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KIRISH (PhD dissertatsiya ishiga anotatsiya)

Dissertatsiya mavzusining dolzarbligi va talablari. Hozirgi vagtda dunyoda
gora tuynuklar atrofidagi energetik jarayonlarni va koinotdagi kompakt obyektlar
atrofidan kelayotgan signallarni qgabul qilish intensivligidagi kvazi-davriy
tebranishlarni (QDT) o‘rganishga gizigish ortib bormoqgda. Ularni o‘rganishda
nafagat jiddiy ilmiy nazariy tadqgiqotlarni tasminlaydi, balki muhim amaliy jihatlari
ham mavjud. Shu sababli kvintessensiyadagi Kerr qora tuynuklarining (QT)
atrofida Banados-Silk-West va Penrouz mexanizmlari tufayli zarrachalar
tezlashishi, energiya olish, Reissner-Nordstrom (RN) QT atrofidagi tok
tashuvuvchi tor halgalarning KDT va ularning tezlashishini o‘rganish dolzarb
hisoblanadi.

Xususan, dissertatsiya ishi  energiyani  olish  mexanizmlari  va
kollimatsiyalangan astrofizik reaktiv ogimlarning(jetlarning) shakllanishini
tushunish muammosidan ilhomlangan. Bunday reaktiv ogimlar turli tizimlarda,
jumladan, akkretatsiya gilayotgan yosh vyulduzlar, neytron vyulduzlar, gora
tuynuklar va kvazarlar hamda yadrosi faol galaktikalardagi ulkan gora tuynuklarda
kuzatiladi. Magnitlangan plazmalarning akkretatsiya disklariga tacsiri ushbu
ogimlarning hosil boc¢lishida asosiy rol o¢ynashi taxmin gilinadi. Ammo Kkatta
yutuglarga va bir gancha taklif gilingan mexanizmlarga garamay, jetlarning aniq
ganday hosil boslish jarayoni hali ham nomaslumligicha golmoqda.

Bu plazmalarning harakati magnitogidrodinamika (MGD) deb ataladigan
murakkab va nochizigli maydon nazariyasi bilan boshqariladi. Muayyan
sharoitlarda plazmalar torga o‘xshash xususiyatlarni namoyon qilishi mumkin.
Bunday xususiyatlar plazma ichida o‘rnatilgan magnit kuch chiziglarining
dinamikasi yoki plazmaning nisbatan yupga, ajralgan ogim naychalarining
harakatidan kelib chiqishi mumkin. Bu holatlarni taxminan bir o‘lchamli torlar
sifatida modellashtirish mumkin.

Bunday vaziyatlarda ushbu torlar energiya zichligi va tarranglik kuchlari bilan
tavsiflanadi va massa yoki/va zaryad ogimlarini tashishi mumkin. Magsad — ushbu
fizik jarayonlarning asosiy jihatlarini torlar dinamikasidan foydalanib
tushuntirishdir. Bu yondashuv  MGD murakkabligiga nisbatan ancha sodda
yondashuvni taklif qiladi va reaktiv jetlarning shakllanishi ortidagi asosiy
mexanizmlarni o‘rganish uchun istigbolli vosita sifatida qaraladi.

Nisbiylikning mugobil va asosiy nazariyasi asosida ergosferadan energiya
olish mexanizmlari va tok o‘tkazuvchi torlarning dinamikasi keng o‘rganilgan.
Birog, bu tadgiqotlarda Kerr-Kiselev qora tuynuklari atrofida zarrachalarning
tezlashishiga va energiya olish jarayonlariga e<ibor garatilmagan. Kerr-Kiselev
gora tuynuklari yaginida spinli zarralarining dinamikasi keng o‘rganilmagan.
Bundan tashgari, KDT larning kuzatuv ma‘lumotlari asosida tok tashuvchi tor
halgalardan foydalangan holda tortishish nazariyalarini va zaryadlangan qora
tuynuklarning cheklovchi parametrlarini sinab ko‘rish bo‘yicha tadgiqotlar
o‘tkazilmagan. Elektromagnit o‘zaro ta’sirlarni o‘z ichiga olgan tadgiqotlar,
masalan, vertikal o‘q bo‘ylab tok o‘tkazuvchi tor halgalarning tezlashishi va
ularning Reissner-Nordstrom qora tuynuklari atrofidan chiqgarib yuborilishi kabi
tadgigotlar ham cheklangan.



Mamlakatimizda astronomiya va nazariy astrofizika bo‘yicha amaliy
tadqgiqotlar olib borish, fundamental tadgiqotlar bo‘yicha xalgaro hamkorlikka
katta e<tibor qaratilmogda. “O‘zbekiston Respublikasini yanada rivojlantirish
bo‘yicha Harakatlar strategiyasida” (2017-2021-yillar) mamlakat ichida ilm-fan
rivojiga alohida e‘tibor garatilgan, fundamental tadgigotlarning asosiy yo*‘nalishlari
belgilab berilgan va bunday tadgiqotlar natijalarini Ozbekiston hududida go‘llash
usullari belgilab berilgan. Ushbu dissertatsiyada olingan natijalar tezlanuvchan
kengayib borayotgan koinotni tushuntiruvchi modellardan biri  bo‘lgan
kvintessensiyaning tabiatini, Kerr-Kiselev QT atrofida spinli zarralar dinamikasini,
GRO 1655-40 dan keladigan KDTlarni tushunishga yordam beradi. Bundan
tashgari, zaryadlangan halgalarning tebranish energiyasi uning translatsiya harakati
orgali qora tuynukning vertikal o‘qi bo‘ylab plazma ogimlarining tezlashishini
tushuntiradi va ularning Lorentz faktorini migdoriy jihatdan aniglaydi.

Mazkur tadgiqot Oc<zbekiston Respublikasi Prezidentining 2020-yil
29-oktabrdagi “Ilm-fanni 2030-yilgacha rivojlantirish konsepsiyasini tasdiglash
to‘g‘risida”gi PF-6097-son qarorida belgilangan vazifalarga, shuningdek ushbu
sohadagi boshga tegishli huqugiy va me‘yoriy hujjatlar ijrosini ta‘minlash
doirasida yozilgan.

Tadgigotning O¢‘zbekiston Respublikasi fan va texnika rivojlanishining
ustuvor ye‘nalishlariga mosligi. Dissertatsiya tadgigoti  O°zbekiston
Respublikasida fan va texnikaning ustuvor yo‘nalishlari: O‘zbekiston Respublikasi
Prezidentining 2017 vyil 07 fevraldagi O<zbekiston respublikasini yanada
rivojlantirish bo‘yicha “Harakatlar strategiyasi to‘g‘risida”gi PF-4947-son
farmoniga muvofig amalga oshirildi.

Muammoni o‘rganilganlik darajasi. Qora tuynuklar atrofida energiya olish
jarayonlari turli tortishish nazariyalari doirasida keng o‘rganilgan. Ushbu sohaga
turli mintagalar tadgiqotchilari tomonidan katta hissa go‘shilgan. Yevropada Oleg
Zaslavskiy, Gregor Ovcharenko, Lyuk Blanchet, Aleksey Deriglazov, Eva
Hekmann, Valeriya Kagramanova, Zdenek Stuchlik, Yan Sxe kabi olimlar
e‘tiborga molik tadgigotlar olib borishgan. Xuddi shunday, Osiyoda ham Sushant
Ghosh, Mubasher Jamil, Yaghoub Haydarzade, and Suzuki Shingo tomonidan
muhim tadgiqotlar olib borilgan.

Qora tuynuklarning akretsiya disklaridagi radiatsiya mexanizmlari, xususan,
umumiy va mugobil tortishish nazariyalari doirasida KDT ni yaratish va tahlil
gilish ham keng o‘rganilgan. Lucianno Rezzolla, Marek Abramovich, Gabriel
Torok, Pavel Bakala, Zdenek Stuchlik va Martin Kolos kabi evropalik
tadqgigotchilar bu sohaga katta hissa go‘shdilar. AQShda Sara Motta, Luidji Stella,
Mario Vietri va Robert Vagoner kabi olimlar katta yutuglarga erishdilar. Bundan
tashqari, Shoji Kato va Jun Fukue kabi yaponiyalik tadgiqotchilar, shuningdek,
Xitoydan Zhongxiang Wang, Xiang-Dong Li va Shuang-Nan Chjan kabi
tadgigotchilar tomonidan muhim ishlar olib borildi.

Mamlakatimizda gora tuynuklar atrofidagi turli tortishish nazariyalarining
dinamikasi va energetik jarayonlar bo‘yicha nazariy tadgigotlar Bobomurat
Ahmedov, Ahmadjon Abdujabborov, Javlon Rayimboyev, Farrux Atamuratov,



Bobir Toshmatov, Sanjar Shaymatov, Baxtiyor Narzilloyev va boshqalar
tomonidan olib borilgan.

Dissertatsiya mavzusining dissertatsiya tugallangan oliy o‘quv
yurtlarining ilmiy izlanishlari bilan bog¢ligligi. Ushbu dissertatsiya ishi
O‘zbekiston Respublikasi Fanlar Akademiyasining No. F2-FA-F113 va
No. F2-FA-F029-sonli ilmiy loyihasi doirasida amalga oshirildi.

Dissertatsiya ishining magsadi kvintessensial maydon mavjudligida aksial-
simmetrik fazo-vaqtlarda qora tuynuklar atrofida spinli/spinsiz zarrachalar
dinamikasi va qora tuynuklar atrofida energiya olish jarayonlari o‘rganishdir.

Tadqiqotning  vazifalari.  Kvintessensial —qorong‘u  energiyasidagi
aylanadigan QT atrofida spinli va spinsiz neytral sinov zarralarining harakati va
to‘gnashuvini o‘rganish; Gravitatsion va elektromagnit maydonni birlashtirgan
Reissner-Nordstrom(RN) QT tizimida tok o‘tkazuvchi zaryadlangan tor
halgalarning harakatini o‘rganish; KDT ma‘lumotlari yordamida QT zaryadini va
massasini uchun chegaralarni topish;

Tadqiqot obyektlari sifatida kvintessensiyada joylashgan relyativistik
kompakt obyektlar, zaryadlangan QTlar, aylanayotgan neytral zarralar va tok
o‘tkazuvchi tor halgalar olingan.

Tadqgiqgot predmeti zarrachalar va tok tashuvchi torlarning tezlanishi
hisoblanadi, Penrouz va BSW mexanizmlari orgali QTlardan energiya olish
jarayonlari, QT binarlarida yugori chastotali KDT hisoblanadi.

Tadqiqot usullari eksperimental ma‘lumotlarni tahlil gilishning matematik
usullari, umumiy nisbiylik nazariyasining matematik apparati va statistikaning
ragamli usullaridan iborat.

Tadgqigotning ilmiy yangiligi quyidagilardan iborat:

Ilk bor to‘gnashuvchi zarrachalarning massa markazi energiyasi
kvintessensial maydon parametri ortishi bilan kamayishi ko‘rsatilgan;

ilk bor eng katta spinga ega bo‘lgan aylanuvchi zarralar KK qora tuynuk
atrofidagi bargaror orbitalarda QTga eng yaqin turishi mumkinligi ko‘rsatilgan;

ilk bor ISCO energiyasining qora tuynuk spinining ortishi bilan kamayishi va
OSCO energiyasining qora tuynuk va zarracha spiniga bog‘lig emasligi
ko‘rsatilgan;

birinchi marta, RN yalang singulyarliklarida, zaryadlangan tor halga harakati
uchun ikkita yopiq toroidal soha topildi;

ilk, GRO1655-40 manbasidan kuzatilgan yuqgori chastotali KDT
ma‘lumotlarning RN QT sohasida bargaror muvozanat atrofidagi tor halga
garmonik tebranishlari bilan muvofigligi topilgan;

birinchi marta RN qora tuynuk zaryadi Q elektrostatik itarilish tufayli tor
halgasining tezlanish tezligiga hissa qo‘shmasligi ko‘rsatilgan.

Tadgigotning amaliy natijalari quyidagilardan iborat:

Birinchi marta, GRO 1655-40, XTE 1550-564, GRS 1915-105
mikrokvazarlaridagi qora tuynuklarning (BH) massasi bo‘yicha cheklovlar ikki
cho‘qqili QDT kuzatuv ma’lumotlaridan foydalanib aniglandi;

Birinchi marta, RN gora tuynuk atrofida tor halgasining tezlanishiga qora
tuynuk va sim halgasining zaryadlari o‘zaro ta‘sirining ta‘siri ko‘rsatilib, bu faqat
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yadrosi aktiv galaktikalardan (YAGdan) keladigan relativistik ogimlarni
tushuntirishning ehtimoliy izohlaridan biri sifatida taklif etildi;

Birinchi marta, kvintessensiya maydoni Penrouz jarayoni orgali energiyani
chigarish samaradorligini pasaytirishi aniglangan.

Tadqgiqot natijalarining ishonchliligi quyidagilar bilan ta‘minlanadi:
umumiy nisbiylik va nazariy fizikaning zamonaviy usullari hamda yuqori samarali
sonli usullar va algoritmlardan foydalanilganligi; olingan nazariy natijalarning
kuzatuv ma’lumotlari va boshga mualliflarning natijalari bilan muvofigligini
sinchkovlik bilan tekshirilganligi; xulosalar gravitatsion kompakt obyektlarning
maydon nazariyasining asosiy goidalariga juda mos kelishi.

Tadgqiqot natijalarining ilmiy va amaliy ahamiyati.

Olingan natijalar umumiy nisbiylik nazariyasida Kerr-Kiselev QT atrofida
spinli va spinsiz sinov zarralarining dinamikasini va energetik jarayonlarini
tushunishga yordam beradi;

QT parametrlari uchun olingan cheklashlar BH atrofidagi fazo-vaqgtning
tortishish xususiyati hagida ma‘lumot olish imkonini beradi, gaysi tortishish effekti
dominant rol o‘ynashini aniglash imkoniyatini beradi;

Olingan natijalar, QT juftliklaridan olingan yugori chastotali KDT kuzatuv
ma‘lumotlari asosida yulduz massasidagi qora tuynuklarning parametrlari va
ularning atrofidagi fazo-vaqt xususiyatlarini aniglashga yordam berishi mumkin.
Shuningdek, bu natijalar akretsion disklardagi tebranishlarning fizik
mexanizmlarini tushuntirish imkonini beradi.

