umumiy massasiga yaqin bo'lsa, u holda sistema kvazi
muvozanat holatida kelib goladi. (c) va (d) chizmalarda gizil (qora) nugta
polaronning dastlabki (yakuniy) holatiga mos keladi. E'tibor beraylik, (c)
chizmadagi boshlang'ich nugtasi ((X(t),(x(t)))) -traektoriya bilan to'ldirilgan
parallelogram strukturasidan tashqarida joylashgan. Bu tebranishlarning nochizigli
tabiatining kelib chiqib, tashqgi zarra dastlab kondensat zichligi yugori bo'lgan
hududga tortiladi va keyin ulangan tebranlshlar boshlanadi.

X

(x(f)>

w(t)/w(())

7-rasm. Polaron trayektoriyasi (a), massa markazi trayektoriyasi (b) va kondensatning kengligi
(c) harakatining chizmalari keltirilgan. Bu erda polaron boshlang’ich parametrlari
M =0.05, X(0)=0.5, 6§ =0.3,V, =—0.5 ko’rinishida olingan bulib kondensat o’zaro ta’sir

parametri giymatlari chizmada keltirilgan.

Ichki o’zaro ta’sirga ega BEKning ploron va kondensatning dinamikasiga ta'siri
7-rasmda ko'rsatilgan. E'tibor beraylik, kutilganidek, g =3 uchun X (t) ning ba'zi
dastlabki tebranishlari g =6 ga garaganda gisqaroq davrga ega. Birog, vaqt o'tishi
bilan nochiziqli ta'sir effekti kuchayadi va va fargni aniglash qiyin bo’ladi. Tomas-
Fermi yaginlashuvidagi BEK chegaralari mos ravishda g =6 uchun x__ =2.08 va
g =3 uchun x__ =1.65 ga teng.

Shuningdek, parabolik potentsial bilan chegaralangan o'zaro ichi ta'sirga ega
bo’lmagan kvazi-ikki o'lchovli BEKda polaronning o’zabor bog’langan dinamikasi
o'rganildi. Ikki o'lchovli BEK uchun (18) tenglamada x koordinata r = (x,y) bilan
almashtiriladi. Ikki o'lchovli tizim uchun polaron kondensatning massa markaziga
nisbatan perpendikulyar bo’lgan boshlang’ich v, tezlikka ega deb faraz gilinadi.
Bunda barcha dinamik (18)-(21) tenglamalar ikki o‘lchovli koordinatali tekisligida
ifodalanishi va tenglamalarni sonli yechish orgali tahlil gilinishi mumkin.

Kondensatdagi o’rnatilgan tashqi zarracha dinamikasini tushunish uchun biz
statik BEC holatidan boshlaymiz. Kondensat va polaron o'rtasidagi o'zaro ta'sir
nisbatan juda kichik (V <1) deb faraz gilamiz va bu kondensat zichligi

18



deformatsiyalanmaydi va u doimo tinch holatda bo'ladi. Natijada zarrachalar
dinamikasi fagat (21) tenglama yechimi bilan aniglanadi. (18)- GPTning statik
yechimi bilan (19)- energiya tagribiy echimidan foydalanib, biz (21) tenglamani
quyidagi shaklda qayta yozamiz
M I.:'z(t) =—2;z\76(//(R(t))2z4\/~R(t)exp(—R2(t)), (22)
OR(t)

(19)- energiya polaron va kondensat o'rtasidagi tortishishuvchanlikni
ifodalagani sababli, (20) tenglama zarracha uchun markazga tortuvchi kuchini
ta'minlashi mumkin. Bundan kelib chigadiki, R(0) vektorga perpendikulyar bo'lgan
har ganday boshlang'ich tezlik v(0) uchun zarrachaning aylana traektoriyasining

tenglamasi quyidagi ifoda bilan aniglanadi
2

M = F(R,), (23)
R0

bu erda v, =|v(0)| va R, = R(0)|. Aslida, aylanma traektoriya tufayli bizda tezlik
v(t)=v, =const, bundan Kkelib chigadiki R(t)=R,=const. (22) va (23)

tenglamalardan foydalanib, quyidagi tenglamani olamiz
Mv; = 4|V |RZexp(-R?). (24)
Natijada (24) tenglama statik BEKda o'rnatilgan zarrachaning aylana
traektoriyasini aniglaydi. Endi faraz gilaylik, berilgan dastlabki tezlik v(0) va
joylashuv nugtasi R(0) (24)- tenglamani ganoatlantirmasin. (24). Bunda, agar

Mv; <4|V [RZexp(~R?) bo’sa, u holda zarracha traektoriyasi aylana orbita ichida
kvazi-apsidal presessiya bo’yicha harakatlanadi yoki agar Mv? > 4|V | R? exp(—Ry;)

bo’lsa, u holda zarracha traektoriyasi aylana orbitadan tashgarida kvazi-apsidal
presessiya bo’ylab harakatlanadi. 9-rasmda har xil boshlang'ich tezlikka mos
keladigan zarrachalarning uchta traektoriyasi ko'rsatilgan aylana, : aylanadan
tashgarida elliptik presessiya va aylana ichidagi elliptik presessiya.

(a) : (b)

CJ10 05 00 05 10 "0 205 00 05 10
X(0) X0
9-rasm. Statik BEK uchun o’rnatilgan zarrachaning (x,y) tekislikdagi traektoriyasining grafigi.

10|

Yn

Zarrachaning dastlabki parametrlari M =1, R(0) = (1,0), V =-107 ko’rinishida olingan.
Chiziglar turli xil quyidagi dastlabki tezliklarga mos keladi: v(0) = (0,0.5v,) - qizil kesmali chiziq,
v(0) =(0,v,) - gora uzluksiz chizig va v(0) = (0,1.1v,) - ko'k nuqtali chiziq.
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9-rasmda zarracha traektoriyasi aylana bo’ylab harakatlanishi uchun tezlik
V, = 2(|\7 | R exp(—Rj))ﬂ2 ~0.121 ga va aylanish davri t, =2zR, /v, ~51.8 ga teng.
(a) grafikda traektoriyalar vaqti t, tent, (b) grafikda traektoriyalar zarrachaning
dastlabki holatiga (ko'k nugta) gaytgan vaqti t, ga to'g'ri keladi (R(t,) = R(0)). (a)
chizmadan ko'rinib turibdiki, garchi boshlang'ich tezligi 0.5v, ga kamaygan bo'lsa

ham, gizil nuqtali traektoriya zarrachaning to'liq bir aylanishdan ko'prog masofani
bosib o’tgan. Mos ravishda, ko'k nuqgta bilan belgilangan traektoriya tezligi 1.1v, ga

oshirilsa ham, trayektoriya to'lig bir aylanani tashkil etmagan. Bu xususiyatlar,
tevlik trayektoriya bo’lab o’zgaruvchanligini, yani markazga yaqin joyda oshishini
va uzoqlashgan sari kamayishini ko’rsatadi.

Polaron hosil giladidan zarralar uchun (22)-(24) tenglamalar o’rinli bo’Imaydi,
chunki BEK ning boshlang'ich holatining deformatsiyasi tufayli polanlar uchun
tashqi patensial rolini o’ynaydigan BEKning dinamikasi hosil bo'ladi. Shu sababli,
polaron potentsialining dastlabki parametrlari asosida deformatsiyalangan
kondensat dinamikasi tufayli polaronning traektori o’ta tartibsiz bo'ladi.

04

02

= 0.0

1 . . . . - -0.4 P -
-1.0 -05 0.0 05 1.0 -0.4 =02 0.0 0.2 0.4 -1.0 -0.5 0o 05 1.0 =04 -0.2 0.0 0.2 04

X0 <x(.t)) X0 (-@)
10-rasm. (a), (c)- polaron va (b), (d)- kondensat massa markazi traektoriyalarining (x,y)

tekislikdagi chizmalari berilgan. Dastlabki parametrlar M =1, R(0) = (1,0),V =-10""
ko’rinishida olingan. (a, b) chizmalar v(0)=(0,v,) va (c, d) chizmalar v(0)=(0,0.5v,)
boshlang'ich tezliklarga mos keladi.

10-rasmda polaron va kvazi ikki o'lchovli BECning massa markazi
traektoriyalari keltirilgan. Polaron boshlang’ich parametrlari uchun aylana

orbitasiga mos keladigan v, =(4|\7 | R exp(—Roz))”2 ~0.384 tezlik olingan. (a), (b)
chizmalar uchun traektoriya vaqti t, =133 ga va (c), (d) chizmalar uchun uchun
t, =187.7 ga teng bo’lib, bu vaqgtlarda R(t,)- gizil nugta boshlang'ich R(0) ko'k
nugtaga eng yaqin keladi. Grafiklar polaron ta'siridan kelib chiggan kondensat

dinamikasi tufayli zarrachaning va kondensat massa markazining notekis
traektoriyasini ko'rsatadi.

Dissertatsiyaning to'rtinchi  bobi  ""Boze-Eynshteyn kondensatlarida
gravitatsiyalanayotgan zarralar™ deb nomlangan bo’lib, bir o'lchovli BEKda
joylashtirilgan, o'zaro Nyutonning "gravitatsion™ modeli bilan ta'sirlashadigan tashqi
zarralar o'rtasidagi dinamikani o'rganishga bag'ishlangan. Bunda BEK tashqi
garmonik osilator potensial bilan chegaralangan deb garaladi. Biz BEKdagi oddiy
polaron modeli asosida qorong'u materiya bilan bog'liq bo'lgan o'zaro ta'sirlarning
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namoyon bo'lishi sifatida ko'rib chigamiz, ya’ni biz asosan "markazga tushish"
dinamikasining analitik va ragamli hisob-kitoblariga e'tibor garatamiz. Bundan
tashgari, kondensat evolyutsiyasining ta'sirini tushunish uchun biz tebranuvchi
kondensat yordamida gravitatsiyalanayotgan zarrachalarning dinamikadasini
o'rganamiz. Tizim GPTning quyidagi shakli bilan tasvirlangan:

Iaatl//(x,t) :( 10 4 w (t) ijl//(x,t)-i- g‘W(X,t)‘zl//(X,t)+1)ext(X)[//(X,t)’ (25)

2 ox* 2

bunda

Vo () =W (X=X (1)) + 1, (X = X, (1)). (26)
(25)- tenglamada w(t) - statsionar bo'Imagan garmonik potensial chastotasi. (25)-
tenglamadagi V) (x — X, ())w (x,t) Va V, (x— X, (t))w(x,t) gismlar vagtga bog'liq X, (t)
va X,(t) nugtalarda joylashgan harakatlanuvchi zarralar bilan BEKning mahalliy
o0'zaro ta'sirini tavsiflaydi. Bu zarrachalarning massalari mos ravishda M, va M, ga

teng. Shunda (19) va (20) tenglamalar ikkala zarra uchun ham taqdim etilishi
mumkin. Kondensat va tashqi zarralar orasidagi vaqgtga bog'lig kuch ikkala
zarrachaning holatiga bog'liq bo’lib quyidagicha aniqlanadi

f;:[i](xi (t)! X j (t)) = _axi(t)J‘:])ext(X) | V/(Xit) I2 dX, (27)
Bu erda (i, j) = (1,2) indekslar ikkita tashqi o’rnatilgan zarralarni ifodalaydi.

