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KIRISH (fan doktori (DSc) dissertatsiyasi annotatsiyasi)

Dissertatsiya mavzusining dolzarbligi va zaruriyati.

Zamonaviy astronomik kuzatuvlar yordamida yagin qo’shaloq sistemalardagi
qora o’ralarning birlashishi natijasida gravitatsion to'lginlarni aniglash va M87 va
Sgr A* galaktikalari markazida joylashgan o'ta massiv qora o’ra soyasining taxlili
natijalari fazo-vagt geometriyasining mohiyatini va kuchli maydon rejimida
gravitatsion o'zaro ta'sir hodisasini juda oson tushuntirish imkonini bermoqda. Bu
kabi zamonaviy kuzatuvlar tabiatda qora o’ralar mavjudligi bo’yicha nafaqat
kuchli dalil sifatida balki gora o’ralar parametrlarini aniq o'lchash bilan bog'lig
bo’lgan muamolarni tekshirishda muhim omil sifatida garalmoqda. Lekin, bu
faktga garamay, hozirgi bevosita va bilvosita astronomik kuzatuvlar yugori
o'lchamdagi (D > 4) qora o’ralarning tabiati, shakllanishi va hosil bo’lishi kabi
savollarga oydinlik kiritmadi. Shuningdek, Eynshteynning gravitatsiya nazariyasi
cheklangan bo’lib, misol uchun qora o’ra markazida hosil bo’ladigan
singulyarlikni tushuntirib berolmaydi. Bu esa umumiy nisbiylik nazariyasining
kamchilklaridan biri bo’lib golmoqda. Umumiy nisbiylik nazariyasida, bu kabi
ochiqg savollar o’z navbatida yangi modellar va muqobil gravitatsion nazariyalarni
talab gilishga olib keladi.

Respublikamizda keyingi vyillarda relyativistik astrofizika sohasida
eksperimental va fundamental tadgiqotlarni xalgaro darajada rivojlantirishga katta
e’tibor qaratilmoqda. Mamlakatimizda ilm-fanni barcha yo‘nalishlarini
rivojlantirishda kuzatuv va nazariy tadqiqotlarni amalga oshirish qo‘llab-
guvvatlanmoqgda. Ushbu tadgigotlar relyativistik astrofizika sohasida muhim
ahamiyat kasb etadi va 2017-2021 yillarda O‘zbekiston Respublikasini yanada
rivojlantirish bo‘yicha Harakatlar strategiyasida o‘z aksini topgan. Natijada
Respublikamizda yugori va xalgaro migyosda ilmiy tadgiqgotlar olib borish orgali
gravitatsion kompakt ob’ektlarning nazariy va relyativistik astrofizikasi rivojlanib
borayotganligini ta’kidlash mumkin. Aynigsa umumiy nisbiylik nazariyasining
yangi jihatlarini/ta’sirlarini o'rganishda astrofizik qora o’ralarning optik va
energetik xossalarini, ochiq singulyarlik va qora o’ra yechimlarini zarralarning
dinamikasi orgali tekshirish yo’li bilan amalga oshirilayotgan tadgigotlar muhim
ahamiyat kasb etmoqgda. Shuni ham ta’kidlash joizki, Respublikada relyativistik
astrofizikaning rivojlanishi natijasida kompakt gravitatsion ob'ektlar tabiatining
muhim jihatlarini o'rganish uchun olimlar tomonidan jiddiy vazifalar go'yilganligi
sababli mamlakatimizda shu soha bo’yicha yangi yo'nalishlar paydo bo'lib
bormoqda.

Ushbu dissertatsiya tadgigoti davlat normativ hujjatlarida va O'zbekiston
Respublikasi Prezidentining 2017 yil 7 fevraldagi PQ-4947-sonli “O‘zbekiston
Respublikasini yanada rivojlantirish bo‘yicha Harakatlar strategiyasi”, 2017 yil 17
fevraldagi PQ-2789-sonli “Fanlar akademiyasi faoliyatini yanada takomillashtirish,
ilmiy ishlarni tashkil etish, boshgarish va moliyalashtirish bo‘yicha chora
tadbirlar” va 2018 yil 29 noyabrdagi "2019-2021 yillarda O'zbekistonda tarkibiy
islohotlarning asosiy yo'nalishlari bo’yicha yo'l-xaritasi to‘g‘risida"gi Qarorlari,
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hamda ushbu sohadagi boshga me'yoriy-huquqiy hujjatlarda belgilangan
vazifalarni amalga oshirishda tasdiglangan vazifalariga mos keladi.

Tadgiqgotning respublika fan va texnologiyalari rivojlanishi-ning ustuvor
yo‘nalishlariga muvofiqligi. Mazkur dissertatsiya tadqgiqot respublikada fan va
texnologiyalarni rivojlantirishning 1. «Energetika, energiya va resurs tejamkorligi»
ustuvor yo‘nalishi doirasida bajarilgan.

Dissertatsiya mavzusi bo'yicha xalgaro ilmiy tadqgiqotlar sharhi.

Turli xil gravitatsion modellarda qora o’raning shakllanishi va dinamikasini
o'rganish va kuchli maydon rejimidagi tashqi maydonlar va zarralarning ta’ziri
orqali qora o’ra hodisalar gorizontining barqarorligini tekshirish, qorong'u
materiya maydonini qora o’ralarning diamikasiga ta’sirini modellashtirish bo'yicha
tadgiqotlar va qora o’ralarning energetik xosalarini o'rganish bo’yicha etakchi
tadqgiqot markazlari va muassasalari, ya'ni Maks Plank gravitatsion Fizika instituti
(Germaniya), Frankfurt universiteti (Germaniya), Universitetlararo Astronomiya
va Astrofizika markazi (Hindiston), Kaliforniya texnologiya instituti (CalTech,
AQSh), Chikago universiteti (AQSh), Shargiy O'rta er dengizi universiteti
(Tukiya), Nazariy Fizika instituti (Xitoy), Fizika va yarimo'tkazgich fanlari ilmiy
tadgigot markazi (Koreya Respublikasi), Tata Fundamental tadgiqotlar instituti
(Hindiston), Opavadagi Sileziya universiteti (Chexiya Respublikasi), Nazarboyev
universiteti (Qozog'iston), Fudan universiteti (Xitoy), Ulug'bek nomidagi
Astronomiya instituti (O'zbekiston) va Fundamental va amaliy tadgiqotlar instituti
(O'zbekiston) va boshqgalar tomonidan ilmiy tagadgiqotlar olib borilmoqda.

Qora o’ra evolyutsiyasida ikkita asosiy jarayon mavjud bo’lib, ya’ni
moddalarning 0'z tortishish maydoni ta’sirida gravitatsion kollapsi (markazga
qulashi) va moddalarning mavjud bo'lgan gravitatsion markazga akkretsiyalanishi
(to'planishi) hisoblanadi. Ikkala jarayonning ham ishlashi uchun zaruriy shart
sifatida gravitatsion kollapsga uchraydigan moddalarga yoki markzaga
to’planiuvchi zarralarga ta’sir qiluvchi natijaviy kuch har doim tortishuvchi
tabiatga ega bo’lish shart. Ma'lum bo'ldiki, bu odatiy to'rt o'lchamli fazoda aylanish
momenti noldan farqli bo’lgan kollpasga uchrovchi va markazga top’lanuvchi
moddalar uchun har doim o’rinli bo’ladi. Agar to’rt o’lchamli fazoda natijaviy
maydon har doim tortuvchi hususiyatga ega bo’lsa, u holda yugori o'lchamli
fazolarda natijaviy maydon ganday tabiatga ega ekanligini bilish muhim
hisoblanadi. Shu nuqtai nazardan, qora o’ralarning yangi jihatlarini o’rganish
muhim ahamiyat kesb etadi, ya’ni yuqori o’lchamlarda qora o’ralarning
shaklanishi uchun bu ikkita jaroyonning bajarilishini tekshirsh muhim hisoblanadi.
Agar bu ikkala jarayon ham aylanuvchi gora o’raning hosil bo’lishi uchun yuqori
o'lchamli fazolarda ishlamasa (D > 5), natijada kosmik senzura hodisasi hatto
zarralarning birinchi tartibli yaqginlashishi uchun ham o’rinli bo’lishini taxmin
gilish mumkin. Bunday vaziyatda sof Lovelok gravitatsiya nazariyasi markaziy
o'rinni egallashi va yuqorida aytib o'tilgan ikkala jarayon ham qora o’ralarning
shakllanishi uchun ishlay olish yoki olmasligini yuqgori o'lchamli fazolarda
tekshirish imkoniyatini berishi mumkin.



Muammoning o‘rganilganlik darajasi.

Turli tadqiqot markazlari va institutlarining ko‘plab olimlari tomonidan o‘rganish
darajasiga kelsak, Hind olimlari (N. Dadhich, P. Joshi, A. Mishra, S. Sarkar, M.
Patil, R. Ghosh va boshqalar.), Yapon olimlari (I. Takahisa, H. Tomohiro, K.
Masashi), italiyalik olimlar (K. Bambi, L. Modesto, D. Malafarina, O. Zanotti),
Chex olimlari (Z. Stuchlik, M. Kolos, J. Schee, J. Kovar, V. Karas), nemis olimlari
(K. Lemmerzal, L. Rezzolla, J. Kunz, Ye. Hackmann, D. Kunst, V. Perlik), Xitoy
olimlari (B. Chen, J. Jiang, B. Ge), Koreya Respublikasi olimlari (B. Gwak) va
boshqalar gravitatsiyaning turli nazariyalarida kosmik senzura hodisasini tekshirib
ko‘rish orqali qora o’ralarning shakllanishi va qora o’ralar gorizontining
bargarorligini o’rganish bo’yicha nazariy va kuzatuv tadqiqotlari o‘tkazilgan.
Birog, bu muammolar Eynshteynning gravitasiya nazariyalarida ham, Lovelock
nazariyasida ham yuqori o‘lchamdagi D > 4 qora o’ralar uchun hali to‘liq
o‘rganilmagan.

So‘nggi tadqgiqotlar va kuzatishlar shuni ko‘rsatadiki, zaryadlangan
zarrachalarning harakati va AYaG dan chigadigan zarracha oqimlari o‘rtasida
bog‘liqlik mavjud. Shu munosabat bilan, ko‘plab olimlar tomonidan turli
vaziyatlarda keng tahlil ishlab chigilgan, masalan, Hind (M. Wagh, S. Dhurandhar,
N. Dadhich), Chex (Z. Stuchlik, M. Kolos va boshqalar), Ukraina (O. Zaslavskii),
[taliya (D. Malafarina, Ye. Barausse), O‘zbek (B. Ahmedov va boshqgalar), Kanada
(V. Frolov, va boshqalar.) va boshga olimlar magnit maydonning qora o’ralar va
akkretsion disklardan energiya olish mexanizmlariga ta'siri o‘rganilgan. Biroq,
ushbu tadgigotlarning hech biri magnit maydonining mavjudligi aksial simmetrik
fazo vaqtini vujudga kelishiga sababchi bo’ladigan magnetlangan qora o’ra
yechimini ko‘rib chigmagan.

Dissertasiya tadqiqgotining dissertasiya bajarilgan ilmiy-tadqgigot
muassasasi ilmiy-tadqiqot ishlari rejalari bilan bog‘ligligi.

Dissertasiya tadgiqoti 2021-2022 yillar davomida Fundamental va amaliy
tadgiqotlar instituti va Astronomiya instituti ilmiy-tadgiqotlar rejasining F-FA-
2021-432 "Kichik massali rentgen binar sistemalari uchun sun'iy yo'ldoshlardan
olingan ma'lumotlarni tahlil gilish va gayta ishlash" (2021-2026) ilmiy loyihalari
doirasida bajarilgan.

Tadgigotning magsadi qora o’ra shakllanishining batafsil tavsifiga va uning
yuqori o‘lchamdagi D > 4 qora o’ra gorizontining barqarorligiga ta'siriga olib
keladigan formalizmni ishlab chiqish, ideal qorong‘u moddaning turli vaziyatlarda
zarralar va qora o’ralar dinamikasiga ta'siri, ergosferaning kengayishi tufayli katta
energiya manbai bo‘la oladigan magnitlangan Raysner-Nordstrem qora o’rasining
tabiati, shuningdek, olingan natijalarni galaktikalar markazlarida mavjud bo‘lgan
gorong‘u moddaning taqgsimotiga, qora o’ralarning muqobil modellarining
ishonchlilik chegaralarini aniglashga va astrofizik kuzatuvlarni tushuntirishda
AYaGdan ajraladigan yuqori energiyani tavsiflashga qo‘llashdan iborat.



Tadqgigotning vazifalari:

moddaning bargaror aylana orbitalarda gravitatsion ob’ekt atrofidagi harakati
natijasida yuzaga keladigan akkretsiya jarayoni orqgaili yuqori o‘lchamdagi
aylanadigan qora o’ralarning shakllanishini o‘rganish;

Eynshteyn Lovlok gravitasiyasida yuqori o‘lchamdagi qora o’ralarning
atrofidagi zarralarning barqaror aylana orbitalarini o‘rganish; aylanadigan qora
o’raning yuqori D > 4 va kichik D<4 o‘lchamlarda zarralarning chiziqli va
nochiziqli ta’sirlari uchun overspin/ovircharj jarayonini o‘rganish orqali kosmik
senzura hodisasini tekshirishning umumiy formalizmini ishlab chigish;

turli gravitasiya nazariyalarida qora o’ralar atrofidagi zarralar harakati
dinamikasiga qorong‘u moddaning ta'sirini o‘rganish;

Sgr A* va M87 galaktikalari markazida ideal gorong‘u moddaning
tagsimlanishi orgali uning giymatini hisoblash;

magnitlangan qora o’ra atrofidagi aksial-simmetrik fazo-vaqt geometriyasini
o‘rganish va neytral va zaryadlangan zarralar uchun Penrouz jarayonidan
foydalangan holda energiya samaradorligini topish.

Tadgiqotning ob'ekti yuqori o'lchamlarda qora o’ralarning evolyutsiya
jarayonlari, gravitatsiyaning turli nazariyalarida astrofizik qora o’ralar atrofidagi
elektromagnit, gravittasion va gorong'u modda maydonlari hisoblanadi.

Tadgigotning predmeti yuqori o’Ichamlarda qora o’raning hosil bo’lishi,
uning dinamikasi, shuningdek, qora o’ra gorizonti barqgarorligini yuqori
o'lchamlarda tekshirish, gorong'u moddaning kuzatuv ma'lumotlari bilan bog'liq
astrofizik jarayonga ta'siri va aksial simmetrik magnitlangan qora o’raning fazo-
vaqgtida energiya samaradorligi hisoblanadi.

Tadqgigotning usullari. Dissertatsiyada umumiy nisbiylik nazariyasi va
differensial geometriya affin metrikasining matematik apparatlaridan, zarralar
dinamikasi va maydonlarining differentsial tenglamalarini echishning analitik va
sonli usullaridan foydalanganmiz.

Tadgiqgotning ilmiy yangiligi quyidagilardan iborat:

llk bor yuqori o‘lchamlarda qora o’ra hosil bo‘lish jarayonlari o‘rganildi;
Eynshteynning gravitatsiya nazariyasida akkretsion diskda bargaror aylana
orbitalar mavjud bo‘lmasligi va shuning uchun yuqori o‘lchamlarda (D > 4)
aylanuvchi qora o’ra hosil bo‘lishi mumkin emasligi ko ‘rsatilgan;

ilk bor aylanadigan qora o’ralarning yuqori o‘lchamlarda ovirspin jarayonini
o‘rganish orqali, kosmik senzura hodisasini tekshirish uchun umumiy formalizm
ishlab chiqildi; kosmik senzura hodisasi D > 5 o’lchamlarda har doim mavjud
bo’lishi ko‘rsatildi;

ilk bor ekstremal va ekstremalga yaqin (2+1) o‘lchamli gora o’ralari
Eynshteyn va Eynshteyn-Gaus-Bonet gravitasiya nazariyalarida ovicharj jarayoni
bajarilishi mumkinligi ko‘rsatildi, bu esa kosmik senzura hodisasini (2+1)
o‘lchamda buzulishiga olib keladi;

ilk bor ideal qorong‘u moddaning zarralar harakati dinamikasiga, gora
o’ralardan energiya ajralishi samaradorligiga, shuningdek qora o’ralarning
dinamikasiga ta’sirini o‘rganish orqali formalizm rivojlantirildi; uzoqdagi
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kuzatuvchining nugtai-nazaridan, vakumdagi Kerr qora o’rasini aylanish parametri
katt bo’lgan va qorong‘u modda hamda tashqi magnit maydonda joylashgan gora
o’radan ajratish imkoni yo*qligi ko‘rsatildi;

ilk bor ideal qorong‘u modda va kosmologik doimiyning birgalikdagi
ta'sirini o‘rganish orqali formalizm taqdim etildi; RN-dS qora o’rasi uchun
kosmologik doimiyning itarishish effekti qorong‘u moddaning tortishish ta'siridan
ustunlik gilishi mumkin bo’lgan ma'lum bir chegarasidan keyin uning gorizontini
buzilishiga olib keladigan ovicharj jarayoni bajarilmasligi ko‘rsatildi;

ilk bor aksial simmetrik magnitlangan qora o’rasi fazo-vaqtining
geometriyasi va o’ziga xos xususiyatlari o’rganildi va Penrouz jarayoni orgali
neytral va zaryadli zarralar uchun aksial simmetrik magnitlangan qora o’rasining
magnit maydonini energiya ajralish samaradorligiga ta'siri ko‘rsatildi;
magnitlangan Raysner-Nordstrem qora o’rasi ham huddi Kerr gora o’rasi kabi
katta energiya rezervuari bo‘la olishi ko’rsatildi.