Tadgiqot natijalarini qo‘llash.

Kvintessensiyada joylashgan aylanuvchi qora tuynuk atrofida zarracha
dinamikasi va RN qora tuynugi atrofidagi zaryadlangan tor dinamikasini turli
tortishish nazariyalarida o‘rganish natijalari quyidagicha qo‘llanilgan:

Turli qora tuynuklar atrofida kvintessensiya sharoitida zarrachalar
dinamikasini aniglash yondashuvi kuzatuv ma'lumotlari asosida gora tuynuklar
atrofidagi fazo-vaqt xususiyatlari va tortishish modellari bo‘yicha tadqiqotlarda bir
qancha mualliflar tomonidan qo‘llanilgan: Physics Letters B, 771, 365-373, (2017),
International Journal of Modern Physics D, Volume 26, Issue 6, id. 1750051-23,
(2017), The European Physical Journal C, Volume 78, Issue 9, article id. 750, 13
pp, (2018), Physical Review D, Volume 95, Issue 6, id. 064015,(2017), The
European Physical Journal C, Volume 78, Issue 6, article id. 513, 12 pp, (2018),
Physical Review D, Volume 102, Issue 10, article id.104062, (2020). Natijalar
QTlarning kuzatuv ma‘lumotlari asosida QT atrofidagi ko‘plab gorong‘u materiya
modellarida mumkin bo‘lgan tahlillarni amalga oshirish uchun tagdim etilgan.

Bir nechta mualliflar ko‘plab QTlar atrofida fazo-vaqt xususiyatlarini,
shuningdek tortishish modellarini o‘rganishda RN QTs atrofida zaryadlangan torlar
dinamikasini tahlil gilish yondashuvidan foydalanganlar (Classical and Quantum
Gravity, Volume 37, Issue 24, id.245007, 21 pp, (2020), Physics of the Dark
Universe, Volume 44, id.101483, (2024), The European Physical Journal C,
Volume 82, Issue 5, article 1d.494, (2022), Physics of the Dark Universe, Volume
26, article id. 100331, (2019), Chinese Journal of Physics, vol. 70, pp. 55-68,
(2021). Olingan natijalar qora tuynuklarni o‘rab turgan mukammal suyuqliklarning
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turli modellarini qora tuynuklarning kuzatuv ma‘lumotlari asosida tahlil qilish
imkonini yaratish uchun tagdim etilgan.

Biz spinli sinov zarrachalarining ISCO (eng ichki bargaror orbitasi) va OSCO
(eng tashqi bargaror orbitasi) xususiyatlarini, ularning orbitadagi energiya va
impuls momentlarini o‘rgandik. OSCOlarning mavjudligini kvintessensiya
maydoni sabab bo‘lgan kosmologikga o‘xshash gorizont orgali tushuntirish
mumkin. Natijalar shuni ko‘rsatadiki, ISCO va OSCO kvintessensiya maydoni
parametrlari va bosim-hajm nisbati, maydon holati parametrlari ma‘lum Kkritik
giymatlarda birlashadi, bu giymatlar zarracha va qora tuynukning aylanishiga
bog‘liq. Natijada, biz spinli zarrachalarning to‘qnashuvlarini ko‘rib chiqib, massa
markazi energiyasini va kritik impuls momentlarini tahlil qildik, bu esa qora
tuynuk yaqinidagi zarrachalarning to‘qnashuvlarini tushunishga yordam beradi.
Eng katta spinga ega zarrachalar KK gora tuynugi atrofidagi bargaror orbitalarga
eng yaqin tura olishi ko‘rsatildi. ISCO energiyasi qora tuynukning aylanish tezligi
oshishi bilan kamayadi, aynigsa yugori spinli zarrachalar uchun bu kamayish
keskinrog. Ammo OSCO energiyasi gora tuynuk va zarrachalarning aylanishiga
bog‘liq emas. Shuningdek, ISCO va OSCO energiyalari kvintessensiya maydoni
parametri oshishi bilan kamayadi.

Kvintessensiya maydoni parametri yuqori qiymatga ega bo‘lganda OSCO va
ISCO birlashadi; bu yugori chegaraning qiymati zarracha aylanishi oshishi bilan
ortadi, chunki kvintessensiya maydoni va zarracha aylanishi o‘rtasidagi
qo‘shimcha o‘zaro ta'sir mavjud. Bundan tashqgari, zarrachalar aylanishining
oshishi energiya giymatlarining kamayishiga olib keladi. OSCO va ISCO
energiyalari w, ning oshishi bilan ortadi, lekin OSCO energiyasi 1SCO
energiyasiga qaraganda sezgirroqdir.

Biz KK gora tuynuklari yaqginida spinli zarrachalar to‘gnashuvini o‘rgandik.
Birinchidan, biz zarralarning gorizont yaginida to‘gnashishi mumkin bo‘lgan
impuls momentlarining kritik qiymatlarini tahlil gildik. Biz gora tuynuk spinining
ortishi bilan impuls momenti kamayishini anigladik. Aksincha, u kvintessensial
maydon parametrining oshishi hisobiga ortadi. Holat tenglamasi parametrining
impuls momentumiga ta‘siri musbat spinli zarralar uchun deyarli ahamiyatsiz.
Bundan tashqari, biz spinli zarrachaning musbat va manfiy spin parametrlari bilan
to‘gnashuvlarida massa markazi energiyasi tahlil gildik. Energiya w, — —1 bilan
ortib borishi aniglandi; xususan, energiya radial ravishda kamayadi, lekin bir oz
masofada, gorong‘u energiyaga o‘xshash manfiy bosimga ega ekzotik materiya
mavjudligi sababli yana ortadi. Kvintessensial maydon parametrining oshishi
hisobiga energiya ham ortadi. Biroq, kvintessensial maydon va holat tenglamasi
parametrining energiyaga ta‘siri qora tuynuk gorizonti yaginida ahamiyatsiz.
Birog, qora tuynukning aylanishi energiyaning pasayishiga olib keladi. Massa
energiyasi markazi L >0 & s <0 L>0 holatlariga nisbatan L <0 & s> 0
konfiguratsiyasida kattaroqdir. Boshga barcha kombinatsiyalardan L; > 0 & s; >
Oval, <0 &s, < 0 holatlarida energiya asosan kattaroqdir.

Tadgqiqot natijalarining aprobatsiyasi. Dissertatsiya natijalari 1 ta xalgaro
va 1 ta mahalliy konferensiyada muhokama gilingan.



Tadqiqot natijalari bo‘yicha 6 dan ortiq ilmiy nashrlar chop etilgan bo‘lib,
ulardan 3 tasi xalqora hakamlik jurnallarida ilmiy magolalar hisoblanadi.

Dissertatsiyaning hajmi va tuzilishi. Dissertatsiya Kirish, uchta bob, xulosa
va foydalanilgan adabiyotlar ro‘yxatidan iborat. Dissertatsiya hajmi 88 bet.

DISSERTASINING ASOSIY MAZMUNI

Kirish qgismida dissertatsiya mavzusining dolzarbligi va talabi,
dissertatsiyada qo‘yilgan asosiy magsadlar va ilmiy yangilik hamda amaliy
natijalar ko‘rib chiqilgan, natijalarning ishonchliligi va ularning nazariy va amaliy
ahamiyati bayon qilingan, tadgigotning go‘llanilishi natijalar va dissertatsiya
tuzilishi keltirilgan. Ilmiy o‘rganishlar davomida biz geometrik birliklardan
foydalanamiz, shunda tortishish doimiysi va yorug‘lik tezligi G = ¢ = 1. birga
teng bo‘ladi.

Dissertatsiyaning “Kvintessensiyada aylanadigan qora tuynuk atrofida
energiya olish va zarrachalarning tezlanishi” deb nomlangan birinchi bobida
Banados-Silk-West(BSW) va Penrouz mexanizmlari orgali kvintessensiyada
aylanadigan gora tuynuklardan energiya olish jarayonlari o‘rganilgan.

Uzoqdagi la-tipidagi o‘ta yangi yulduz portlashlari evolyutsiyaning hozirgi
davridagi koinotning tezlashgan kengayishini tushuntirish uchun juda kichik
reliktli itaruvchi kosmologik konstanta A > 0, boshgacha gilib aytganda, tortishish
ta‘sirini ko‘rsatadigan qorong‘u energiya zarurligini tasdiglaydi. Ushbu natijalar
PLANCK kosmik rasadxonasi tomonidan kosmik mikroto‘lginli fon termal
anizotropiyalarini  kuzatish orgali go‘llab-quvvatlanadi. Qorong‘u energiya
kuzatilishi mumkin bo‘lgan koinotning umumiy energiya tarkibining 73% dan
ortigini tashkil qgiladi va gorong‘u energiya holatining tenglamasi vakuum
energiyasiga o‘xshaydi. Birog, gorong‘u energiya kvintessensiya deb ataladigan
narsa bilan bog‘lig va bundan mustasno emas. Kvintessensiya tortishish kuchi
bilan bog‘langan skalyar maydon sifatida aniglanadi, bu tortishish maydoni ortishi
bilan kamayadi. Kosmik itarilishning kosmologik va astrofizik hodisalari
kosmologik doimiyning so‘nggi giymatini 4 =~ 1.3 X 107°¢ sm~2 bo‘lishini
ta‘minlaydi.

Kvintessensial statik gora tuynuk uchun yechim Nyuman va Janis tomonidan
ishlab  chigilgan  standart usullardan  foydalangan holda aylanishga
umumlashtirilishi  mumkin.  Standart Boyer-Lindquist koordinatalaridagi
kvintessensial aylanuvchi fazo vaqgtining chizigli elementi shakini oladi.

ds® = gedt? + gy dr® + 2g,pdrddptgeed6® + gppd? (1.1)
bilan
2Mr + Cr1=3®q

r2 + a?cos?0 '’

gee = —1+

gpr = r?+a?cos?6
rr — ]
a2—2Mr+r2—Ccri=3%q
. 2Mr+CriT3®q sin26
Grp = r2+a?cos?6 !

Joo =12 + a®cos?0,
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2Mr+Cri—3%q . 5
r2+a2cos26 )sin“0 . (1.2)

Bu yerda M va a gora tuynukning massasi va nishiy impuls momentidir. w, €
(—1.—1/3) holat parametrining o‘lchovsiz kvintessensial tenglamasi va u
kvintessensial maydonning holat tenglamasini p = w,p ko‘rinishida boshgaradi,
bu erda p va p mos ravishda kvintessensial maydonning bosimi va energiya
zichligi. Kvintessensial maydonning mavjudligi geometriyaning Ricci tekis
bo‘Imasligiga olib keladi. Kvintessensial maydon parametri € = 0 bo‘lganda,
aylanuvchi kvintessensial geometriya bizga ma‘lum Kerr geometriyasiga keladi;
Bundan tashqgari, a = 0 va C = 0 chegaralarini hisobga olgan holda, Shvartsshild
metrikasiga ham erishish mumkin.

Endi, aylanuvchi gora tuynukdan energiya olishning BSW mexanizmiga
asoslanib, aylanuvchi qora tuynuk yaginida massasi m; = m, = m, bo‘lgan ikki
zarrachaning to‘gnashuvi uchun E., massa markazi energiyasini hisoblaymiz.

Turli impuls momentlari L, va L, ga ega bo‘lgan zarrachalar cheksizlikdan m—1 =
1
E;

— =1 bilan keladi va gora tuynukga yaginlashadi, shuningdek, zarrachalarning

m;
harakati va ularning to‘gnashuvi ekvator tekisligida 6 =§ sodir bo‘ladi, deb
hisoblaymiz.

Massa markazi energiyasini quyidagi mashhur formuladan foydalanib topish
mumkin

9pp = (r* +a® + a’sin*6

EZ
% =1- g/,wulll u12/ (3)

Bu yerda u! va u) mos ravishda birinchi va ikkinchi zarrachalarning 4-
tezliklari. Ekvator tekisligida aylanuvchi kvintessensial gora tuynuk atrofida
harakatlanayotgan zarrachaning 4-tezligi i = 22224900l 5 g = JroBtgul
yolg g g gt¢2_gttg¢¢ d) gt¢2_gttg¢¢
ifodalar bilan ifodalanadi. Soddalashtirish uchun, E; = E, = 1 deb faraz qilib va
(3) ga 4-tezlik uchun ifodalarni kiritsak, quyidagi massa markazi energiyasini olish

mumkin

2
E¢u

2m2
my
+r3®a[—2a(Ly + L,)M + L L,(2M — 1)

+2r2(=M + 1) + 2a*(M +7)] — [C(a — L,)?
1
+Cr? +r3®a[2(a — L))*M — Lir 4+ 2M7r?]]2 X [C[(a — Ly)? + r?]

{Cla—L)(a—Ly)—Cr?

1
r394[2(a — Ly)?>M — L37 + 2M7r?]]2} X [-Cr? + r3®a*1(a? — 2Mr + r?)]71 .
2
Endi biz ZEC?’V; ning kvintessensiya materiya parametri C, Kkvintessensiya

0

maydoni parametri w, va nishiy impuls momenti a ga bog‘ligligini tekshiramiz.
1-rasmda a aylanish parametri, w, holat parametrining kvintessensial
tenglamasi va C kvintessensial maydon parametrining turli gqiymatlari uchun massa
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2
energiyasi markazining (xususan f‘?";) radial bog‘ligligi ko‘rsatilgan. Bu yerda
0

zarrachalarning burchak momenti L, = V2, L, = —/2 sifatida tanlanadi, 1-
rasmdan ko‘rinib turibdiki, C kvintessensial maydon parametrining mavjudligi
massa energiyasi markazining pasayishiga olib keladi.

wg=-05, c= 0.001/M wg=-0.5, = 0.005/M wg=-05, ¢= 0.01/M
55 — S 5.5 — 55 :
s0f ! 50 ! 50f
! !
45 | 4.5 1 45
co 1 i ag 1 e
g 40 [ i § 40 [ £ a0
ol § & i b 3 o
= | 1 33 i L E35
9 [ aE3S B3
Y ) = 30 i Y
I 1
25 1 25 ] 25
I i 1
20 L i 20 L 20 :
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
riM riM riM
wg==2/3, ¢= 0.001/M wg==2{3, c= 0.005/M wg==2/3, c= 0.01/M
55 — . 5.5 55 -
50 : 50 5.
!
45 i 45
o I ae
= 40 ! £ 40
ol I o
Q QL
~E 35 ~E 35
= 30 ! I M 39
!
25 Pt 25
[ i
20 L 3 20 T :
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
r/M rIM r/M
m,’:—().ﬁ(. c= 0.001}M .;,,l:-o.x‘ c= 0.005/M mq:—-(].h" c=001/M
55, i 55 55 .
50t - 50 50
; 1
a5t i 4.5 45
NS t ! =l NS
g 40} ! £ 40 g 40
ol t I o o
=135} | 235 =35
~E35¢ o § 3 o § 34
T 1 R 30 30
251 i 25 25
t I
p X | § 2 R MR L A VB Ri: ' A v | 200 AU L R A R 201 4Ly x iy i s
1 2 3 4 5 1 2 3 4 5 1 2 3 4
riM riM /M

1-rasm. Ikki to‘gnashuvchi zarrachalar massa markazi energiyasining
aylanish parametri a ning, holat parametrining kvintessensial tenglamasi w,

va kvintessensial maydon parametri € ning turli giymatlariga radial
bog¢liglik grafiklari. Tutash, punktirli va nugtali chiziglar
aylanish parametrining quyidagi giymatlariga mos ravishda mos
keladia = 1; 0.8 va0.5.