Biz o'rnatilgan tashqi zarralar orasidagi asosiy o'zaro ta'sir quyidagi formada
berilgan Nyutonning "gravitatsion™ kuchiga o'xshash model bilan tasvirlangan deb
faraz gilamiz

X; (1) = X(t)
2 ’
X=X,
bu yerda G Nyutonning “gravitatsion” o‘zaro ta’sir konstantasi. U holda

zarrachalarning trayektoriyasi quyidagicha berilgan klassik Nyuton tenglamasi bilan
aniglangan

FI(X, (1), X, (1)) =GM,M

(28)

M.

d*X; (t i i
2400 = F0 0,5, @)+ FP OG0, X, ) (29)

Bizni gizigtirgan muammoning parametrik fazosi juda katta bo'lganligi sababli,
biz koordinatalar boshida joylashgan nisbatan juda og'ir zarracha (M, > M,) va

koordinata boshiga yigiladigan nisbatan engil zarracha M, bilan yulduz shaklidagi
model sifatida ko'rib chigamiz. Shunday qilib, biz X,(t) =0 deb olib, koordinatalar
boshida joylashgan zarrachani turg’un holatda deb qaraymiz va (4) X,(t)-

dinamikasiga e'tibor beramiz.
Biz muammoni o(t) =const bo’lgandagi statsionar garmonik potensialdan

boshlaymiz. Bizni gizigtirgan dinamika hagida tasavvurga ega bo'lish uchun biz
klassik mexanikaning muammosidan boshlaymiz, ya’ni zarrachaning quyida
keltirilgan bir o'lchovli gravitatsion va garmonik potentsiallar yig'indisidagi
harakatlanadigan

M,M, o,

+M, , X (30)

U(x)=-G
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bu erda M,@%x*/2 ifoda BEK bilan zarraning o'zaro ta'sirga to'g'ri keladi va
M, >M,, shart M, zarrachani doimo tinch holatda ekanligini bildiradi deb faraz
gilamiz. 2=0 bo’ganda vaqt va koordinataning o’zaro bog'ligligi quyidagicha
aniglanadi

t(x) = 2);('8') («/X(X(O) —X) +x(0) arccosx(xo)], (31)

2

bu erda x(0) boshlang'ich koordinata va dx/dt|_ =0 boshlang'ich tezligi. Shunday

gilib, tizim ikkita asosiy vaqt shkalasi bilan tavsiflanadi, masalan, gravitatsion
maydonidagi harakat uchun Keplerning uchinchi gonuniga mos keladigan qulash
vaqti T, :
_.7 |1
22\ GM,
va T, =2z / 2 - tebranish davri. Bu yerda koordinata boshiga yetarli darajada yaqin
bolgan M, zarracha uchun T, < T, deb faraz gilamiz. Ushbu holatda, x(T,;)=0
bo’lgan qulash vaqti T,, gravitasion qulash T, ga yaqin bo’ladi va mos keladigan
tuzatish quyidagicha topiladi
T, -T,
TG
Polaron hosil giluvchi M @?x*/2 potentsial ta'sir tufayli qulash vagtini kiritilgan

tuzatish BEKning gratitatsion dinamikadagi roli bizni gizigtiradigan moammolardan
biridir,

Ts x**(0) (32)

—_ 2112 (T 02)°. (33)

0.6
t t
11-rasm. Turli boshlang'ich shartlar va (a) g =0, (b) gN =2 laruchun X, (t) zarrachaning qulash

trayektoriyasi keltirilgan. Qora chiziq sof gravitatsion ta’sirga mos keladi va (31) tenglama bilan
xarakterlanadi. Ko'k chiziq kondensat ta'siriga mos keladi va qgizil chizig kondensat orgali o'zaro
ta'sirning qgo'shimcha effektini ko'rsatadi. Biz barcha sonli hisoblashlarni ushbu doimiy

M, =10°, M, =10°, G =10"° va & = 0.1 boshlang’ich parametrlarda amalga oshiramiz.

11-rasmda har xil turdagi o'zaro ta'sirlar va boshlang'ich shartlar uchun
harakatlanuvchi X, (t) zarracha trayektoriyasi ko'rsatilgan. Ushbu effektlar bizning

sifat tahlilimizga mos keladi va dastlabki pozitsiyaga kuchli bog'liglikni ko'rsatadi.
X, (0) =0.5 uchun go'shimcha potentsial taxminan parabolik bo'lib, ortib borayotgan

tortuvchi kuchga mos keladi. Shuning uchun qulash vaqti T,, T, <T, bilan
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kamayadi. X,(0) =1 uchun boshlang'ich pozitsiyasi kondensatning kamayib ketgan

zichligiga mos keladi va shuning uchun qulash vaqti ortadi.
Endi biz t =0 da potentsial chastota » ni to'satdan «_= w(t <0) dan boshga

o, =o(t>0) ga o'zgarishini ko'rib chigamiz. Potensial chastotasining buday

o0'zgarishi kondensatning sigilishiga (@, > »_) yoki kengayishiga (o, <w_) olib

bo'ladi. Shundan so'ng, kondensat shaklidagi tebranishlar boshlanadi va natijada

vaqgt va pozitsiyaga bog'liq bo’lgan kondensat zichlik tashqi zarrachaning X,(t)

trayektoriyasiga ta’sir qilishi va qulash vagtini o'zgartirishini kutish mumkin.
1.0 T T T . - ‘ :

— oyl @] 10 V=05 — o= ()]
0.8t -~ w=1->122 {1 o08f -7 wp=1->0.5 ]
s wp=1-32 0.35
o 0.6 13 0.6F 0308
= RN = 0.25
>< 0.4}°3 Vi=-2 >< 0.4} 020
02 01sp
0.10
0.2}o- 0.2[ 05
058060062964066062‘3079 ‘ 086 088 090 092 oos ‘ ‘ !
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
t t

12-rasm. Potentsial chastotasi @ o'zgarishini X (t) trayektoriyasi vaqulash vaqgtiga ta'siri
keltirilgan. (a) chizma tortilishga garshi ta'sirini ko’rsatadi, bu erda M, - zarrachaning kuchli

polaron ta'siri tufayli kondensatning kengayishi va sigilishi uchun qulash vaqti kamayadi. (b)
chizma tortishish ta'sirini ko’rsatadi, bu erda qulash vagqti sigilish uchun kamayadi va kengaygan
kondensat uchun ortadi. Bunda M, - zarrachaning polaron ta'siri nisbatan kichik va asosiy ta'sir

BEK dinamikasi bilan bog'liq. Aytish kerakki, (a) paneldagi | T, — T, | farq (b) paneldagi fargdan
ancha katta. Ichki chizmalar qulash vaqti T,.ga yagin vaqt oralig'ida kattalashtirishni
trayektoriyani ko'rsatadi. Bu rasmda Vv, = g =0 deb olingan.

Olingan sonli natijalar 12-rasmda keltirilgan. Ko'rinib turibdiki, tebranuvchi
kondensat shakli zarrachaning markazga qulashini o'zgartiradi. 12 (a)-rasmda
polaron effecti tufayli tortishish va teskari ogim (anti-drag) effectlarini ko'rsatilgan.
Oqim effecti ta'siri 12(b) -rasmda aniq ko'rinadi, bu erda kondensatning kengayishi
polaronni tashqariga tortadi (qulash vaqti T, >T.), BEKning siqilishi polaronni

ichkariga tortadi ( T, <T;).

XULOSA

“Boze-Eynshteyn kondensatlarida nochiziqli dinamika, polaronlar va o‘z-
o‘zini tashkil etish mexanizmlari” doktorlik dissertatsiyasi mavzusi bo‘yicha olib
borilgan tadqiqot natijalariga ko‘ra quyidagi xulosalar keltirildi:

1. Dresselhaus SOB ning mavjudligi, kollaps bo’layotgan kondensatning
gisgarishiga yo'l go'ymasligi, "anomal™ aylanishga bog'liq tezlikni keltirib chigarishi
ko'rsatildi. Kuchsiz SOB uzoqdagi vagtinchalik sigilishga imkon berdi, kuchli SOB
esa zichlikning BEK markazidan chiqgib ketishiga olib keldi, natijada halgali zichlik
paydo bo'ldi. Bu kondensatning sigilishiga yo'l go'ymadi va zarrachalarning
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tortilishini kamaytiradi. Bu natijalar shuni ko'rsatadiki, SOB bargaror kondensat
hosil bo'lishiga olib keladigan BEK GPT ning kollapsiga yo'l go'ymaydi.

2. Rabi magnit maydoni har bir spin komponentasidagi atomlar sonini
o0'zgartirib, intra-spin(spin komponentasining ichki) ta'siri bilan kondensatning
qulashiga ta'sir qilishi ko'rsatildi. Bu o'zaro ta’sir energiyasini tebranishiga olib
keladi, bu esa kondensatni barqgarorlashtiradi. Cross-spin(diagonal spin
komponentalari) ta'siri holida, spinning aylanishi o’zaro tortishish ta'sirini
kuchaytiradi, bu esa kondensatning kollapsiga olib keladi. Biz ikkala spin ta'siri
uchun Kkollaps va bargarorlik diagrammalarini anigladik. Intraspin bog’lanishi
atomlarning kritik sonini o'zgartiradi, va kollapsga olib keladi, cross-spin bo’glanish
esa spin komponentining ikkalasini bir vagtda kollapsiga olib keladi.

3. 3. Berilgan SOB uchun soliton harakati Zeeman bo‘linishiga va
kondensatning 0‘z-o°zidan o‘zaro ta’siriga kuchli bog‘ligligini ko‘rsatdik. Xususan,
Zeeman o'zaro ta'siri SOB ga proportsional spinga bog'liq bo'lgan anomal tezlik
tufayli solitonning lokalizatsiyasi yoki delokalizatsiyasiga olib kelishi mumkin.
Etarli darajada kuchli Zeeman maydoni solitonning tasodifiy potentsial minimaliga
yaqin joylashishiga olib kelishi mumkin. Agar Zeeman chastotasi tasodifiy
potentsialdagi soliton tebranishlarining odatiy chastotasiga yagin bo'lsa, bu rezonans
uning delokalizatsiyasiga olib kelishi mumkin.

4. intra-spin tortuvchan ta’sirga ega BEKning massa markazining harakati
Zeeman maydonidagi spin aylanishi va tashqi tasodifiy potentsial mavjudligining
go'shma effekti fayli yuzaga kelishi mumkinligini ko'rsatildi. Spin aylanishi tufayli
kondensatning kengayishi aniq kuch hosil qiladi, bu esa SOBsiz ham
harakatlanishiga olib keladi.

5. Biz BEK yumshoqligi polaronlarga asoslangan tashqi zarralar dinamikasida
kritik rol o'ynashini ko'rsatdik. Kuchsiz o'zaro ta'sir rejimida kondensat zarracha
uchun statik potentsialni ta'minlaydi, bu esa aylana va kvazi-davriy traektoriyalarga
olib keladi. Birog, nisbatan kuchli o'zaro ta'sir rejimida kondensat polaronlarni hosil
giluvchi zarralar uchun vagtga bog'lig potentsialga aylanadi, bu esa kondensat massa
markazining parabolik potentsial manbasidan uzoqglashishiga olib keladi. BEK o'zini
yumshog kvant moddasi kabi tutadi va tashqi zarralar bilan o'zaro ta'sirlar
zarrachalar va kondensatning yugori tartibsid dinamikasiga olib kelishi mumkin.

6. Biz BEKda ikkita polaron effektga ega gravitatsiyalanuvchi zarralarni
modellashtirdik. Bunda polaron effekti zarralar orasidagi Nyuton "gravitatsiya™
kuchlari ta'sirida yuzaga kelgan dinamikani o'zgartiradi va gravitatsion qulash
vaqtining o'zgarishiga olib keladi.
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INTPRODUCTION (Annotation of doctoral dissertation)

Topicality and demand of the theme of the dissertation. In the world, the
first predicted macroscopic phenomenon in quantum physics is the Bose-Einstein
condensation. Bose-Einstein condensate (BEC) is a fascinating and unusual state of
matter in which a group of bosons, subatomic particles, occupy the same quantum
state. The phenomenon was predicted by Albert Einstein and Indian physicist
Satyendra Nath Bose in 1924 and was first observed experimentally in 1995, over
70 years later. These experiments earned them the Nobel Prize in Physics in 2001.
The discovery of BEC has had significant implications for physics, including the
study of superconductivity, superfluidity, and quantum computing. It has also
opened up new areas of research in the fields of atomic and condensed matter
physics.