Tadqgigotning amaliy natijalari quyidagilardan iborat:

Eynshteynning gravitasiyasida yuqori o‘lchamlarda akkresion diskda
barqaror aylana orbitalar hosil bo‘lishi mumkin emasligi va shuning uchun D > 4
o’lchamlarda aylanadigan qora tuynuk hosil bo‘lishi mumkin emasligi isbotlangan,;

D > 5 bo‘lganida barqaror aylana orbitalarning yo‘qligi, aylanadigan qora
o’ralar uchun overspin jarayoni hatto chizqli akkretsiya jarayoni ta’sirida ham
sodir bo’lmasligi ko’rsatilgan;

gorong'u modda va magnit maydonning o’zaro ta'siri qora o’ra aylanish
parametrini a/M = 0.8 qiymatiga qadar taglid qilishi mumkinligi ko'rsatilgan;
ishlab chigilgan modelga assoslanib ideal qorong'u moddaning yugori va quyi
diapazonlari Sgr A* uchun 2~ (10721 —1072%) va M87 uchun esa A ~
(1072 — 1071 tartibida bo'lishligi topilgan;

ideal qorong'u moddaning tortishish ta'siridan kosmologik doimiyning
itarish ta'siri ustunlik giladigan aniq chegara giymati uchun analitik ifodasi
topilgan; bu giymatidan katta giymatlarda RN-dS qora o’rasi uchun ovircharj
jarayoni sodir bo’lmasligi ko'rsatilgan va shuning uchun kosmik senzura
hodisasiga gat'iy rioya gilinadi;

hatto neytral zarra uchun ham aksial simmetrik ekstremal magnitlangan
Reissner-Nordstom qora o’rasi (Q = M) holati uchun Penrouz jarayoni orgali
olingan energyaning samarador qiymati ekstremal Kerr (a =M) qora
o’rasininikidan (= 20%) deyarli ikki baravar (= 50%) kattaligi topildi.

Tadgiqgot natijalarining ishonchliligi. Dissertatsiya ishida zamonaviy
ragamli usullar va dasturlar bilan bir gatorda umumiy nisbiylik nazariyasining
standart usullari hamda matematik va nazariy fizika metodlaridan
foydalanilganligi, olingan nazariy natijalar mavjud nazariy ma'lumotlar va
zamonaviy astronomik kuzatuv hamda boshqga olimlarning ilmiy ishlari natijalari
bilan ham tekshirilganligi va taggoslanganligi va olingan natija xulosalari kuchli
gravitatsion rejimida kompakt ob’ektlar maydon nazariyasining umumiy
tamoyillariga mos kelishi bilan izohlanadi.



Tadgiqgot natijalarining ilmiy va amaliy ahamiyati.

Dissertatsiyadagi tadgigot natijalarining ilmiy ahamiyati yuqori o'lchamdagi
D > 4 qora o’ralarning yangi va o’ziga xos xususiyatlarini yaxshiroq tushunish
magsadida umumiy ma'lumot va kuchli matematik dalillarni to’plash uchun
aylanuvchi qora o’ralarning shakllanish jarayonini tahlil gilish va zarralarning
dinamikasi yordamida ularning ovirspin jarayonini o'rganish orgali kosmik senzura
hodisasini tekshirish uchun formalizm ishlab chigishdan iborat. Bundan tashqari,
energiyali zarralar akkretsion diskidagi o’zaro to'qnashuvlar natijasida hosil bo'ladi
va diskning yorqinligi uning atrofidagi fazo vaqtining asosiy geometriyasiga
bog'lig bo’ladi. Lekin, haqiqiy vaziyatda ob'ektni vakuumda joylashgan deb
hisoblash mumkin emas, chunki gorong'u modda tagsimoti galaktikalar markazida
mavjudligi ma’lum. Shuningdek, magnit maydonlar qora o’ralar atrofida, ayniqsa
ularning gorizontiga yaqin joylarda zaryadlangan zarralar dinamikasida muhim rol
o'ynaydi. Shuning uchun, akkretsion disk kuzatuvlaridan olingan xulosalarga
ishonch hosil gilish uchun tashqgi moddalar va magnit maydonlarining diskdagi
zarralarga ta'sirini o'rganish muhim ahamiyat kasb etadi.

Dissertatsiyadagi tadgiqot natijalarining amaliy ahamiyati shundan iboratki,
kuzatuv nugtai nazaridan olingan natijalar akkretsiya diski chigaradigan
elektromagnit nurlanishni kuzatish natijasida ichki turg’un aylana orbitani (ITAO)
aniqlash orgali manba aylanish parametrining aniq qiymatini topish etarli
bo'Imasligi  mumkin. Shuni ham ta’kidlash joizki, uzoqdagi kuzatuvchi
vakuumdagi Kerr gora o’rasini Kichikrog aylanish parametriga ega bo’lgan va
gorong'u modda maydonida joylashgan qora o’radan hamda kattaroq aylanish
parametriga ega magnitlangan qora o’radan butkul farglay olmaydi. Shuning
uchun, dissertatsiyadagi ushbu nazariy tadgiqotlar astrofizik kuzatuvlarni
tushuntirishda qora tuynuklarga muqobil modellarning haqiqiyligini cheklashga
imkon beradi. Shuningdek, qora moddning o’ta massiv qora o’ralar atrofidagi
tagsimotini yuqori va quyi chegaralarini nazariy tahlili oraliq modalar bilan o’zaro
ta’sirlashib olisdagi gravitatsion ob'ektlardan keladigan signallar orgali kuzatuv
ma'lumotlarini ishlab chigishda qorong'u modda maydonining tabiati va
dinamikasini tahlil gilish va tekshirish uchun ishlatilishi mumkin. Aksial simmetrik
magnitlangan qora o’rasidan ajralgan energiyaning samaradorligi bo'yicha olingan
natijalar faol galaktik yadrolardan ajralib chigayotgan ulkan energiyaga ega
bo'lgan turli ko’rinishdagi ogimlar bilan bog'liq astronomik kuzatuv
ma’lumotlarini tahlil gilishda foydali bo'lishi mumkin. Yugori o'lchamdagi gora
o’ralarning o’ziga xos xususiyatlarini o’rganish bilan bog'liq natijalar koinotda
yuqori o'lchamlardagi aylanadigan qora o’ralar evolyutsiyasini tushuntirish va
gabul gilingan model sifatida yangi metodlarni ishlab chigish uchun ishlatilishi
mumkin.

Tadgiqot natijalarining joriy qilinishi.  Gravitasion relyativistik
nazariyalarida kompakt astrofizik ob'ektlarning evolyutsiyasi va dinamikasini
tadqiq qilish asosida:

yuqori o'lchamli (D>4) Eynshteyn va sof Gauss-Bonnet aylanadigan qora
o’ralar atrofidagi aylana orbitalar va qora o’ra hosil bo‘lish jarayonlari bo’yicha
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olingan nazariy tadgiqot natijalari va usullari Hindistondagi Universitetlararo
Astronomiya va Astrofizika markazining grant qo’mitasi dasturlari doirasida
(Hindistondagi Universitetlararo Astronomiya va Astrofizika markazi grant
qo’mitasining 2022 yil 25 noyabrdagi ma’lumotnomasi) va bir qator Xxorijiy
mualliflar (Physics of the Dark Universe, Vol. 35, id. 100916, 2022; Physical
Review D, Vol. 105, id. 124033, 2022; Classical and Quantum Gravity, Vol. 38,
id. 155017, 2021) tomonidan xalgaro ilmiy jurnallarda chop etilgan analitik va
sonli hisob-kitoblar orgali 4D EGB gravitatsiyasida aylanadigan va zaryadga ega
qora o’ra atrofidagi foton harakati va uning soyasini o'rganish va statik EGB qora
o’ralari atrofidagi turg’un chegaraviy orbtalarning xususiyatlarini tahlil qilish
uchun go'llanilgan;

qora o’ralarning yuqori (D>4) va kichik (2+1) o'lchamlarda ovirspin va
ovircharj jarayonlari bo'yicha olingan ilmiy natijalar turli gravitatsiya modellarida
qora o’ra gorizontining barqarorligini tekshirsh bilan bog'liq bo'lgan turli
modellarni ishlab chigishda bir gator xorijiy tadgigotchilar (Journal of Cosmology
and Astroparticle Physics, Vol. 2022, id. 077, 2022; Physical Review Research,
Vol. 4, id. 023031, 2022; The European Physical Journal C, Vol. 81, id. 1131,
2021; Physics of the Dark Universe, Vol. 32, id. 100831, 2021; Journal of High
Energy Physics, Vol. 2021, id. 45, 2021; The European Physical Journal C, Vol.
81, id. 49, 2021) tomonidan foydalanilgan. Dissertatsiyada olingan natijalarning
qo’llanilishi gravitatsiyaning boshqa modellarida qora o’ra gorizontining
stabilligini tekshirishning fundamental nazariyalarini ishlab chigish imkonini
beradi;

Idial qorong'u moddaning tashqi magnit maydonda joylashgan statik qora o’ra
atrofidagi zarralar harakatiga ta'siri va ideal qorong‘u modda va kosmologik
doimiyning birgalikdagi ta'sirini o‘rganish bo'yicha olingan tadqigot natijalari
kvazperiodik tebranishlar manbai sifatida muntazam minimal bo'Imagan magnit
gora o’ralarni, kichik zaryadlangan qorong’u modda komponentalarini qora o’ra
soyasi orgali va xalgaro ilmiy jurnallarda chop etilgan gravitatsiyaning turli
modellarida ideal qorong'u modda maydonida joylashgan RN-AdS qora
o’ralarning Joul-Tomson kengayish formalizmini ishlab chigishda bir gator xorijiy
tadgigotchilar (Physics Letters B, Vol. 829, id. 137031, 2022; Journal of
Cosmology and Astroparticle Physics, Vol. 2022, id. 077, 2022; Journal of
Cosmology and Astroparticle Physics, Vol. 2021, id. 012, 2021; Physical Review
D, Vol. 104, id. 084015, 2021; Journal of Cosmology and Astroparticle Physics,
Vol. 2022, id. 043, 2022; Universe, Vol. 8, id. 369, 2022; Physical Review D, Vol.
103, id. 104070, 2021; Communications in Theoretical Physics, Vol. 73, id.
095403, 2021; The European Physical Journal C, Vol. 81, id. 269, 2021)
tomonidan foydalanilgan;

aksial simmetrik magnitlangan qora o’ra fazo-vaqt geometriyasining o’ziga
X0Ss Xususiyatlari va uning magnit maydonini astrofizik hodisalar va energiya
ajralishi  samaradorligiga ta'sirini aniqlashga bag'ishlangan nazariy natijalari
Meksikadagi Michoakana Universitetining fizika va matematika institutining CF-

MG-2558591 FORDECYT-PRONACES CONACYT ragamli granti doirasida
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(Meksikdagi Michoakana Universitetining fizika va matematika instituti xati ilova
gilinadi) va zaryadlangan zarrachalar dinamikasini nazariy jihatdan o'rganishni
ishlab chiqishda kavant jihatdan statik qora o’ralar va magnitlangan Kerr va RN
fazo vaqtlaridagi Faraday aylanishining gravitatsion analogi va boshga sohalarda
bir gator xorijiy tadgigotchilar (Physical Review D, Vol. 105, id. 064072, 2022;
International Journal of Modern Physics A, Vol. 37, id. 2250144, 2022; The
European Physical Journal Plus, Vol. 137, id. 645, 2022; Universe, Vol. 8, id. 571,
2022; The European Physical Journal Plus, Vol. 136, id. 1032, 2021; The
European Physical Journal C, Vol. 81, id. 983, 2021; Physical Review D, Vol. 104,
id. 064016, 2021; Galaxies, Vol. 9, issue 4, id. 71, 2021; Galaxies, Vol. 9, id. 63,
2021) tomonidan ishlatilgan.

Tadgiqgot natijalarining aprobasiyasi. Mazkur tadgigot 3 ta halgaro va
respublika ilmiy anjumanlarida muhokamadan o‘tkazilgan.

Tadgiqot natijalarining e'lon qgilinishi. Dissertasiya mavzusi bo‘yicha jami
23 ta ilmiy ishlar chop qilingan, shulardan O‘zbekiston Respublikasi Oliy
attestasiya komissiyaning doktorlik dissertasiyalari asosiy ilmiy natijalarini chop
etishga tavsiya etilgan ilmiy nashrlarda 20 ta ilmiy maqola, shulardan 19 tasi
xalgaro ilmiy jurnallarda nashr etilgan.

Dissertasiyaning tuzilishi va hajmi. Dissertasiya tarkibi kirish, 4 ta bob,
xulosa va foydalanilgan adabiyotlar ro‘yxatidan iborat. Dissertasiyaning hajmi 218
betni tashkil etadi.

DISSERTATSIYANING ASOSIY MAZMUNI

Dissertasiyaning kirish gismida ilmiy tadgiqotning dolzarbligi, ahamiyati
keltirilgan, magsadi va vazifalari aniglangan, ilmiy yangiligi hamda amaliy
natijalari ko‘rsatilgan, olingan natijalarning ishonchliligi isbotlangan, ularning
nazariy va amaliy ahamiyati borasida so‘z yuritilgan, tadqiqot natijalari va
dissertasiya tuzilishi berilgan.

Dissertatsiyaning birinchi bobi “Yuqori o'lchamlarda qora o’raning
shakllanishi va dinamikasi” deb nomlanib, mavjud tortishish markazida
materiyaning to'planishini hisobga olgan holda gora o’ra hosil bo'lish jarayonlarini
ko'rsatishga va yugori o'lchamlarda aylanuvchi gora o’ralar atrofida chegaraviy
yoki ichki bargaror aylana orbitalarning (IBAO) mavjud yoki yo'qligini
ko'rsatishga bag'ishlangan.

Yuqgori o'lchamlarda aylanadigan qora o’rani tavsiflovchi Myers-Perry
yechimi mavjud bo’lib, uning fazo vaqti qo’yidagi ko’rinishda yoziladi

ds? = —dt* +r2dp? + Ty (r + af)(duf + pufd¢?)

ur 2 IF
+= (dt + X, aip?de;)” + Tdrz ) (1)
bu erda
n aizlvh2 n 2 2 2n—D+3
F=1- i:1r2+al_2'n= i=1 r"+ai),A=11-2ur : (2)
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U Va a; qora o’raning massasi va aylanish parameterlari, hamda y; va 8
parameterlar qo’yidagi ifodalar orgali bog’langan,

ll:ul+ﬁ2_1vazllruz 1. (3)

(3) tenglama mos ravishda juft D = 2n + 2 vatog D = 2n + 1 o’Ichamlar uchun
yozilgan va uning ikkinchi ifodasi f = 0 bo’lganda har doim o’rinli bo’ladi. Shuni
ham ta’kidlash joizki, y; yo’nalish kosinuslari hisoblanib, misol uchun u; va u,
D = 5,6 o’Ichamli fazolarda qo’yidagi ifodalar orqali beriladi

U, =sinf va u, = cosé, 4)
va

Uy = sinf, u, = cosfsiny va f = cosfcosy . 5)
Yugori o’lchamli fazolarda, qora o’ra bir nechta aylanish parametriga ega bo’lishi
mumkin, ya’ni yuqori o’lchamlarda qora o’ra ega bo’lish mumkin bo’lgan
maximum aylanishlar soni n=[(D —1)/2] ga teng bo’lishi mumkin. Misol
uchun, qora o’ra D = 5,6 o’lchamli fazolarda n = 2 aylanish parametriga ega
bo’ladi.

Xususan, 5 va 6 o'lchamli fazolarni ko'rib chigamiz va (i) nolga teng
bo'lmagan aylanish momenti uchun effektiv potensial, V.sr > 1, har doim
bajarilishini va (ii) u fagat maksimumga ega bo’lishini va shuning uchun hech
ganday chagaraviy va bargaror aylana orbitalari hosil bo'lishi mumkin emasligini
ko'rsatamiz. Vaqtsimon zarralarning qo’ra o’ra atrofidagi geodesik harakat
gonuniyatlaridan foydalanib, effektiv potensialning umumiy ifodasini yozib
olamiz. Natijada, bitta aylanish parametriga ega bo’lgan 5 va 6 olchamli qora
o’raning ekvotorial teksligida harakatlanuvchi zarralar uchun effektiv potensail
qo’yidagi ifoda orqali beriladi

Vopr(r) = — L2 1 4 —<1+ ) (6)
eff I 9o I

Bu yerda qo’yidagi ifodalardan foydalandik, yani € = E/m, L = L/m vam? =
1. (6) ifodadan D = 5,6 olchamli fazolar uchun effektiv potensial V¢ ()
qo’yidagi ko’rinishda ifodalanadi:

ysD _ apl r(r*+@?+p)a?+r2L2)1/?
err (1) = r4+(r2+p)a? r4+(r2+p)a?
X (r?—u+a?)"?, (7)
/6D _ apl r(rS+@3+u)a?+r3L2)1/2
eff (r) = r5+(r3+u)a? r5+(r3+p)a?
X (r3—pu+a?r)t/?. (8)
Katta masofalarda r, yuqoridagi ifodalar qo’yidagi ko’rinishga ega bo’ladi
(O D) u)
eff(r—>roo)~1+ +0( ) (9)
LZ 1
eff(T—> Too) ~ 1+2___+ 0(r4)l
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bundan ko’rinadiki D > 4 holatda itaruvchi markazdan gochma komponenta
gravitatson tortishishdan har doim ustun bo’ladi. £ =0 holatda, qo’ra o’ra
aylanish parametrining ta’siri yo’qolishi sababli faqat tortishuvchi komponenta har
doim ustivor bo’ladi.

T T T T T T
P SRS P, O AL (LA L I PR AL B LIRS G A L

—
o
[» o s
o T

10 20 30 40 2
/™M ™M
2o ; . .

/™M

1-rasm. L = 4 uchun effektiv potensial grafiklari: Yuqoridan 1, 2, va 3-grafiklar mos
ravishda D = 4,5,6 o’Ichamli holatlarni o’zida aks ettiradi. Vertikal uzuq chiziglar
hodisalar gorizontini, vertikal nuqtali chiziglar esa Vs¢ ning minimum vaziyatini
ko’rsatadi.

1-rasmdan ma’lum bo’ldiki, Verr = 1 har doim o’rinli bo’ladi. Har ikki D =
5,6 haolatda ham Vs = 1 cheksizlikda o’rinli bo’ladi, va u r kamayishi bilan
oshib boradi va gorizontga qulashdan oldin o’zining maximumiga intiladi. Shuni
alohida ta’kidlash joizki, effektiv potensial uchun gorizont yaqinida V,¢r = 1 har
doim o’rinli bo’ladi. Bu esa 4 o’lchamli fazoga nisbatan I,ff < 1 asosiy farq
hisoblanadi. Bundan tashgari, D = 6 holatda a — oo intilishi bilan, effektiv
potensial ham V, ¢, — 1 intiladi » ning barcha giymatida. Shuning uchun a ning
oshishi bilan maximum avval ko’tariladi va u o’zining a ~ 1.3 giymatiga
yetganida pastga garab tushushni boshaydi. Shunday gilib, effektiv potensial fagat
0’zining extrimumiga erishadi, yani maximumiga (1-rasmga garang). Bu esa shuni
anglatadiki, ya’ni u yerda hech ganday chegaraviy va bargaror aylana orbitalar
paydo bo’lmasligini ko’rsatadi. Bu yuqori o'lchamdagi aylanuvchi qora o’ralar
uchun zarrachalar harakatining o'ziga xos xususiyati hisoblanadi.