“Kerr-Kiselev qgora tuynuklari atrofida spinli sinov zarralarining
doiraviy harakati va to‘gnashuvlari” deb nomlangan ikkinchi bo‘limda biz
hisob-kitoblarimizni aylanuvchi gora tuynuk atrofida spinli sinov zarralari harakati
uchun kengaytiramiz. Asosan biz neytral zarrachalarning spini ularning
dinamikasiga ta’sirini o‘rganishni maqgsad qildik. Avval biz zarrachalar
dinamikasini boshgaruvchi, hal giluvchi migdor bo‘lgan effektiv potentsialni
tekshiramiz. Samarali potentsialning analitik ifodasi juda murakkab shaklda
topilgan.

U quyidagicha aniglanadi

—B +VB%Z — 44D
Vers = 24

bu yerda
A = 4r'?*7%% (4a3sr3®at (3Cw, + C + 2r3®a) + a?(C*(3swy + 5)* +
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4Cr3°a(r3 + 3(r + 1)s?wy +rs? +s3) + 4((r + 2)r3 + 2r +

1)s2)rb%a +
12asr3?a*3 (Cwg + C + 2r390) + 4r3©a™3(Cs? + (r3 — (r — 2)s%)r3%),
B = —8jr'?7%%(4a’sr3®a*! (Cw, + C 4 2r3©7) + aC*(Bsw, + 5)* +
2aCr3®a(2r® + 3(r + 2)s2w, + rs? + 25%) + 4a(2r3 + (r + 1)s*)r®%a 4+
6Cs(wg + Dr3®a*3 — 4(r — 3)sré@ats

D = —4r'°7%%(C?s2Bw, + Dr3*1(3s*wy(a® + (r — 2)r) + a®s* —

j2r2QBuwg + 1) + 4r* + (r — 6)rs? — 4Cr®@a((r3® — s*)(3s?wy(a® + (r — 2)r)
+a?s? +r* 4 (r = 3)rs? + j*r2Bswy(ar + s) + ars + r3 + 5%))
+4r9%a((a? + (r — 2)r)(r3 — s2)2 + j2r?2(=2ars + (r — 2)r3 — 5s?))
-C3rs*(Bwg + 1) . (2.1)

2-rasmda test zarrachaning spini turli giymatlari uchun aylanuvchi gora
tuynuk orbitasida aylanuvchi spinli sinov zarrasining effektiv potentsialning radial
bog‘ligligi ko‘rsatilgan. O‘ng tomondagi grafik musbat impuls momentiga ega
bo‘lgan korotatsiya qiluvchi zarrachaning effektiv potentsialining tabiatini
ko‘rsatadi. Ko‘rinib turibdiki, tez aylanadigan zarralar uchun s =1, sekin
aylanadigan zarrachalarga qaraganda bargaror bog‘langan orbitalar s = 0.5
mavjud. Zarrachaning spini kamayishi bilan uni bog‘langan orbitada ushlab
turuvchi potentsial to‘signing balandligi pasayadi va bu tendentsiya garama-qarshi
aylanadigan zarralar uchun o‘sishda davom etadi.

1.6 110

a=09. L=32 C=0.001, w,=—05 o 2=0.3, L=32, C=0.001, cy;=—0.5
0>

s=1 1.00
————= s=05

s=0 0.95F

1.05

1.00F

o0.90H |

ossbid

0.80

=S

2-rasm Tez aylanadigan (chap ustun) va sekin aylanadigan (o‘ng ustun)
kvintessensial gora tuynuk holatlari uchun samarali potentsialning radial
profillari sinov zarralari spinining turli giymatlari keltirilgan.

Bundan tashqari, teskari spinli zarralar uchun bargaror doiraviy orbitalar
topildi. Pastki chap grafikdan xulosa qilish mumkinki, teskari aylanadigan
zarrachalar, agar ular etarlicha tez aylansa, barqgaror doiraviy orbitalarga ega
bo‘lishi mumkin. Zarrachalar teskari aylanayotgan va teskari spinga ega bo‘lsa,
zarralar bargaror bog‘langan orbitalarga ega bo‘lolmaydi. O‘ng tomonda sekin
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aylanadigan qora tuynuklar uchun vaziyat ko‘rsatilgan. Ikkita grafik sekin
aylanadigan qora tuynuk atrofidagi zarrachalarning bargarorligi tez aylanadigan
gora tuynuknikiga juda o‘xshashligini ko‘rsatadi. Yagona farg shundaki, gqarama-
garshi aylanuvchi zarracha bir xil manfiy spin s = —1 bo‘lsa, bargarorroq
bog‘langan orbitaga ega bo‘lishi mumkin.

3-rasmda C parametr (chap panel) va kvintessensial parametr w, (o‘ng panel)
ning turli giymatlari uchun effektiv potentsialning radial bog‘ligligini ko‘rsatilgan.
Birgalikda aylanadigan zarralar (ko‘k chiziglar) grafikasidan ko‘rinib turibdiki,
kvintessensial maydon parametri C oshgani sayin, bargaror orbitalar uchun ruxsat
etilgan interval ham ortadi. Astrofizik nuqgtai nazardan, bu kvintessensial
maydonning kuchi uchun mas‘ul bo‘lgan C kvintessensial maydon parametrini
oshirish bilan birga, tez aylanadigan va sekin aylanadigan qora tuynuklar akretsiya
diskining radiusi ham ortadi. Qarama-garshi aylanadigan qora tuynuklar (qizil
chiziglar) bo‘lsa-da, birgalikda aylanadigan zarralar uchun bargaror bog‘langan
orbitalar mavjud va ular tez aylanadigan va sekin aylanadigan gora tuynuklar
uchun gora tuynuk ichiga tushadi. Keyinchalik, 3-rasmning o‘ng panelida biz w,
kvintessensial parametrining turli giymatlari uchun effektiv potentsialning radial
o‘zgarishini tahlil ko‘rsatamiz. Ikkala grafikdan ham bargaror bog‘langan orbitalar
fagat w, ning Kkichik giymatlari uchun mavjud. Kvintessensial parametr w,
ortganda, bog‘langan orbitalarning bargarorligi yo‘qoladi. Astrofizika nugtai
nazaridan, oldingi holatga o‘xshab, w, ortishi bilan 3-rasmda, akretsiya diskining
radiusi kattalashib boradi va bundan keyin zarrachalarni qora tuynuk ichiga
tushishidan saglaydigan fagat potentsial to‘siq goldiradi. Bu shuni anglatadiki,
zarralar bog‘langan orbitalarga ega bo‘lolmaydi va ma’lum bir masofada qora
tuynuk gorizontiga yaqinlashib, cheksizlikga gaytishi mumkin. 3-rasm,

1.05 1.000
— w=—078, L=32

a=09.C=0.002, s=-1
0.975
1.00¢

s
s —
—_—

i B ]

w=—078, L=32
————— w=-0.65, L=3.2
—— w=-0.35,1=32
— =075, L=—32

a=0.9, C=0.002, s=1

0.85 0.850
=

—— W07, L=—32
10 15 20 25 30 5 10 15 20 25 30

1.05

C=0.001, L=3.2 C=0.001, L=32
4 ————- C=0.005, L=3.2 N == ©=0.005, L=3.2
1.00t ‘\ —— =001, 1=32 1 \\\ —— (©=001,1L=32
C=0.001, L=—32 1.00} ) C=0.001, L=—3.2
\\\ —— C=001,1L=-32 Y —— (=001, 1=-32

P 0951

0.90

0.85

3-rasm. 2-rasmdagi grafiklarga oxshash, lekin kvintessensial maydon
parametri € (pastki panellar) va kvintessensial parametr w, (yuqori panellar)
ning turli giymatlari uchun keltirilgan.
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“Reissner-Nordstrom gora tuynukda zaryadlangan tor halgalar” deb
nomlangan uchinchi be‘limda tortishish va elektromagnit maydonni birlashtirgan
Reissner-Nordstrom qora tuynukda tok o‘tkazuvchi zaryadlangan tor halgalarning
harakatini o‘rganilgan. Markaziy zaryad va zaryadlangan tor halga o‘rtasida yangi
elektromagnit o‘zaro ta‘sirni joriy qilish, tor halga harakat tenglamalarini hatto
tekis fazo-vaqt chegarasida ham integrallanmaydigan qilib qo‘yadi, lekin u hatto
gora tuynuk fonida ham effektiv potentsial bilan boshgarilishi mumkin. Effektiv
potentsial yondashuvdan foydalangan holda tor halgasi traektoriyalarining har xil
turlarini tasniflangan va eng ichki turg‘un halga aylana o‘rinlarini zaryadlangan
zarrachaning eng ichki bargaror orbitalarining joylashuvi bilan solishtirilgan. Tor
halgasining effektiv potentsialining minimali atrofidagi tor halgasining kichik
tebranishlarini tekshirilgan va radial va vertikal tebranish chastotalarining rejimlari
profillarini tuzilgan. Zaryadlangan tor halqgali kvazi davriy tebranishlar modeli
tuzilgan va uni GRO 1655-40, XTE 1550-564 va GRS 1915+105
mikrokvazarlaridan kuzatilgan ma‘lumotlar bilan solishtirilgan. Shuningdek,
elektromagnit o‘zaro ta’sirni hisobga olgan holda, vertikal o‘q bo‘ylab tok
o‘tkazuvchi tor halgalarining tezlashishini va RN qora tuynuk atrofidan tor
halgasining chiqarilib yuborilishi o‘rganilgan.

Tor halgasining markaziy elektr zaryadlangan qora tuynuk bilan o‘zaro
tortishishi geometrik birliklarda ifodalangan

2
fM=1-=+% (31
chizigli elementli sferik simmetriyali Reissner-Nordstrom (RN) metrikasi orgali
o‘qiladi.

f () metrik funksiyasida M parametri qora tuynuk massasini, Q esa gora
tuynuk zaryadini bildiradi.

0 < Q < M uchun metrikada ikkita hodisa gorizonti joylashgan gora tuynuk
tasvirlangan.

Th+ = M + M? — QZ (32)

Q = M uchun fagat bitta degeneratsiyalangan hodisa gorizonti yechimi
mavjud, Q > M uchun gorizontsiz yalang singulyarlik mavjud. Keyinchalik, bu
bobda soddalashtirish uchun qora tuynukning massasi M = 1 bo‘lgan birliklar
tizimidan foydalanilgan, ya‘ni tegishli miqdorlar qora tuynuk massasi birliklarida
ifodalangan.

Reissner Nordstrom fonida tor aylana harakati uchun Gamiltonianning
umumiy shakli quyidagicha gisqaradi.

1 1 1 2 . [0)
H = f(rB? + =5 P} + (=2—+ 1 sinf)> ~ 5 (E -39z
Butun aksi-simmetrik tor halgasi y = 0 koordinatasi bilan ifodalanadigan

bitta nuqta sifatida tasvirlanishi mumkin bo‘lganligi sababli, zaryadlangan sim
halgasi uchun effektiv potensialni quyidagi ko‘rinishda kiritish mumkin:

1

2 2
Vers (61, Q,], @) = jl —¥+Q_(#x +];) +\/§ij

r2 r
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Bu yerda r - radial masofa, r* = x? + z% va u — torning tarrangligi, / —
impuls parametri, w — zaryad parametrlari.

4(a)-rasmda biz chegara energiya profillari bilan bir gatorda tor halgasining
harakat kesmasi traektoriyalarini ko‘rsatamiz - harakatning yopiq hududda tutib
golganligini kuzatamiz. Ushbu holat uchun torli halganing traektoriyasi 4(b)-
rasmda keltirilgan; z - yo‘nalishi bo‘yicha harakat chekli, energiya chegarasi
profili gora tuynuk uchun ochig, va tor halga nihoyat gqora tuynukga tushadi, degan
xulosaga kelishimiz mumkin. Oxirgi holatda Q = 0.3 , w = —1 konfiguratsiyada
J =4 giymatini olamiz. Bunday holda, hech ganday tuzogga tushishi mumkin
bo‘lgan harakat yo‘q va torli halga vertikal yo‘nalishda cheksizlikka qochishi
kerak (4-rasm (c)). Qora tuynuk atrofida mumkin bo‘lgan yana bir tor halga
traektoriyasi Q = 0.3, w = 1, J = 10 (b) rasmda berilgan, bunda tor cheksizlikka
gochib ketadi. 4-rasmda (a) biz chegara energiya profillari bilan bir gatorda tor
halgasining harakat kesmasi traektoriyalarini ko‘rsatamiz - harakatning hududda
tutib golganligini kuzatamiz. Ushbu holat uchun torli halganing traektoriyasi 4(b)-
rasmda joy; z - yo‘nalishi bo‘yicha harakat chekli, energiya chegarasi profili gora
tuynuk uchun ochig, va tor halga nihoyat gora tuynukga tushadi, buning uchun
kelishimiz mumkin. Oxirgi holatda Q=0,3 , w = —1 konfiguratsiyada J=4
aniglashni olamiz. Bunday holda, hech ganday tuzogqga tushishi mumkin bo‘lgan
harakat yo‘q va torli halga vertikal yo‘nalishda cheksizlikka qo‘yishi kerak (4-
rasm)). Qora tuynuk atrofida mumkin bo‘lgan yana bir ipli halga traektoriyasi (d)-
rasmda berilgan, bunda tor halga cheksizlikka gochib ketadi.