One of the most fascinating topics in condensed matter physics is
comprehending Bose-Einstein condensates consisting of interacting particles. This
interaction can be either repulsive or attractive. The study of BEC physics becomes
significantly more diverse with synthetic spin-orbit coupling (SOC). In the case of
SOC, an optically produced atomic pseudospin 1/2 is joined to atomic momentum
and a synthetic magnetic field. The SOC can take on various forms, simulating the
Rashba and Dresselhaus symmetries present in solid-state physics. Efforts to expand
the comprehension of soliton-formed BEC in other systems, such as nonlinear
photonic lattices, are ongoing. Moreover, investigations into disorder potentials,
which can be created experimentally, have displayed a robust qualitative interplay
between nonlinearity and quantum localization. In addition, the study of the motion
of a Dbright soliton in a BEC with attractive interactions is noteworthy, as its
dynamics can be substantially impacted by the disorder and the SOC, even in the
semiclassical regime, where quantum effects are insufficiently strong to induce
Anderson localization. In recent years, the BEC has attracted the attention of
scientists in the field of astronomy to predict some phenomena in the universe. BEC
as a giant matter wave can simulate the properties of dark matter, and their study
may provide insights into the dynamics and properties of both dark and visible
matter. Overall, the study of the dynamical properties of BECs has the potential to
significantly impact our understanding of the natural world and lead to important
technological breakthroughs. These objectives justify the topicality of the global
level of scientific research.

In recent years, in our country, more and more attention has been paid to the
development of current directions of fundamental and applied research. In particular,
the development of theoretical physics, which is one of the promising areas, is an
important issue today. The main directions of fundamental research and
development and their practical application for the successful development of
science in our country are reflected in the Strategy3for the further development of
the Republic of Uzbekistan from 2022-2026. Therefore, the research of macroscopic

! Decree No. PF-60 of the President of the Republic of Uzbekistan dated January 1, 2022 “On the Development
Strategy of New Uzbekistan for 2022-2026”
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dynamics of Bose-Einstein condensation theories remains one of the urgent issues
in the field of fundamental research.

This dissertation work is included in the state regulatory documents, in the
Decrees of the President of the Republic of Uzbekistan "On approval of the concept
of development of science until 2030" No. PF-6097, dated October 29, 2020, as well
as Decrees of the President of the Republic of Uzbekistan dated March 19, 2021 No.
PQ-5032 "On measures to improve the quality of education in the field of physics
and develop scientific research™ and this dissertation research serves to a certain
extent in the implementation of tasks defined in other normative legal documents in
this field.

Conformity of the research to the main priorities of science and technology
development of the republic. The dissertation research has been carried out in
accordance with the priority areas of science and technology in the Republic of
Uzbekistan: II. “Power, energy and resource-saving”.

Review of international scientific researches on dissertation subject®.
Nonlinear dynamics of BECs described by the time-dependent Gross-Pitaevskii
equations (GPESs) such as the quasi-two-dimensional collapse of BEC, dynamics of
BEC in the external random systems, as well as nonstatic impurity characterizing
heavy particle or polarons have been explored both experimentally and theoretically
by the world's leading scientists, including Spain (G. Muga) Portugal (V.V.
Konotop), United States of America, University of Colorado and NIST (E.A.
Cornell, C.E. Wieman, W. Ketterle, M. Edwards, D. Kleppner, A.J. Leggett),
Germany (T.W. Hénsch, I. Bloch, D. Jaksch, M. Weidemiiller), France: (J. Dalibard,
Ch. Salomon, T. Giamarchi), United Kingdom (S.L. Cornish, K. Burnett), Canada:
(R.G. Hulet), Italy (M. Inguscio, S. Stringari, L. Pitaevskii, L. Salasnich), Israel
(B.A. Malomed, N. Davidson), Russia (A.Fetter, E.l. Rashba, V.V. Kartashov) and
others.

Within the framework of the theory of collapse in BECs were studied by
domestic scientist F.X. Abdullayev, and foreign authors such as Yu. Kagan, A.E.
Muryshev, G.V. Shlyapnikov. Experimentally obtained dynamics of collapsing and
exploding Bose—Einstein condensates by group of scientists E.A. Donley, N.R.
Claussen, S.L. Cornish, J.L. Roberts, E.A. Cornell and C.E. Wieman.

The ability to emulate SOC and Zeeman interaction in Bose-Einstein
condensates made a big contribution by scientists Y.-J. Lin, R.L. Compton, K.
Jiménez-Garcia, J.V. Porto, I.B. Spielman, H. Zhai, V. Galitski and has raised a great
interest in the interplay of nonlinear phenomena and spin dynamics of these systems.

The concept of polaron, which is an external particle forming a bound state in
the medium where it is embedded, belongs to the most interesting ideas in physics.
Originated in seminal works of L.D. Landau and R.P. Feynman it became one of the
leading and most fruitful concepts in various domains of solid-state and condensed
matter physics, including magnetic phenomena (studied by F.C Zhang and T.M.

4 Review of international scientific researches on dissertation subject composed on the basis of the following
sources: http://arxiv.org; https://webofknowledge.com; https://scholar/google/com. J. Nature, J. Science, J. Reviews
of Modern Physics, J. Physical Review Letters; J.; and others.
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Rice) in addition to the variety of lattice deformation effects (studied by V.V.
Konotop, J.T. Devreese, M.A. Semina, M.M. Glazov and E.Ya. Sherman).

Degree of study of the problem.

The phenomenon of the collapse of BECs has been extensively studied in the
past few decades, and many different methods for controlling it have been proposed
and investigated. One approach is to use external potentials to stabilize the
condensate against collapse, such as by imposing a harmonic trapping potential or
using Feshbach resonances to tune the interatomic interactions. Another approach is
to use the nonlinear dynamics of the system to induce collapse and then apply
feedback control techniques to prevent it.

Overall, the study of controlling the collapse of Bose-Einstein condensates is
an active area of research with numerous experimental and theoretical studies. Some
relevant publications include: M. Edwards and K. Burnett, "Numerical simulation of
the dynamics of Bose-Einstein condensates,” Phys. Rev. A 51, 1382 (1995); J.
Javanainen and M. Mackie, "Stabilization of a collapsing Bose-Einstein condensate
by feedback control,” Phys. Rev. A 66, 013607 (2002); S. T. Karpiuk, et al.,
"Collapse and revival of a Bose-Einstein condensate in a time-dependent double-
well potential,” Phys. Rev. Lett. 109, 205302 (2012); K. Adhikari, "Nonlinear
dynamics of Bose-Einstein condensates,” J. Phys. B 49, 170201 (2016).

Spin-orbit coupled Bose-Einstein condensates have been the subject of
extensive theoretical and experimental research in recent years. The study of SOC
BECs has led to the discovery of new phenomena such as spin Hall effects,
topological insulators, and non-Abelian gauge fields, which have been investigated
in various theoretical works (Zhai, H. Degenerate quantum gases with spin—orbit
coupling: a review. Reports on Progress in Physics, 78(2), 026001 (2015); N.
Goldman, G. Juzeliiinas, P. Ohberg, & I.B. Spielman, Light-induced gauge fields for
ultracold atoms. Reports on Progress in Physics, 77(12), 126401 (2014)). SOC
BECs have also been used as a platform for simulating complex condensed matter
systems, such as high-temperature superconductors and topological insulators (Y.
Xu, F. Zhang, & C. Zhang, Topological states in two-dimensional Bose—Einstein
condensates with spin—orbit coupling. Reports on Progress in Physics, 79(6), 066501
(2016); M. Aidelsburger, et al. Realization of the Hofstadter Hamiltonian with
ultracold atoms in optical lattices. Physical Review X, 8(3), 031027 (2018)).
Moreover, SOC BECs have been utilized in various experimental applications such
as atom interferometry, quantum simulation, and quantum information processing
(Y.J. Lin, et al. Spin-orbit-coupled Bose-Einstein condensates. Nature, 471(7336),
83 (2011); P. Wang, et al. Quantum simulation of helical edge states in a spin-orbit-
coupled Bose-Einstein condensate. Physical Review Letters, 117(21), 215301
(2016)).

Polaron formation in Bose-Einstein condensates has also been extensively
studied, as it plays a crucial role in understanding the interaction between impurities
and the surrounding condensate. Polaron formation arises due to the strong coupling
between the impurity and the surrounding condensate, leading to the dressing of the
impurity by the bosons. The study of polarons in BECs has led to the discovery of
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various phenomena such as the Bose polaron, the Fermi polaron, and the Frohlich
polaron, which have been investigated in various theoretical works (T. Yin, D.
Cocks, and W. Hofstetter, Polaronic effects in one- and two-band quantum systems,
Phys. Rev. A 92, 063635 (2015); N.B. Jargensen, L. Wacker, K.T. Skalmstang,
M.M. Parish, J. Levinsen, R.S. Christensen, G.M. Bruun, and J.J. Arlt, Observation
of Attractive and Repulsive Polarons in a Bose-Einstein Condensate, Phys. Rev.
Lett. 117, 055302 (2016); Z.Z. Yan, Y. Ni, C. Robens, M\W. Zwierlein, Bose
polarons near quantum criticality, Science 368, 190 (2020); J. Takahashi, R. Imai,
E. Nakano, and K. lida, Bose polaron in spherical trap potentials: Spatial structure
and quantum depletion, Phys. Rev. A 100, 023624 (2019); A. Schirotzek, C.-H. Wu,
A. Sommer, and M.W. Zwierlein, Observation of Fermi Polarons in a Tunable
Fermi Liquid of Ultracold Atoms, Phys. Rev. Lett. 102, 230402 (2009)). Polaron
formation in BECs has also been used as a platform for studying impurity dynamics
In condensed matter systems, as well as for investigating the behaviour of ultracold
impurities in BECs (M. Cetina, et al. Ultrafast many-body interferometry of
impurities coupled to a Fermi sea. Science, 354 (6316), 96-99 (2016); C. Kohstall,
M. Zaccanti, M. Jag, et al. Metastability and coherence of repulsive polarons in a
strongly interacting Fermi mixture. Nature 485, 615-618 (2012)).

Connection of the topic of dissertation with the scientific works of scientific
research organizations, where the dissertation was carried out. The dissertation
work was carried out in the framework of a scientific project of the Astronomical
Institute F-FA-2021-432 of the Ministry for Innovative Development of Uzbekistan
(2022-2023); Contract Ne 2 from 19 January 2022 year on “the organization and
financing of short-term scientific internship of young scientists in foreign scientific
organizations” financed by Fund for Financing Science and Innovation Support
under Ministry of Innovative Development of the Republic of Uzbekistan; 2019 year
scholarship of the “El-Yurt Umidi” Foundation for training specialists abroad and
communication with compatriots under the Cabinet of Ministers of the Republic of
Uzbekistan.

The aim of the research is the development of new nonlinear dynamic
properties of the Bose-Einstein condensate based on the GPE under various internal
and external nonlinear systems, exploring the dynamic properties of the Bose-
Einstein condensate as a macroscopic matter using the laws of classical physics
(Newton’s mechanics).