1-rasmda effektiv potensialning £ = 4 va D = 4,5,6 uchun grafiklari olingan.
Aylanish momenti nol bo’lganda, potensial katta masofalarda r effektiv potensial
1 — u/2rP~3 ko’rinishga ega bo’ladi, va shuning uchun har doim < 1 bo’lishligi
o’rinli bo’ladi. Ya’ni, qora o’ra aylanish parametrining ta’siri yo’qoladi va faqat
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massasining ta’sir effekti qoladi. Demak, D > 4 da effektiv potensial gorizont
yaginadan boshga joyda har doim bir birlikdan katta va fagat maksimumga ega
bo’ladi. Bu esa bargaror aylana orbitalarni tutib turadigan yetarlicha potensial
mavjud bo’lmasligini anglatadi. Shuning uchun, yuqori o’lchamlarda chagaraviy
va barqaror aylana orbitalarning mavjud bo’lmasligi hayron qolarli hodisa
bo’lmaydi. Bu esa yuqori o'lchamlarda akkretsiyalanish jarayoniga o’z tasirini
ko’rsatadi. Akkretsiya jarayoni akkretsion disk orgali amalga oshiriladi, bu jarayon
esa sodir bo'lmaydi, chunki qora o’ra atrofida chagariviy va barqaror aylna
orbitalar mavjud emas. Bu yuqori o'lchamdagi aylanuvchi va aylanmaydigan gora
o’ralar uchun ham amal qiladi. Akkretsion diskda dissipativ o'zaro ta’sirlar
natijasida zarralar aylanish momentini yo'qotib qora o’ra markazi tomon L < L;s¢o
bilan spiral harakatini davom ettirishi mumkin. Yuqori o’lchamlarda esa akkretsion
disk yuzaga kelishligi uchun barqaror orbitalar mavjud bo’lmaydi, provardida
akkretsiya jarayoni vujudga kelmaydi. Shuning uchun, akkretsiya jarayoni yugori
o'lchamlarda aylanadigan qora o’ra hosil bo’lishida hech ganday rol o'ynamaydi.

Dissertatsiyaning ikkinchi bobi “Qora o’ra gorizontining barqarorligini
kichik D<4 va yuqori D>4 o'lchamlarda tekshirish” deb nomlanib, u kosmik
senzura hodisasini yuqori D > 4 va kichik D < 4 o'Ichamlarda zarraning chizigli va
nochiziqli ta’sirlari uchun ovespin va overcharj jarayonlarini o'rganish orgali
unumiy formalizimini rivojlantirishga bag'ishlangan.

Eynshteyn va Eynshteyn-Gauss-Bonnet gravitatsiya nazariyalarida Martines,
Teitelboim va Zanelli (MTZ) tomonidan olingan (2+1) o'Ichovli zaryadlangan gora
o’ra yechimi uchun kosmik senzura hodisasini mavjudlik shartini tekshiramiz. Bu
uchun, Einstein-Hilbert-Maksvel tas’sir integrali qo’yidagi ko’rnishda bo’ladi:

S = [ d3x =g — TEy FYY). (10)

lé6m
Bu eyerda F,, elektromagnit maydon tensori, R esa fazo vagtining skalyar egriligi
hisoblanadi. Zaryadlangan (2+1) o’lchamli MTZ qo’ra o’ra yechimi qo’yidagi
ko’rinishda yoziladi

ds? = —f(r)dt? + % +r2d¢2, (11)
bu eyerda
Q\? 2
fry=r2=M~(3) In(rd), (12)

M va Q esa qora o’raning massasi va elektr zaryadini tasvirlaydi. f(r) funksiya
Tmin = @/2 da minimumga ega funksiya hisoblanadi. Bu funksiya o’zining
minimumidagi qiymati esa qo’yidagi ifoda bilan beriladi

2
frmm) =-M+ (%) [1-1m®?]. (13)
Yugqoridagi funksiya uchun qora o’ra fazo vaqtini xarakterlaydigan uchta
holat bo’lishi mumkin: Agar f(rmin) = f(Q/2) < 0 bo’lsa, f(r) funksiyaning
ikkita ildizi mavjud bo’lib qora o’raning tashqi r, va ichki r_, gorizontlariga mos
keladi. Agar f(rmin) = f(Q/2) = 0 bo’lsa, u holda uning ikkita yechimi bir xil
bo’ladi va bu extremal qora o’raga mos keladi. Agar f(rmin) = f(Q/2) >0
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o’rinli bo’lsa, f(r) funksiyaning haqiqiy yechimi bo’lmaydi, bu esa ochiq
singulyar ob’ektga mos keladi. Qora o’ralarning extremal holati f(Q/2) = 0 ga
to’gri keladi. f(r;) = 0 ligidan, extremal qora o’ra uchun gorizont r, = Q/2 ga
teng bo’ladi. Qora o’ra yechimi uchun qo’yidagi f (ryin) < 0 shart talab gilinadi,
bundan qo’yidagi ifoda kelib chigadi
Q\? Q
s=M-(%) [1-m®?|=0. (14)

(14) ifodadagi (Q/2)?[1 — In(Q/2)?] funksiya zaryadning Q = 0 va (Q/2)* =e
qiymatlarida mavjud bo’lmaydi, lekin (Q/2)> =1 (yoki Q = 2) giymatida
maximumga ega bo’ladi. Shunig uchun, M > 1 da, r, va r_ gorizonlari bo’lgan
odatdagi qora o’raning mavjud bo’lishi uchun § funksiya har doim noldan katta
bo’ladi.

Extremal va extremal bo’lmagan MTZ qo’ra o’rasining gorizontini
buzilishini ko’rsatdik. = Bunga ishonch hosil qilish maqgsadida, qora o‘ra
gorizontining stabilligini zaralarning nochiziqli ta’sirlari uchun ham tekshirib
ko’ramiz. Ya’ni bu bobda, zarralarning ikkinchi tartibli perturbatsiyalarini
e’tiborga olib MTZ qora o’ra goizontining stabilligini overcharging jarayoni orqali
tekshiramiz. Yugqorida keltirilgan (14) ifodani yana bir marta yozib olamiz,

2
s=M-(2) |1-m®?|.

6 > 0 holatlar gora o’ra yechimini o’zida aks ettiradi, lekin § < 0 holatlar ochigq
singulyar (gorizontsiz) ob’ektlarga mos keladi. §(A) funksiyani hatto ikkinch
tartibli §2E va §2Q ta’sirlarni e’tiborga olganda ham manfiy bo’lishligini topdik.
Shuning uchun, ikkinchi tartibli perturbatsiyalar ham extremal bo’lmagan qora o‘ra
gorizontining stabilligini saglay olmaydi, yani uning gorizontini buzilishi
mugqarrardir. Bu esa (2+1) o’lcamli MTZ qora o’rasining tabiatini yaxhiroq
o’rganishga imkon beradi, chunki uning gorizonti 4 o’Ichamli fazodagi qora o’ra
gorizontiga solishtirganda stabil emas. Bu D < 4 o’lchamdagi zaryadlangan MTZ
qora o’rasinig o’ziga xos jihatidir. Yuqoridagi tahlillarni EGB gravitatsiya
nazariyasidagi (2 + 1) o’Ichamli BTZ qora o’rasi uchun ham tekshirdik. Tahlillar
natijasi shuni ko’rsatdiki, extremal bo’Imagan BTZ qora o’ra gorizonti (2+1) MTZ
qo’ra o’rasiga o’xshab stabil bo’lmaydi, ya’ni cosmik senzura hodisasini
buzilishiga olib keladi.

Keyingi bosgichda cosmik senzura hodisasini yuqori o’chamli, D > 4, (n —
1) va n ta aylanish parametriga ega bo’lgan qora o’ralar uchun ham tekshirib
ko’rdik. Ma'lum bo'lishicha, berilgan D o’Ichamda (n — 1) ta aylanish parametriga
ega bo’lgan qo’ra o’ra maximum aylanish soniga n = [(D — 1)/2] ega bo’lgan
qora o’ra tabiatidan tubdan farq giladi. Bu holatni alodiha ko’rib chiqamiz. Yuqori
o’lchamli aylanuvchi Myers-Perry qora o’rasining mos ravishda toq D = 2n+1 va
juft D = 2n+2 o’lchamlardagi fazo vaqti elementlari (1) ifoda orgali beriladi. Qora
o’raning gorizont radiusi toq va juft o’lchamlarda A = 0 tenglama yordamida
qo’yidagicha topiladi:

(r’+a?)...(r*+a?») —ur?=0, (15)
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va
(r*+a?)...(r*+a?) —ur =0. (16)

a=b=c=03
! —_——= a=b=c=035
i % wmrem a=b=c=0.6204

4

- 5 6 ( 1 2 3 < s 6 0 I <

1‘! /M . xs;(
2-rasm. Chapdan o’nga: ®(r) potensialning D=5,6,7 uchun r/M radial bo’glanishi
chizilgan. Barcha rasmlrada vertikal uzuq chiziq aylanish parametrining extremalga yaqin
bo’lgan qiymatlari uchun gorizont radiusini ko’rsatadi.

n aylanishga ega bo’lgan qora o’ra uchun uning effektiv gravitatsion
potensiali qo’yidagi ifoda bilan beriladi,

A (r?+a?)..(r*+a?) U
d(r) = = 1= —on T 1. a7)

2-rasm D = 5,6,7 uchun effektiv gravitatsion potensial ®(r) va uning birinch
tartibli hosilasini ifoda etadi. Rasmdan ma’lumki D = 5 uchun natijaviy kuch har
doim tortishuvchi tabiatga ega, lekin r/M uzoq masofalarda D = 6,7 uchun
itaruvchi tabiatga ega bo’lib qoladi. Bu barcha yuqori > 6 o’Ichamlarda bir xil
bo’ladi. Shunday bo’lsada gorizontga yaqin joyda natijalovchi kuch tortishuvchi
bo’lib goladi. Buning sababi gorizontning 0’zi r/M < 1 da hosil bo’ladi va unga
yagin joyda massa hisobiga tortishuvchi had 1/r°~3 har doim itarishuvchi haddan
1/r? ustun bo’aldi.

Dissertatsiyada aniq hisob-kitoblar asosida olti o'lchamli ikkita aylanish
parametriga ega gqora o’ra uchun ovirspin jarayoni bajarilmasligi ko’rsatildi. Ya’ni,
bu barcha D > 6 o’lcamlarda naximum aylanish parametriga ega bo’lgan qora
o’ralar bir xil bo’ladi. Natijada qo’yidagilarni aytishimiz mumkin: Teorema I:
Berilgan o'lchamdagi gora o’raning aylanish parametrlaridan biri nolga teng bo'lib
golsa (ya'ni (n — 1) uchun) overspin jarayoni hech qachon sodir bo’lmaydi va
natijada har doim kosmik senzura hodisasi o’rinli bo’ladi. Teorema Il: D>5
o’Ichamlarda qora o’ra uchun overspin jarayoni hech qachon bajarlmaydi va
shuning uchun har doim kosmik senzura hodisasi bajariladi.

Dissertatsiyaning uchunchi bobi “ldeal qorong'u moddaning zarralar
harakati va qora o’ralarning dinamikasiga ta'siri” deb nomlanib, idal gorong'u
moddaning turli gravitatsiya nazariyalarida zarralar va qora o’ralar dinamikasiga
ta'sirini o'rganishga va uning Sgr A va M87 galaktikalari markazida joylashgan
o’ta massiv qora o’ra atrofidagi yuqori va qo’yi chegra qiymatlarini topishga
bag'ishlangan.
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Idal qorong’u modda maydonida jouylashgan statik va sferik juhatdan
simmetrik bo’lgan qora o’ra fazo vaqti Schwarzschilda kordinatalar (¢t,7,6, @)
sistemasida qo’yidagicha beriladi

ds? = —F(r)dt® + F(r) Ydr? + r2dQ?, (18)

bu yerda dQ? ikki o’lchamli sfera elementini va F(r) esa qo’yidagi funksiyini

ifodalaydi
oM A, r
Fir)=(1- —11 g —
! ( r * l‘al) (19)

bu erda M qo’ra ora massasi va A esa qorong’u moddaning zichligi va bosimiga
bo’gliq bo’lgan parametr. A # 0 holat uchun qorong’u modda energiya-moment
tenzori T} = diag(—p, Dr» Do, Dg) Uning zichligi va tangensial bosimlari uchun
go’yidagi ifoda orqali berilidi

p=—Dr=

2
Po =Py = .5 (20)

8mr3’

A K 1 hollarda ichki bargaror aylana orbita (IBAO) r; va foton orbitasi 7,
analitik topilgan

r~ 6M + [4—3log (27)| 1+ 0(4), (21)

ron ~ 3M +2[1-1log (Z) |2+ 023 (22)

Maksvell tenlamalarini yechib ideal qorong'u modda maydoni uchun

elektromagnit maydonning 4-potentsialining kovariant komponentlari quyidagicha
topilgan

A=A, =45 =0,

A, = 5 “r2[1+2(1+1ogZ) + 0(2%) | sin%6 .

Zaryadlangan sinov zarra uchun effective potensial qo’yidagicha topilgan

[L—M(1+ (1+log—)) rz]

r2

2

: (23)

bu yerda harakat doimiylarini qo’yidagicha € = E/m, L = L/m ifodalab oldik.
Zaryadlangan zarralarni harakatiga ta’sirini baholaydigan magnit parametri b =
qBMG/mc* deb olindi.

3 rasmda A va b turli giymatlari uchun V.rr ning radial bogligligi
tasvirlangan. Qorong'u moddaning mavjudligi (A > 0) magnit maydonga (b > 0)
nisbatan teskari ta'sirga ega ekanlgini ko’rish mumkin. Potentsialning kuchi nugqtai
nazaridan garaganda, bu ikki A va b parametrlarning anig giymatlari uchun ma'lum
bir radiusda ularning ta’sirlari 0’zaro muvozanatlashadi. Shu bilan birga, magnit
parametrining ishorsiga garamay IBAO radiusi Schwarzschildga solishtirganda
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kamayadi. Effectiv potensial b ning realistik giymatlari uchun 3-rasmning pastki

gatorida tasvirlangan.
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3-rasm. Tashqi magnit va ideal gorong'u modda maydonlarida joylashgan qora
o’ra atrofidagi massiv zarralar uchun effectiv potensialning radial bog’ligligi aks etgan.
Yugori gator, chap panel: Veff b=0 va A turli giymatlari uchun ko’rsatilgan. Yuqori gator,
o'rta panel: Veff A=0 va b ning turli qiymatlari uchun ko’rsatilgan. Yuqori gator, 0'ng
panel: Veff A = 0,05 holatda va b ning turli giymatlari uchun ko’rsatilgan. Pastki gatordagi
ikkita panelda A =0,05 deb olib b>>1 giymatlarini hisobga olganda Veff ga ganday ta'sir

gilishi tasvirlangan.
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4-rasm. Kerr va ideal gorong'i modda holatlari uchun IBAO joylashuvining
degeneratsiyasi tasvirlangan. Kerr geometriyasidagi IBAO radiusi ideal gqorong'u modda
geometriyasidagi IBAO bilan bir xil bo'ladigan holatlar uchun aylanish a/M parametri
giymatlarining A ga bog'ligligi tasvirlangan.
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Kuzatuv nuqtai nazaridan garaganda, olisdagi kuzatuvchilar markaziy ob'ekt
atrofida aylanib yuruvchi akkretsiya diskidagi gaz chigaradigan elektromagnit
nurlanishlarni tahlil gilish orqali, ikkita fazo vagt geometriyasini farglay olmaydi.
4-rasmga e'tibor beradigan bo’lsak, gorong'u modda va magnit maydonning
birgalikdagi o’zaro ta'siri qora o’ra aylanish parametrining a/M = 0.75 — 0.8
gacha bo’ladigan ta’sirni berishi mumkin, lekin gorong'u moddaning oz’i a/M =
0.35 gacha aylanish parametriga taqlid gilishi mumkin. Bu shuni ko'rsatadiki, gora
o’ra nomzodining aylanish parametrini o'lchash uning atrofida gorong'u modda
mavjudligi bilan 30% gacha va agar tashgi magnit maydon mavjud bo'lsa, undan
ham ko'proqg ta'sir gilishi mumkin.

Astrofizik gora o’ralarga qo'llash masalasiga kelganda, yuqoridagi dalillar
shuni ko'rsatadiki, tez aylanadigan qora o’ra nomzodlarini aniglshda gorong'u
modda mavjudligida sekin aylanuvchi qora o’ralar ham bo’lishligi e’toborga
olinishi mumkin. Shuni ham ta’kidlash joizki, galaktikalar markazidagi qorong'u
moddaning xarakterli zichligi to’g’risada aniq ma’lumotga ega bo’lmaganligimiz
uchun uning realistik giymatini o’lchay olmaymiz. Biroq, biz markaziy ob'ektdan
bir necha parsek masofada gorong'u moddaning taxminiy migdorini hisobga
olishimiz mumkin. Ragamli simulyatsiyalar va kichik massali galaktikalarning
kuzatuvlaridan kelib chigadigan natijalar bo’yicha o’tkazilgan tadgiqotlarga ko'ra
kuzatuvlardan olingan gorong'u modda zichligi p ~ (1072 — 10~)Mg/pc?
oraligda bo’ladi. Bu natijaga asoslanib, dissertatsiyada keltirilgan model boy’icha
qorong’u moddaning A mos giyamti Sgr A* uchun A ~ (10721 — 10729) va M87
galaktikasi uchun esa 1 ~ (10712 — 10711) ga tengligi topildi.

Dissetatsiyaning to’rtinchi bobi “Aksial simmetrik magnitlangan Reissner-
Nordstrom qora o’rasining fazo vaqtida Penrouz jarayonining energya
samaradorligi” deb nomlanib, aksial simmetrik magnitlangan Reissner-Nordstrom
qora o’ra fazo-vaqgtining geometriyasini hamda o’ziga xos xususiyatlarini
o’rganishga va Penrouz jarayoni orgali neytral va zaryadli zarralar uchun uning
magnit maydonini energiya ajralish samaradorligiga ta'sirini o’rganishga
bag’ishlangan.