20 20 20

1
A
10 I~ 10 7 \ 10

'{
0 48 z 0 ) X b4 0
L ) P ® )
Q=03 N ) ! Q=0.3 \ ! Q=03
( N \ !
~10 \\ —_— w=-—1 —10 \“a‘u ;jl‘l w=-1 —10 ! ',' w=-1
E=18.6508 NS E=13.8756 \ ) i E=10.4173
'~ N 7 1 1
-20 -20 —-20 !
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
> X X
(@.J=10 (b)J=7.44 (c)/J=4
20 ! i 10
] H 4
10
0 : z 0 S z 0 |
' N H i
Q=03 . 1Q=1.0677 ! Q=1.414
1 \\ 1]
T Pow=1 -2 N S w=0 _5 i w=1
| E=20.3773 - E=9.13072 ! E=13.6783
1 1
-4
20 -10
0 5 10 15 20 0 2 4 6 8 0 5 10 15
X X S
(d)J=10 (e)J=5.5 () J=6.5

4-rasm Ip halqgasining traektoriyalari va ular harakatining energiya
chegaralari. Har xil turdagi harakat mumkin: ba’zi "'ke*‘l'*ga o*xshash sohada
((a), (e)), gora tuynuk tomonidan tutilgan (b), qulash yoki cheksizlikka
gochish (c), cheksizlikka gochish ((d), (f)).
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O‘rta qatordagi elementlar Q = 1.0677, w =0 holati uchun yalang
singulyarliklarini ifodalaydi. Effektiv potensialning eng o‘ziga xos Kko’rinishi
J = 5.5 bo‘lgan holatda ikki minimumning mavjudligi bilan tavsiflanadi. Bu shuni
anglatadiki, tor halgasi x yo‘nalishida yalang singulyarlik atrofida ikki barqgaror
holatga ega bo‘ladi va tor halqasi energiyasi yetarlicha past bo‘lsa, vertikal
yo‘nalishda qochish mumkin emas. Bunday harakat turi uchun tor halgasining
trayektoriyasi 4(e)-rasmda keltirilgan. Ushbu turdagi energiya chegarasi profili
tuzogga tushgan harakatga mos keladi — bu harakat RN yalang singulyarlik
atrofida ikkita mumkin bo‘lgan yopiq toroidal sohalardan birida sodir bo‘lishi
mumkin. Quyi qatorda Q = 1.414, w =1 holati ko‘rib chiqiladi. Potensial
qudug‘ining bir minimumi barqaror muvozanat holatiga mos keladi. Tor
halgasining x yo‘nalishidagi harakati cheklangan. Kichik potensial to‘siq ham
mavjud bo‘lib, tor halgasining z = 0 ekvatorial tekislikni kesib o‘tishiga qarshilik
ko‘rsatadi. Tor halgasi x yo‘nalishidagi tebranish energiyasini yo‘qotib,
cheksizlikka gochadi (4(f)-rasm).

Ruxsat etilgan gora tuynuk zaryadi Q va tor halga zaryadi parametri w uchun
egizak yuqori chastotali KDTning yugori chastotasi qora tuynuk massasi M ga
bog‘liq bo‘lishi mumkin. Agar gora tuynuk massasi odatda bo‘lgani kabi, alohida
kuzatishlar bilan cheklangan bo‘lsa, 5-rasmda ko‘rsatilganidek, biz tor halga
rezonansli tebranishlar modeli bo‘yicha ba‘zi cheklovlarni olamiz. Bu erda vaziyat
gora tuynuk zaryadining Q va qora tuynuk massasi chegaralarining bir necha
giymatlari uchun 1-jadvalda keltirilganidek ko‘rsatilgan. Biz Shvartsshild qora
tuynugiga (Q = 0) torli halga modeli GRS 1915+105 da fagat yugori chastotali
KDT larni tushuntira olishini ko‘rishimiz mumkin. Qora tuynuk zaryadi Q va ®
parametrini Kiritgan holda, ipli halga rezonansli tebranishlari modeli uning
go‘llanilishi sohasini kengaytiradi. w =1 va Q = 0.5,0.8 holatlar uchun model
GRO 1655-40 manbasidan kuzatilgan giymatlarni to‘liq tavsiflaydi. U 1-jadvaldan
kutilgan massa diapazonini o‘z ichiga oladi. Shunga garamay, Reissner-Nordstrom
fonida tor halga rezonansli tebranish modeli XTE 1550-564 manbasidan kuzatilgan
giymatlarni tushuntirib bera olmaydi. w parametrining har ganday giymati va gora
tuynuk zaryadining Q har ganday past giymatlari uchun tor halga modeli XTE
1550-564 manbasi uchun kuzatilgan massa diapazoniga mos kelmaydi va qora
tuynuk aylanishining go‘shimcha ta’sirini kutish kerak.

1-jadval

Uchta mikrokvazar uchun kuzatilgan egizak yuqori chastotali KDT
ma‘lumotlari va ulardagi qora tuynuklarning massasiga qo‘yilgan cheklovlar,

yuqori chastotali KDT o‘Ichovlariga asoslangan mustaqil o‘lchovlar orqali

aniglangan.
Source GRO 1655-40 XTE 1550-564 GRS 1915+105
vy (Hz) 447-453 273-279 165171
vy (Hz) 295-305 179—189 108—118
M/Mcg 6.03-6.57 8.5-9.7 9.6-18.4
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Bundan tashqari, 5-rasmda biz qora tuynuk massasining taxmin gilingan
giymati gora tuynuk zaryadining Q ortishi bilan ortib borayotganini anig
ko‘rishimiz mumkin. Q parametri ortib borishi bilan kuzatilgan yuqori chastotali
KDT larini moslashtirish tobora giyinlashadi, shuning uchun yangi Q parametrini
yugori chastotali KDT zanjiri modeliga kiritish mikrokvazarlarda kuzatilgan
yugori chastotali KDT larni tushuntirishda samarali emas degan xulosaga kelish
mumkin.

5000 3\ 5000 3\ N 500
\ \\ A\ N
A - — —_—
A \\ s NN T T e | I AxT N T T asamcssseiau
U\ v e v 233 f
400 W\ 400 400
\“\\\ \) \ \
) = N\ =
Z 300 Ao = 300 NS = 300
5 — XCE 1550-564 5 —\XTE 1550564 5 —\XTE 1550-564
= % \\ - K o -
200 Bl 200 W T 200
100 100 100
5 10 15 20 5 10 15 20 5 10 15 20
M/M, M/Mg M/M,
(a)0=0 (b) 0=0.5 (©)0=08

5-rasm 3:2 yoki 2:3 rezonansli radiuslardagi ipli halga tebranishlarining
yuqori chastotasi w, ipli halganing makipal diapazoni vy parametriga ega
bo‘lgan tor halga modeli doirasida bir nechta giymatlar uchun gora tuynuk
massasining funksiyasi sifatida hisoblangan. gora tuynuk zaryadi Q = 0 chap,
0,5 o¢rta, 0,8 o‘ng panel.

XULOSA

Tadgigot natijalarining ilmiy ahamiyati ularning Kerr-Kiselev qora tuynuklari
atrofidagi umumiy nisbiylik nazariyasi doirasida spinli va spinsiz sinov
zarralarining energetik jarayonlari va zarrachalar dinamikasini tushunishga
go‘shgan hissasidadir. Bundan tashqgari, olingan natijalar Kerr-Kiselev gora
tuynuklari atrofidagi sinov zarralarining eng kichik va eng katta doiraviy
orbitalarining energiyasi va impuls momentining kvintessensiya, qora tuynuk va
zarracha spiniga bog‘ligligi mohiyatini tushunishga yordam beradi. Bundan
tashqari, qora tuynuk parametrlari uchun olingan cheklovlar qora tuynukni o‘rab
turgan fazo-vaqtning tortishish xususiyatlari hagida tushuncha beradi, bu esa gaysi
tortishish effekti dominant rol o‘ynashini aniglash imkonini beradi. Topilmalar,
shuningdek, qora tuynuk ikkiliklaridan olingan yuqori chastotali kvazi-davriy
tebranishlar kuzatuv ma’lumotlari asosida yulduz massasidagi gora tuynuklarning
parametrlarini va ular atrofidagi fazo-vaqt xususiyatlarini aniglash imkonini beradi.
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INTRODUCTION (Annotation of PhD dissertation)

Topicality and demand of the theme of dissertation. Currently, there is an
increased interest in the world in the problems of studying energetic processes
around black holes, quasi-periodic oscillations (QPOs) in intensity of receiving
signals coming from the region of compact objects in space and they provide not
only serious fundamental scientific research, but also important practical aspects.
In this regard, the study of particle acceleration, energy extraction due to Banados-
Silk-West and Penrose mechanisms around Kerr black holes (BHs) in
quintessence, QPOs and acceleration of current-carrying string loops around
Reissner-Nordstrom (RN) BH are very important.

In particular, the work is broadly inspired by the challenge of understanding
the energy extraction mechanisms and the formation of collimated astrophysical
jets. These jets are observed in a variety of systems, including accreting young
stars, neutron stars, black holes, and supermassive black holes in quasars and
active galactic nuclei. Magnetized plasmas interacting with accretion disks are
thought to play a fundamental role in the production of these jets. However, despite
significant progress and numerous proposed mechanisms, the exact process
remains unclear. The behavior of these plasmas is governed by
magnetohydrodynamics (MHD), a complex and nonlinear field theory. Under
specific conditions, plasmas can exhibit string-like properties. This behavior may
arise from the dynamics of magnetic field lines embedded within the plasma or
from the motion of relatively thin, isolated flux tubes of plasma, which can be
approximately modeled as one-dimensional strings. In such scenarios, these strings
are characterized by energy density and tension and may carry currents of mass
and/or charge. The aim is to capture key aspects of the underlying physics using
string dynamics. This approach offers a significantly simpler framework compared
to the complexity of MHD, making it a promising tool for exploring the
fundamental mechanisms behind jet formation.

Energy extraction mechanisms from the ergosphere and the dynamics of
current-carrying strings within the framework of both alternative and general
theories of relativity have been extensively studied. However, these studies have
not focused on particle acceleration and energy extraction processes around Kerr-
Kiselev black holes. Additionally, the dynamics of spinning test particles near
Kerr-Kiselev black holes have not been widely explored. Moreover, research on
testing gravity theories and constraining parameters of charged black holes using
current-carrying string loops based on observational data from QPOs has not been
conducted. Studies involving electromagnetic interactions, such as the acceleration
of current-carrying string loops along the vertical axis and their ejection from the
neighborhood of Reissner-Nordstrom black holes, are also limited.

In our country, significant emphasis is placed on practical research in
astronomy and theoretical astrophysics, as well as on the international
collaboration in fundamental research. The Strategy of Actions for the Further
Development of the Republic of Uzbekistan (2017-2021) highlights the
advancement of science within the nation, identifies key areas of fundamental
research, and outlines methods for applying the outcomes of such research within
Uzbekistan. The results obtained in this dissertation helps to understand the nature
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of quintessence, which is one of the models explaining the expanding universe at
an accelerating rate, the dynamics of the spinning particles around Kerr-Kiselev
BHs, the QPOs coming from the GRO 1655-40 source. Additionally, the
oscillatory energy of the charged rings, through its translational motion, explains
the acceleration of plasma flows along the vertical axis of the black hole, and
quantitatively determines their Lorentz factor.

This research aligns with the objectives outlined in the Decrees of the
President of the Republic of Uzbekistan, including Decree No. UP-6097 "On the
Approval of the Concept for the Development of Science Until 2030" dated
October 29, 2020, as well as other relevant legal and regulatory documents in this
field.

Relevance of the research to the priority areas of science and technology
development of the Republic of Uzbekistan. The dissertation research has been
carried out in accordance with the priority areas of science and technology in the
Republic of Uzbekistan: Decree of the President of the Republic of Uzbekistan No.
UP-4947 "On the Strategy of Actions for the Further Development of the Republic
of Uzbekistan" dated February 07, 2017.

Degree of study of the problem. The processes of energy extraction around
black holes (BHs) have been extensively studied within the framework of various
gravity theories. Significant contribution has been made by researchers from
different regions. In Europe, scholars such as Oleg Zaslavskii, Gregor Ovcharenko,
Luc Blanchet, Alexei Deriglazov, Eva Heckmann, Valeria Kagramanova, Zden¢k
Stuchlik, and Jan Schee have conducted notable researches. Similarly, in Asia,
important studies have been carried out by Sushant Ghosh, Mubasher Jamil,
Yaghoub Haydarzade, and Suzuki Shingo.

Radiation mechanisms in the accretion disks of black holes, particularly the
generation and analysis of QPOs within the framework of general and alternative
gravity theories, have also been widely investigated. European researchers such as
Lucianno Rezzolla, Marek Abramowicz, Gabriel Torok, Pavel Bakala, Zdenck
Stuchlik, and Martin Kolos have contributed significantly to this area. In the USA,
scientists including Sara Motta, Luigi Stella, Mario Vietri, and Robert Wagoner
have made substantial progress. Additionally, notable work have been conducted
by researchers from Japan, such as Shoji Kato and Jun Fukue, as well as from
China, including Zhongxiang Wang, Xiang-Dong Li, and Shuang-Nan Zhang.

In our country, theoretical studies on the dynamics and energetic processes
around black holes in various gravity theories have been carried out by Bobomurat
Ahmedov, Ahmadjon Abdujabbarov, Javlon Rayimbaev, Farrukh Atamuratov,
Bobir Toshmatov, Sanjar Shaymatov, and Bakhtiyor Narzilloev etc,.

Connection of the topic of dissertation with the scientific researches of
the higher educational institutions, where the dissertation is completed. This
dissertation work was carried out within the framework of the scientific project No.
F2-FA-F113 and No. F2-FA-F029 of the Academy of Sciences of the Republic of
Uzbekistan.