The tasks of the research:

determine the effect of SOC on the collapse of the Bose-Einstein condensate
and defined the critical value of SOC that prehends collapsing condensate;

study the effect of an external magnetic field applied to the spin of the
condensate with inter- and intra-spin-components nonlinearities in GPE to the
collapse of the condensate;

analyze the motion of a bright soliton in a BEC with attractive interactions, the
dynamics of which can be strongly affected by the disorder and the spin on
condensate;
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study the coupled dynamics of the embedded particle with the polaron effect in
one and two-dimensional BECs characterized by GPE and laws of classical physics;

analyze a model of the nonuniform density of the dark matter simulated by
dynamics of “gravitational” interacting two partiles in one-dimensional BEC.

The objects of the research are the Bose-Einstein condensate, spin, soliton,
random potential, external embedded particles, polarons.

The subjects of the research are the collapse of the spin-orbit coupled Bose-
Einstein condensate, spin-orbit-coupled soliton in a random potential, polarons and
gravitating particles in Bose—Einstein condensate.

The methods of the research. On the theoretical level, the research methods
are the mathematical apparatus of the theory of BEC with the application of classical
physics laws and analytical and numerical methods for solving systems of partial
differential equations.

The scientific novelty of the research is the follows:

for the first time, the effect of condensate spin driven by SOC and external
magnetic field on the collapse of quasi-two-dimensional BEC has been studied, and
it has been shown that anomalous spin-induced velocities fully control the collapse
of the condensate;

for the first time, it was shown that due to the anomalous spin-dependent
velocity, the synthetic Zeeman coupling can play a critical role in the soliton
dynamics by causing its localization or delocalization in the random potential;

it was shown that the displacement of a BEC with self-attractive spin-
component can be caused by the joint effect of the spin precession in a Zeeman field
and the presence of a random potential,

for the first time, it was demonstrated the coupled dynamics of the polarons in
one and two-dimensional BECs characterized by GPE and laws of classical
Newtonian mechanics;

for the first time, it was presented a simplified model of the nonuniform density
of the dark matter simulated by dynamics of ‘“gravitational” interacting two
embedded particles in one-dimensional BEC;

it was found that the polaronic effect, that is a modification of the BEC density
in the vicinity of an embedded particle, considerably modifies the dynamics caused
by the “gravitational” forces between the particles and leads to the modification of
the gravitational fall time.

Practical results of the research are as follows:

numerically obtained critical value of anomalous spin-dependent velocity
caused by symmetrized Dresselhaus coupling that can prehend collapse velocity and
stabilize the quasi-two-dimensional Bose-Einstein condensate. It has been set
collapse field of the condensate vs external magnetic field intensity and interaction
parameter of the condensate for corresponding intra- and inter-spin component
interactions;

an analytical and numerical criterion for the localization or delocalization of a
soliton due to the spin-dependent anomalous velocity, which is proportional to the
SOC and Zeeman interaction, has been obtained. It was shown that a strong enough
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Zeeman field results in the localization of a bright soliton near random minima of
the potential;

it was shown that the coupled heterogeneous dynamics of polaron and
condensate are described by a system of Gros-Pitaevskii and classical Newton
equations. It has been found the BEC behaves as a soft quantum matter for polarons;

it was shown that the polaron effect significantly modifies the dynamics caused
by Newton's "gravitational” forces between particles and leads to a modification of
the gravitational fall time;

analyzed the effects of the condensate dynamics in a time-dependent potential
on the motion of “gravitating” embedded particles.

Reliability of the research results is ensured by the fact that in the dissertation
work standard method of mathematical and theoretical physics were used, including
highly efficient numerical methods and programs; careful check of consistency of
the received theoretical results of other authors was performed; conclusions are well
consistent with the main provisions of the theory of Bose-Einstein condensates.

Scientific and practical significance of the research results. The scientific
significance of the research results is determined by the ability of the developed
formalism in the dissertation to analyze the nonlinear dynamic properties of Bose-
Eistein condensate as a macroscopic matter characterized by GPE for a wide
application of the BEC in fields such as quantum computing and quantum
information, as well as shedding light on the deeper understanding of the
macroscopic properties of quantum matter. In addition, studies of various effects in
atomic condensates can shed light on the properties and dynamics of dark matter
with a variety of yet unknown even basic characteristics.

The practical significance of the results of the research lies in the fact that they
can be used to obtain estimates of nonlinear dynamics of Bose-Einstein condensate,
such as collapsing matter, spin-related dynamics, deformation parameters,
displacement, as well as dark matter model that appears due to the corrections in
Newton's gravity model. Results can also be useful for the analysis of the nature and
dynamics of the condensed matter, in the development of observational experiments.

Application of the research results. The dissertation work was carried out in
the framework of a grant of the Swiss National Foundation (“Schweiz.
Nationalfonds™) within the SCOPES program to support institutional partnerships
with partners from Eastern Europe 1Z74Z0 160527/1 (2016-2017); 2019 year
scholarship of the “El-Yurt Umidi” Foundation for training specialists abroad and
communication with compatriots under the Cabinet of Ministers of the Republic of
Uzbekistan; 2022 year scholarship (Contract Ne 2 from 19 january) on the program
“the organization and financing of short-term scientific internship of young
scientists in foreign scientific organizations” financed by Fund for Financing
Science and Innovation Support under Ministry of Innovative Development of the
Republic of Uzbekistan.

Obtained results by the collapse of spin-orbit-coupled Bose-Einstein
condensates have been used by more than 40 scientific papers published in journals
with high impact factors (H. Sakaguchi, B. Li, and B.A. Malomed, Phys. Rev. E 89,
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032920; Y. Zhang, M.E. Mossman, T. Busch, et al. Front. Phys. 11, 118103; H.
Sakaguchi, E.Ya. Sherman, and B.A. Malomed, Phys. Rev. E 94, 032202; B.A.
Malomed 2018 EPL 122, 36001, etc.). Results of spin-induced dynamics of soliton
in a random potential used by more than 10 papers (J. Sun, Y. Chen, X. Chen, and
Y. Zhang, Phys. Rev. A 101, 053621; J. Yang and Y. Zhang, Phys. Rev. A 107,
023316; J. Fan, G. Chen, and S. Jia, Phys. Rev. A 102, 063311, etc.) to develop
dynamical properties of anomalous spin-dependent velocities in various systems.

The results on the nonlinear coupled dynamics of externally embedded
"gravitating" particles and BECs, provide opportunity to shed light to model dark
matter with laws of classical Newtonian mechanics.

Approbation of the research results. The research results were reported in
the form of reports and tested at 8 international and local scientific conferences.

The main results of the study were tested at the scientific seminars of the
Institute of Fundamental and Applied Research (2023), Astronomical Institute
(2020-2022), of the Department of Theoretical Physics of Samarkand State
University (2019), Department of Chemistry-Physics in Basque Country Universit
(Spain, 2017-2018), Department of Theoretical Physics in University of Zurich
(Switzerland, 2016) etc.

Publication of the research results. On the dissertation theme there were
published 19 scientific works, including 11 scientific papers in international journals
with high impact factors and recommended by the Supreme Attestation Commission
of the Republic of Uzbekistan for publishing basic scientific results of doctoral
theses.

Volume and structure of the dissertation. The dissertation consists of an
introduction, four chapters, a conclusion, one appendix and a bibliography. The size
of the dissertation is 165 pages.
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THE MAIN CONTENT OF THE DISSERTATION

In the introduction the topicality and relevance of the dissertation theme were
justified, the aims and objectives were formulated, the scientific novelty and the
practical results of the study were set out, the reliability of the obtained results was
proved and their theoretical and practical significance were disclosed, a summary of
the application of the research results and the structure of the dissertation were given.

The first chapter of the thesis entitled “Collapse of Bose-Einstain condensate”
Is devoted to studying the collapse process of quasi-two-dimensional BEC including
global-spin-interaction with Dresselhaus SOC. In addition, considered intra- and
cross-spin-interactions with Rabi frequency. In this chapter, we have demonstrated
the stabilization condition of the collapsing BEC with SOC and presented the
collapse field of the spin components driven by Rabi frequency. Here we consider
pseudospin-1/2 which characterizes two-component wave function and synthetic
SOC and magnetic fields that are widely explored in theoretical and experimental
condensed matter physics nowadays.

We assume at zero temperature an initial state of the condensate is prepared in
a ground state form of the quantum harmonic potential:
INI 7 r 1
ex{_ : }[} (2)
a(0) 2a°(0)
Here [1,0]" is the initial state of the spin directed along the z axis.The subsequent
dynamics of the spin-orbit coupled condensate with pseudospin-1/2 is described by
a wave function w =[w,(r,t),w,(r,t)]', where r=(x,y), normalized to the total

number of particles N . The evolution of the wavefunction is described by GPE

w(r,t=0)=

ot 2m
where m is the particle mass, H_, is the SOC Hamiltonian. In Eqg. (2) the interaction
constant is given by g =-4xh*a_/ ma,, where a, is the condensate scattering length
along the z axis, and a, is negative. Below, we use the units Zz=m=1 and the
dimensionless interaction §=-4za /a,. As a unit of length is chosen a(0)
arbitrarily, and the corresponding unit of time is a*(0).
For the spin-independent collapse of the condensate a total energy is defined

ihw:t—hzm Hso—ng}w, (2)

by
£ =- [[w'av + gl Joxay. (3)

To demonstrate the evolution of the collapse we use a variational approach
based on the Gaussian ansatz function and from equation (3) and one can find the

total energy
N gN
= 1->—|. 4

2a’ ( 2z j 4)
The equation (4) clearly shows that, the condensate can collapse if gN parameter
exceeds the critical value 2 =2~ . The width a(t) is defined by
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At?
a*(0)’ )

where A =(gN —4)/2. From Eq. (5) it follows the collapse time is T, =a?(0) /<4 ,

and the characteristic collapse velocity is v, =a(0) /T, =~/ / a(0) .

Now, we to consider effect of SOC to the collapse process. We write the
modified velocity including the anomalous spin-dependent term in the form:

0
vek+ L H,. 6
ok % (6)

a(t)=a(0),/1-

In equation (6) the last term is directly related to the condensate spin. It is interesting
to demonstrate the evolution of the flux density

J(r,t)=iz[l//Vl//T—w*Vw}wT[aiHso}w- (7)

To characterize the collapse of the condensate we demonstrate the width of the
condensate defined by

N 4 -1/2
a(t)=— dxd : 8
(t) @[ [lw*dxay | 8)
The symmetrized Dresselhaus coupling Hamiltonian we choose in the form
H,, = a(kxax + kyO'y), 9)

where « is coupling constant o,, o, are corresponding Pauli matrices. From Eq.
(9) the corresponding spatial components of the velocity become

v, =k +ao,, v, =k, +ao,. (10)
Spin velocity induced the characteristic distance to flip the spin is defined by
L,=1/««.

30 — a=0
o 2=0.5v,
25 ‘
= fe-e- @=0.67v,
5 2.0
S e @=0.7Tv. "
= 1.5 _-’ """" T
S 10 :'i:;’-_': ________ o \\
0'5_4\ \\‘ \
0.0 0.5 10 15

Fig. 1. Dynamics of width of the condensate defined by Eqg. (8) and direct numerical solution of
Eq. (2). The curves correspond to marked values of coupling constant « and interaction parameter
IS gN =8r.

Fig.1 presents that, at a short time width is constant for all values of « and after
starts interplay between attraction and anomalous velocities. One can see, after
critical value «, =~ 0.75v, of SOC collapse of the condensate is prevented. To prevent

the collapse of BEC, it is sufficient to take « =v, and Desselhaus SOC with the
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present initial spin state causing a density flux leaving the center of the BEC
presented in Fig.2.