Aksial simmetrik magnitlangan Reissner-Nordstrom qora o’ra fazo-vaqti
Schwarzschilda kordinatalar (¢, 7, 8, ¢) sistemasida qo’yidagicha yoziladi

ds? = H (—Fdt?> + F~Ydr? +r?d6?) + H ' r?sin?0

% (d — wdt)?, (24)
bu yerda
™M, @
Fe1-fia (25)
H=1+ EBZ(rzsinZB + 3Q%cos?0)
+1—16B4(r25in29 + Q%cos?6)?, (26)
w = —Z(j—B+%QB3 r(1 + Fcos?0), (27)

M va Q qora o’ra massasi va zaryadi va B magnit maydon paramtrini ifodalaydi.
Yugqorida keltirilgan (18) ifoda B — 0 da Reissner-Nordstrom va B, @ — 0 holatda
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Schwarzschilda qora o’ralariga mos keladi. Shuni ham ta’kidlash joizki,
magnitlangan qora o’ra yechimi hech qganday aylanishsiz magnit maydon
mavjudligi natijasida aksial simmetrik fazo-vaqtini yuzaga keltiradi. Bu esa
magnitlangan Reissner-Nordstrom qora o’rasining oz’iga xos ajoyib xususiyati
hisoblanadi.

5-rasmdan ko’rish mumkinki, ergo soha qora o’ra markazidan yetarlicha
uzoglikda z o’qining har ikki manfiy va musbat yo’nalishida hosil bo’lishi
mumkin. Shuni ta'kidlash kerakki, ergosoha magnit parametrining kichik
giymatlari uchun qora o’radan ajratilgan va katta giymatlari uchun qora o’ra bilan
birlashgan holatlarda bo’ladi. Keyinchalik B parametrning katta giymatlari
ergosoha hajmini oshishiga olib keladi va natijada Penrouz jarayoni orgali yuqori
energiya samaradorligiga erishish mumkin. Bu esa magnitlangan qora o’raning
boshga aksial simmetrik qora o’ralarga solishtirganda o’ziga xos Xususiyati
hisoblandi.
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5-rasm. Magnit maydonining B turli kombinatsiyalari uchun ekstremal aksial
simmetrik magnitlangan gora o’raning ergo sohasini x - z tekisligidagi ta’sviri ko’rsatilgan.
Chap panelda magnit maydon 0 dan 0,5 gacha o'zgaradigan giymatlari uchun yuqori
go’shimcha chizmada kattalashtirilgan holda ko'rsatilgan. Shuningdek, magnit maydon 0,5
dan 1,0 gacha o'zgargan holatlar uchun pastki gismidagi chizmada kattalashtirilgan holda
ko’rsatilgan. Shunga o’xshab, o’ng panleda magnit maydon 1.0 dan 1,5 gacha o'zgaradigan
giymatlari uchun yugori go'shimcha chizmada kattalashtirilgan holda ko'rsatilgan.
Magnit maydon 1.5 dan 2,0 gacha o'zgaradigan giymatlari uchun esa pastki gismidagi
chizmada kattalashtirilgan holda ko’rsatilgan.

Ma'lumki, zamonaviy astronomik kuzatishlar aktiv yadro galaktikalaridan
(AYaG) shamol va ogim shaklida yuqori energiyaga E ~ 10*? — 10*” erg/s ega
bo'lgan ogimlar mavjudligini ko’rsatib kelmoqda. Bu kabi yuqori energiyali
ogimlar X-nur, y-nur va boshqga kuzatuvlar yordamida o’z tasdig’ini topmoqda.
Zaryadlangan zarrachalar harakatining AYaGdan chigadigan bu zarrachalar ogimi
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bilan o’ziga xos bog'ligligi mavjud. Shu munosabat bilan, ushbu astrofizik
jarayolarni tushuntirish imkonini beradigan Penrouz jarayonini o'rganish zaruriyati
tug’iladi. Shunday qilib, gqora o’ra atrofidagi ergosohaga zarralar tushishi natijasida
nurlanish sifatida olinadigan maksimal energiyani nazarda tutuvchi energiya
samaradorligini Penrouz jarayoni orqali tekshiramiz. Neytral g; =0 va
zaryadlangan q; # 0 zarralar uchun, Penrouz jarayoni orgali energiya
samaradorligini mos ravishda quyidagi keltirilgan ifodalar yordamida aniglash
mumKin:

n|Q3=0 =

2<4+B2(1+\/1—QZ)2 [( 850 (1 tVi-e )

(4 B? (1 + Jl—czz)z) (4 + B2 1+41-Q2 QZ)Z)Z>1/2
—(4+BZ(1+\/1—7QZ) )] (28)

va

T]=T]|q3:0—2:[ W-F QBZ(l-l- 1—Q2)]. (29)

Masalani soddalashtirish uchun E; /m; = 1 deb olamiz. Shunday qilib, qora o’ra
atrofida zaraning bo’linish nuqtasida, aynigsa uning gorizontiga r = r, juda yagin
joyda gq3/E; = q/m ekanligini hisobga olamiz. Lekin, 5-rasmdan yaqqgol
ko’rinadiki, bo'linish nugtasining joylashuvi ergosohaning kengayib borishi
evaziga gora o’ra gorizontidan yetarlicha katta masofada ham mavjud bo'lishi
mumkin. Aniqrog bo'lish uchun zarraning bo'linish nuqgtasi qora o’ra gorizontiga
yaqgin joyda sodir bo'ladi deb olamiz.
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6-rasm. Rasmda energiya samaradorligi ekvator tekisligida, 7t/2, magnit maydon B
ning funktsiyasi sifatida tasvirlangan. Chap panelda energya samaradorlik giyatini neytral
zarrachali holatda Q ning turli kombinatsiyalari uchun tasvirlangan. O'ng panelda
energua samaradorlik giymatini o’zgarmas Q=0.5 holatida g3 /m ning turli
kombinatsiyalari uchun tasvirlangan. Chap paneldagi uzuqg chiziq aylanuvchi Kerr qora
o’rasi uchun energiya samaradorlik giymatini tasvirlaydi.
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6-rasmda magnitlangan gora o’radan ergosohaga tushadigan modda
yordamida ajralgan energiya samaradorligini tasvirlaymiz. Chap panel qora o’ra
zaryadi Q va magnit maydon B parametrining birgalikdagi ta'sirining energiya
samaradorligiga ta'sirini ko'rsatadi, o'ng panel esa ergosferaga tushayotgan massiv
zarrachaning qochib ketayotgan gismiga tegishli bo'lgan zaryadlangan zarracha
holatida o'zgarmas Q=0.5 uchun energiya samaradorligini tasvirlaydi. 6-rasmda
(chap panelda) ko'rsatilganidek, energiya samaradorligi n shakli Q ortib borishi
bilan yuqoriga siljiydi. Birog, magnit maydon parametri oshishi bilan u biroz
kamayadi. Buning sababi, energiya ajralishi uchun zarur bo'lgan egrosfera sohasi
B > B, giymatlari uchun kichikroqg bo’lib bo'lishi bilan bog'lig. Shuni ta'kidlash
kerakki, energiya samaradorlikning maksimal giymati 50% dan kattaroq giymatga
yetadi, bu esa Kerr gqora o’rasi uchun yetarlicha tagqoslanadigan giymatdir. Bu esa
aksial simmetrik magnitlangan Reissner-Nordstrom qora o’rasining o’ziga Xos
xususiyatidir. Bundan tashgari, o'ng panelda energiya samaradorligi zaryadlangan
zarrachalar holatida 100 % dan ham oshishi mumkinligi ko'rsatildi.

XULOSA
“Gravitatsion relyativistik nazariyalarida kompakt astrofizik ob'ektlarning
evolyutsiyasi va dinamikasi” mavzusidagi doktorlik dissertasiya ishining
natijalaridan kelib chiggan holda quyidagi asosiy natija va xulosalar keltiriladi:

1. Yuqori o‘lchamlarda qora o’ra hosil bo‘lish jarayonlari o‘rganildi va
Eynshteynning gravitatsiya nazariyasida akkretsion diskda chegaraviy va ichki
barqaror aylana orbitalar mavjud bo‘lmasligi va shuning uchun yuqori
o‘lchamlarda (D > 4) aylanuvchi qora o’ra hosil bo‘lishi mumkin emasligi
ko‘rsatildi.

2. Yugori o'lchamli aylanadigan sof Gauss-Bonnet (GB) qora o’ralari
atrofida aylana orbitalar o'rganildi va paydo bo'lishi mumkin bo'lgan yagona
aylana orbitalarning barchasi beqaror ekanligi va ularning radiusi qo’yi chegaradan
foton aylana orbitasi bilan chegaralanganligi ko'rsatildi. Shuningdek, yuqori
o’lchamlarda 2N + 2 < D < 4N, sof GB/Lovelock aylanadigan qora o’ralar uchun
chegaraviy va barqaror aylana orbitalar mavjud bo’lishligi topildi. Eynshteyn
gravitatsiyasida yuqori o'lchamli aylanadigan qora o’ralar gravitatsion kollaps
/akkretsiya natijasida hosil bo'lishi mumkin emasligi va ular fagat sof
GB/Lovelock garvitatsiyasida hosil bo'lishi mumkin degan xulosaga kelindi.

3. Aylanadigan gora o’ralar uchun yuqori o‘lchamlarda ovirspin jarayonini
o‘rganish orgali, kosmik senzura hodisasini tekshirish uchun umumiy formalizm
ishlab chigildi va kosmik senzura hodisasi D > 5 o’Ichamlarda hatto chizigli
akkretsiya jarayoni uchun ham har doim mavjud bo’lishi ko‘rsatildi.

4. Ekstremal va ekstremalga yaqin (2+1) o‘lchamli BTZ qora o’ralari
uchun Eynshteyn va Eynshteyn-Gaus-Bonet gravitatsiya nazariyalarida ovicharj
jarayoni bajarilishi mumkinligi ko‘rsatildi, bu esa kosmik senzura hodisasini (2+1)
o‘lchamda buzulishiga olib kelishi topildi.
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5. ldeal qorong‘u moddaning zarralar harakati dinamikasiga, qora
o’ralardan energiya ajralishi samaradorligiga, shuningdek qora o’ra dinamikasiga
ta’sirini o‘rganish orqali formalizm ishlab chiqildi. Qorong'u modda va magnit
maydonning o’zaro ta'siri qora o’ra aylanish parametrini a/M = 0.8 giymatiga
gadar taglid gilishi mumkinligi ko'rsatildi va ishlab chigilgan modelga assoslanib
ideal gorong'u moddaning yuqori va quyi diapazonlari Sgr A* uchun A ~
(10721 —1072% va M87 uchun esa A~ (1072 —10"11) tartibida bo'lishligi
topildi.

6. lIdeal qorong‘u modda va kosmologik doimiyning birgalikdagi ta'sirini
o‘rganish orqali formalizm taqdim etildi. RN-dS qora o’rasi uchun kosmologik
doimiyning itarishish effekti qorong‘u moddaning tortishish ta'siridan ustunlik
gilishi mumkin bo’lgan ma'lum bir chegara giymatini analitik ifodasi topildi va bu
chegara giymatidan keyin uning gorizontini buzilishiga olib keladigan ovicharj
jarayoni bajarilmasligi ko‘rsatildi, shu sababli kosmik senzura hodisasi har dom
o’rinli bo’lishi aniglandi.

7. Aksial simmetrik magnitlangan qora o’rasi fazo-vaqtining
geometriyasi va o’ziga xos xususiyatlari o’rganildi va Penrouz jarayoni orqali
neytral va zaryadli zarralar uchun aksial simmetrik magnitlangan qora o’rasining
magnit maydonini energiya ajralish samaradorligiga ta'siri ko‘rsatildi. Shuningdek,
magnitlangan Reissner-Nordstrom qora o’rasi ham huddi Kerr qora o’rasi kabi
katta energiya manbai bo‘la olishi ko’rsatildi. Bundan tashqari, hatto neytral zarra
uchun ham aksial simmetrik magnitlangan ekstremal Reissner-Nordstom gora
o’rasi (Q = M) holati uchun Penrouz jarayoni orgali olingan energiyaning
samarador giymati ekstremal Kerr (a = M) qora o’ra uchun topilgan giymatidan
(= 20%) deyarli ikki baravar (= 50%) kattaligi topildi.
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INTPRODUCTION (Annotation of doctoral (DSc) dissertation)

Topicality and demand of the theme of dissertation. Through modern
astronomical observations the detection of gravitational waves from coalescence of
black holes in close binary systems and observation of super-massive black hole
M87 and Sgr A* shadow, it has become quite easy to understand the nature of the
spacetime geometry and the phenomenon of gravitational interaction in the strong
field regime. Those recent observations have provided strong evidence in favor of
the existence of black holes in nature and have been expected to be very potent
tests in probing unknown aspects associated with precise measurements of the
parameters of black holes. In spite of this fact, those current direct and indi-rect
astronomical observations has not shed light on the nature and formation of black
holes in higher dimensions, i.e. D > 4. The question then arises, what hap-pens and
how do rotating black holes form in higher dimensions? Also, Einstein theory of
gravity is restricted e.g. due to its non-applicability for the physical singularity
appeared, which has remained one of the most important unresolved questions as
the limit of GR where it loses its applicability. This all, in turn, leads to require
new models and alternative theories of gravity in addressing the above mentioned
unanswered questions in general relativity.

During the recent years, our Republic devotes great attention in developing
experimental and fundamental researches in the field of relativistic astrophysics.
Observational and theoretical investigations have been supported in developing
science in all directions in our country. Those studies play significant role in the
field of relativistic astrophysics and are reflected in the Strategy of Actions on
Further Development of the Republic of Uzbekistan for 2017-2021. As a result,
one can point out that theoretical and relativistic astrophysics of gravitational
compact objects has been developed by delivering scientific researches at the high
and international level in the Republic, i.e., the optical and energetic properties of
astrophysical black holes, naked singularities and testing black hole solutions by
dynamics of particles in various situations in probing new effects of the general
theory of relativity. It is worth noting that, as a consequence of the development of
relativistic astrophysics in the republic, there have been arising new directions in
the country since scientists pose serious challenges in developing of the qualitative
aspects of the nature of compact gravitational objects.

This dissertation work corresponds to the tasks approved in state regulatory
documents and in the Decree of the President of the Republic of Uzbekistan No.
PD-4947 "On the strategy of Actions on Further Development of the Republic of
Uzbekistan” from February 7 and in the "Road-map of the main directions of
structural reforms in Uzbekistan for 2019-2021" from November 29, 2018, and
others.

Relevance of the research to the priority areas of science and technology
development of the Republic of Uzbekistan. The dissertation work has been
carried out in accordance with the priority areas of science and technology in the

Republic of Uzbekistan: I1. "Power, energy and resource saving".
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Review of international scientific researches on dissertation subject. The
research of black hole formation and dynamics and testing the black hole hori-zon
stability by plunging in matter fields and particles in the strong field regime in
various gravity models, investigations of modeling dark matter field on the dy-
namics of black holes, and studies of energetic properties of black holes are carried
out by various leading research centers and institutions, i.e., Max Planck Institute
for Gravitational Physics (Germany), University of Frankfurt (Germany), Inter
University Center for Astronomy and Astrophysics (India), the California Institue
of Technology (CalTech, USA), University of Chicago (USA), Eastern
Mediterranean University (Tukey), Institute of Theoretical Physics (China), Di-
vision of Physics and Semiconductor Science (Republic of Korea), Tata Institute
for Fundamental Research (India), Silesian University in Opava (Czech Repub-lic),
Nazarbayev University (Kazakhstan), Fudan University (China), Ulugh Beg
Astronomical Institute, (Uzbekistan), Institute of Fundamental and Applied
Research (Uzbekistan), and others.

In the black hole evolution, there exist the two main processes are collapse of
a matter cloud under its own gravity and accretion of matter onto an already exist-
Ing gravitating centre. The necessary condition for both the processes to operate is
that overall force on collapsing fluid element or on test accreting particles must be
attractive. It turns out that this is the case in the usual four dimension for collapsing
or accreting matter having nonzero angular momentum. The question then arises,
what happens in higher dimensions greater than usual four. From this point of
view, it does play increasingly important role to understand more deeply the novel
and qualitative aspects of black holes, that is whether both gravitational collapse
and accretion can work for formation of rotating black holes in higher dimensions.
One can then predict that if and only if both these processes do not operate in
higher dimensions to form a rotating black hole and then its effect can be also
reflected in the fact that the weak cosmic censorship conjecture is always obeyed
even under linear accretion process in D > 5. For this situation the pure Lovelock
gravity may take center stage and give us a chance to test whether both these above
mentioned processes could work for formation of black holes or not in higher
dimensions.

Degree of study of the problem. As for the degree of study of the problem
many scientists from various research centers and institutions, i.e., Indian scientists
(N. Dadhich, P. Joshi, A. Mishra, S. Sarkar, M. Patil, R. Ghosh, etc. ), Japan
scientists (I. Takahisa, H. Tomohiro, K. Masashi), Italian scientists (C. Bambi, L.
Modesto, D. Malafarina, O. Zanotti), Czech scientists (Z. Stuchlik, M. Kolos, J.
Schee, J. Kovar, V. Karas), German scientists (C. Laemmerzahl, L. Rezzolla, J.
Kuntz, E. Hackmann, D. Kunst, V. Perlick), Chinese scientists (B. Chen, J. Jiang,
B. Ge), scientists of republic of Korean (B. Gwak) and others have implemented
theoretical and observational investigations for black hole formation and black
hole horizon stability by testing WCCC in various theories of gravity. However,
those problems have not been thoroughly investigated yet for black holes in higher
dimensions D > 4 in both Einstein and the pure Lovelock theories of gravity.
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The recent investigations and observations show that there is the relevance of
the charged particle motion with particle outflows coming out from AGN. In this
regard, an extensive analysis has since been developed in a large variety of
situations by many scientists, i.e, Indian (M. Wagh, S. Dhurandhar, N. Dadhich),
Czech (Z. Stuchlik, M. Kolos, etc.), Ukraine (O. Zaslavskii), Italian (D.
Malafarina, E. Barausse), Uzbek (B. Ahmedov and others), Canadian (V. Frolov
and others) and by many others addressing the effect of the magnetic field on the
energy extraction mechanisms from black holes and accretion disks. However,
none of these studies have considered a magnetized black hole solution that causes
axially symmetric spacetime due to the existence of magnetic field even without
any rotation.