The aim of the research of the dissertation is exploring the dynamics of
(non)spinning particles and energy extraction processes around black holes in
axially symmetric spacetime in the presence of quintessential field.
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The tasks of the research. Study the motion and collisions of spinning and
non-spinning neutral test particles around a rotating BH immersed in quintessential
dark energy; Investigate the motion of the current carrying charged string loops
in the RN BH background combining the gravitational and electromagnetic field;
Constraining the BH charge and mass using QPO data;

The objects of the research are relativistic compact gravitating objects
immersed in quintessence, charged BHs, spinning neutral particles and current-
carrying string loops.

The subjects of the research acceleration of particles and current-carrying
strings, energy extraction processes around Kerr-Kiselev BHs through Penrose and
BSW mechanisms, HF QPOs in BH binaries.

The methods of the research are mathematical techniques for analyzing
experimental data, mathematical apparatus of General Relativity and numerical
methods of statistics.

The scientific novelty of the research is as follows:

for the first time, it is shown that the center-of-mass energy of the colliding
particles decreases as quintessential field parameter increases;

for the first time, it is shown that the spinning particles with the biggest spins
can stay closest to the stable orbits around the KK black hole;

for the first time, demonstrated the decrease of the 1ISCO energy due to an
increase in black hole spin and the independence of OSCO energy on the black
hole and particle spin;

for the first time, in the field of RN naked singularities, found two closed
toroidal regions for charged string loop motion;

for the first time, found the compatibility of string loop harmonic oscillations
around stable equilibrium in the field of RN BH with HF QPOs observed data from
the GRO1655-40 source;

for the first time, it is demonstrated that the RN black hole charge @ does not
contribute to the acceleration speeds of the string loop due to electrostatic
repulsion.

Practical results of the research are as follows:

for the first time, constraints for the mass of the BH in the microquasar GRO
1655-40, XTE 1550-564, GRS 1915-105 are obtained using observational data
from twin peak QPOs;

for the first time, demonstrated the effect of BH and string loop charges
interaction on the string loop acceleration in the RN BH neighborhood, which is
one of the possible explanations of relativistic jets coming from AGN;

for the first time, it is found that the quintessence field decreases the energy
extraction efficiency through the Penrose process.

Reliability of the research results is provided with the following: modern
methods of general relativity and theoretical physics and highly effective
numerical methods and algorithms are used; careful check of consistency of the
received theoretical results with observational data and results of other authors is
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performed; conclusions are well consistent with the main provisions of the field
theory of gravitational compact objects.
Scientific and practical significance of the research results.

The obtained results can help comprehend the energetic processes and particle
dynamics of spinning and non-spinning test particles around Kerr-Kiselev BHs in
the general theory of relativity;

the obtained constraints for the parameters of BHs may allow getting
information about the gravitational feature of the spacetime around the BHs, giving
the possibility of determining which gravitational effect plays a dominant role;

the obtained results may help to determine the parameters of stellar mass BHs
together with the space-time features around them based on observational data
from HF QPOs from BH binaries, and the results made it possible to explain the
physical mechanisms in the oscillations of accretion discs.

Implementation of the research results. The results of the study of the
particle dynamics around a rotating BH in quintessence BH and charged string
dynamics around RN BH in various gravity theories have been applied as follows:

The approach of determining the particle dynamics around various BHSs in
quintessence based on observational data has been used by several authors in the
investigations of spacetime properties around BHs as well as gravitational models
(Physics Letters B, 771, 365-373, (2017), International Journal of Modern Physics
D, Volume 26, Issue 6, id. 1750051-23, (2017), The European Physical Journal C,
Volume 78, Issue 9, article id. 750, 13 pp, (2018), Physical Review D, Volume 95,
Issue 6, 1d.064015,(2017), The European Physical Journal C, Volume 78, Issue 6,
article id. 513, 12 pp, (2018), Physical Review D, Volume 102, Issue 10, article
1d.104062, (2020). The results have been provided to make possible analyses in
numerous dark matter models around BHs based on observational data of BHSs.

Several authors have used the approach of analyzing the charged string
dynamics around RN BHs in the investigations of spacetime properties around
numerous BHs as well as gravitational models (Classical and Quantum Gravity,
Volume 37, Issue 24, id.245007, 21 pp, (2020), Physics of the Dark Universe,
Volume 44, 1d.101483, (2024), The European Physical Journal C, Volume 82,
Issue 5, article id.494, (2022), Physics of the Dark Universe, Volume 26, article id.
100331, (2019), Chinese Journal of Physics, vol. 70, pp. 55-68, (2021). The results
have been provided to make possible analyses in various models of perfect fluids
encircling BHs based on observational data of BHs.

We have investigated the ISCOs and OSCOs of spinning test particles and
their energy and angular momentum at the orbits. One can explain that OSCOs
exist due to the cosmological-like horizon caused by the quintessential field. This
shows that the ISCO and OSCO coincide at critical values of the quintessential
field and EoS parameters, which also depend on the particle and black hole spin.
Finally, we consider collisions of spinning particles and analyze the center-of-mass
energies and critical angular momentum, which allows the collisions of the
particles near the black hole. It is shown that the spinning particles with the biggest
spins can stay closest to the stable orbits around the KK black hole. Also, there is a
decrease in the ISCO energy due to an increase in black hole spin, which decreases
rapidly for highly spinning particles. However, the OSCO energy does not depend
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on the black hole and particle spin. The OSCO and ISCO energies also decrease as
the quintessential field parameter increases. The quintessential field parameter has
an upper value where the OSCO and ISCO coincide, and the upper limit increases
with the increase in the particle spin due to an additional interaction between the
quintessential field and particle spin. Moreover, one can also observe an increase
in the spin of the particles, which causes decreasing energy values. The OSCO and
ISCO energies increase with increasing w, and sensitivity for the OSCO energy
compared to the ISCO. Similarly, an upper limit in the value of the w, parameter
also decreases due to an increase in s . In the first row, we can observe thin vertical
lines that imply the maximum value of s, called superluminal bounds. Similar
behaviors of ISCO and OSCO angular momentum can be observed as it is in the
energy.

Finally, in the last section, we studied spinning particle collisions near the KK
black holes. First, we analyzed critical values of the angular momentum with
which the particles can collide near the horizon. We found that the angular
momentum decreases with the increase of the black hole spin. Inversely, it
increases due to the increase of the quintessential field parameter. The effect of the
EoS parameter on the angular momentum is almost negligible for the particles with
the positive spin. Moreover, we have analyzed the center of mass energy in the
collisions of the spinning particle with positive and negative spin parameters
(orientation). It is obtained that the energy increases as w, — —1; in particular, the
energy decreases radially, but at some distance, it increases again due to the
presence of the exotic matter with negative pressure similar to the dark energy. The
energy also increases due to the increase of the quintessential field parameter.
However, the effects of the quintessential field and EoS parameter on the energy
are negligible near the black hole horizon. However, the black hole spin causes a
decrease in the energy. The center of mass energy is bigger in the configuration of
L <0 & s> 0compared to the cases L > 0 & s <0 L>0. It is shown that the
energy is essentially bigger in the cases L; >0 & s; >0and L, <0 & s, <0
from all other combinations.

Approbation of the research results. The dissertation results have been
discussed in 1 international and 1 local conference.

Publication of the research results more than 6 scientific publications have
been made on research results, and 3 of them are research papers in refereed
journals.

Volume and structure of the dissertation. The dissertation consists of an
introduction, three chapters, a conclusion, and a list of references. The size of the
dissertation is 88 pages.

THE MAIN CONTENTS OF THE DISSERTATION

In the introduction the topicality and demand of the dissertation theme, the
main aims set out on the dissertation and the scientific novelty and the practical
results were emphasized, the reliability of the results and their theoretical and
practical significance were stated, the application of the research results and the
dissertation structure were given. Throughout the abstract we use geometric units
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such that the gravitational constant and the speed of light are both equal to unity
G=c=1.

The first chapter of the dissertation entitled “Energy extraction and particle
acceleration around a rotating black hole in quintessence” is devoted to the
study of energy extraction processes from rotating black holes in quintessence
through Banados-Silk-West(BSW) and Penrose mechanisms.

Distant la-type supernova explosions confirm that a very small relict repulsive
cosmological constant A > 0, in other words, a dark energy demonstrating
repulsive gravitational effect is necessary to explain the accelerated expansion of
the Universe at the current epoch of evolution. These results are supported through
observation of the cosmic microwave background thermal anisotropies by the
space observatory PLANCK. The dark energy represents more than 73% of the
total energy content of the observable universe, and the equation of the state of the
dark energy is similar to that of the vacuum energy. However, dark energy is
related to the so-called quintessence and is not excluded. The quintessence is
defined as a scalar field coupled to gravity with the potential which decreases as
the gravitational field increases. The cosmological and astrophysical phenomena of
cosmic repulsion provide a recent value of the cosmological constant to be A =
1.3 X 107°¢ cm™2

The solution for a quintessential static black hole can be generalized to the
rotational one using the standard methods developed by Newman and Janis. The
line element of the quintessential rotating spacetime in the standard Boyer-
Lindquist coordinates takes the form

ds® = gy dt? + gppdr® + 29,4 drddp+geed6® + gppdd? (1.1)
with
2Mr + Cr1=3®q

r2 + a?cos?0
r2+a?cos?6

gee = —1+

9rr =

]
a2-2Mr+r2—cri3%q
_ 2Mr+Cr'T3%q
Gep = r2+a?cos?6

Jeo =12 + a®cos?0,

sin?0,

1-3w
9pp = (r* + a* + a’sin*6 ZMT:IZZCOSZ;Z )sin?6 . (1.2)
Here, M and a are the black hole's gravitational mass and the specific angular
momentum, respectively. w, € (—1.—1/3) is the dimensionless quintessential
equation of state parameter, and it governs the quintessential field's equation of
state as p = wyp, Where p and p are the pressure and energy density of the
quintessential field, respectively. The presence of the quintessential field leads to
the geometry being Ricci non-flat. When the quintessential field parameter C = 0,
the rotating quintessential geometry reduces to the known Kerr geometry; further,
taking a = 0 and C = 0 limits, one can also arrive at the Schwarzschild metric.
Now, based on the BSW mechanism of the energy extraction from the
rotating black hole, we calculate the center-of-mass energy E,, for a collision of
two particles with mass m,; = m, = m,, in the vicinity of a rotating black hole in
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quintessence. We assume that particles are coming from infinity with BBy

m,q m;

and approaching the black hole with the different angular momenta L, and L, as
well as the particles’ motion and their collision occur in the equatorial plane 8 = %

The center of mass energy can be found by using the following well-known
formula:

EEM _ u v
2m? =1- I, Uz (3)

where uf’ and uY are four velocities of the first and second particles,

respectively. The four velocities of the particle that is moving around the rotating

quintessential black hole in the equatorial plane are given by the expressions ¢ =
g¢¢E+gt¢L H gt¢E+gttL - - . .
————— and = ———— For simplicity, assuming E; =E, =1 and
gt¢2—gttg¢¢ d) gt¢2_gttg¢¢ P y g 1 2
inserting the expressions for four velocities into (3), one can obtain the center-of-
mass energy as
EgM 2
W = {C(a — Ll)(a — Lz) —Cr
0
+r3%a[—2a(L, + L,)M + L{L,(2M — 1)
+2r2(—M + 1) + 2a*(M + )] — [C(a — L,)?
1
+Cr? +r3®4[2(a — L))*M — L3r 4+ 2M7r?]]2 X [C[(a — Ly)? + r?]

1
r3®a[2(a — L,)?M — L3r + 2M1r?]]2} X [-Cr? + r3®at1(a? — 2Mr + r?)] !
2
Now we investigate the dependence of SCT"Q on the quintessence matter parameter
0
C, the quintessence field parameter w, and the specific angular momentum a.
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Fig.1 The radial dependence of the center of mass energy of two colliding
particles for the different values of the rotation parameter a, quintessential
equation of state parameter w, and the quintessential field parameter C.

The solid, dashed and dotted lines correspond to the values of the rotation
parameter a = 1; 0.8 and 0.5, respectively.
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Fig.1 represents the radial dependence of the center of mass energy
2
(particularly SCTA%) for the different values of the rotation parameter a, the
quintessential equation of state parameter w, and the quintessential field parameter
C, where the angular momentum of the particles is chosen as L, = V2, L, = =2,
for simplicity. From Fig.1 one can easily see that the existence of the quintessential
field parameter C leads to the decrease of the center of mass energy.

In the second section, named “Circular motion and collisions of spinning
test particles around Kerr-Kiselev black holes” we plan to extend our
calculations to spinning test particles motion around a rotating black hole in
quintessence. Basically we aimed to investigate the influence of the neutral
particles spin on the dynamics of the particle. First we investigate the effective
potential which is a crucial quantity governing the particle dynamics. Analytical
expression for the effective potential is found in a quite complicated form.

It is defined as following

—B ++VB2 —4AD
Veff: 24

where

A = 4r1*7%% (4a3sr3®at 1 (3Cw, + C + 2r3®a) + a?(C*(3sw, + 5)* +

4Cr3°a(r3 + 3(r + 1)s?wy +rs? +s3) +4((r + 2)r3 + 2r +
1)s?)ré®a +

12asr3®a*3 (Cw, + € + 2r3®a) + 4r3®a*3(Cs? + (r® — (r — 2)s*)r’®aq),
B = —8jr'*7%“a(4a’sr3“a* (Cw, + C + 2r3“4) + aC*(Bsw, + 5)* +
2aCr3®a(2r3 4 3(r + 2)s?wy + rs* + 25%) + 4a2r® + (r + 1)s*)r°®a +
6Cs(wg + 1)r3®a*3 — 4(r — 3)sré@a*s |

D = —4r'%7%?qa(C2s2(Bw, + 1)r*®1(3s?w, (a® + (r — 2)r) + a®s* —
j2r2QBuwg + 1) + 4r* + (r — 6)rs? — 4Cr®@a((r® — s*)(3swy(a® + (r — 2)r)

+a’s? +r* 4+ (r = 3)rs?* + j*r*Bswy(ar + s) + ars + 3 + 52))
+4r%%a((a® + (r — 2)r)(r3 — s2)?2 + j2r?2(=2ars + (r — 2)r3 —s?))
-C3rs*(Bwy +1)%. (2.1)

Fig.2 shows the radial dependence of the effective potential of the spin test
particle orbiting a rotating black hole for the different spin values of the test
particle. The graphic on the right-hand side presents the behavior of the effective
potential for the case of a corotating particle with positive angular momentum. It is
seen that for fast-spinning particles, s = 1, there are more stable bound orbits than
slow-spinning particles s = 0.5. As a particle's spin decreases, the height of the
potential barrier holding it in a bound orbit decreases, and this tendency keeps
growing for counter-spinning particles. Furthermore, stable circular orbits are
found for counter-rotating particles. From the left bottom graphic, it can be
concluded that contour-rotating particles can have stable circular orbits only if they
are counter-spinning fast enough. Particles can't have stable bound orbits if the
particle is counter-rotating and counter-spinning. On the right is presented the

situation for slow-rotating black holes. The two graphics show that the stability of
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the particles in the slow-rotating black hole case is very similar to that of the fast-
rotating black hole. The only difference is that the counter-rotating particle can
have a more stable bound orbit if it carries the same negative spin s = —1.
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Fig.2 Radial profiles of the effective potential for rapidly rotating (left
column) and slow rotating (right column) quintessential black hole cases for
different values of the test particle's spin s.