2 1=0.2/a*(0) N = P R TTT0.6/20)
2
1 _
! 1
S S, s,
= S S
= = 2
-1 1l -1
-2
-2 _2
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
x/a(0) x/a(0) x/a(0)

Fig. 2. Plots of the density flux defined by Eq.7 for & =v_, gN =87 and different time values
marked on the panels respectively.

The second chapter of the thesis entitled “Nonlinear dynamics of soliton in a
random potential” is devoted to studying the dynamics of a spin-orbit coupled
soliton formed by a self-interacting quasi-one-dimensional BEC immersed in a
random potential, in the presence of an artificial magnetic field. As a quasi-one-
dimensional system, it is assumed coordinate space is r = x =(x,t) and the system

will be demonstrated by the time-dependent GPE

2

mM:LE+ao£+§GVAMM+gwf+gwﬂﬂw, (11)

A~

where x,x'=12 (x=x'). Here k=—-ia/ox is the momentum operator, A is the
Zeeman splitting, U (x) is the random potential. The intra-component coupling g is
assumed to be negative, g <0, and equal for the two components. Here we assume
the inter-component coupling ¢ isgivenasg = g, that is, the system self-interaction

energy is invariant with respect to the global spin rotations. In this case and the
absence of potential U(x) and spin-related interactions with beinga=«a =0, the

ground state of soliton is given by

s {1, (12)
2cosh[2(x—x,)/ g]
where x, is a position of center of mass of the soliton.
A smooth disorder is produced at a long interval L by adistribution of N, >1
“impurities” with uncorrelated random positions x; and mean linear density

n=N, /L as

Ve

j=Nim
U(X)=U, > su(x—x,). (13)

j=1
Here s, = +1 is arandom function of j with mean values (s;) =0, so that (U (x)) =0.
Here we model the impurities as u(y) =exp(-y*/ £?), where & is the corresponding

width.
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In order to describe the dynamics of a soliton in the random potential we
explore the integral quantities O(t) associated with each observable © and defined

by
O ="y (x)Op (x)dx. (14)
In particular, defining the total soliton momentum k(t) and the force F(t), for which

O is substituted by k and by F =—duU (x)/ dx, respectively, and using Eq. (11), it is
straightforward to verify the Ehrenfest-like relation

d';f) _EQ). (15)
We assume that initial soliton is in a stationary state and at equilibrium with the
random potential. Fig.3 shows a realization of U (x) and the density of the soliton

prepared with this protocol. This soliton is localized near a potential minimum and

subsequent dynamics is induced by switching on the SOC and the Zeeman field.
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Fig. 3. Red dashed line is the soliton initial state for g = g = —5, and blue solid line is a realization
of random potential with U, =0.01, n =10, and & =1, that shown in the inset with long

distance.

The velocity of the soliton, described by Eq. (11), defined as v(t) = dX (t)/ dt, is
given by the relation

v(t) = k(t) + ao, (t). (16)
50, 15 > © 1.0
;gfﬁ o 10 I / \ e
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5

-10°

0 20 40 60 80 100 120 0 20 40 60 80 100 120 !
t t t
Fig. 4. Position of the soliton as a function of time for different value of 4 (marked in the plot),

g=0=-5 and o =0.4. Panel (a) shows that, for A=0 the soliton travels a long distance,

whereas switching on the Zeeman field eventually traps it. (b, ¢) Density plots of the two spinor
components in the (t, x) - plane for A =0.1.

Figure 4 is presenting the dynamics of the soliton for « =0.4 at different values of
A. The panel (a) shows that, whereas for 4=0 the soliton moves a long distance
through the disordered potential until it is reflected by a large fluctuation of U (x).
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The presence of a Zeeman field inhibits the propagation, and eventually traps it, for
sufficiently large values of 4 (=0.8 in this plot).

Since we consider a narrow soliton with the self-interaction energy conserved
under the total spin rotations, we can introduce a conserved “low-energy” quantity
¢, Obtained as the average (11) of the linear part of the Hamiltonian for the adiabatic

soliton w, (x) 1.6, ¢ =K*(t)/2+aoc,(t)k(t)+40 (t)/2+U(X(t)). Taking into
account that o, (t) = cos8(t), o, (t) =sin &(t) cos 4(t), the conservation of ¢, (verified in
the adiabatic approximation) can be presented as

Vi(t) —a’o; (1) + Ao, (t) = 2[U (X (0)) —U (X ()], (17)
with the velocity v(t) given by Eq. (16).

The third chapter of the thesis, “Self-organization of polarons and Bose-
Einstein condensates” is devoted to studying various regimes of coherent coupled
motion of a polaron with one- and two-dimensional BEC confined by a harmonic
potential. Strongly mutually related evolution of the condensate shape, its center of
mass position, and polaron coordinate are studied for coupled nonlinear polaron-
condensate oscillations. We assume a self-interacting BEC, built by N >1 particles,

then in a one-dimensional space the system can be described by the GPE in the form:

i;‘”(x’t) =(—; ;Xz +X2)!//(X’t)+ gl GO () +V (x=XO)w(x1).  (18)

In Eqg. (18) new factor Vv (x— X (t)) describes the polaron effect produced by
interaction with an embedded external particle. We choose the potential of the
embedded particle in the form of a local interaction
V (x— X (t)) =V, exp(—(x— X (t))* / 26%) , where the amplitude v, is either positive or
negative, and & is the narrow width, much less than the condensate extension.

Therefore, we define in the saddle-point approximation the interaction energy
between the particle and the condensate as:

VX)) =V, (0f exp[—“;;‘“)]dx N2V (X)), (19)

where V =V,5 . Although Eq. (19) is well-suitable for qualitative analysis and for

numerical calculations we will use exact time-dependent force for generalization of

the force-related approach between condensate and external particle defined as:
F(X(1) =0y |V (x=X @)y (x1)f dx. (20)

We consider sufficiently heavy embedded particles, with respect to the condensed
particles, such that evolution of their positions is described by the classical Newton
equation:

MX (t) = F (X (t)). (21)
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Fig. 5. The schematic form of a model of polaron forming in a BEC.

Figure 5 is presenting schematic form of a model of polaron forming in a BEC,
w(r,t) is characterising the BEC density profile at t=0, V <0 is an attractive
potential of embedded particles with mass M and the particle is located in some
distance from the center of mass of the condensate. Red dashed lines are presenting
parabolic potential and groun state condensate profile of its, blue line is presenting
a deformed condensate density profile due to polaron-forming particles. All
dynnumics of polaron and condensate will be presented at time t > 0.

All dynumics of embedded polaron and condensate are demonstrated by
numerical solution of the system of equations (18), (20) and (21). All condensate
parameters will be deflned by equatlon (14). 7

0.2

04\ WA\ @ /| 0.1
gganﬁ.n[\ /\' SN i 2

\ Y \ l\é f
-0.2 \/ \/ v \ v v V -04
_04 v N 1Y ‘\ [

(x(1)

X(0)

-0.2.

0.2 0,2: f’f/::’:':l (d)
2 0.1 X — 0_15 | d:_/:,E—_-J/z_f:::z-
: 00 v : § 00 RS
Z -0\ \ I
—02 W : ‘, W Vo — -— M=025
: — M=0.] --- M=025 _02 % =0
0 10 20 30 40 50 -04 02 0.0 0.2 0.4
t X(0)

Fig. 6. Plots of motion of the polaron (a), center of mass of the condensate (b) and center of mass
position vs X (t) (for time t <40) (c), (d) for given masses pointed a panels and initial parameters

of the polaron are X(0)=0.5,5=0.1,, and Vv, = -1, in the noninteracting BEC g =0.

Coupled irregular dynamics of polaron and center of mass of the condensate
presented in Fig. 6. The result is presenting that, increasing of mass of the polaron
leads to decreasing in irregular pulses in the oscillation of the polaron. Because if
the polaron mass is close to the total mass of the condensate then the systemisin a
quasi-equilibrium state. In panels (c) and (d) the red (black) point corresponds to the
initial (final) position of the polaron, respectively. Note that the initial point in (c) is
outside of the parallelogram-like structure filled by the (X (t),{(x(t))) - trajectory.
This is a consequence of nonlinear character of the oscillations, when the external
particle is initially attracted to the region with a higher density of the condensate,
and the coupled oscillations begin then.
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(x(®)

w(n)/w(0)

Fig. 7. Plots of motion of the polaron (a), center of mass position (b) and width (c) of the
condensate. Here M =0.05, X (0)=0.5,6=0.3,V,=-0.5, and g =6 and g =3.

Effect of self-interacting BEC to the coupled dynumics of ploron and
condensate are given in Fig.7. Note that, as expected, several initial oscillations of
X (t) for g =3 have a smaller period than those for g =6. However, with the course
of time, nonlinear effect prevails, and the difference becomes less pronounced. The
BEC boundaries in the Thomas-Fermi approximation are x__ =2.08 for g =6 and

x... =1.65 for g =3, respectively.
Also, explored coupled dynamics of polaron in a non-self-interacting quasi-

two-dimensional BEC confined by parabolic potential. For two dimensional BEC in
the GPE (18) coordinate “x” will be substituted by r =(x,y). For two-dimensional

system it is assumed that the polaron has initial velocity presented in Fig. 8.
(a)

Fig. 8. The schematic form of a model in two-dimensional BEC density and polaron located in
some distance, with mass M and initial velocity v, , that is perpendicular to the force F shown in
Fig 5.

All dynamic equations (18)-(21) can be represented in two-dimensional
coordinate space and analized by numerical solution of the equations.

To understand the dynamics of external particles in the condensate, we start
with the condition of static BEC. We assume that the interaction between condensate
and polaron is relativaly weak (V < 1), that can’t provide deformation of condensate
and it is always at rest. As a result, the dynamics of the particle will be governed
only by the solution of the Eq. (21). By using the interaction energy approximation
Eq. (19) with static solution GPE (18) we rewrite Eq. (21) in the form
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e 2 GI0) b2
M R(t) = -22V RO = AVR(t)exp(—-R*(t)), (22)

Since the potential Eq. (19) describes attraction between the polaron and
condensate, Eq. (20) can provide the centripetal force for the particle. From this, it
follows that for any initial velocity v(0) perpendicular to the vector R(0) the
equation of the circular trajectory of the particle is defined by
M ﬁ =F(R,), (23)

RO
where v, =|v(0)| and R, = R(0)|. Actually, due to the circular trajectory we have
v(t) =v, =const consequently R(t) =R, =const. Using Eq. (22) and (23) we derive
an equation
MvZ = 4|V |RZexp(~RZ). (24)

As aresult, Eq. (24) determines the circular trajectory of the embedded particle

in a static BEC. Now we assume that the given initial velocity, v(0), and position,

R(0), don't satisfy Eq. (24). In this case, if Mv§<4|\7|R§exp(—R§), then the
trajectory of the particle demonstrates quasi-apsidal-precession inside the circular
orbit or if Mv; >4|V |Ryexp(—R;), then the trajectory of the particle demonstrates
quasi-apsidal-precession outside the circular orbit. Fig. 9 is presenting three particle
trajectories: circular, elliptic precession outside the circle, and elliptic precession
inside the circle, which corresponds to a different initial velocity.
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Fig. 9. Plot of embedded particle’s trajectory in a plane (x,y) for a static BEC. Initial parameters
of particle given by M =1, R(0) = (1,0),V =-10"2. The lines correspond to different initial
velocities given as v(0) = (0,0.5v,) -red dashed, v(0)=(0,v,) -black solid and v(0)=(0,1.1v,) -
blue dotted.