Connection of dissertational research with the plans of scientific research
works of the scientific research institution, where the dissertation was
conducted. The dissertation work for the period 2021-2022 was carried out within
the framework of scientific projects of the Institute of Fundamental and Applied
Research and Ulugh Beg Astronomical Institute of Uzbek Academy of Sciences, of
the Republic of Uzbekistan F-FA-2021-432 "Analysis and processing of data
obtained from satellites for low-mass X-ray binaries" (2021-2026).

The aim of the research dissertation is to develop theoretical formalism that
leads to a detailed description of the formation of black hole and its effect to black
hole horizon stability in higher dimensions D > 4, the effect of perfect fluid dark
matter on dynamics of particles and black holes in various situations, the
qualitative aspects of the nature of magnetized Reissner-Nordstrom black hole
being a big energy reservoir because of extension of the ergo region and as well as
the astrophysical application of the results obtained to the dark matter distributions
that exist at the center of galaxies, to the constraint of the validity of alternative
models to black holes and to description of high energies from AGN in explaining
astrophysical observations.

The tasks of the research:

to study the formation of rotating black holes in higher dimensions by
accretion processes in which matter revolves around the gravitating centre in stable
circular orbits;

to study stable circular orbits (SCOs) of particles around black holes in higher
dimensions in Einstein and pure Lovelock gravity; to develop a general formal-ism
for testing cosmic censorship conjecture by studying the process of over-
spinning/overcharging a rotating black hole in higher dimensions D > 4 and
dimension D < 4 for both linear and non-linear particle accretion regime;

to study the influence of perfect fluid dark matter on dynamics of particle
motion around black holes in various theories of gravity;

to estimate the value of perfect fluid dark matter by applying its distribution
in the center of galaxies of the Sgr A and M87;

the study of the geometry of the axially symmetric magnetized black hole
spacetime and the description of efficiency of the energy through the Penrose

process for both neutral and charged particles.
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The objects of the research are are the processes of evolution of black holes
in higher dimensions, perfect fluid dark matter, electromagnetic and gravitational
fields in the environment surrounding astrophysical black holes in various theories
of gravity.

The subjects of the research are black hole formation, its dynamics as well
as testing black hole horizon stability in higher dimensions, the influence of perfect
fluid dark matter on astrophysical process associated with observational data, and
the energy efficiency in axially symmetric magnetized black hole spacetime as
well.

The methods of the research. In the dissertation, we use the mathematical
apparatus of general relativity and metric affine differential geometry, analytical
and numerical methods for solving differential equations of particle dynamics and
fields.

The scientific novelty of the research is the follows:

for the first time, the processes of black hole formation has been studied in
higher dimensions; It is shown that, for Einstein gravity, stable circular orbits
cannot exist for accretion disk to form, and hence a rotating black hole cannot be
formed in higher dimensions D > 4,

for the first time a general formalism for testing cosmic censorship
conjecture by studying the process of overspinning a rotating black hole in higher
dimensions has been developed; it has been shown that the weak cosmic
censorship conjecture is always obeyed even under linear accretion process in D >
5;

for the first time it has been shown that extremal and near-extremal (2+1)
dimensional BTZ black holes can be overcharged in both Einstein and Einstein-
Gauss-Bonnet theories of gravity, thus resulting in not obeying weak cosmic
censorship conjecture;

for the first time we develop a formalism by studying the influence of
perfect fluid dark matter on dynamics of particle motion, energy efficiency
extracted from black holes as well as black hole dynamics; it has been shown that,
from an observational point of view, it would not be possible for far away
observers to distinguish between a Kerr black hole in vacuum from a black hole
with large angular momentum and immersed in a dark matter envelope with
external magnetic field;

for the first time we present a formalism by studying the combined effects of
perfect fluid dark matter and cosmological constant together; it has been shown
that the RN-dS black hole cannot always be overcharged beyond a certain
threshold limit for which a repulsive effect arising from the cosmological constant
dominates over the attractive one due to the perfect fluid dark matter;

for the first time the study of the geometry, the novel and qualitative aspects
of the axially symmetric magnetized black hole spacetime and the effect of its
magnetic field on the efficiency of the energy through the Penrose process for both
neutral and charged particles are presented; it has been shown that the magnetized
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Reissner-Nordstrom black hole would be a big energy reservoir as a Kerr black
bole with angular momentum.

Practical results of the research are as follows:

It has been proven that there cannot exist stable circular orbits to form
accretion disk in higher dimensions in Einstein gravity, and thus a rotating black
hole cannot be formed in D > 4;

it has been shown that the occurrence of no stable circular orbits can be
reflected in the fact that rotating black holes can not be overspun even under linear
accretion processin D > 5;

it has been shown that the combined effects of dark matter and magnetic
field can mimic the black hole rotation parameter up to a/M = 0.8; following the
developed model the upper and lower ranges of perfect fluid dark matter have been
estimated, i.e., it would be of the order A ~ (1072 — 10729) for the Sgr A * and
A ~ (10712 — 10711) for the galaxy M87;

the analytical expressions for a certain threshold limit for which a repulsive
effect due to the cosmological constant dominates over the attractive effect of the
perfect fluid dark matter has been obtained; it has been demonstrated that e beyond
this threshold limit the RN-dS black hole cannot be overcharged and hence the
weak cosmic censorship conjecture is strongly respected;

it has interestingly been observed that even for the case of neutral particle
the efficiency of the Penrose process for the extremal (Q = M) case of the axially
symmetric magnetized Reissner-Nordstom is more than double (= 50%) to that of
the extremal Kerr (a = M) black hole case which is about = 20 %.

Reliability of the research results is provided by the facts that, in the
dissertation work standard methods of general relativity as well as methods of
mathematical and theoretical physics were used with modern numerical methods
and programs; the obtained theoretical results were compared by having a through
check with the available theoretical data and modern astronomical observations
and the results of other scientists; the given conclusions of results are in good
agreement with the general principles of the field theory of compact gravitational
objects in the strong gravity regime.

Scientific and practical significance of the research results. The scientific
significance of the research results in the dissertation consists in developing
formalisms to analyze the formation of rotating black holes and to test cosmic
censorship conjecture by studying the process of overspinning rotating black holes
with particle accretion for obtaining general information and strong mathematical
proof in order to understand more deeply the novel and qualitative aspects of black
holes in higher dimensions D > 4. In addition, energetic particles are produced by
collisions in the accretion disk and the disk’s luminosity depends on the underlying
geometry. However, in a realistic scenario the object cannot be considered to be in
vacuum, as we know that dark matter distributions exist at the center of galaxies.

Also magnetic fields play an important role in the dynamics of charged particles
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around black holes, especially close to the black hole’s horizon. Therefore, in order
to have confidence in the conclusions drawn from the observations of accretion
disks, it is important to study the effects that the presence of external matter fields
and magnetic fields have on the particles in the disks.

The practical significance of the results of the dissertation consists in facts
that, from an observational point of view, the obtained results suggest that the
determination of the ISCO from the observation of electromagnetic radiation
emitted by the accretion disk could not suffice to establish the value of the source’s
angular momentum. In fact, it would not be possible for far away observers to
distinguish between a Kerr black hole in vacuum from a black hole with smaller
angular momentum and immersed in a dark matter field and from a magnetized
black hole with larger angular momentum. Thus, these theoretical studies in the
dissertation can help constraint the validity of alternative models to black holes in
explaining astrophysical observations. Also, theoretical analysis of the upper and
lower range of the perfect fluid dark matter’s distribution around the supermassive
black holes can be used to analyze the nature and dynamics of the dark matter field
in developing observational data through signals that come far away from
gravitational objects by interacting with intermediate matters. The obtained results
regarding energy efficiency extracted from axially symmetric magnetized black
hole spacetime can be useful in the analysis of astronomical observations
associated with the outflows having large energies from active galactic nuclei in
the form of winds and jets. The results associated with analyses of remarkable
aspects of black holes in higher dimensions can be used as an accepted model to
developing further methods and explaining the evolution of rotating black holes in
higher dimensions in the universe.

Implementation of the research results. Based on investigations of
evolution and dynamics of compact astrophysical objects in relativistic theories of
gravity:

the theoretical research results and methods on the circular orbits around
higher dimensional Einstein and pure Gauss-Bonnet rotating black holes and black
hole formation have been used in the frame of the Inter-University Centre for
Astronomy and Astrophysics programs supported by the University Grants
Commission (letter from the Inter-University Centre for Astronomy and
Astrophysics, Inida, dated November 25, 2022), and by a number of foreign
authors (Physics of the Dark Universe, Vol. 35, id. 100916, 2022; Physical Review
D, Vol. 105, id. 124033, 2022; Classical and Quantum Gravity, Vol. 38, id.
155017, 2021) to examine photon motion and its shadow around rotating charged
black hole in 4D EGB gravity and stable bound orbits around static Einstein-
Gauss-Bonnet black holes and etc. using the analytical and numerical calculations;

the scientific results on overspinning and overcharging of black holes in
higher (D>4) and lower (2+1) dimensions have been used by several foreign
scientists (Journal of Cosmology and Astroparticle Physics, Vol. 2022, id. 077,
2022; Physical Review Research, Vol. 4, id. 023031, 2022; The European Physical
Journal C, Vol. 81, id. 1131, 2021; Physics of the Dark Universe, Vol. 32, id.
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100831, 2021; Journal of High Energy Physics, Vol. 2021, id. 45, 2021; The
European Physical Journal C, Vol. 81, id. 49, 2021) in developing different models
associated with stability of horizon in various gravity models. Application of
results obtained in the dissertation would allow to develop fundamental theories of
testing the stability of a black hole horizon in other gravity models;

the research results on effect of perfect fluid dark matter on particle motion
around a static black hole immersed in an external magnetic field and the
combined effects of perfect fluid dark matter and cosmological constant together
have been used by several foreign researchers (Physics Letters B, Vol. 829, id.
137031, 2022; Journal of Cosmology and Astroparticle Physics, Vol. 2022, id.
077, 2022; Journal of Cosmology and Astroparticle Physics, Vol. 2021, id. 012,
2021; Physical Review D, Vol. 104, id. 084015, 2021; Journal of Cosmology and
Astroparticle Physics, Vol. 2022, id. 043, 2022; Universe, Vol. 8, id. 369, 2022;
Physical Review D, Vol. 103, id. 104070, 2021; Communications in Theoretical
Physics, Vol. 73, id. 095403, 2021; The European Physical Journal C, Vol. 81, id.
269, 2021) to develop the formalism of regular nonminimal magnetic black hole as
a source of quasiperiodic oscillations, of exploring millicharged dark matter
components from the shadows, and of Joule-Thomson expansion of RN-AdS black
hole immersed in perfect fluid dark matter in various gravity models;

the results devoted to reveal the qualitative aspects of axially symmetric
magnetized black hole spacetime geometry and its magnetic field to bring out its
effect on the astrophysical phenomena and the extracted energy efficiency have
been used in the frame of Institute of Physics and Mathematics, Michoacana
University Research Grant No. CF-MG-2558591 FORDECYT-PRONACES
CONACYT (letter from Institute of Physics and Mathematics, Michoacana
University in San Nicolas de Hidalgo, Mexico), as well as by a number of foreign
researchers (Physical Review D, Vol. 105, id. 064072, 2022; International Journal
of Modern Physics A, Vol. 37, id. 2250144, 2022; The European Physical Journal
Plus, Vol. 137, id. 645, 2022; Universe, Vol. 8, id. 571, 2022; The European
Physical Journal Plus, Vol. 136, id. 1032, 2021; The European Physical Journal C,
Vol. 81, id. 983, 2021; Physical Review D, Vol. 104, id. 064016, 2021; Galaxies,
Vol. 9, issue 4, id. 71, 2021; Galaxies, Vol. 9, id. 63, 2021) to develop the
theoretical study of dynamics of charged particles in the field of quantum-corrected
static black holes and of gravitational analog of Faraday rotation in the magnetized
Kerr and RN spacetimes, and etc.

Approbation of the research results. The research results were reported and
discussed at 3 international and local scientific conferences.

Publication of the research results. On the dissertation theme there were
published 23 scientific works, of them 20 scientific papers, including 19
international ones, were published in scientific referred journals recommended by
the Supreme Attestation Commission of the Republic of Uzbekistan for publishing
basic scientific results of doctoral theses.
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Volume and structure of the dissertation. The dissertation consists of an
introduction, four chapters, conclusion and a bibliography. The size of the
dissertation is 218 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 underlined, the reliability of the results and their theoretical and
practical significance were emphasized, and the application of the research results
and the dissertation structure were satated.

The first chapter of the dissertation entitled “Black hole formation and
dynamics in higher dimensions™ is devoted to demonstrate the processes of black
hole formation by considering accretion of matter onto an already existing
gravitating centre and to show whether the bound orbits/ISCOs do exist around
rotating black holes in higher dimesntions.

There is the well known Myers-Perry solution describing a rotating black
hole in higher dimensions. The line element for that is given by

ds® = —dt* + r2dp* + ¥, (r +a2)(dul + putdo?)
(dt+Zl L al,uldq,’)) +—dr (1)
with
F=1-— aizﬂl2 M= n 2 A=T11-2 2nD+3 2
=123 L (rP+ad), pur (2)

Here u and a; are black hole mass and rotation parameters, and y; and g are
related by the following expressions,

llﬂl"’ﬁz_l andzll:uz 1, (3)

for D = 2n + 2,2n + 1 respectively, the latter results when £ = 0 is satisfied in
the former as well as in the metric. Note that u; are the direction cosines, for
example, u; and u, for D = 5,6 dimensions will respectively read as

Uy =sinf and p, = cosl (4)
and

Uy = sinf, u, = cosfsiny and [ = cosfcosy . (5)
Note that in higher dimensions, black hole can have more than one rotations, and
n = [(D —1)/2] is the maximum number of rotations it can have in the given
dimension D; i.e., n = 2 for D = 5,6 dimensions.

In particular we would examine the case of 5 and 6 dimensions and show
that (i) effective potential, Vs > 1 always for non-zero angular momentum, and
(i) it has only a maximum and no minimum and hence there can occur no bound
and stable circular orbits. Following the standard procedure for geodesic motion of
timelike particles in the equatorial plane around a rotating black hole, we would
write the effective potential. We thus define the effective potential for equatorial
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motion of particle in the field of a six dimensional black hole with a single
rotation, and it is given by

Ver(r) = =221 4 —(1+ ) (6)
efs 9o 9o I

Here we have used the specific physical quantities, € = E/m and £L = L/m and
have set m* = 1. From Eq. (6) we write the effective potential V,¢¢(r) for D =

5,6 dimensions in the following form:

V/sD _ apl r(r*+@?+p)a?+r2L2)1/?
eff (r) = ré+(r2+u)a? ré+(r2+w)a?
X (r2 —u+a?)%?, (7)
/6D _ apl r(rS+@3+u)a?+r3L2)1/2
eff (r) = r5+(r3+u)a? r5+(r3+p)a?
X (r3—p+a’r)t/?, (8)
On expanding for large r, these take the form
ff(r—>roo)~1+(£ “)+0( ) 9)
ff(r—>roo) ~ 1+2—2——+0( )

which clearly show that the repulsive centrifugal component would override the
attractive gravitational one for D > 4. Note that when £ = 0, effect of black hole
rotation dies out sharply leaving only the attractive component.

POy LR A AR AT LR A B AR B T AL

r/M

™

Fig. 1. Effective potential plots for L = 4: Left, right and below panels respectively refer to
D = 4,5,6. The vertical dashed lines indicate location of horizon while the vertical dot-
dashed lines indicate location of minimum of V¢ ¢
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As shown in Fig. 1, this clearly shows that V,;r = 1 always for the latter
while for the former when £# > . For both D = 5,6 V,¢¢ = 1 at infinity, and then

it rises as r decreases and reaches maximum before coming down at horizon. It is
interesting that V., = 1 all through except very close to horizon. This is in

contrast to the four-dimensional case where V,ff < 1 away from horizon. For a
single rotation, there occurs only one horizon and hence there is no upper limit on
rotation parameter a except for five dsimension where it has to respect a? < M lest
it turns into a naked singularity®. This is an interesting case of a rotating black hole
with one horizon yet having an extremal limit for its rotation parameter. It is also
interesting to note that in D = 6, as a - oo, Vs — 1 atall r. This is why initially

maximum of curve rises with increasing a until a ~ 1.3, then it starts coming
down. Further it has only one extremum which is a maximum and there is no
minimum. This means there can neither occur any bound orbit nor a stable circular
orbit. This is the characteristic feature of particle motion for rotating black holes in
higher dimensions.

In Fig. 1. above, we have plots of effective potential for L = 4 in D = 4,5,6.
For the zero angular momentum case, the potential for large r goes as 1 —
1/2rP~3 and hence it would always be < 1. That is, asymptotically contribution
due to black hole rotation fades out, leaving only the one due to mass. What
distinguishes four dimension (upper left panel) from D > 4 (upper right and lower
panels) is the fact that V,r < 1 while in contrast it is opposite for the others. As a

matter of fact it is greater than unity everywhere except near the horizon in D > 4,
reaching unity from the above and has only a maximum and no minimum. That
means there can exist no potential well to harbour bound and SCOs. Thus it is no
surprise that bound orbits and thereby SCOs cannot exist around rotating black
holes in higher dimensions. This raises the critical question about accretion process
in higher dimensions. Accretion is mediated through accretion disk which cannot
occur because there exist no bound orbits and consequently no SCOs. This is true
for both rotating as well as non-rotating black holes in higher dimensions.
Accretion disk provides avenue for dissipative interactions involving viscosity and
collisions between particles through which particles can lose angular momentum
and keep on falling inward and spiral into the black hole with L < L;sco. Since
stable circular orbits cannot exist in higher dimensions for accretion disk to form,
hence an accretion process cannot ensue. It can therefore play no role in formation
of a rotating black hole in higher dimensions.

The second chapter of the dissertation entitled “Testing black hole horizon’s
stability in dimensions D<4 and higher dimensions D>4" is devoted to develop a
general formalism for testing cosmic censorship conjecture by studying the process
of overspinning/overcharging a rotating black hole in higher dimensions D > 4 and
dimension D < 4 for both linear and non-linear particle accretion regime.