Fig.3, shows the radial dependence of the effective potential for different
values of the C parameter (left panel) and the quintessential parameter w, (right
panel). As observed from the graphics for the co-rotating particles (blue lines), as
the quintessential field parameter C increases, the interval allowed for stable orbits
also increases. From an astrophysical point of view, it means that, with increasing
the quintessential field parameter C, which is considered to be responsible for the
strength of the quintessential field, the radius of the accretion disc also increases
for both fast-rotating and slow-rotating black holes. While counter-rotating black
holes (red lines), there are stable bound orbits for the co-spinning particles, and
they fall into a black hole for both fast-rotating and slow-rotating black holes.
Next, in the right panel of Fig.3, we demonstrate the radial behavior of the
effective potential for different values of the quintessential parameter w,. From
both graphics, stable bound orbits are possible only for small values of w,. When
quintessential parameter w, increases, the stability of bound orbits is lost. From an
astrophysical point of view, similar to the previous case, Fig.3 as w, increases, the
radius of the accretion disc becomes bigger and bigger and further leaves only a
potential barrier keeping particles from falling into a black hole. This means
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particles cannot have bound orbits and may come close to the black hole horizon at
a particular distance and return to infinity.
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Fig.3 The same figure with Fig.2 but for different values of the quintessential
field parameter € (bottom panels) and the quintessential parameter w,(top

panels).

In the third section, titled “Charged string loops in Reissner—Nordstrom
black hole background”, we study the motion of current carrying charged string
loops in the Reissner—Nordstrom black hole background combining the
gravitational and electromagnetic field. Introducing new electromagnetic
interaction between central charge and charged string loop makes the string loop
equations of motion to be non-integrable even in the flat spacetime limit, but it can
be governed by an effective potential even in the black hole background. We
classify different types of the string loop trajectories using effective potential
approach, and we compare the innermost stable string loop positions with loci of
the charged particle innermost stable orbits.We examine string loop small
oscillations around minima of the string loop effective potential, and we plot radial
profiles of the string loop oscillation frequencies for both the radial and vertical
modes. We construct a charged string loop quasi-periodic oscillations model and
we compare it with observed data from microquasars GRO 1655-40, XTE 1550-
564, and GRS 1915+105. We also study the acceleration of current carrying string
loops along the vertical axis and the string loop ejection from RN black hole
neighbourhood, taking also into account the electromagnetic interaction.

The gravitational interaction of the string loop with the central electrically
charged black hole occurs through the spherically symmetric Reissner-Nordstrom
(RN) metric given by the line element expressed in geometric units with the
metric function reads

fr) =1 ——+Q— (3.1)

r2
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In the metric function f(r), the parameter M stands for the black hole mass,
while Q stands for the black hole charge.
For 0 < Q < M, the metric describes a black hole with two event horizons

located at
e =M+ M2—-Q2 (3.2

for Q = M there is just one degenerate event horizon solution, for Q > M we have
naked singularity without horizons. Hereafter, in this chapter, we will use, for
simplicity, the system of units in which the mass of the black hole is M =1, i.e.,
we express the related quantities in units of the black hole mass.
For string loop motion in the Reissner Nordstrom background, the general
form of the Hamiltonian reduces to
——(E—=92.

_1 2, 1 p2 1. J? N2
H = Zf(r)Pr t53 Py + > (—r oot sinf) 270
As the whole axisymmetric string loop can be represented by a single point

that a coordinate y = 0 can characterize, we can introduce the effective potential
for charged string loop in the form

1

2 2
Veff(X,T,Q,],a)) =\/1—27M+Q_(Mx+];)+\/§w]Q

r2 r

where r is radial distance r? = x? 4+ z? and u - string tension, J - angular
parameter, w - charge parameters.

In Fig.4(a), we show trajectories of the string loop's motion cross-section
along with the boundary energy profiles - we observe that the motion is trapped in
the closed region. String loop's trajectory for this case is given in Fig.4(b); we can
conclude that the motion is finite in the z -direction, the energy boundary profile is
open to the black hole, and the string finally falls to the black hole. In the last case
of = 0.3, w = —1 configuration, we take / = 4 value. In this case, there is no
possible-trapped motion, and the string loop has to escape to infinity in the vertical
direction (Fig.4(c)). Another possible string loop trajectory around the black hole is
given for Q = 0.3, w = 1, ] = 10 case in Fig(d), with string escaping to infinity.

Medium line elements of represent the naked singularity Q = 1.0677, w =0
case. The most distinctive behavior of the effective potential is given by the
presence of two minima for / = 5.5. This indicates that the string loop has in the x-
direction two stable positions around the naked singularity, and escape along the
vertical direction is impossible for sufficiently low string loop energy. The
trajectory of the string loop for this type of motion is given in Fig.4(e). This type of
energy boundary profile corresponds to trapped motion - the trapped motion can
occur in one of two possible closed toroidal spaces around the RN naked
singularity. At the bottom line we consider Q = 1.414, w = 1 situation. One
minimum of the potential well corresponds to the stable equilibrium position. The
string loop's motion in x-direction is limited. A small potential barrier also exists,
resisting the string loop to cross the z = 0 equatorial plane. String loop escapes to
infinity, loosing oscillatory energy in the x direction (Fig.4(f)).
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Fig.4 Trajectories of the string loop and energy boundaries of their motion.
Various types of motion are possible: trapped in some **lake'-like region ((a),
(e)), captured by a black hole (b), collapse or escape to infinity (c), escape to

infinity ((d), (f)).

For fixed black hole charge Q and fixed string loop charge parameter w,
upper frequency of the twin HF QPOs can be given as a function of black hole's
mass M. If the black hole mass is restricted by separated observations, as is
commonly the case, we obtain some restrictions on the string loop resonant
oscillations model, as illustrated in Fig.5. Here, the situation is demonstrated for
several values of black hole's charge @ and limits on the black hole mass as given
in Tab.1. We can see that for the Schwarzschild black hole (Q = 0), the string loop
model can explain only the HF QPOs in GRS 1915+105. Introducing black hole
charge Q and parameter w, the string loop resonant oscillations model widens the
area of its applicability. For w =1 and Q = 0.5,0.8 case, the model fully
describes observed values from GRO 1655-40 source. It contains the whole range
of expected mass range from Tab.l. Nevertheless, the string loop resonant
oscillation model in Reissner-Nordstrom background can not explain the observed
values from XTE 1550-564 source. For any value of w parameter and for any low
values of black hole charge Q, the string loop model can not fit observed mass
range for the XTE 1550-564 source and an additional influence of the black hole
rotation has to be expected.
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Tab.1
Observed twin HF QPOs data for three microquasars, and the restrictions on
mass of black holes located in them, based on independent measurements on
the HF QPO measurements.

Source GRO 1655-40 XTE 1550-564 GRS 1915+105
vy (Hz) 447-453 273-279 165-171
vy, (Hz) 295-305 179—-189 108-118
M/Mqg 6.03-6.57 8.5-9.7 9.6-18.4

Moreover, in Fig.5 we can clearly see that the predicted value of the black
hole mass is increasing with the black hole charge @ increase. It will become
harder and harder to fit the observed HF QPOs as the Q parameter increases, hence
we can conclude that introducing new parameter Q into the string loop HF QPOs
model is not successfully efficient in explaining the observed HF QPOs in
microquasars.
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Fig.5 The upper frequency vy of string loop oscillations at 3:2 or 2:3 resonant
radii, calculated in the framework of the string loop model with maximal
range string loop parameter w as a function of black hole mass for several
values of the black hole charge Q = 0 left,0. 5 middle, 0.8 right panels.

CONCLUSION

The scientific significance of the research results lies in their contribution to
understanding the energetic processes and particle dynamics of rotating and non-
rotating test particles in the framework of general relativity around the Kerr-
Kiselev black hole. Additionally, the obtained results help to understand the nature
of the dependence of the energy and angular momentum of the smallest and largest
circular orbits of test particles around the Kerr-Kiselev black hole on quintessence,
the black hole, and particle spin. Furthermore, the constraints derived for the black
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hole parameters provide insights into the gravitational properties of spacetime
surrounding the black hole, allowing the determination of which gravitational
effect plays a dominant role. The findings also enable the determination of the
parameters of stellar-mass black holes and the characteristics of the spacetime
around them based on observational data from high-frequency quasi-periodic
oscillations (HF QPOs) obtained from black hole binaries.
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BBEJAEHMUME (Aunotauus PhD auccepramun)

AKTYaJIbHOCTh M BOCTPe0OBAHHOCTH TeMbl AHCcepTanuu. B Hacrosiiee
BpeMsi B MHUpe HaOJI0JlaeTcsd MOBBIIMICHHBIH HHTEpec K MpoljieMaM HU3y4YeHUs
DHEPreTUYECKUX MPOLECCOB BOKPYT YEPHBIX JbIp, KBa3UIIEPUOAUUYECKUX
kosebanuii (KIIK) nHTeHCHBHOCTH TIpHieMa CUTHAJIOB, MOCTYHAIOMIUX U3 00JacTH
3aMecTUTeNb MpeACeIaTeNIKOMIIAKTHBIX OOBEKTOB B KOCMOCE, U OHHU JIal0T HE
TOJILKO Cephe3Hble (yHIaMEHTAIbHbIE HAy4YHbIE HCCIEIOBAHUSA, HO U Ba)KHBIC
IIPAKTUYECKAE AaCHEKThl. B CBA3M € OJTUM U3y4yeHHE YCKOPEHMS 4YacCTHL,
W3BJICUCHUS DHEPTUU 3a cueT MexaHu3moB Banados-Silk-West u Penrose Bokpyr
yepHbIx Aplp Keppa (Y1) B kBuHT3ccenunu, KIIK 1 yckopeHus: CTpyHHBIX METEIb
¢ TokoM BokpyT Y]l Peiiccaepa-Hopcrpoma (PH) siBiisieTcst akTyaibHBIM.

B uactHOCTH, paboTa BO MHOTOM BJIOXHOBJIEHA MPOOJIEMONl MOHMMAaHUS
MEXaHU3MOB M3BJICYEHUS DSHEPIrUM U  (POPMHUPOBAHUS  KOJTUMUPOBAHHBIX
acTpO(PU3NYECKUX JKETOB. DTU JIKEThl HAOIIOAAIOTCS B Pa3IMYHBIX CUCTEMaX,
BKJII0Yasl aKKPELHUPYIOIIUE MOJIOABIE 3BE3/1bl, HEUTPOHHBIC 3BE3/bl, YEPHBIEC JIBIPbI
U CBEPXMACCHUBHBIC UYEpHBIC AbIPbl B KBa3apax M AKTUBHBIX fAApax TaJaKkTHK.
Cuuraercs, YTO HAMarHWYEHHas IJ1a3Ma, B3aUMOJICHCTBYIOIIAs C AKKPELMOHHBIMU
JUCKaMU, UrpaeT pyHIaMEeHTAIbHYIO POJb B 00pa30BaHUM 3TUX JKeToB. OqHAKO,
HECMOTpslT HA 3HAYUTEIBHBIA IIPOTPECC U MHOTOYHUCIICHHBIE IIPEIJIOKECHHbIE
MEXaHHU3MBbI, TOYHBIM IpoLECC oOcTaeTcs HescHbIM. [loBeaeHme 3TOM TUIa3MBbl
onpenenseTcs MarHuToruapo-auHamukoit (MI']l), cioxHol HelMHEeHHON Teopuen
nons. [Ipy onpeneneHHpIX yCIOBUAX IJIa3Ma MOYKET IPOSIBIATH CBOMCTBA CTPYHBI.
Takoe mOBEIEHHE MOXKET BO3ZHHKHYTh W3-32 JHWHAMUKH CUJIOBBIX JIMHUU
MAarHATHOTO IIOJSl, BCTPOCHHBIX B IUIa3My, WJIM HM3-3a JBH)KEHUS OTHOCHUTEIBHO
TOHKHUX M30JIMPOBAHHBIX TPYOOK MOTOKA IJIa3Mbl, KOTOPbIE MOKHO MPHUOIUKEHHO
CMOZEIUPOBATh Kak OJHOMEpHBIE CTPyHbl. B Takux creHapusx O3TH CTPYHBI
XapaKTEepU3yHTCA INIOTHOCTBIO SHEPIUU U HATSKEHUEM U MOTYT IIEPEHOCHUTH TOKU
Macchl W/uiM 3apsza. Llenb cocTouT B TOM, YTOOBI OXBATUTh KIIFOUEBbIE ACTIEKTHI
0a30BOM (PM3MKM C TOMOILIBIO JMHAMUKUA CTPYH. OTOT MOAXOJ Npeiiaraet
3HAUUTEIHLHO OO0Jiee MPOCTYIO CTPYKTYpPY MO CpaBHEHHUIO cO clioxkHOCcThio MI'/I,
4TO  JIeJaeT €ro  MHOTroOO€IIAIONIMM ~ WMHCTPYMEHTOM sl HM3y4YeHUs
(byHIaMEHTaJIbHBIX MEXaHU3MOB (DOPMHUPOBAHUS JIKETOB.