In Fig. 9 velocity v, = 2(|\7 | R exp(—Roz))m ~0.121 is defined for circular trajectory

of particle and a rotation period with a circular orbit is t, =2zR, /v, ~51.8. In plot
(a) the trajectories correspond to the time t, and in plot (b) the trajectories
correspond to the time t, when the particle returns to the initial position (blue point)
R(t;) = R(0). In panel (a) one can see that the red dashed trajectory makes more than
full rotation at one circular rotation time t, of the particle even though the initial

41



velocity decreased to 0.5v,. Correspondingly, blue dotted trajectory cannot make a
full rotation even though its velocity is increased to 1.1v,.

For polaron-formed particles the Egs. (22)-(24) are not satisfied, because due
to the deformation of the initial state of BEC, the potential for polarons becomes
time-dependent. Therefore, the trajectory of polarons becomes strongly irregular due
to condensate dynamics that are performed based on the initial parameters of polaron
potential.

X0 (o) o )
Fig. 10. Plots of the polaron’s trajectories (a), (¢) and center of mass of the condensate (b), (d) in

a plane (x,y). Initial parameters are given by M =1, R(0) = (1,0), V =—10"". The plots (a), (b)
correspond to v(0) =(0,v,) and (c), (d) correspond to v(0) = (0,0.5v,) initial velocities.

The trajectory of polaron and center of mass of quasi-two-dimensional BEC
are presented in Fig. 10. Corresponding circular orbit velocity for polaron is

v, =(4]V |RZexp(~R?))" ~0.384. Plot times for (a), (b) is t, =133 and for (c), (d) is
t. =187.7 which is taken thus the R(t,) - red point becomes close to R(0) - initial

blue point. The plots demonstrate the nonuniform trajectory of the particle and
irregular center of mass of the condensate due to condensate dynamics caused by the
polaron effect.

The fourth chapter of the thesis entitled “Gravitating polarons in Bose-
Einstein condensates” is devoted to study the effect of the one-dimensional BEC
on the dynamics induced by a model Newton's "gravitational” interaction between
the particles embedded in the condensate located in a harmonic oscillator potential.
We consider in a simple model polaron in the BEC as a possible manifestation of
the dark matter-related interactions, concentrating mostly on the analytical and
numerical calculations of the “fall-onto-the-center” dynamics. In addition, to
understand the effects of the evolution of the condensate, we study the particles' drag
by the oscillating condensate in the dynamics caused by the simulated gravitational
forces.

The system is described by the GPE in the form:
10°

g I @ 2 2
lath,t)—( L xjw<x,t>+gw<x,t> p )+ VO (k). (25)

with

Vi () =N (X=X (1)) + V5 (X = X, (1)), (26)
where w(t) is frequency of the nonstationary harmonic trap. The V(x — X, (t))w (x,t)
and V,(x-X,(t))w(x,t) terms describe the local interaction of the BEC with
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embedded movable particles located at the time-dependent positions X, (t) and
X,(t), with the masses M, and M,, respectively. Egs. (19) and (20) can be

represented for both particles. The time-dependent force between the condensate and
the external particles depends on the positions of both particles and has the form

FELO0.X,0) =050 | 2a 0O W (D 0

where indices (i, j) = (1,2) correspond to the two embedded particles.
We assume that the principal interaction between the embedded particles is
described by the model Newtonian "'gravitation*'-like force
X; (1) = X(t)
X=X,
where G is Newton's "gravitational interaction constant. Then particle positions are
described by the classical Newton equation defined by
v 4%
bodt?
Since the parametric space of the problem of interest is very large, we consider
a star-like realization with a relatively heavy particle (M, > M,) located in the origin
and a relatively light particle M, falling onto the origin. Thus, we will neglect the
motion of the particle located at the origin assuming X,(t)=0 and concentrate on
the X,(t) - dependence.
We begin with a stationary harmonic trap with (t) = const. To get insight into
the dynamics of interest, we begin with the classical mechanic’s problem of a

particle moving in the sum of the one-dimensional gravitational and harmonic
potentials in the form

FOX (1), X (1) =GM,M (28)

= FI(X, (), X (1) + F (X (1), X (1)) (29)

2
Iv|1M2+M1'Q X2, (30)
X 2

where the term M Q°x*/2 corresponds to the interaction with the BEC and we
assume that M, >M,, meaning that the M, particle is always at rest. At 2 =0 the
time and position are related by:

_ | x(0) B X
t(x) = 27M («/X(X(O) x)+x(0)arccosx(0)j, (31)

2

with x(0) being the initial position and the initial velocity dx/dt|_,=0. Thus, the

system is characterized by two main timescales such as the gravitational fall time
T., corresponding to the third Kepler's law for motion in the gravitational field:

- |1
22\ GM,
and the oscillation period T, =2z /<. We assume here that T, < T, for the M,
particle is initially sufficiently close to the origin. In this realization, the fall time T, ,
where x(T,)=0 is close to T, and the corresponding correction is given by:

U(x)=-G

Ts x**(0) (32)
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T, -T,

TG
The correction to the fall time due to the polaronic effect producing the potential
M, 2°x*/ 2 is one of the quantities of interest for the role of the BEC in gravitational

__ 2112 (T.2). (33)

dynamics.
1.0 — 7120,7,=0 1.0 — 1=0.7,=0
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Fig. 11. Time-dependent position of the particle X, (t) at different initial conditions and coupling
strength (a) g =0, (b) gN = 2. The black line corresponds to purely gravitational interaction and

is described by Eq. (31). The blue line corresponds to the effect of the condensate, and the red line
shows the additional effect of interaction via the condensate. Here and in the numerical results

presented below we consider fixed parameters M, =10°, M, =10°, G=10"° and 5§ =0.1.

Figure 11 is presenting the time dependence of the moving particle position,
X,(t), for various types of interactions and initial conditions. These effects

correspond to our qualitative analysis and demonstrate a strong dependence on the
initial position. For X,(0)=0.5 the additional potential is approximately parabolic
and corresponds to the increased attraction force. Therefore, the fall time T,
decreases with T, <T,. For X,(0) =1, the initial position corresponds to the depleted
density of the condensate and, therefore, the fall time increases.

Now we consider the realizations where at t =0 the potential frequency o
suddenly changes from o = w(t <0) to a different o, = w(t > 0). This change in the
trap frequency causes compression (w, >@_ ) Or expansion (o, <w_) of the
condensate. Then, oscillations in the condensate shape begin and one can expect that

the resulting time and position-dependent density can drag the embedded particle

influencing its motion X, (t) and modifying the fall time.
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— w=1 (@ 1.0
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Fig.12. Effect of the change in the trap frequency @ on the time dependence X,(t) and the fall

time. Panel (a) characterizes the effect of anti-drag where the fall time decreases both for the
expanding and compressing condensate due to a strong polaronic effect of the M, - particle. Panel
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(b) characterizes the effect of drag where the fall time decreases for compressing and increases for
the expanding condensate. Here the polaronic effect of the M, - particle is relatively weak and the

main effect is due to the BEC dynamics. Note that the difference |T, -T.| in panel (a) is

considerably larger than that in panel (b). The insets show zoom on the time interval near the fall
time T,. Here v, =g =0.

The corresponding numerical results are presented in Fig. 12. As one can see,
the oscillating condensate shape modifies the fall of the particles onto the center.
Figure 12(a) shows the effects of the drag and the back flow (anti-drag) due to
polaronic effects. The effect of the drag is clearly seen in Fig. 12(b), where
expansion of the condensate drags the polaron out (with the fall time T, >T,) while

compression of the BEC drags the polaron in (with T, <T,).

CONCLUSION

According to the results of the research carried out on the theme of the
doctoral dissertation “Nonlinear dynamics, polarons and mechanisms of self-
organization in Bose-Einstein Condensates”, the following conclusions are
presented:

1. It has been shown, the presence of the Dresselhaus SOC prevents the
collapsing condensate from compressing, causing an "anomalous" rotation-
dependent velocity. Weak SOC allowed for a distant temporal collapse, while strong
SOC caused the flow to leave the center of the BEC, resulting in an annular density.
This prevented condensate from squeezing out and reduced particle attraction. These
results show that SOC can prevent BEC collapse resulting in stable condensates.

2. It has been shown that the Rabi magnetic field can affect the collapse of
condensate with intra-spin interaction by modifying the number of atoms in each
spin component. This leads to oscillations in the self-interaction energy, stabilizing
the condensate. With cross-spin interaction, the spin rotation enhances self-
interaction, causing the condensate to collapse. We determined the collapse and
stability diagram for both interactions. Intra-spin coupling modifies the critical
number of atoms causing the collapse, while for cross-spin coupling, only double
spin-component collapse occurs.

3. We have shown that for given SOC, the soliton motion strongly depends on
the Zeeman splitting and the self-interaction of the condensate. In particular, the
Zeeman interaction can lead to localization or delocalization of the soliton due to the
spin-dependent anomalous velocity proportional to the SOC. A sufficiently strong
Zeeman field can cause localization of the soliton near the random potential minima.
If the Zeeman frequency is close to the typical frequency of the soliton oscillations
in the random potential, this resonance can cause its delocalization.

4. We have shown that the motion of the center-of-mass of a self-attractive
BEC can be driven by the joint effect of spin precession in a Zeeman field and the
presence of an external potential. The broadening of the condensate due to the spin
rotation creates a net force that induces its motion, even without SOC.
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5. We have demonstrated that the BEC softness plays a critical role in the
dynamics of polaron-based embedded external particles. In the weak interaction
regime, the condensate provides a static potential for the particle, resulting in circular
and quasi-periodic trajectories. However, in the relatively strong interaction regime,
the condensate becomes a time-dependent potential for the polaron-forming
particles, leading to a shift in the center of mass of the condensate from the origin of
the parabolic potential. The BEC behaves as a soft quantum matter and the
interaction with embedded particles can lead to highly nontrivial coupled dynamics
of the particle and condensate.

6. We have modelled two gravitating particles in a BEC with polaron effects.
The polaronic effect modifies the dynamics caused by Newton's "gravitational”
forces between particles and leads to a modification of the gravitational fall time.
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BBEJIEHUE (AHHOTanus K auccepranuu J0KTopa Hayk (DSc))

Henbro wuccaenoBanusi sABIIETCS  pa3pabOTKa HOBBIX  HEJIMHEHHBIX
IUHAMHYECKUX CBOWMCTB KOHIeHcaTa bo3e-DiiHINTEeilHA Ha OCHOBE aHaJIM3a
pemeHnii ypaBHeHus ['pocca-IIutaeBckoro mnpu pa3auyHbIX BHYTPEHHUX H
BHEIIIHUX HEJIMHEWHBIX CHUCTEMAX, MCCIEJOBAHUE JUHAMHYECKHX CBOMCTB
KoHJeHcaTa bo3e-DiHITeiHAa KaK MAaKPOCKOIIMYECKOW MAaTEPHUH C UCIIOJIb30BAHUEM
3aKOHOB KJ1accuieckor pusnku (MexaHuku HproToHa).