1 This happens only in the special case of five dimension and not in general for D = 2n + 1, because in this case contribution to potential due to
both mass and rotation falls as 1/72.
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We fisrt test the validity of the weak cosmic censorship conjecture for the
(2 + 1)-dimensional charged black hole solutions derived by Martinez, Teitelboim,
and Zanelli (MTZ) in Einstein and Einstein-Gauss-Bonnet theories of gravity. For
that, We start with the Einstein-Hilbert-Maxwell action:

S = [ d3x =g — TE FY). (10)

161
Here F,, is tensor of electromagnetic field, while R is the scalar curvature of the
spacetime. After solving the field equations in Hamiltonian form with the
assumptions of rotational symmetry and time independence, Martinez-Teitelboim-
Zanelli (MTZ) obtained the following solution representing a charged black hole
without angular momentum

2
ds? = —f(r)dt? + % +r2de?, (11)

where the metric function

Q 2
fay=r2=m—(%) e, (12)
with M being MTZ black hole mass and Q being the total electric charge of black

hole. The function f(r) has a minimum at r,;, = @/2. The value of this function
at its minimum is

2
frmin) =—M+(2) |1 -1n®?|. (13)

There are three possibilities to characterize the spacetime: If f (1) =
f(Q/2) < 0, there exist two roots of f(r). Then we have a usual black hole with
r4, and r_, as the inner and outer horizons. If f (ryin) = f(Q/2) = 0, the two roots
coincide and we have an extremal black hole. If f(rnin) = f(Q/2) > 0, there are
no real roots of f(r), hence we have a naked singularity. The case of extremal
black holes corresponds to f(Q/2) = 0. Since f(r,) = 0 by definition, for an
extremal black hole, we have r, = Q/2. For a black hole solution, we require
f(?"min) <0, l.e. ,

s=M-(%) [1-m&?|=0. (14)
Note that the function (Q/2)?[1 — In(Q/2)?] vanishes at Q = 0 and (Q/2)? = e,
but has a maximum at (Q/2)% = 1 (or Q = 2), which is equal to 1. Thus, if M >
1, 6 is always larger than zero so we have an ordinary black hole with r, and r-.

We have shown that an extremal and a nearly MTZ black hole could be
overcharged. We would like to check the hypothesis whether could a near extremal
black hole be overcharged or not if one takes all the second order perturbations
into account. Here we follow the work of Sorce and Wald, where the authors
argued that the violation of WCCC for nearly extremal black holes can be fixed by
considering all non-linear order perturbations. In other words, in this section, we

adapt their method to check the overcharging of MTZ black holes by considering
all the second order perturbations. Let’s now recall Eq. (14),

§=M— (g)2 [1-m&?|.
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The cases with § > 0 represent black hole solutions while the cases with § < 0
correspond to objects without an event horizon. We have shown that § (1) will be
negative even one includes the second order terms §2E and §2Q. Therefore the
second order perturbations cannot compensate for the overcharging of nearly
extremal MTZ black holes. This allows us to understand the nature of the MTZ
black hole better in dimensions D < 4 as its horizon is not stable as compared to
the one in four dimensions. This is an interesting aspect of the charged MTZ black
hole in dimension D < 4 that refuses what is true for black holes in four dimension.
We also conclude that near extremal (2 4+ 1) dimensional BTZ black hole in EGB
theory can also be overcharged similar to the (2 + 1) dimensional MTZ black hole
in Einstein gravity, thus resulting in violating the WCCC. The result would
continue to do so for charged test particle perturbations.

We then further test the validity of the WCCC for black holes with (n — 1)
and n rotations in higher dimensions D > 4. It turns out that black hole with (n —
1) rotations behave characteristically differently from that with maximum allowed
n = [(D — 1) /2] rotations in a given dimension D. We shall consider these two
cases separately. The line element of the higher dimensional rotating Myers-Perry
black hole is in odd D = 2n+1 and even D = 2n+2 dimensions is given by Eq. (1).
Black hole horizon is given by A = 0 and which in odd and even dimensions will
respectively read as follows:

(r’+a?)...(r*+a?») —ur?=0, (15)
and
(r’+a?)...(r*+a?)—ur=0. (16)
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Fig. 2. From left to right: Potential ®(r) for D=5,6,7 is plotted against r/M. In all panels,

vertical dashed line indicates the horizon for near extremal values of rotation parameters
for which plot is shown by dot-dashed lines.

Effective gravitational potezntigl for2 blgck holes with n rotations is given by,

O(r) m -1 =TT Sy (17)
Fig. 2 shows plots of @ (r) and its derivative from left to right for D = 5,6,7. This
celarly shows that overall acceleration is attractive all through for D = 5 while it is
repulsive for D = 6,7 for large r/M. This would be the same in all higher
dimensions > 6. It however turns attractive closer to horizon which is because
horizon occurs for r/M <1 where attractive component, 1/7°~3 rides over
repulsive 1/72 as well as relative dominance of mass over rotation parameters.
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In the dissertation, it has been shown by explicit calculation that six
dimensional black hole with two rotations cannot be overspun under linear
accretion. As we have seen above that in all higher dimensions > 6 gravitational
dynamics would be similar to that in D = 6, hence what happens in six dimensions
should hold true in all higher dimensions as well. That is, black holes having the
maximum number of allowed rotations in all D > 6 cannot similarly be overspun.
We could thus state: Theorem I: A black hole in a given dimension having one of
its rotations zero (i.e. (n — 1) rotations) can never be overspun and hence would
always obey WCCC and Theorem II: Black hole in dimension > 5 can never be
overspun under linear accretion and would thereby always obey WCCC. If a black
hole cannot be overspun under linear accretion, it would continue to do so for non-
linear perturbations because the latter always favours no overspinning and thereby
the WCCC.

The third chapter of the dissertation entitled “Effect of perfect fluid dark
matter on dynamics of particle motion and black holes” is devoted to study the
influence of perfect fluid dark matter (PFDM) on dynamics of particles and black
holes in various theories of gravity and to estimate its value by applying its
distribution in the center of galaxies of the Sgr A and M87.

The metric describing a static and spherically symmetric black hole
immersed in perfect fluid dark matter in Schwarzschild coordinates (t,r,8, @) is
given by

ds? = —F(r)dt? + F(r) ldr? + r2dQ?, (18)

where dQ? is the line element on the unit 2-sphere and where we have defined

I 2M A T
F(r) = (l — -I——ll}g—) .
T T [Al (19)

with M Dbeing black hole mass and A related to the dark matter density and
pressure. In the case of 4 # 0 the stress energy-momentum tensor of the dark
matter distribution is that of an anisotropic perfect fluid T\ = diag (—p, p, e, Do)
where density, radial and tangential pressures are giveln by

A
p=-Pr=5 5 and pg=py=7_—. (20)

In the limit of A <« 1 we can write the approximate expressions for the ISCO
radius r; and the photon orbit r,,, as

r ~ 6M + |4 —3log (27)| 1+ 027, (21)

ron ~ 3M +3[1-1log (2)| 2+ 02%). (22)
Solving Maxwell equations the covariant components of the 4-potential of the
electromagnetic field for the perfect fluid dark matter field have been obtained as
At = AT = AQ =0 )
B A M .
A, = ;7‘2 [1 + ;(1 + log;) + 0(/12)] sin?6 .
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For the charged test particle the effective potential which determines the
motion of the particle is given by

[L—%(1+%(1+log¥)) rz]z

r2

Vers =F()| 1+ , (23)
and where we have used the specific constants of motion per unit mass, namely
E = E/m, L = L/m. The magnetic parameter b = gBMG/mc* measuring the effect
of the magnetic field on the charged particle motion.

In Fig. 3 we show the radial dependence of V,; for different values of A and
b. We see that the presence of dark matter, i.e. A > 0 has the opposite effect with
respect to the magnetic field when b > 0, in terms of the strength of the potential,
therefore suggesting the possibility that these two effects may cancel each other at
some radius for certain values of A and b. On the other hand we notice that
regardless of the sign of the magnetic field parameter, the ISCO radius is always
smaller with respect to the Schwarzschild case, thus suggesting that the geometry
could be distinguished from the Schwarzschild geometry, provided that one is able
to have an independent measurement of M. Notice that the values of b and A in the
first row of Fig. 3 are purely illustrative. Regarding b the upper limit discussed at
the beginning of this section may be greatly reduced when the test particles are
atoms or molecules, which may have the same charge but much larger mass than
elementary particles such as electrons. The effective potential for more realistic
values of b is illustrated in the second row of Fig. 3.

15x10%F
10x10M) . b6

50x10f -—-- b=20x

Veir
4 ’cn'

-50x10"H

-10x101

Fig. 3. Radial dependence of the effective potential for massive particles around a black
hole in perfect fluid dark matter immersed in an external asymptotically uniform magnetic

field. Top row, left panel: V, £ is plotted for different values of i in the case without
magnetic field, i.e. b=0. Top row, middle panel: Veff is plotted for different values of b in
the case without dark matter, i.e. 2=0. Top row, right panel: I/, £ is plotted for different

values of b in the case of fixed 2=0.05. The two panels in the bottom row show how V/, £f s
affected by considering more realistic values of b>>1 while keeping fixed 2=0.05.
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From an observational point of view, far away observers would not be able to
distinguish between the two geometries by analyzing electromagnetic radiations
emitted by gas on the accretion disk orbiting around the central object. Notice that
the combined effects of dark matter and magnetic field can mimic the black hole
rotation parameter up to a/M = 0.75 — 0.8, whereas dark matter alone can mimic
only up to a/M =~ 0.35; Fig. 4. This suggests that a measurement of the angular
momentum of a black hole candidate may be affected up to 30% by the presence of
dark matter in its surroundings and even more if external magnetic fields are
present.

08F

Fig. 4. The degeneracy for the location of the ISCO between the Kerr case and the
perfect fluid dark matter case. The plot shows the values of a as a function of A for which
the radius of the ISCO in the Kerr geometry is the same as the ISCO in the perfect fluid

dark matter geometry. The degeneracy is illustrated for different values of b, showing that
increase in the external magnetic field allows to mimic higher values of the angular
momentum for a given value of A.

When applied to astrophysical black holes, the above qualitative argument,
suggests that the measurement of highly spinning black hole candidates may be
also regarded as due to black holes with lower spin immersed in a dark matter
envelope. Regarding A, since we do not know the characteristic dark matter
densities at the center of galaxies (namely within a few Schwarzschild radii from
the central object) we can not estimate a realistic value. However we can be
somewhat more quantitatively considering dark matter estimates within few
parsecs from the central object. There are several studies that discuss the well-
known disagreement between the results that stems from numerical simulations
and observations of low-mass galaxies, known as the core-cusp problem, according
to which dark matter densities as inferred from observations lie between p ~
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(1072 — 10~ Mg /pc3. Following this estimate we may obtain the corresponding
value of A as per the model considered here. For example: the dark matter
parameter would be of the order 2 ~ (10721 — 1072%) for the Sgr A* and A ~
(10712 — 10711) for the galaxy M87.

The fourth chapter of the dissertation entitled “Efficiency of Penrose
process in spacetime of axially symmetric magnetized Reissner-Nordstrom black
hole” is devoted to study the geometry and the novel and qualitative aspects of the
axially symmetric magnetized black hole spacetime and the description of
efficiency of the energy through the Penrose process for both neutral and charged
particles.

The spacetime metric describing axially symmetric magnetized Reissner-
Nordstréom black hole in Schwarzschild coordinates (t,r, 8, ¢) is given by

ds? = H (=Fdt? + F~1dr? +r?d0?) + H ! r?sin?6

X (d¢ — wdt)?, (24)
where
_q_m, @
Fo1-fte (25)
H=1+ EBZ(rzsinZQ + 3Q%cos?0)
+1—16B4(r25in29 + Q%cos?0)?, (26)
= —22—3+%QB3 r(1 + Fcos?8), (27)

with parameters M and Q correspond to the black hole mass and charge. Note that
B refers to the magnetic field parameter. The above metric reduces to the Reissner-
Nordstrom black hole one in the limit of B — 0, while the Schwarzschild one in
the limit of B,Q — 0. It is worth noting that, interestingly, it turns out that the
magnetized black hole also causes axially symmetric spacetime due to the
existence of magnetic field without any rotation. It is a remarkable property of
magnetized Reissner-Nordstrom black hole.

As can be seen from Fig. 5, the ergo region can extend to infinity far away
from black hole in both negative and positive z directions. The point to be noted is
that the ergoregion is separated from black hole for small values of magnetic
parameter B, while it merges with the black hole for its large values as seen in
right panel of fig:ergo. It then results in increasing the appropriate volume of
ergoregion for larger values of parameter B, thereby leading to arbitrarily high
energy efficiency in the Penrose process. This is a remarkable nature of the
magnetized black hole spacetime in contrast to other axially symmetric black
holes. It is worth noting here that in Fig. 6, we consider only the extremal case (i.e.
Q =1 and M = 1) of the axially symmetric magnetised black hole and bring out
the effect of magnetic field on the ergoregion. The main motivation to show the
ergoregion for the extremal case in Fig. 5 is coming from the well established fact
In the literature that the energy extracted via Penrose process from the rotating
black hole is maximum only when the black hole satisfying the extremal condition
(i.e. cauchy and event horizons coincide).

42



»

vvvvv 7 5T L R — —— — T
r - B Field B Field [
B ®0.0 |] @10 |]
e SO ®0.1 @11
1L @0.2 @12 (]
g 74 \ @03 @13 |
3 \ , ®0.4 ] @14 []
» ®0.5 @15 |
i iy e 5 2 ®0.6 @16 |]
L 07 || n @17 |
5 T ®0.8 @18 [
N @09 @19 |]
ol ; @10 ®20 |
LOF : 1 ]
L1 g
ok i

-2-=10 1 2

I I — b 1 s T | ' T I A3 3 3 A1 1 i — i

-10 10 -10 -5 0 5 10

Fig. 5. For varying combinations of magnetic field B, the ergo region for the extremal
axially symmetric magnetised black hole case is shown on the x — z plane. In the left panel,
the zoomed picture for cases when the magnetic field varies between 0 and 0.5 is shown in
the upper inset plot. The lower inset plot, on the other hand, is a zoomed picture for cases

when the magnetic field varies between 0.5 and 1.0. Similarly, in the right panel, the

zoomed picture for cases when the magnetic field varies between 1.0 and 1.5 is shown in the
upper inset plot. The lower inset plot, on the other hand, is a zoomed picture for cases
when the magnetic field varies between 1.5 and 2.0.

It is well known that recent modern astronomical observations show that the
outflows that can have energies in the range of E ~ 10*? — 10*7 erg/s from active
galactic nuclei (AGN) in the form of winds and jets have been observed via X-ray,
y-ray and Very Long Baseline Interferometry (VLBI) observations. There is the
relevance of the charged particle motion with these particle outflows coming out
from AGN. In this regard, one needs to explore Penrose process to propose an
explanation for these observations. Thu, we turn to discuss the energy efficiency
that refers to the maximum energy extracted as the radiation due to the infalling
matter into the ergoregion around the black hole. In the case of neutral g; = 0 and
charged g5 # 0 particles, the energy efficiency via the Penrose process can be
defined by following expressions, respectively:

M=o = 2<4+B2(1-|1-\/1_—Q2)2) X [(_8BQ (1 + \/TQZ)

(o () fn o w ) )
(45 (1+vi=a))| (28)

and
q Q 3
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For further analysis we shall for simplicity consider E; /m; = 1. In doing so, we
can further assume that g3 /E; = q/m at the splitting point occurring around black
hole, especially very close to the black hole’s horizon r = r,. However, the
location of the splitting point can also exist at a large distance from the black
hole’s horizon as the ergo region extends; see Fig. 5. In order to be more precise
we shall restrict ourselves to the case for which the particle’s splitting point occur
in the close vicinity of the back hole’s horizon.
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Fig. 6. Plot shows the energy efficiency as the function of B in the equatorial plane,
0 = m /2. Left panel: efficiency n[ %] is plotted for various combinations of Q in the case
with neutral particle, i.e. g3 = 0. Right panel: efficiency 17[ %] is plotted for various

combinations of g3 /m in the case of fixed Q = 0.5. Note that dashed line in the left panel
shows the energy efficiency for rotating Kerr black hole.

We now analyze the energy efficiency, n, as the function of B for various
combinations. In Fig. 6, we show the energy efficiency extracted from the
magnetized black hole as that of the infalling mater into the ergoregion. The left
panel shows the impact of the combined effect of black hole charge @ and
magnetic field parameter B on the energy efficiency, while the right panel shows
the same behavior for fixed Q = 0.5 in the case with the charged particle that
refers to the escaping piece of massive particle falling into the ergosphere. As
shown in Fig. 6 (left panel), the shape of the energy efficiency shifts up to higher n
with increasing Q. However, it slightly gets decreased as the magnetic field
parameter B increases. This happens because the area of the egrosphere required
for energy extraction turns out to be getting smaller beyond B > B,,; see Fig 6. It
is worth noting that the maximum value of the efficiency reaches up to the value
greater than 50 % which is comparable value for Kerr black hole case. This is a
remarkable property of the axially symmetric magnetized Reissner-Nordstrom
black hole. As stated above we show the energy efficiency for neutral particle, i.e.
qs = 0 in the left panel, whereas in the right panel we show that energy efficiency
can exceed 100 % in the case of charged particle g; + 0.
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CONCLUSION

The main results and conclusions of the dissertation “Evolution and
dynamics of compact astrophysical objects in relativistic theories of gravity” are
presented below:

1. The processes of black hsole formation in higher dimensions has been
studied, and it has been shown that stable circular orbits cannot exist for accretion
disk to form, i.e., bound orbits/ISCO do not exist around higher dimensional black
holes in Einstein gravity and hence a rotating black hole cannot be formed in
higher dimensions D > 4.

2. Circular orbits around higher dimensional rotating pure Gauss—Bonnet
(GB) black holes have been studied, and it has been shown that the only circular
orbits that could occur are all unstable and their radius is bounded from the below
by that of the photon circular orbit and bound and stable circular orbits do exist for
pure GB/Lovelock rotating black holes in dimensions, 2N +2 < D < 4N. It has
been concluded that higher dimensional rotating black holes in Einstein gravity
cannot be formed by gravitational collapse/accretion and they could however be
formed only in pure GB/Lovelock gravity.