MexaHu3Mbl U3BJIEUEHUS FHEPTUU U3 3prochepsl U JUHAMUKA CTPYH C TOKOM
B paMKax Kak aJbTEpHATUBHOM, TaK M OOIIEH TEOPUH OTHOCUTEIBHOCTHU IIUPOKO
uzyvatorca. OgHaKo 3TU UCCIEAOBaHUS HE ObUIM COCPENOTOYEHBI Ha MpOLEcCax
YCKOPEHHUSI YaCTHIl U U3BJIEUYEHUS SHEPIUU BOKPYT yepHbIX Ablp Keppa-Kucenesa.
Kpome Toro, tuHaMuka BpailieHus MpOOHBIX YacTHI] BOJIM3M uyepHBIX Ablp Keppa-
Kucenesa mmpoko He HccienoBanachk. bonee TOro, MCCiIeIOBaHMs MO IMPOBEPKE
TEOPUN TPAaBUTALMA U OTPAHUYECHUIO IMAPAMETPOB 3aPSKEHHBIX YEPHBIX IBIP C
MOMOIIIBIO CTPYHHBIX TMETENh C TOKOM Ha OCHOBe JaHHbIX HaOmogeHuit ¢ KIIK ne
IIPOBOJAWIINC. Nccenenosanus, CBSI3aHHBIC c IEKTPOMArHUTHBIMU
B3aMMOJICHCTBUSIMH, TAaKUMU KAK YCKOPEHHE CTPYHHBIX METENb C TOKOM BJIOJb
BEPTHKAIbHOM OCHM U HMX BBIOPOC M3 OKpECTHOCTeH uepHbIX Ablp PeliccHepa-
Hopacrpema, Takke OrpaHUYEHBI.
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B Hamell cTpaHe 3HAYMUTEIBHOE BHUMAHUE YJIEISETCS MNPAKTUYECKUM
UCCJIEIOBAHUSIM B 00JIACTH aCTPOHOMHUHU U TEOPETUYECKOM acTpou3mKe, a TaKkKe
MEXIYHAPOJIHOMY COTPYAHUYECTBY B 00J1aCTH (PYHIAMEHTAJIBHBIX HCCIIEIOBAHUN.
Crpaterust aecTBuil 1o AaibHelmeMy pa3Butuio PecrnyOnuku VY30ekucTan
(2017-2021 romsl) oOcBemaeT pa3BUTHE HAYKH BHYTPH CTPaHbI, OIpPEACIISICT
KJIFOUEBbIC HAIpaBieHUs (QyHAaMEHTAIbHBIX UCCIIEIOBAHUN U ONIPEIEIIIET METO/IbI
NPUMEHEHUSI PEe3yJIbTAaTOB TAaKUX MCCICJOBAHUN Ha TEPPUTOPUU Y30EKHCTaHa.
Pe3ynpTaThl, MOJyYE€HHbIE B 3TOM JUCCEPTALlMM, MOMOTAIOT IOHATH MPUPOLY
KBHUHTACCEHIIMH, KOTOpas SBISETCA OAHOW U3 MOAeNeH, OOBICHIIONINX
paclMpsmonIyrocs BcelneHHyro ¢ yCKOPSIIOLIEHCS CKOPOCTbIO, JUHAMHUKY
Bpaenus yactull Bokpyr YJ[ Keppa-Kucenesa, KIIK, ucxonsamme uz GRO 1655-
40. wucrounuk. Kpome Toro, komeOaTenbHas BSHEPrusl 3apsLDKEHHBIX KOJIEI]
MOCPEJICTBOM CBOETO MOCTYIATEIBbHOIO JBUKEHUS OOBSICHSAET YCKOPEHUE MOTOKOB
IJ1a3Mbl BJOJIb BEPTUKAIBHON OCH YEPHOU JIBIPBI U KOJTUYECTBEHHO OINpPEIETAET X
dakrtop Jlopeniia.

Hacrosiee ncciaenoBaHue COOTBETCTBYET LiEsIM, 0003HAaYEHHBIM B YKa3zax
[Ipesunenta PecryOnuku VY30ekucrtan, B Tom umciie Ykaze Ne VII-6097 «O06
yrBepxkaenun Konneniuu pazputusa Hayku 10 2030 roma» ot 29 oktsaops 2020
rojia, a TaKKe APYrM€ COOTBETCTBYIOLIME HOPMATHUBHO-IIPABOBBIE JTOKYMEHTHI B
3TON 00JaCTH.

AKTYaJIbHOCTb MCCJIEIOBAHNSI IPUOPUTETHBIM HANIPABJIEHUSIM Pa3BUTHS
HAYKM M TexHosorud PecnyOoukm  Y30ekucran. [{ucceprannoHHOE
WCCJIEIOBAHUE BBIMIOJIHEHO B COOTBETCTBUU C MPUOPUTETHBIMU HANPABJICHHUSIMU
Hayku U TexHuku B PecnyOnuke Y30ekucran: Yka3 Ilpesunenta PecnyOnuku
V30ekuctan NeVII-4947 «O Crparerun AEHCTBUN MO NaJbHEUIIEMY Pa3BUTHIO
PecniyOnukuy. Y36ekuctana» ot 07 despans 2017 rona.

Crenenb u3ydeHHOCTH Npodiaemsl. [Ipoiiecchl 100BIYM 3HEPIUM BOKPYT
yepHbIX Abp (Y/]) mupoko u3ydaroTcs B paMKax pa3iiMuHbIX TEOPUN rpaBUTAIIUU.
BHECTH CBOM BKJIaJI B MCCJIEJOBAHWE MCCIICNOBATEJIEH W3 Pa3HbIX PErMOHOB. B
EBpomne Takue yuyensle, kak Ouer 3acnaBckuli, I'perop OBuapenko, JIrok bnaniie,
Anekcelt [lepurnazos, EBa XexmanH, Banepus Karpamanosa, 3nenek Ctywink u
An Ille, mpoBenu 3aMeTHBIE HCCICAOBAaHUSA. AHAJIOTMYHBIM 00pa3oMm, B Asuu
BaxkHble uccienoBanuss nposenan Cymant [om, MyOamep [Ixamunb, SAry0
Xanpnapzaae u Cy3yku Llunro.

Takke HHMPOKO MCCIEIYIOTCS MEXaHU3Mbl HU3IYUYEHHUS B aKKPELUUOHHBIX
JIMCKAaX YEepHBIX JIbIp, B yacTHOCTH reHepanus u aHanu3 KIIO B pamkax o6iei u
aJbTEPHATUBHOM TEOPUM TpABUTALMHU. EBPONEHUCKHUE UCCIENOBATENM, TAKHUE Kak
Jlyuano Pemomna, Mapek A6pamoBud, ["'abpusis Topok, [1aBen bakana, 3neHek
Cryunuk u Maptun Konoc, BHec/n 3HaUUTENbHBINA BKJIAJ B 3Ty o0nacts. B CILIA
yaenble, B ToM unciie Capa Mortra, Jlywmku Crenna, Mapuo Bretpu u Pobepr
Barronep, no6unuchk cymecTBeHHOro nporpecca. Kpome Toro, 3amMeTHyto padoTy
npoBenu uccienoparenu u3 Anonun, takue kak Cénszu Karo u [[3tonp Dykyn, a
takke n3 Kuras, B Tom uncne YxyHncsH Ban, Can-/{onr Jlu u Hlyan-Hanps Uxan.
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B Hameli crpaHe TEOpETUUECKUE UCCIIEN0BAHNS THHAMUKN U SHEPreTUYECKUX
MIPOIIECCOB BOKPYT YEPHBIX AbIP B PA3JIUYHBIX TEOPHUAX I'PABUTALMHU MPOBOJUIIN
boGomypaTt AxmenoB, Axmamkon Aoaymxad6apos, [IxaBmon Paumbaes, ®appyx
AtamypartoB, booup Tommaros, Canxap Illaiimaros, baxtuép Hapsunoes u np.

CBsi3b TeMbl JHCCEPTALNMM C HAYYHBIMH HCCJICJOBAHMAMH BbICIIETO
y4eOHOro 3aBe/ieHHs, I/le BbINOJHEHA quccepranus. JlaHHas quccepTaliOHHAS
paboTa BbINOHEHA B pamMKax HaydyHOro rnpoekrta Ne @2-OA-DO113 u Ne O2-OA-
®029 Axanemun Hayk PecryOinku Y30ekucTaH.

Lenabio uccaer0BaHUS JUCCEPTALMHU SBISECTCA U3yYCHHE TUHAMUKN YaCTHULL
CO CIIMHOM U 0€3 CIHMHA U MPOLIECCOB U3BJICUCHUS SHEPTUH BOKPYT YEPHBIX JIbIP B
aKCHAJIbHO-CUMMETPUYHOM IIPOCTPAHCTBE-BPEMEHH npu HaJIM4uu
KBUHTACCEHIIMOHHOTO ITOJIS.

3agaunm  ucciaenoBaHus. l3ydyeHue  ABMXKEHHE W CTOJKHOBEHMS
BpaIIAIONIUXCsl M HEBPAIAIOIIMXCS HEUTPAIbHBIX MPOOHBIX YaCTHUI[ BOKPYT
Bpawaromieicas YJ[, mnorpykeHHOM B KBHUHTAICCEHILIMIO TEMHOM DSHEpIUH;
HccnenoBarh NBIKEHHE TOKOHECYIIUX 3apsSKEHHBIX CTPYHHBIX IMETeNb Ha (OoHE
PH Y/, coueraromero rpaBUTAlMOHHOE U  3JEKTPOMArHUTHOE IO,
Orpanunyenue 3apsaa u maccel Y/ ¢ ucnonb3zoBanrieM ganubix KIIK;

O0beKkTaMH HCCIAEAOBAHMS  SBJISIOTCS  PEJSITABUCTCKUE  KOMIIAKTHBIE
IPaBUTHPYIOUIUE OOBEKTHI, MOTPYKEHHBIE B KBHUHTAICCEHIIUIO, 3apsikeHHbIe Y/I,
BpallaloOLIMecss HEUTPAIbHBIE YACTHUIIBI U CTPYHHBIE METIU C TOKOM.

IIpeamer ucciie0BaHUSI YCKOPEHUE YACTHI U CTPYH C TOKOM, MPOLIECCHI
m3BneueHuss sHeprum BOkpyr YUJ[ Keppa-KucemeBa mocpenctBom MeXaHM3MOB
[Tenpoy3a u BSW, BU KIIK B nBoiinbix Y/I.

MeTogamMu uccaeI0BaHUA SABJISIOTCS MATEMAaTUYECKHME METOJBl AHAIN3a
HKCIIEPUMEHTAJIbHBIX JIaHHBIX, MaTeMaTHYeCKUWH ammapar ooOleld Teopuu
OTHOCHUTEJIIBHOCTH U YHCIICHHBIE METOJIbl CTATUCTUKHU.

HayuyHasi HOBH3HA HCCJIeI0BAHMSA 3aKIIFOYAETCS B CIECAYIOIIEM:

BIIEPBBIE IMOKA3aHO, YTO JHEPTHsl LIEHTPAa MAcC CTAIKUBAIOIIUXCS YacCTHUIL
YMEHBIIIAETCS C YBEIUYEHUEM KBUHTICCEHIIMOHHOTO MMapaMeTpa MoJis;

BIIEPBbIE TIOKA3aHO, YTO BPAIIAIONIUECS YACTHIIBI C HAUOOJIBITUMU CIIMHAMU
MOTYT OCTaBaThCs OJFKE BCEro K CTAaOWIBHBIM OpOMTaM BOKPYT UEPHOU JBIPHI
KK;

BIIEPBBIE MPOJEMOHCTpUpOBaN ymeHblieHne dHeprun [SCO 3a  cuer
YBEJIMYEHHUs CIIMHA YEPHOU AbIpbl M He3aBucuUMOCTH 3Heprun OSCO or cnuHa
YEPHOU JBIPHI U YACTUIIBI,

BIIEpBbIE B 00JacTM OOHa)KeHHbIX ocoOeHHocTell PH oOHapykeHbl 1Be
3aMKHYTbI€ TOPOUJATbHbIE 00JIACTH ABUKEHUS NETIH 3apsKEHHON CTPYHBI;
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BIIEPBBIE TIOKA3aHO, 4TO 3apsal 4yepHoil Awbipel PH (@ He BHOCHUT BKiajg B
YCKOPEHHE CKOPOCTH CTPYHHOM IETIU U3-3a AIEKTPOCTATUYECKOrO OTTAIIKABAHUSI.

BIIEPBBIE TPOJAEMOHCTPUPOBAN BIMSAHUE B3auMOAEUCTBUA 3apsaoB YJ[ u
CTPYHHOM METJIM Ha YCKOPEHHE CTPYHHOM meriim B okpectHocth Y[ PH, uto
SIBJIIETCSI OTHAM U3 BO3MOYKHBIX OOBSICHEHUH PEISITHBUCTCKUAX CTPYH, HCXOMSIIIIX
ot AT

BIIEPBBIE OOHAPYKEHO, YTO T0JIE KBUHTACCEHIIMUA CHIKAET 3((HEKTUBHOCTH
M3BIICUYCHUS SHEPTUH NOCPeACTBOM nporecca [lenpoysa.

JlocToBepHOCTDH pe3yJibTaToB HCCJIeIOBAHU I oOecrieunBaeTCs
CIEIYIOUIMM:  HCIOJB3YIOTCS ~ COBPEMEHHBIE  METOJbl  O0miell  Teopuu
OTHOCUTEIBHOCTH U TEOPETHYECKOU (pu3uku, BHICOKOA(D(DEKTUBHBIE UYHUCICHHBIC
METOAbl W QITOPUTMBI; NPOBOJAUTCS THIATEIbHAsI MPOBEPKA COOTBETCTBUS
MOJIYYCHHBIX TEOPETUUYECKUX PEe3yJbTAaTOB JAHHBIM HAONIOACHUN U pe3yibTaTam
JIpyTUX aBTOPOB; BBIBOABI XOPOIIO COTJIACYHOTCS C OCHOBHBIMH IIOJIOKECHUSMH
TEOPUH T0JIsI TPABUTALIMOHHBIX KOMITAKTHBIX OOBEKTOB.

Hay4ynasi m npakTu4ecKasi 3Ha4UMOCTD Pe3yJIbTATOB HCCICA0BAHMS.