3agaum uccJIe10BaHNA:

ONPENCTUTh BIUSHUE chuH-opOuTampHON cBsizu (COC) Ha KoJutarc
koHgeHcaTa boze-DitHmreiina (KbBD) u HallTh ee KpuUTHYECKOE 3HAaYCHUE,
IPENATCTBYIOLIEE KOJUIANCY KOHAEHCATa,

UCCIIE0BATh BIMAHUE BHELIHEI0O MATHUTHOIO IOJIsA, IIPUJIOKEHHOTO K CIIUHY
KOHJIEHCAaTa ¢ MEK- U BHYTPUCIIMHOBBIMHM HEJIMHEMHOCTAMM B ypaBHeHuHu [ 'pocc-
[Tutaesckoro (YI'TI), Ha KoJIanc KOHACHCATA;

MIPOAHAJIN3UPOBATH JABMKEHHE SPKOTO conuToHa B KbO ¢ mpuTiarusarommmun
B3aUMOJICUCTBUSIMU, HA TUHAMHUKY KOTOPBIX MOTYT CHJIBHO BIUSATH OECHOPSAIOK U
COCG;

HCCIIEIOBATh CBA3AHHYIO JWHAMUKY BHEAPEHHOM YacTHUUbI C MOJIIPOHHBIM
s¢dexTtom B ogHO- U naBymepHbix KbD, xapakrepusyronmxcs YI'TI u 3akonamu
KJIACCUUECKON (PU3UKU;

[IPOAHAIIM3UPOBATh MOJEIIb HEOJHOPOJHOM IUIOTHOCTH TEMHOM MaTepuy,
MOJIEIIUPYEMYIO JUHAMUKON «PABUTALMOHHOI0» B3aWMOJECHCTBUS JIBYX YacTHUI B
oanomepaom KBbD.

O0beKTOM MCCJIe0BaHUA SBISIOTCA KOHJEHcAT bo3e-DiHInTeiHa, CIHH,
COJIUTOH, CIIy4alHbIM MOTEHIMAJ, BHEAPEHHBIE YACTULBI U MOJIAPOHBI.

IIpeaMeTroMm  wmccjie0BaHMsA  SBJIAIOTCS  KOJJIANC — CIHUH-OPOUTANIBbHO-
CBA3aHHOr0 KoHAeHcaTa bo3e-DliHITeliHa, CHMH-OPOUTAIBHO-CBA3aHHBIN COIUTOH
B CIIy4yallHOM MOTEHUHUaje, MOJSPOHbl M TPABUTUPYIOIIME MOJIAPOHBI B 003e-
SUHIITEWHOBCKOM KOHJICHCATE.

MeTogaMu HCC/IeI0BAHMS SBISIIOTCS MaTeEMaTHIECKUi anmapar teopun KbO
C MPUMEHEHUEM 3aKOHOB KJIACCHMYECKOW (DM3MKH, aHAIUTUYECKHE U YUCJICHHbIE
METOIbl peueHus: cucreM Jaud@epeHInanbHbIX ypaBHEHUH B  YacTHBIX
IIPOU3BOIHBIX.

Hay4Hasi HOBU3HA MCCJIeIOBAHUSA 3aKII0YAETCA B CIEAYIOLIEM:

BIIEPBBIE HM3YYEHO BIMSHUE CIMHAa KoHjeHcara noj aedcteueM COC u
BHEIIHEr0 MarHUTHOI'O MOJIS Ha Koyutarc kBazuasymepHoro KbD u nokaszano, 4ro
AHOMAJIbHBIE CIIMH-UHAYLMPOBAHHBIE CKOPOCTH TOJHOCTBIO KOHTPOJIUPYIOT
KOJIJIAIIC KOHJICHCAaTa;

BIIEPBBIE IIOKA3aHO, YTO H3-32 AHOMAJbHOW CIUH-3aBUCHMOM CKOpPOCTH
CUHTETHYECKAsl 36€MaHOBCKAs CBA3b MOKET UTPATh KPUTUUECKYIO POJIb B JUHAMHUKE
COJINTOHA, BBI3bIBAsl €r0 JIOKAIM3AUUI0O WIH JEJOKAIU3ALUI0 B CIyYalHOM
OTCHIMAJIE;
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MOKa3aHoO, 4YTO cMelleHue camonpuTsaruBatomerocs KBD Moxer ObITh
BBI3BAHO COBMECTHBIM JIECTBHEM IMPEUECCUU CIIHMHA B 3€€MAaHOBCKOM IIOJIE U
HaJIMYMEM CIIy4alHOTO MMOTEHIINAIIA;

BIIEPBBIE MPOJAEMOHCTPUPOBAHA CBSI3aHHAs JWHAMUKa IMOJSIPOHOB B
onHoMepHoM u aBymepHoM KBD3, xapakrtepusyromascs YITI u 3axkoHamu
KJIACCHYECKON HBIOTOHOBCKOW MEXaHUKH;

BIIEPBBIEC MPEJCTABICHA YIPOILIEHHAas MOJEIb HEOJHOPOJHON IJIOTHOCTH
TEMHOMU MaTepuu, MoOZeNupyemas JTWHAMUKOW «TPAaBUTAILMOHHOTO)
B3aUMOJEHCTBUS ABYX NOJAPOHOB B ogqHOMEpHOM KBD3;

ObIO OOHAPYKEHO, YTO TOJSIPOHHBIA 3(hPekT, To ecTb MoAudUKAIIUS
miotHocth  KBD B OKpecTHOCTH BHEIPEHHOM YaCTHIlbl, CYIIECTBEHHO
MOJIUQPUITUPYET NUHAMHKY, BBI3BAaHHYIO «TPAaBUTAIIMOHHBIMU» CHUJIAMHU MEXIY
YacTHUI[AMU, ¥ IPUBOJUT K MOAU(PUKAIIMKM BPEMEHH IPaBUTAIMOHHOTO CIIaJ1a.

IIpakTHyeckue pe3yabTaThbl HCCACA0BAHUS 3aKIIOYAIOTCSA B CIEAYIOIIEM:

YUCJICHHO MOJYYE€HO KPUTHYECKOE 3HAYEHUE aHOMAaJIbHOW CHHH-3aBHUCHUMOM
CKOPOCTH, BbI3BAHHOI CHMMETPU30BAHHOM CBs3bIO [[peccenbxayca, KOTopas MOKET
MIPEAOTBPATUTh CKOPOCTh KoJularca U cTaduiIn3npoBaTh kBazuaByMepHsblid Kb,

YCTAaHOBJIEHA 3aBHCHMOCTbH MOJISl KOJUIANCa KOHJAEHCATa OT HaNpsHKEHHOCTU
BHEILIHET0O MAarHUTHOIO TMOJS W TapameTpa B3aUMOJCHCTBUA KOHJEHcATa s
COOTBETCTBYIOIIMX BHYTPH- U MEKCITMHOBBIX B3aUMO/ICCTBUI KOMIIOHEHTOB;

NOJIyYEH AHAIWTHYECKAA W YHUCJICHHBI KpPUTEpUW JIOKAIU3AUU WIU
JENOKAIA3alM  COJIMTOHA 3a CYET CIHMH-3aBUCHMOM aHOMAJbHOM CKOPOCTH,
kotopas nponopuuoHaisHa COC u 3eemaHOBCKOMY B3aumojiericTBuIO. [TokazaHo,
YTO JOCTATOYHO CWJIBHOE 3€EMAHOBCKOE IOJIE NPUBOJAUT K JIOKAIM3ALUU SIPKOTO
COJIUTOHA BOJIM3U CIIy4ailHBIX MUHUMYMOB TTOTCHITHAJIA;

NOKa3aHa COBMECTHas JWHAMHKa IOJSIPOHA M KOHJEHCaTa, OIMKChIBaeMast
cucteMor ypaBHeHui ['pocca-IIntaeBckoro u kiiaccuueckux ypaBHeHur Hprotona.
beuto o6uapyxkeno, uto KbD Bemer cels kak Msirkas KBaHTOBash MaTepus s
MOJISIPOHOB,;

OBUIO yCTaHOBJEHO, YTO A(QEKT MoJIpoHa CYIIECTBEHHO H3MEHSET
JUHAMUKY, BBI3BAHHYI0 HBIOTOHOBCKUMH «TPaBUTAUMOHHBIMHY CHIIAMH MEXIY
YacTUI[AMU, U IPUBOJUT K MOAU(PUKALIMKI BPEMEHH IPaBUTALMOHHOTO MaJICHHUS;

OPOAHATM3UPOBAHO BIMSHUE AMHAMUKM KOHJIEHCATa B HECTAI[MOHAPHOM
MOTEHIIMAJIE HA IBUKEHUE «TPABUTUPYIOLINX» BHEIPEHHBIX YACTHII.

JlocTOBEpPHOCTh Pe3yJbTATOB HCCJIeJ0BAHMS oOecreunBaeTcs TE€M, 4TO B
JTUCCEPTALMOHHON pabote HCITOJIB30BAJIUCH CTaHJApTHBIE METO/IbI
MaTeMaTUYeCKOW M TEOPEeTUYECKOW (DU3UKHU, B TOM YHUCIE BBICOKOA(D(PEKTHBHBIC
YUCJIEHHbIE METOAbl M MpOorpaMMbl; MPOBEICHA TINATEIbHAs IPOBEPKA
HEITPOTHUBOPEYMBOCTH MOJYYEHHBIX TEOPETHUECKUX PE3YyJIbTaTOB C PE3yJIbTaTaMu
UCCJIEIOBAHUN JIPYTUX ABTOPOB; BBIBOJBI XOPOILO COTJACYIOTCS ¢ OCHOBHBIMH
MOJIOKEHHUSIMU TEOPUHM KOHAEHCATOB bo3e-ONHINTENHA.

Hayuynas u npakruyeckasi 3HAYMMOCTb Pe3yJIbTATOB MCCJIEeA0BAHUS.
Hayunasi 3HaUMMOCTBH PE3yibTaTOB UCCIEIOBAHUS OINPEIENSIETCS CIIOCOOHOCTHIO
pa3pabOTaHHOTO B JUCCEpTAllMM  (QopMajau3Ma aHaJU3UPOBATH HEJIUHEHHbBIC
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JMHAMUYECKHUE CBOMCTBA KOHJEHcaTa boze-ODHiTeiiHa Kak MaKpOCKOMHYECKOM
Marepun, xapakrepuzyemoit YI'TI, nns mmpokoro npumeneHuss KbD B Takux
00JacTsAX, KaK KBAHTOBBIC BBIYMCICHHS M KBAHTOBOS HHQPOpMANMs, a TaKKe
IpOJUTh CBET Ha Oosee TIyOOKOEe MOHMMaHHE MAaKPOCKOMUYECKHX CBOICTB
KBaHTOBOM Marepuu. Kpome Toro, uccienoBaHus pazaudHbIX 3(G(EKToB B
aTOMapHBIX KOHJEHCATaX MOTYT MPOJUTh CBET HA CBOMCTBA M JNMHAMUKY TEMHOM
MaTepUH C MHOKECTBOM MTOKA HEM3BECTHBIX OCHOBHBIX XapaKTEPUCTHUK.

[IpakTHyeckass 3HAUUMOCTb PE3yJIbTATOB MCCIEAOBAHUS 3aKIIOYAETCS B TOM,
YTO OHHM MOTYT OBITh HCIIOJIB30BAaHBl JIs TOJYYEHHUS OLEHOK HEJIWHEWHON
muHamukd  KBD, Takux Kak KOJUIANCHPYIOIIAash MaTepus, CIHUH-3aBUCUMAs
JUHAMUKa, TapaMmeTpbl aedopmaliii, CMELIEHHUs, a TakKe TEMHOW MaTepuu,
KOTOpasi TOSIBIIIETCS M3-3a IONPAaBOK B TpaBUTAUMOHHONM Mozaenu HproToHa.
Pesynbrarhl Takxke MOTyT OBITh TOJIE3HBI JUISI aHAIM3a MPUPOJBI M JIMHAMHUKHU
KOHJIEHCUPOBAHHOT'O COCTOSIHUS, TP pa3paldOTKe MPeaiaraéMbIX SKCIIEPUMEHTOB.