3. A general formalism for testing cosmic censorship conjecture by
studying the process of overspinning a rotating black hole in higher dimensions has
been developed, and it has been shown that the weak cosmic censorship conjecture
is always obeyed even under linear accretion process in D > 5.

4. Both extremal and near-extremal (2+1) dimensional BTZ black holes in
Einstein and Einstein-Gauss-Bonnet theories of gravity have been studied,
respectively, and it has been shown that they can be overcharged in both theories
of gravity, thus resulting in not obeying the weak cosmic censorship conjecture.

5. A new formalism by studying the influence of perfect fluid dark matter
on dynamics of particle motion, energy efficiency extracted from black holes as
well as black hole dynamics have been developed. It has been shown that the
combined effects of dark matter and magnetic field can mimic the black hole
rotation parameter up to a/M = 0.8. Following the developed model, the upper
and lower ranges of perfect fluid dark matter have been estimated, i.e., it would be
of the order A ~ (10721 — 10729) for the Sgr A* and 2 ~ (10712 — 10~11) for
the galaxy M87.

6. A formalism by studying the combined effects of perfect fluid dark
matter and cosmological constant together has also been presented and developed.
The analytical expressions for a certain threshold limit for which a repulsive effect
due to the cosmological constant dominates over the attractive effect of the perfect
fluid dark matter has been obtained. It has also been shown that the RN-dS black
hole cannot be overcharged beyond a certain threshold limit, and hence the weak
cosmic censorship conjecture is strongly respected.

7. The novel and qualitative aspects of the axially symmetric magnetized
of the axially symmetric magnetized black hole spacetime and the effect of its

magnetic field on the efficiency of the energy through the Penrose process for both
45



neutral and charged particles have been studied, and it has been shown that the
magnetized Reissner-Nordstrom black hole would be a big energy reservoir as a
Kerr black bole with angular momentum. It has interestingly been observed that
even for the case of neutral particle the efficiency of the Penrose process for the
extremal (Q = M) case of the axially symmetric magnetized Reissner-Nordstom is
more than double (= 50%) to that of the extremal Kerr (a = M) black hole case
which is about = 20 %.
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AKTYaJIbHOCTh W BOCTPE0OBAHHOCTH TeMbl Auccepranuu. bimaronaps
COBPEMEHHBIM ACTPOHOMHYECKUM HaAOJIIOICHUSIM, OOHapyXEHUIO
IPaBUTAIIMOHHBIX BOJH OT CJMSHUS YEPHBIX JBIP B TECHBIX JBOMHBIX CHCTEMax U
HaOJIOJICHUIO TEHEH  CBEPXMACCUBHBIX uYepHbIX aelp MS87 u Crpenen A,
NOSIBUJIaCh peayibHasi BO3MOXHOCTb SKCIIEPUMEHTAIBHO HCCIEA0BATH TMPUPOTY
reOMETPUU MPOCTPAHCTBA-BPEMEHU u dbenomeH TPaBUTAIIMOHHOTO
B3aMMOJICUCTBUS B PEXKHUME CHWIBHOTO TOJIs. OTH HEJIaBHHE HaOIIOACHHS
NPEIOCTaBUIN BECKUE JI0KA3aTENIbCTBA B MOJIb3y CYIIECTBOBAHUS YEPHBIX JBIP B
NPUPOJE U, KAaK 0KUJAETCS, CTAHYT OYE€Hb MOIIHBIMU TECTAMU AJI UCCIEIOBAHUS
HEU3BECTHBIX AaCIEKTOB, CBS3aHHBIX C TOYHBIMHU HU3MEPEHUSMHU MapaMeTpOB
4yepHbIX JbIp. HecMoTps Ha 3T0, TeKyllue NpsMble U KOCBEHHBIE aCTPOHOMUYECKUE
HaOMIOZIeHNs HE OOBSACHSIOT MPUPOAY W OOpa3oBaHME YEPHBIX JBIp B OoJjee
BBICOKMX H3MEPEHUSX, T.€. pa3MEPHOCTHIO mpocTtpaHcTBa D>4. Torna Bo3HUKaeT
BOIIPOC, YTO MPOUCXOJUT U KaK 00pa3yroTCs BpallaloIIuecs: YepHbIe TbIPHI B O0Jee
BBICOKHMX U3MepeHusix? Kpome Toro, Teopusi rpaBuTalMu DUHIITEHHA OrpaHUYEHa,
HampuMep, u3-3a €€ HEMPUMEHUMOCTH K (U3MYECKOW CUHTYJISIPHOCTH, KOTOpas
oCTajach OJIHUM M3 BaXHEHUIIUX HEPEUICHHBIX BOIMPOCOB, Kak TpaHHIla
KJIACCUYECKOW TEOpHUH, TJ€ OHA TEpsieT CBOIO MPUMEHUMOCTb. Bce 3TO, B CBOIO
ouepe/ib, MPUBOJAUT K HEOOXOJMMOCTH HOBBIX MOJEJIEH U albTEPHATUBHBIX TEOPHIA
rpaBUTALIMM JJIsl PELICHUS BBIIICYTIOMSHYTHIX OCTABIIMXCS 0€3 OTBETa BOIPOCOB
00111e# TEOpHUH OTHOCUTEIBHOCTH.

B mocnennue roasl B Hamed pecnyOiinke OOJIBIIOE BHUMAaHUE YICNSIETCS
Pa3BUTHIO SKCIEPUMEHTAIBHBIX M (DYHJAMEHTAJIbHBIX HCCIIEJI0BAaHUN B 00JacTh
PEISITUBUCTCKOM actpodusuku.  HaOmromaTenbHble U TEOPETUUYECKHE
MCCIICIOBAHMS TTOTYUMIIU MOAEPKKY B PA3BUTHU HayKH IO BCEM HAIIPaBJICHUSM B
Hame crpaHe. DTH HCCIEAOBAHUS WUIPAIOT 3HAYUTENBHYIO pOJib B 001acTH
PENATUBUCTCKOM acTpO(PU3NKU U HAlU oTpakeHue B CTpareruu ACUCTBUM MO
nanpHeleMy pa3Butuio PecnyOnuku Y30ekuctan Ha 2017-2021 roasi. B utore
MOXHO OTMETHTh, UTO TEOpeTUYeCKas U PEIATUBUCTCKAs acTpodu3nKa
IPaBUTAIIMOHHBIX KOMIAKTHBIX OOBEKTOB pa3BUBATACh MyTEM IMPOBEICHUS B
pecnyOiuKe Hay4YHbIX MCCIEAOBAHMM HA BBICOKOM MEXKIYyHApOJIHOM ypPOBHE, T.€.
UCCIICIOBAHUS ONITUYECKUX M DHEPTETUUECKUX CBOMCTB acTPO(DU3NIECKUX UYEPHBIX
JBIP, TOJBIX CHHTYJISIPHOCTEM W TIPOBEPKE PEIICHWH IS YEPHBIX JBIp TIO
JMHAMUKE YacTUIl B PA3IUYHBIX CUTYAIUSIX MPHU UCCIEIOBAHUU HOBBIX 3 (HEKTOB
oOmielt Teopun OTHOCUTENHHOCTH. CTOUT OTMETHTH, YTO BCIIEJACTBHUE Pa3BUTHUS
PEISTUBUCTCKONW acTpo(PU3MKH B pecnyOiIuKe, B CTpaHE 3apOKIAIOTCS HOBBIC
Hay4yHbI€ HANpPaBJIEHUSA, TaK KaK IE€peJ YYEHbIMU CTOST CEpPbE3HbIEC 3aJauM B
pa3paboTKe KayeCTBEHHBIX ACIEKTOB MPUPOJABI KOMIAKTHBIX TPAaBUTAIMOHHBIX
00BEKTOB.

JlanHas quccepTaliMoHHAasi paboTa COOTBETCTBYET 3a/iauaM, YTBEPKICHHBIM
B TOCYJapCTBEHHBIX HOPMAaTUBHBIX JOKyMeHTax uU B Ykaze IIpe3uaenra

Pecnnyonuku Y3o6exkuctan NeVI1-4947 «O cTpateruu nelcTBUi MO JalbHEUIIEMY
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pazBututo PecnyOnuku VY30exkucran» ot 7 ¢eBpans u B «JlopoxkHas Kapra
OCHOBHBIX HaIpaBJIeHUH CTPYKTYpHBIX pedopM B Y30ekucrane Ha 2019-2021
roabb» ot 29 Hosi6ps 2018 rona u ap.

CooTBeTCTBHE UCCIEA0BAHUS NMPUOPUTETHBIM HANPABJEHUSM Pa3BUTHS
HAYKH M TEXHOJIOTHI pecnyO0/IMKH.

JuccepTallMOHHOE  MCCIEOBaHUE  BBIMIOJIHEHO B COOTBETCTBHH  C
IMPUOPUTETHBIM HAIPABIICHUEM pPa3BUTUs HAyKW M TexHojoru  PecmyOmuku
V36ekucran |l. «DHEepreTrka, sHEPTO- U pecypcocOepeKeHUE.
0030p MeKAYHAPOAHBIX HAYYHBIX MCCJICJIOBAHUI MO TeMe IMCCEPTALUM.
UccnenoBanue ¢opMupoBaHUsS M JUHAMUKM YEPHBIX JIBIp W TPOBEpKa
YCTOMYMBOCTU TOPU30HTA YEPHOM IBIPHI MYTEM MOTPYKEHUS B MOJS MaTEPUU U
YacTUILl B PEXUME CHIBHOTO TOJS B PAa3IWYHBIX MOJENAX TpaBUTALINH,
UCCIIEIOBAaHUSI MOJEIMPOBAHUS MOl TEMHOM MaTEpUU HA TUHAMHUKE YEPHBIX JIBIP
U MCCJIEIOBAHUS PHEPTETUUECKUX CBOMCTB YEPHBIX JbIP MPOBOAATCS pa3iudHbIMU
BEIYLIMMU UCCIEAOBATEIbCKUMU IIEHTPAMU M YUPEXKICHUSIMHU, TaKUMH, Kak
Nuctutyt rpaBuTanmoHHod ¢usuku uM. Makca Ilmanka (I'epmanms),
Opankdyprckuit  yauBepcuter (['epmanms), MeEXyHUBEPCUTETCKUN  IICHTP
actponomuu u actpodusukn (Mumms), KanmdbopHuiickuii TEXHOJIOTHUYECKHUN
uacturyt  (CIA),  Ywukarckuit  yHuBepcuter  (CIIIA),  BocTtouno-
cpeauzemHomMopckuid yauBepcuter (Typuwus), HCTUTYT Teoperndeckoil Ghu3uKu
(Kurait), HayuHo-uccienoBaTelnbCKUl UEHTP (PU3UKK U MOJTYHPOBOJHUKOB
(Pecniybonuka Kopes), Uuctutyt pynaamentanbubix uccinegopanui Tata (Muaus),
Cunesckuit  YuuBepcutrer B OmaBe (Yexwusi)), HazapbaeB VYHuBepcuter
(Kazaxcran), VYuuBepcutrer @Dynanp (Kutaif), ACTpOHOMUYECKHII HWHCTUTYT
Vayroeka (VY30ekucran) u MHCTUTYT (yHIaMEHTaNbHBIX M MPUKIAIHBIX
uccnenoBanuil (Y3oekucran) u Jip.

B sBomronuu 4epHOM ABIPBI CYLIECTBYIOT JBA OCHOBHBIX IIpOLlECCA: KOJUIAIC
oOJlaka MaTepuu MoJ ACHCTBUEM COOCTBEHHOM I'paBUTALIMU U aKKpELHs MaTepuu
Ha yXK€ CYIIECTBYIOIIMN LIEHTp NpUTsbkeHus. HeoOxoaumoe ycioBue AJjisi TOTO,
yToOBl 00a Tmpolrecca paboTanM, COCTOUT B TOM, 4YTO OOIIas cwuia,
BO3JICHCTBYIOIIAs HAa CXJIOMBIBAIOIIMECS JIEMEHTHl >KMIKOCTH WMJIM Ha MpPOOHBIE
cpacTarolIMecss 4YacTUlbl, JOJKHAa ObITh npuTsAruBaromiet. Oka3pIBaeTcs, 3TO
UMEET MECTO B OOBIUHBIX YETBIPEX HM3MEPEHUSX JUIS KOJUIANCUPYIOLEH WM
AKKpEUMPYIOIEH MaTepUr, HUMEIOUIEW HEHYJEBOW YIJIIOBOM MOMEHT. Torma
BO3HMKAeT BOINPOC, YTO MPOUCXOAUT B OoJiee BBICOKMX H3MEPEHUSX,
IPEBBIIAIONINX 00bIYHbIE YeThIpe? C 3TON TOUKH 3peHUs Bce 00Jiee BaXKHYIO POJb
urpaer Oosee riayOOKoe MOHMMAaHWE HOBBIX M KAaYECTBEHHBIX ACIEKTOB YEPHBIX
IbIp, TO €CTh TOr0, MOTYT JIU KaK IPaBUTAIMOHHBINA KOJUIANC, TaK U aKKpelus
paboTtare sl 0Opa3oBaHUs BpAIIAIOMIMXCS YEPHBIX JbIp B 0ojiee BBICOKHX
u3MepeHusx. Tormaa MOKHO MpencKka3aTh, YTO TOTJIa U TOJIBKO TOT/a, Korjga oba
3TH Ipollecca He JEHCTBYIOT B 0ojee BBICOKMX H3MEPEHMsX, o00pasys
BPAIIAIONIYIOCs YEPHYIO NBIPY, U TorJa UX d(Q(PEeKT MOKET TaKKe OTPaKaThCs B
TOM (haKTe, 4TO TUIOTE3a O CIA00H KOCMHUYECKOU IEH3ype BCETJa BBITOIHICTCS
Ja)Ke MPU JIMHEWHOM MPOLIECCE aKKPELMU NIPU Pa3MEPHOCTIX mpocTpancTea D > 5.
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B sTo#t cutyaumu yncras rpaBuTanus JIaBinoka MOXKET 3aHATh LICHTPAIBHOE MECTO
U JIaTh HaM BO3MOXXHOCTh IIPOBEPUTH, MOTYT JIK 00a BHIIIECYNOMSIHYTHIX Ipoilecca
paboTath AJ1s1 00pa30BaHUs YEPHBIX JBIP UM HET B 00JIe€ BBICOKUX U3MEPEHUSIX.

CreneHb M3y4eHHOCTH MpPoOJeMbl. [lo cTeneHn W3Y4EHHOCTH MPOOJIEMBI
MHOTHE YUYEHBIC U3 PA3TUYHBIX HAYYHBIX [IEHTPOB U YUPEKICHUM, T. €. HHIUNUCKHUE
yuensie (H. Jaguy, I1. Jxxomm, A. Mumpa, C. Capkap, M. Ilaruin, P. T'om u ap.),
snoHckue ydenwole (M. Takaxuca, X. Tomoxupo, K. Macamm), UTaIbsSHCKHE
yuensbie (K. bam6wu, JI. Moaecto, JI. Manadapuna, O. 3aHOTTH), YELICKUE YUEHBIC
(3. Cryxiuk, M. Koxoc, 5. Illee, 1. Kosap, B. Kapacs), nemeukue yuensie (K.
Jlaemmepuans, JI. Pemmonna, H0. Kynn, O. Xakmann, [[. Kyncr, B. Ilepmuk),
kutaiickue yuensle (b. Uen, [[x. [3sn, b. T'e), yuennsie Pecniy6muku Kopes (b.
['Bak) U npyrue mOpoBeNUd TEOPETUUECKHE U HaOIIoAaTeNbHbIE HCCIEIOBAHUS
00pa3oBaHMs YEPHBIX JBIP U YCTOMYUBOCTH TOPU30HTOB YEPHBIX IBIP, MPOBEPSs
runote3y o kocmuueckoi 1ensype (WCCC) B paziuvHBIX TCOPHUSIX TPaBUTAIUH.
Opnnako 3T TpoOIEMBI elie He OBLIN TOIHOCTBIO UCCIIEIOBAHBI TSl YEPHBIX JIBIP
B OoJiee BRICOKHX M3MepeHusx D > 4 kak B Teopuu rpaBUTAIMN DWHINTEHHA, TaK U
B YHCTOM T€OpUHU rpaButaunu Jlasioka.

HenaBuue nccnenoBanus U HaOMIOACHUSI TOKA3BIBAIOT, YTO CYIIECTBYET CBS3b
JBH>KEHUS 3aPSHKEHHBIX YacTUI] ¢ MOTOKAMHU YaCTHI], UCXOASIIMMU U3 aAKTUBHBIX
anep ranaktuk (AMD). B cBs3u ¢ 3tuM ¢ Tex nop ObL1 pa3paboTaH OOIIMPHBIN
aHallu3 B CaMbIX Pa3HOOOpa3HBIX CUTyalUMsX MHOTHMH yYE€HBIMH, B TOM YHCIIE
unauniickumu (M. Bar, C. ypanaap, H. Jdaauu), vemckumu (3. Cryxmnuk, M.
Konoc u np.), ykpaunnckumu (O. 3acnaBckuit), utanbsiackumu (. Manadapuna, O.
bapayc), y36exkckumu (b. AxmenoB u nap.), kanaackumu (B. ®@ponoB u ap.) u
MHOTUMH JIPYTUMH, MOCBSIIEHHBIC BIUSHUIO MAarHUTHOTO MOJS HA MEXAHU3MBbI
W3BJICUCHUS DPHEPTUU U3 UYEPHBIX JbIP U aKKPEIMOHHBIX AUCKOB. OJIHAKO HU B
OJIHOM M3 3TUX HCCIEAOBAaHUN HE PacCMaTPUBAIOCh PEIICHHE HaMarHU4eHHOU
YEpHOU JBIPHI, KOTOPOE CO3/1a€T aKCUAIbHO-CUMMETPUUYHOE MPOCTPAHCTBO-BPEMS
U3-3a CYIIECTBOBAHUS MArHUTHOTO MOJIS ake 0€3 KaKoro-au0o BpalleHuUs.