[TomydyeHHbIE pe3ynbTaThl MOTYT ITIOMOYb MOHSATH YHEPTETUUECKUE MPOLIECCHI
W JAMHAMUKY TMPOOHBIX YacThll cOo cruHOM U 0e3 cnuHa Bokpyr YJI Keppa-
Kucenesa B 0011eii TeOpr OTHOCUTEIIBHOCTH;

MOJTyYCHHBIE OTrpaHUYeHUs Ha mapameTpbl YJ[ MOryT MO3BOJIUTH MOJIYYUTh
MH(pOpMAIIMI0O O TPaBUTAIMOHHONW OCOOEHHOCTH MPOCTPAHCTBA-BPEMEHHU BOKPYT
YJl, maBasg BO3MOXKHOCTb OMNPEACIUTh, KAKOE TPaBUTAIMOHHOE BO3JECHCTBUE
UrpaeT JOMUHUPYIOLIYIO POJIb;

IHosryyeHHble pe3yabTaThl MOTYT MOMOYb ONPEACHUTH Mapamerpbl Y/J[
3BE3JIHBIX MACC BMECTE C MPOCTPAHCTBEHHO-BPEMEHHBIMU OCOOCHHOCTSMU BOKPYT
HHUX Ha OCHOBE JaHHBIX HaOmroaeHui BeicokodauTOTHRIX KIIK u3 noiineix U/, a
TaK)Ke MO3BOJIUIN OOBICHUTHh (PU3NUECKHE MEXAHU3MbI KOJIEOaHUI aKKPEIMOHHBIX
JIACKOB.

BHenpenue pe3yJbTaroB HCCJAeA0BaHUs. Pe3yibTarhl HUCCIEIOBaHUSA
JTUHAMUKHW 4YacTUIl BOKpYT Bpamaromeiics Y1 B kBunTtaccenuun YJ[ u nuHamuku
3apsbKeHHbIX cTpyH BOkpyr YUJI PH B pasnuuHbIX Teopusix rpaBUTalUU ObLIN
MIPUMEHEHBI CIICTYIOIIUM 00pa3oM:

[Tonxon omnpeneneHus JIWHAMUKWA YacTUIl BOKpyr pa3nuuHbix YJ[ B
KBHHTACCECHIIMM HAa OCHOBE JAHHBIX HAOIIOJCHUM HCIIOIB30BAIICS PSIIOM aBTOPOB
IIPY UCCIJICIOBAaHUM CBOMCTB IPOCTPAaHCTBAa-BpeMeHUM BOKpyr YJ[, a Ttakxke B
rpaBuTaiiioHHbix  Momensix  (Physics Letters B, 771, 365-373, (2017),
MexayHaponHbIi KypHan coBpeMmeHHoW ¢(usuku D, Tom 26, BeImyck 6, ID
1750051-23, (2017), The European. Physical Journal C, tom 78, Bbimyck 9,
unentudukatop crarbu 750, 13 ctp., (2018 r.), Physical Review D, Ttom 95,
BBINTyCK 6, uaentudurarop 064015, (2017 r.), The European Physical Journal C,
ToM 78, BhImyck 6, HOMep ctatbu 513, 12 ctp., (2018), Physical Review D, tom
102, Beimyck 10, craths. 1d.104062, (2020) PesympTaThl mpeaoCcTaBiICHBI IS
aHaJIM3a MHOTOYHCIIEHHBIX MOJEIeM TeMHOM Marepur BOKpyr YU/l Ha ocHOBe
JMaHHBIX HaOmroaeHuit /1.
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Heckonbko aBTOPOB MCTIONB30BAIM MOAXO aHAJIN3a IUHAMUKU 3apsKEHHBIX
ctpyH Bokpyr RN YJI B miccrmejoBaHUSX CBOMCTB MPOCTPAHCTBA-BPEMEHU BOKPYT
mHorounciacHHbpix YJI, a Taxke B rpaBuraimoHHbix Mmozeisix (Classical and
Quantum Gravity, Volume 37, Issue 24, id.245007, 21 ctp, (2020 r.) ), ®usuka
temuoit Bcenennoit, Tom 44, unentuduxarop 101483, (2024), The European
Physical Journal C, Tom 82, Beimyck 5, Homep crathbu 494, (2022 r.), ®usuka
temHoM Bcenennoit, Ttom 26, unentudukarop crareum 100331, (2019 r.),
Kuraiickuii xypHan ¢usuku, tom 70, cTtp. 55-68, (2021 r1.) PesynmpraTh
MPEIOCTABICHBl JJI TMPOBEACHUS aHAIM3a B PA3IMYHBIX MOJENSAX HICATbHBIX
KUJKocTel, okpyxaromux YJI, Ha ocHOBe naHHbIX HaOmoaeHunit Y1,

Mser uccnenoBamun ISCO u OSCO Bpamaromuxcsi TpOOHBIX YacTHIl, HX
PHEPru0 W yriaoBod MomeHT Ha opburtax. CymectBoBanne OSCO wmoxHO
OOBSCHUTH KOCMOJIOTHYECKUM TOPHU30HTOM, BBI3BAHHBIM KBHUHTICCCHITUEH ITOJIS.
Oto mnokasbiBaet, 4yTo ISCO u OSCO coBmajgaroT Mpu KPUTUYECKUX 3HAYCHUSIX
napamMeTpoB KBUHTICCEHIIMOHHOTO TOJISl ¥ MTApaMETPOB COCTOSIHUS TOJIsl, KOTOPbIE
TaK)K€ 3aBUCST OT CIIMHA YaCTHUIIBI U YepHOU AbIphl. HakoHel, Mbl paccMaTpuBaeM
CTOJIKHOBEHHSI BpAIIAIONIUXCS YaCTHUI] U aHAIU3UPYEM SHEPrUM IEHTpa Macc U
KPUTUYECKUNM YTJIIOBOM MOMEHT, KOTOPBIM JOMYCKAe€T CTOJKHOBEHHS YaCTHI]
BOIM3U 4epHOU JbIphl. [lokazaHo, 4TO Bpalaromuecs 4acTUIbl ¢ HAUOOJIbIIUMU
CIIMHAMHU MOTYT OCTaBaThCs OJIMXKE BCEro K CTAOMIIBHBIM OpOUTaM BOKPYT YEpPHOM
neipel KK. Takke mpoumcxonut ymenbinenue sHepruu 1SCO u3-3a yBenmudeHHs
CIIMHA YEPHOU ABIPBI, KOTOPBIA OBICTPO YMEHBIIACTCS ISl YaCTHI] ¢ OOJBIIHM
BpamenueM. Opnako »Heprusi OSCO He 3aBUCHT OT CIMHA YEPHON ABIPHI U
gactunbl. JHepruu OSCO u ISCO Takke yMEHBIIAIOTCA MO MEpe YBEIMYCHUs
napaMeTrpa KBUHTACCEHIMHU mois. [lapameTp KBHHTICCEHIIMOHHOTO TIONS HMMEET
BepxHee 3HadeHue Tam, riae OSCO u ISCO coBmamaroT, a BEpXHHHA Mpeae
YBEJIMYMBACTCS C YBEIMYCHUEM CIMHA YaCTUIbl H3-3a JOIMOJIHHUTEIBHOTO
B3aMMOJICUCTBUS MEXK]Ty KBUHTICCEHIIMOHHBIM TOJIEM U CIUHOM 4acTuilsl. Kpome
TOTO, MOXHO Takke HaO0/IaTh YBEIWYEHHE CIUHA YaCTHI[, YTO MPHUBOJUT K
ymenblienuto 3HaueHnit suepruu. JHeprun OSCO u ISCO yBenmumBarotcs ¢
yBeJMYeHUEM w, W 4dyBcTBUTENbHOCTH dHeprun OSCO no cpasuenuio ¢ ISCO.
AHaJIOrM4HO, BEPXHMH IIPEIEN 3HAYEHHUS NApaMeTPa W, TAKXKE YMEHBIIAETCS W3-
3a yBenuueHus S. B mepBoM psimy MBI MOKeM HaOJIIOAaTh TOHKHAE BEPTHKATHHBIC
JUHUYM,  OOO3HAyalolMe  MaKCUMajlbHOE€  3HAYCHHWE S,  Ha3bIBaeMbIC
CBEPXCBETOBBIMU TpaHUIIAMH. AHAJIOTUYHOE TIOBEIeHNE yriioBoro MmomeHTa 1SCO
u OSCO moxHO HAOMI0/1aTh, KaK U B YHEPTHUU.

Hakonet, B mocieaHemM pasfesie Mbl H3ydalid CTOJKHOBEHUS BPAIAOIIUXCS
gactul] BOmu3u dyepHbix aplp KK. CHavana mMbl poaHaIn3upoBad KPUTHIECKUE
3HAYCHUS MOMEHTA MMITYJIbCa, ¢ KOTOPBIMH YACTHUIIBI MOTYT CTOJIKHYTHCS BOJH3U
ropu3oHTa. Mpbl OOHapyXWiIM, YTO MOMEHT HMIYJIbCa YMEHBINACTCA C
YBEJIMYCHUEM CITMHA 4YepHOW IbIphl. 11 Ha000pOT, OHO yBETWYHMBAETCS 3a CUET
YBEJIMYEHUSI TIapaMeTpa KBHHTACCEHIIMOHHOTO TIONs. BriusHue mnapamerpa
COCTOSIHH(] TTOJISI HA MOMEHT MMITYJIbCa MPAKTUIECKH HE3HAUUTEIBHO JJIs1 YACTHUIL C
MOJIOKUTENBHBIM CTUHOM. Kpome TOoro, Mbl MpoaHamM3upoBaIl YHEPTHIO IIEHTPa
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MacC TIPH CTOJKHOBEHHSX BpAIIAIONMIEHCS YaCTHIBI C TOJIOKHUTEIBHBIMUA U
OTpHUIIATEIBHBIMU MapamMeTpamu criuHa (opueHTtanueit). [loxyyaercs, 4To sHeprus
BO3PAcTaeT Kak w, — —1; B YaCTHOCTH, SHEPTHsl yMEHBIIAETCA PAMAIIbHO, HO Ha
HEKOTOPOM PACCTOSIHUM CHOBA YBEIMYMBACTCS M3-3a MPUCYTCTBUS HK30THUYECKOU
MaTepUH C OTPUIIATEIILHBIM JaBICHUEM, aHAIOTMYHON TEMHOW SHEPTUU. DHEPrUs
TAaK)K€ YBEJIMYMBACTCS 3a CYET YBEIMYCHHS IapamMeTpa KBHHTICCEHIIMOHHOTO
noyist. OgHAKO BIMSIHUE KBUHTACCEHITMOHHOTO TIOJIS M ITapaMeTpa COCTOSHUS TOJIsS
Ha SHEPIHi0 BOJIM3HM TOPU30HTA YEPHOU ABIPHI HE3HAUNTEIHbHO. OTHAKO BpaIlieHUe
YEPHOU JBIPHI BHI3BIBACT YMEHBIIICHUE dHEPTUHA. DHEPTHUs IIEHTpAa Macc OOJIbIIE B
koHurypanuu L < 0 & s > 0 no cpaBHeHuto co ciaydasmu L > 0 & s < 0 L>O0.
W3 puc. 2 BUIHO, UTO SHEPTHUS CYIIECTBEHHO OoJbIe B ciaydasx Ly > 0 & s; > 0
ul, <0 &s, < 00T Bcex OCTATBHBIX KOMOMHAITUH.

AnpoGanusi pe3yJbTATOB HCCIeAOBaHMS. Pe3ynbTaThl JauccepTaiuu
oOcyxnanuch Ha 1 MexxTyHapoHBIX U | MeCTHON KOH(DepeHInH.

IyOoaukanusi pe3yJabTaToB MccaeaoBanuil [1o pesynbraTaM HCCIEIOBAHUN
caenaHo Oojee 6 Hay4yHbIX NyONUKalMii, U3 HUX 3 — HAy4dHbIE CTaThbU B
peleH3UPYEMBIX KypHaJaX.

O0beM H cTpyKTypa auccepramuu. Jluccepranus COCTOMT M3 BBEICHUA,
TpEX IJIaB, 3aKIIOYEHUS U CIUCKA HUCIOJIb30BaHHOM JsmTepaTypbl. OO0beMm
JUCCepTaIy cocTaBisieT 88 cTpanuia.

3AK/TIOYEHHUE

HayuHnast 3HaUMMOCTb PE3YIBTATOB UCCIEAOBAHUS 3AKIIOYAETCS B UX BKJIAJE B
IIOHMMAaHHE YHEPIETUYECKUX MPOLIECCOB U JUHAMUKHU TECTOBBIX YACTUL] CO CIIMHOM
u 0e3 cnMHa B pamMKax oOIed TEOPUH OTHOCUTEIBHOCTU BOKPYI UEPHOM JABIPHI
Keppa-Kucenea. Kpome Toro, modydeHHbIE pPeE3yibTaThl CIOCOOCTBYIOT
IIOHMMAHUIO 3aBUCUMOCTH JHEPIrMM M MOMEHTA HMIIYJbCAa MHUHUMAJIBHBIX U
MaKCHMaJIbHBIX KPYTOBBIX OpPOUT TECTOBBIX YACTHUI] BOKPYT YepHOU Ibipel Keppa-
Kucenesa OoT KBUHTICCEHIMHU, XapaKTEPUCTUK YEPHOM ABIPHI U CIIMHA YACTULBI.
Taxke OrpaHvYeHMs, IIOJy4YEHHBIE JUI I1APAMETPOB YEPHOM [JBIPBI, JArOT
MPEACTABICHHE O TPABUTALMOHHBIX CBOWMCTBAaxX NPOCTPAHCTBA-BPEMEHU BOKPYT
YEpHOM HBIPbI, MO3BOJISASI ONPENENUTh, KaKOW T'PaBUTALMOHHBIN 3(dexT urpaer
JOMHUHUPYIOIIYIO poJib. [loslyyeHHBIE pe3ynbpTarsl IO3BOJSOT  OIPEACIIUTH
[apaMeTpbl YEPHBIX JAbIPp 3BE3JHOW MaCChl U XApPAKTEPUCTUKU IPOCTPAHCTBA-
BPEMEHU BOKPYI HUX Ha OCHOBE HaOJIOJIaTEIbHBIX JTAHHBIX O BHICOKOYACTOTHBIX
KBa3UIMEPUOJINYECKUX KOJIEOAHHM, MOJYYEHHBIX OT IBOMHBIX CHUCTEM C YEPHBIMHU
JbIpAMMU.
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