BHenpenne pe3yJbraToB HcciaenoBanusa. JluccepraumonHas paboTa
BBINIOJIHEHA B paMKkax rpanta IlIBeiinapckoro HampoHansHoro onna («Schweiz.
Nationalfonds») B  pamkax  mnporpammel  SCOPES no  moanepxke
MHCTUTYLIMOHAJIBHOTO MapTHEpPCTBA C MNapTHepamu u3 Bocrtounon Espomnsl
1Z74Z0 _160527/1 (2016-2017 rr.); 2019 rox - crumeHmus Ponma «n-lOpr
YMUIW» 7151 OOyYEHHsI CIELUAIUCTOB 32 pyOeKOM U CBSI3H C COOTEUECTBEHHUKAMU
npu KaGunere MunuctpoB Pecriybnuku VY30ekuctan; 2022 rox - CruneHaus
(HdoroBop Ne 2 ot 19 suBaps) no nporpamme «Opranuzanus U GUHAHCUPOBAHUE
KPaTKOCPOUYHBIX HAYYHBIX CTAKUPOBOK MOJIOJIBIX YUEHBIX B 3apyOCKHBIX HAYUHBIX
opranuzanusx» ¢uHancupyemon @oHmoM (HUHAHCUPOBAHUS HAYKU U TOJIEPKKH
WHHOBAIMid Tipu MUHHUCTEPCTBE WHHOBAIMOHHOTO pa3BUTHS PecnyOnuku
VY36ekucrana.

[Tonyuennsie pe3ynbrathl kosanca Kb3 co cnnH-opOuTanbHOM CBA3bIO ObLIH
HCTIOJL30BaHbI 0oJiee yeM B 40 HayYHBIX CTAThSIX, OMYOJIMKOBAaHHBIX B )KypHAJIax C
HauOoJ1ee BrIcOKMMH uMnakT-pakropamu (H. Sakaguchi, B. Li, and B.A. Malomed,
Phys. Rev. E 89, 032920; Y. Zhang, M.E. Mossman, T. Busch, et al. Front. Phys.
11, 118103; H. Sakaguchi, E.Ya. Sherman, and B.A. Malomed, Phys. Rev. E 94,
032202; B.A. Malomed 2018 EPL 122,36001, u ap.). Pe3ynbraTsl CTUH-BBI3BAHHOW
JTUHAMUKH COJMTOHA B CIy4YailHOM IMOTEHIMaJe MCHOJb30BaHbl OoJjiee yem B 10
cratesx (J. Sun, Y. Chen, X. Chen, and Y. Zhang, Phys. Rev. A 101, 053621; J.
Yang and Y. Zhang, Phys. Rev. A 107, 023316; J. Fan, G. Chen, and S. Jia, Phys.
Rev. A 102, 063311, u ap.) ny1s pa3pabOTKH AMHAMUYECKUX CBOMCTB aHOMAJIbHBIX
CKOpOCTEH, 3aBUCAILIUX OT BPaIlleHUs, B PA3JIMUYHBIX CUCTEMAX.

Anpofanusi pe3yJbTATOB HCCIeI0BAHMsA. Pe3ynbTarsl HCCIeI0BaHUN
JOKJIaIBIBAIUCh U OOCYXKIATUCh HAa 8 MEXIYHAPOIHBIX M PECIyOIMKaHCKUX
Hay4YHBIX KOH(PEPEHIIUSIX.

OcHOBHBIE pe3yJIbTAThI UCCIIEIOBAHUS aIPOOMPOBAHBI HA HAYYHBIX CEeMUHAapax
NuctutyTa GyHAAMEHTAIBHBIX W TOPUKIAAHBIX uUccienoBanuii (2023  1.),
Actponomuueckoro uactutyta (2020-2022 rr.), kadeapbl TeOpeTHIECKON PUBHKH
CamapkaHJICKOTO TOCYAapCTBEHHOr0 yHHUBepcuTeTa Y30ekuctana (2019 r1.),
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kadenpsl Xumusi-pusuka B YHuupepcutete Ctpanbl backoB (HMcnanus, 2017-2018
IT.), Kadeapsl Teopernueckor (usuku B YHuBepcutere L{ropuxa (LlBeitmapus,
2016 r.) u ap.

Ony0JuKOBaAaHHOCTH pe3yJbTAaTOB HcciaenaoBanus. [lo Teme nuccepranum
omybnukoBaHo 19 HayuyHbsix paboT, B ToM umcine 11 HayuyHBIX cTaTed B
MEXIYHAPOJHBIX )KypHaJIaX C BHICOKUMH UMMAKT-(aKTOPOM U PEKOMEHIOBAHHBIX
Bricuieit arrectanimonHoi komuccued PecyOnuku Y30ekucrtan juisi myOauKanuu
OCHOBHBIX HAYUYHBIX PE3yJIbTATOB JOKTOPCKUX AUCCEPTALUN.

O0bem u cTpyKkTypa amccepramum. Juccepraiusi COCTOMT W3 BBEIICHMUS,
YeThIpeX TJIaB, 3aKIIOUEHHs, MPWIOKEHUS M Cchucka jurepatrypbl. OObeM
JUCcepTalMK cocTaBisieT 165 cTpaHuil.

3AK/IIOYEHUE
Ilo pesynpraraM uCCIENOBAaHUN, IPOBEICHHBIX II0 TEME JOKTOPCKON
muccepraunu  «HenuHelHas ~— OMHAMMKA, — IOJSIPOHBI U MEXAaHU3MBI

CaMOOpraHu3alMK B KOHAEHcaTax bo3e-OHHIITelHa», NPeICTaBIEHbI CIEAYIOLINE
BBIBO/IbI:

1. ITokazano, urto Hammuue COC [Ipeccenbxayca NpeaoTBpaIlaeT CHKaTUe
KOJUTATNICUPYIOIIETO KOHJIEHCATA, BBI3bIBAS «AaHOMAJIBHYI0» CKOPOCTh, 3aBHUCSIIYIO
ot BpamieHus. Cnabpiii COC nomyckaeT OTAAJICHHBIA BPEMEHHOW KOJUIAIC, B TO
BpeMms Kak cuibHbIM COC 3actaBiser noTok nmokuaars HeHtp Kb3, uro npusBoaut
K KOJIBIIEBOM IUIOTHOCTH. ODTO MPEIOTBPAIIAET BBIJABIMBAHUE KOHJICHCATa H
YMEHBIIAET NMPUTSHKEHUE YaCTULl. DTH Pe3yJIbTaThl MOKa3bIBaOT, 4T0 COC MOkeT
npenoTBpaTuTh Kojutaric KB, uto mnpuBomutr k 00pa3oBaHHMIO CTAOMIBHBIX
KOHJICHCATOB.

2. TlokazaHo, 4To MarHUTHOE ToJie Pabu MOXET BIMATH Ha KOJIJIAIC KOHJIEHCaTa
C BHYTPUCIIMHOBBIM B3aUMOJCHUCTBUEM, HM3MEHsS YHUCIO aTOMOB B KaXIOHU
KOMIIOHEHTE CIIMHA, YTO MPUBOJAUT K OCHWJUISALMAM IHEPIMU CaMOBO3IECHUCTBUS,
CTaOMIM3UPYIOMUM KoHeHcaT. [Ipy Kpocc-CTMHOBOM B3aMMOICHCTBUH BpaIllEHUE
ClIMHA YCUJIMBA€T CaMOB3aMMOJICHCTBHUE, BbI3bIBas KOJUIANC KOHJEHCATA.
OnpeneHbl AuarpaMMbl KOJIJIarca MU yCTOMYMBOCTHU JJISI 00OMX B3aWMOJICHCTBUMH.
BuyTpucnnHoBasi CBSI3b HM3MEHSAET KPUTUUECKOE YHCIO aTOMOB, BBI3BIBAIOIIUX
KOJUIAIIC, B TO BPEMs KaK IIPU MEXKCIMHOBOW CBA3U MPOUCXOIUT TOJBKO JTBOMHOMU
KOJUIAIIC CTMHOBOM KOMIIOHEHTHI.

3. Ilokazano, uro aiua nanHoro COC ABMKEHHE COJIMTOHA CHJIILHO 3aBHCHT OT
3€EMAHOBCKOIO PACIICIJIEHUS] M CaMOBO3JCHCTBUSI KOHJAEHcaTa. B uacTHOCTH,
36EMAHOBCKOE B3aMMOJECHUCTBHE MOXKET MPUBOAUTh K JIOKAIM3ALUUA WA
JNEITOKAIN3AIMN COJMTOHA 3a CUET 3aBUCAILLIEH OT CIMHA aHOMAJIbHOM CKOPOCTH,
nponopuroHaibHoi COC. JlocTaTOYHO CHJIBHOE 3€€MaHOBCKOE MOJIE MOXKET
BBI3BATh JIOKAJIM3AIMIO COJIMTOHA BOJM3U CIyYalHBIX MUHMMYMOB TOTEHIIHAIIA.
Ecnu 3eemanoBckast yacTora OyiM3Ka K TUTUYHONW YacTOTe KOJeOaHU COJIMTOHA B
CIIy4allHOM MOTEHLHAJIE, TO 3TOT PE30HAHC MOXKET BBI3BATH €0 JIEJIIOKAJIN3ALHIO.

4. TlokazaHo, 4TO JBUXKEHUE LIEHTpa Macc camonputarupaomierocss Kb3 moxer
OBITh BHI3BAHO COBMECTHBIM JIEUCTBUEM MPELIECCUH CITMHA B 36€MaHOBCKOM I10JI€ U
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HaJIMYMEM BHEIIHEro MNoTeHIMana. PaciiupeHue KOHJEHcaTa HW3-3a BpallEHUs
CIIMHA CO3/1a€T PEe3yJNbTUPYIOIIYIO CHUJTY, BBI3BIBAIOIIYIO €r0 JBIKEHUE Jaxe 0e3
COC, uto mnpeamnonaraeT MNOTEHIMAIBLHOE PpACIIMPEHHE HCCIECIOBAaHUS Ha
MHOT'OMEPHBIE I MHOT'OCOJTUTOHHBIE HACTPOUKH.

5. IIpogemoncTpupoBano, uro Msrkoctb KBD wurpaer pemiarmomniyi poib B
JUHAMUKE BHEAPEHHBIX BHEIIHMX YacTUI] Ha OCHOBE IOJSPOHOB. B pexume
c1aboro B3auMOJIEUCTBUS KOHAEHCAT 00ECIEeYMBAET CTATUYECKUN MOTEHIMAI IS
YacTHUI[bl, YTO MNPUBOJUT K KPYTOBBIM M KBA3UIMEPUOJIUYECKUM TPACKTOPHUSIM.
OnHako, B peXuUME OTHOCHUTEIbHO CHUJIBHOTO B3aUMOJCHUCTBUS KOHJEHCAT
CTAHOBUTCSl 3aBUCAIIMM OT BPEMEHHM MOTEHIMAIOM [JISi YacTHI], 00pa3yromux
MOJIAPOHBI, YTO MPUBOJUT K CMEIICHHUIO LIEHTpa MacCc KOHAEHcaTa OT MCTOYHHKA
napaboJu4ecKoro MOTeHIIMazia.

6. CmonenupoBaHnbl aBe rpaButupyromue yactuusl B KbD ¢ monspoHHbIMU
s¢ppexramu.  IlonsgpoHHbli  3PPexkT U3MEHseT AUHAMHUKY, BbI3BAaHHYIO
HBIOTOHOBCKMMU «TPABUTALMOHHBIMUY» CHJIAMHU MEXIY YaCTHIIAMH, U IPUBOJIUT K
M3MEHEHUIO BPEMEHHU IPaBUTAIIMOHHOTO NajieHus. Crenenb 3Toro 3gp(dhexra CHIbHO
3aBUCHUT OT HaYaJIbHBIX YCIOBUHN U MapaMeTPOB CUCTEMBI.
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