CBsi3b TeMbl JHCCEPTALMH € HAYYHO-HCCJIEI0BATEILCKUMH padoTamMu
HAYYHO-UCCJIeA0BATE]ILCKOI0 YUpe:XKIeHHsl, I/le BbINOJHEHA IUCCepTalus.
JluccepTallMOHHOE MCCIEN0BAaHUE BBINIOIHEHO Ha nepuon 2021-2022 rr. B paMkax
Hay4YHBIX MPOeKTOB MHCTUTYTA DyHIaAMEHTATBHBIX U TPUKIIAIHBIX UCCIICTOBAHMMA
HAIIMOHAJILHOTO HMCCIIEN0BaTEIILCKOTO YHUBEPCUTETA “TUNNMCX” u
ACTPOHOMHUYECKOTO MHCTUTyTa AkajaemMuu Hayk Y30ekucraHa: O-DA-2021-432
«AHamu3 u  00pa0oTKa JaHHBIX CO CHOYTHUKOB JUIsI  MaJIOMAaCCHBHBIX
PEHTI€HOBCKHX IBOMHBIX crucTem» (2021-2026 rr.).

Heabio ucciegoBanus sBIsSETCA pazpaboTKa TeOpEeTHUYEeCKoro GhopMaanima,
KOTOPBIN MPUBOAUT K MOAPOOHOMY OMHMCAHUIO 0Opa30BaHUS YEPHOM IBIPHI M €TO0
BIUSHHUS Ha CTaOMIBHOCTH TOPU30HTA YEPHOW JbIpbl B 0OJee BBICOKUX
u3MepeHusax D > 4, BausHue TEeMHOW MaTepUu UCaTbHOM KUIKOCTH Ha TUHAMUKY
YaCTUI] U YEpHbIE JbIpbl B Pa3IUYHBIX CHUTYAlMSIX, KAYECTBEHHBIEC AaCHEKThI
IIPUPOJbI HAMAarHW4EHHOM 4YepHOU AbIpbl PeliccHepa-Hopuacrpema, sBistomencs

OOJIBIIIMM PpE3ePBYapOM DHEPTUH H3-3a PACIHIMPCHHUS DPro-o0jacTH, a TakKe
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acTpo(u3nyecKoe MPUIIOKEHUE TOJIYUYSHHBIX pE3yJIbTaTOB K pachpeaeieHUusIM
TEMHOW MaTepHuH, KOTOpPHIE CYIIECTBYIOT B I[EHTPE TallaKTHK, K OTPaHUYCHUIO
JOCTOBEPHOCTH AJIbTEPHATUBHBIX MOJENIe YEPHBIX JBIP U K OMHUCAHUIO BBICOKUX
sHEepruit ot Al pu 0OBSICHEHUH acTpO(DU3NIECKUX HAOTIOACHUN.

3agaum uccieq0BaHNSA !

U3y4YHTh OOpa30BaHHWE BPAIMAIONIMXCS YEPHBIX JbIp B 00Jee BBICOKHX
U3MEPCHHSIX B PE3YJIbTaTe MPOIECCOB aKKPEIMH, B KOTOPHIX MaTEPHs BPAIIAcTCsI
BOKPYT TATOTEIOIIETO IIEHTPA [0 YCTOWYMBBIM KPYTOBBIM OpOUTaM;

U3y4nTh cTaOMIIbHBIC KpyroBbie opouThl (CKO) yacTuip BOKPYT YepHBIX ABIP
B BBICIIMX W3MEPEHUSIX B TEOPUU ODWHINTEWHAa M YUCTOM rpaBUTanuu JlaBioka;
pazpaboTarh oOmMK ¢dopmanu3M Uil MPOBEPKU THUIOTE3bI O KOCMHYECKON
[IEH3ype IyTeM H3y4YeHUs TIpollecca YPE3MEPHOTO BpallleHUs/TIepe3apsiaKu
BpAIAIONICCs YepHOU IbIphl B 0O0jiee BBICOKMX HM3MEpeHHsX D > 4 u HH3KHX
u3MepeHusax D < 4 kak ajis JUHEWHOro, TaKk W JJIsl HEJIMHEMHOro pexXuma
AKKpEIH YaCTHII,

U3YYUTh BIUSHUE UJCATBHO JKUJAKOW TEMHOW MaTepuu Ha JIUHAMUKY
JIBUKEHUS YACTHUI] BOKPYT YEPHBIX JIBIP B PA3TUUHBIX TEOPHUSIX TPABUTAINN;

OIICHUTh BEJIWYMHY WACATBHO OJKHJKOW TEMHOW MaTepuu IO  ee
pacrpeneneHrIo B IieHTpe ramakTuk Sgr A u M87;

U3y4eHUE TEOMETPHUU aKCUAThbHO-CHMMETPHUYHOTO MPOCTPAHCTBA-BPEMEHH
HaMarHWYEeHHOW 4YepHOW MpIpbl U omucaHue 3PHEKTHBHOCTH HCIIOIH30BAHUS
SHEPTUU TOCPeNCcTBOM mporiecca IleHpoys3a kak ans HEHTpaidbHBIX, TaK U IS
3apsHKEHHBIX YaCTHII.

O0beKTOM HCCJIeJOBAHUS SBISIOTCS MPOLECCHl YBOJIONHMKA YEPHBIX ABIP B
BBICIIINX M3MEPCHUSAX, UACATBHO JKUIKAS TEMHAs MaTEpHs, DICKTPOMATHUTHBIC H
TPaBUTALMOHHBIE TOJSI B CPEJIe, OKPYKAIOMIEH acTpOPU3NUECKUE YEPHBIE TBIPHI B
Pa3ITUYHBIX TEOPUSX TPABUTAIIHH.

IIpenmeroM wucc/ie0BaHMUS SBISIOTCS (OPMHUPOBAHUE YEPHOUM MABIPHI, €€
IMHAMHKa, a TaKXkKe MPOBEepKa CTaOMIBHOCTH TOPH30HTA YEPHOU ABIPHI B Oojee
BBICOKHX M3MEPEHUSX, BIUSHUE TEMHOW MaTepUM HWJICATHHON JKMJIKOCTH Ha
acTpo(u3nyecKkre TMpPOLECChl, CBS3aHHBIC C JaHHBIMU HAONIOJEHUH, a TaKKe
3 HEeKTUBHOCTH U3BIICYCHHS]  DHEPIUHU B aKCHAJIBHO -CHMMETPUYHOM
IPOCTPAHCTBE-BPEMEHN HAMAarHMYEHHOW YEPHOH JIBIPHI.

MeTogamMu mccaeI0BAHUS SIBISIFOTCS MaTEeMaTHYECKHH ammapaT oOImei
TEOPUM OTHOCUTEIBHOCTH U MeTpuuecko addunHor auddepeHnnanbHoml
reOMEeTpUM, a TaKKe aHAJIUTUYEeCKHUEe M YUCICHHBIE METOJbl pEeIlIeHUs
mudepeHnnanbHbIX YpaBHEHUN JTUHAMUKHA YaCTHI] U TIOJIEeH.

Hay4yHasi HOBU3HA UCCJIEIOBAHUS 3aKIIIOYACTCS B CIEIYIOIIEM:

BIIEPBbIE M3Y4YEHBI MPOIECCHI 00pa30BaHUs YEPHBIX JBIP B 0OoJiee BBICOKUX
U3MEpPEHUsIX; TO0Ka3aHo, 4YTO [JIs TpaBUTaAllMKd OWHIITEHA HE MOXET
CYyIIIECTBOBAaTh CTAOMIIBHBIX KPYTOBBIX OpOUT JJIsi 0Opa3oBaHUS aKKPEIMOHHOTO
JIMCKa, W, CIEA0BATEIIbHO, HE MOJKET 00pa30BaThCs BPAIIAIOIIAsACS YepHAs AbIpa B
0oJiee BRICOKUX M3MepeHUsIXx D>4;
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BIIEpBbIE pa3paboTaH oOmMi ¢Gopmanu3M s MPOBEPKH THUIIOTE3bl O
KOCMUYECKOW IIEH3ype NyTEM M3YUYEHHSI IMPOLECCa YPE3MEPHOTO BpallCHUA
BpaIllaloNIeicss YepHOM IbIphl B 00J€e BBICOKUX H3MEPEHUSX; IMOKa3aHO, YTO
TUIOTE3a O CJIa0olW KOCMHYECKOW IIeH3ype BCErJa BBIMOJNHSETCA Jaxe IMpu
JUHEWHOM mpoliecce akkpernuu B D>5;

BIEPBbIC MOKA3aHO, YTO IKCTPEMAaJbHbIE M MOUTH SKCTpeMalbHbie (2 +1)
pa3sMmepHbie uepHble abIpel BTZ MoryT ObITh mepe3apsiKeHbl KaKk B TEOPHH
rpaBUTALlMM DWHIITENHA, TaK U B TEOPUHU IpaBUTaAlMU DiHIITEWHA-I aycca-boHHe,
YTO MPUBOAUT K HEMOAUYMHEHHUIO TUTIOTE3€ C1ab0i KOCMUYECKOM IIEH3YPHhI;

BIIEpBbIE Pa3BUT (opMaliu3M, U3ydas BIHUSHUE UICATBHO KUJIKOW TEeMHOU
MaTepUH Ha JAUHAMUKY JIBUXKEHUS YacTHIl U 3PPEKTUBHOCTD U3BJICUEHUS IHEPTUU
U3 YEpPHBIX NbIp, a TaKKe W3 JUHAMHUKU YEPHBIX IbIP; OBLJIO MOKa3aHO, YTO C
HAOJIOaTeIbHOW TOYKM 3pPEHMS JajeKkue HaOIofaTeNld HE CMOTYT OTIUYHUTH
KEPPOBCKYIO UEPHYIO JBIPY B BaKyyMe OT UEpPHOU ABIPHI C OOJBIINM YTIOBBIM
MOMEHTOM, TOTPY>XCHHOW B O0O0O0JOYKY W3 TEMHOW MATepUH C BHEIIHUM
MarHUTHBIM I1OJIEM;

BIIEPBBIC TpeJCTaBiIeH (opMann3M, u3ydas KOMOMHUPOBAHHBIE A(P(HEKTHI
UJI€abHO KUIKOW TEMHOW MAaT€pUUM U KOCMOJIOTMYECKOW MOCTOSIHHOW BMECTE;
ObLIO MOKa3zaHo, 9yTo uepHas apipa RN-dS He Bcerma Moker OBITH Tepe3apsbKeHa
CBEPX ONPEAECICHHOIO IOPOrOBOTO MpEAEsia, NPU KOTOPOM OTTAJIKUBAOIIAN
3¢ eKT, BOBHUKAIONIMNA HM3-32 KOCMOJOTHYECKON IMOCTOSHHOM, TpeolnagaeT Hajl
MPUTITUBAIOIINUM, 00YCIOBJICHHBIM UJI€AIBHO KUAKOW TEMHON MaTepuen;

BIEPBbIC MPEJCTABIECHO HM3YYEHHE TE€OMETPUM, HOBBIX W KA4YECTBEHHBIX
aCIIEKTOB MPOCTPAHCTBA-BPEMEHH AKCHUAJIBbHO-CUMMETPUYHONW HAaMarHW4E€HHOU
YEpHOU JBIPHI U BIUSHUS €€ MAarHUTHOTO MOJIs Ha 3P(HEKTUBHOCTH UCTIOIB30BaHUS
SHEPTUU IOCPENCTBOM Ipouecca lleHpoy3a kak i HEUTPAJIbHBIX, TaK U JUIS
3apsDKEHHBIX 4acTull; ObUIO TOKa3aHO, YTO HaMarHW4YeHHas 4YepHas Jblpa
Peiiccuepa-Hopacrpema Oynet 60abIuM pe3epByapoM IHEPTHUH, KaK YepHas JIbIpa
Keppa ¢ yrioBsIM MOMEHTOM.

IIpakTHYecKkHe pe3yJabTaThl HCCJIET0BAHUSA 3AKITIOYAIOTCS B CIEAYIOIIEM:

JIOKa3aHO, YTO B TpaBUTAUMM OWHIITEHIHA HE MOTYT CyUIECTBOBATH
CTaOUJIbHBIE KPYTOBbIC OPOUTHI, 1JIs1 (POPMUPOBAHUS AKKPEIIMOHHOTO JUCKA B
0oJiee BBICOKMX M3MEPEHHUSX, M CIIeIOBATeJIbHO, BpaIAIOIIAsCcs YepHas JbIpa He
MO3KeT 00pazoBaThcs pu D> 4,

MOKa3aHO, YTO OTCYTCTBHE CTaOWJIBHBIX KPYTOBBIX OPOUT MOXKET OBITh
OTPaXXEHO B TOM (pakTe, YTO BpAIAIOIIUECS YEPHbIE IbIPhl HE MOTYT OBITh
NEepPEeKPyYEHBI TaKe MPH JUHEHHOM Mpolecce akKperuu npu D>5;

MOKa3aHO, 4YTO KOMOWHHUpOBaHHBIE J(MQPEKTbI TEMHOH MaTepuu U
MarHUTHOTO TMOJs MOTYT MMUTHUPOBATH IMapaMeTp BpAILEHUS YEPHOM [bIPbI C
TOYHOCTBIO 10 a/M = 0.8; B COOTBETCTBUHM C pa3pabOTaHHOW MOJIECNbIO OBLIN
OLICHEHBI BEpXHUN U HUXKHUM AUAITa30Hbl HACATBHO KUJIKOW TEMHON MAaTEpHH, T.€.

oHa OyJer mopsaka A ~ (10_21 — 10_20) s Sgr A" m A~ (10_12 — 10_11) IS

ranaktuku M87:
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MOJYYEHbl AHATUTUYECKUE BBIPAKEHHUS ISl OINPENEIEHHOTO0 MOPOTOBOIO
npesena, npu KoTopoM  3ddekT OTTAJIKUBAHMUS, 00yCITOBJICHHBIN
KOCMOJIOTHYECKON TOCTOSIHHOW, JOMUHHUpPYET Hal dS(OPEeKToM NpUTSHKEHUS
UJIeaTbHO KUJIKOWM TEMHOW MaTepuu; MPOJEMOHCTPUPOBAHO, YTO 3a MpeieiaMu
ATOr0 MOPOroBOro npexaena yepHas Asipa Paiicnepa-Hopacrpema He MOXET UMETh
U30BITOUHBIN 3aps/l, U CIEA0BATENbHO, TUIIOTE3a O CI1a00 KOCMUYECKOHN 1IeH3ype
CTPOTO BBITIOJTHACTCS;

00HAPYKEHO, UTO JaXe JJIs CiIydas HeUTpalbHOM 4dacThIlbl 3(P(HEKTUBHOCTD
npouecca Ilenpoy3a s skctpemanibHoro (Q=M) cnydas akcuaibHO-
CHUMMETPHYHOM HaMarHW4YeHHOW uepHOi nbIpbl PeiiccHepa-Hopacrema, 6osee uem
BaBOE (=50%) mpeBbimaeT 3QGHEeKTUBHOCTH IKCTPEMAIIBHOTO ClTydast YepPHOU JBIPHI
Keppa (a=M), koTopslii coctasisier okoio 20 % .

JlocToBepHOCTH pe3yJibTaToB HCCIe10BAHUS 000CHOBBIBACTCS
UCIIOJIb30BAHWEM HOBBIX METOJOB OOIIEH TEOpHH OTHOCUTEIBHOCTH H
COBPEMEHHBIX YHCIECHHBIX METOJIOB M AITOPUTMOB; IMPOBEICHHOW TIIATEIBHOU
IPOBEPKOM COTJIACOBAHHOCTH TOJNYYEHHBIX pE3YyJbTaTOB C COBPEMEHHBIMU
ACTPOHOMHYECKAMHU HAOTIOICHUSIMU M Pe3yJIbTaTaMU IPYTUX aBTOPOB; BHIBOJAMH,
XOpOIIO  COTJACYIOMIMMHCS ¢  OOMMMH  TNPUHIHANAMH  KOMIAKTHBIX
TPaBUTAIMOHHBIX  OOBEKTOB. JTO  moAaTBepxkaaercs  ¢dakTtamud, HYTO B
JTUCCEePTALIMOHHOM paboTe MCIONIB30BAINCH CTAaHAPTHBIE METO/Ibl OOIIEH Teopun
OTHOCUTEIBHOCTH, a TAK)XKE METOJIbl MAaTEMaTUUYECKON U TEOPETUYECKON (PUHUKH C
COBPEMEHHBIMM  YUCICHHBIMM METOJaMU H MpOrpaMMaMu; TOJTy4YEHHbIE
TEOPETUYECKUE  PE3ybTaThl ObUIM  COMOCTABIEHBl MyTEM MPOBEPKH C
MMEIOUIUMUCS TEOPETUUECKUMHU JAaHHBIMU U COBPEMEHHBIMU ACTPOHOMHUYECKUMU
HAaOMIOACHUSMU U pe3yJibTaTaMu JIPYTHX YUYEHBIX; TMPUBEJCHHBIC BBIBOJIbI
pe3yJIbTaTOB XOPOIIO COMIACYIOTCS C OOIMMHM TPUHIUIAMH TEOPUU MO
KOMIMAaKTHBIX TPABUTALIMOHHBIX 00BEKTOB B PEKUME CUJILHON I'PaBUTALIUH.

Hayuynasi U mnpakTHyeckass 3HAYUMOCTH Pe3yJdbTATOB MCCJIET0BAHMSA.
HayuHast 3HauuMMOCTh pe3yJbTaTOB HCCIENOBAHUS B JAUCCEPTALlMU COCTOUT B
pazpaboTke popManu3mMoB I aHAITM3a 00pa30BaHUs BPAIIAIOITUXCS YEPHBIX JBIP
U TPOBEPKU THUMOTE3bl O KOCMHYECKOW IIeH3ype IyTeM H3y4YeHHs Mpoliecca
OBICTPO BpaIAIOIIUXCS YEPHBIX JIBIP C aKKPELHMEH YacTHIl JJIs TOJTyYeHHUs 00IIei
uHpOpMaIUU U yOSAUTEIbHBIX MAaTeMaTUYECKUX JIOKA3aTeJIbCTB, YTOOBI TIIyOxKe
MOHSATh HOBBIC M KauyeCTBEHHBIE aCIEKThl 00pa30BaHUS BPAIIAOIIUXCS YEPHBIX
IeIp B Oosiee BhICOKMX wu3MepeHusix D>4. Kpome Toro, 4acTuiibl ¢ BBICOKOU
SHEprue o0pasyrloTcsi B pe3ysibTaTe CTOJKHOBEHHUN B aKKPEIUMOHHOM IUCKE, U
APKOCTh JIMCKa 3aBUCUT OT JeXkalleil B ero ocHoBe reoMerpuu. OpHako B
PEATUCTUYHOM CILIEHApUU OOBEKT HEJNb3sl CUUTATh HAXOJIAUIMMCS B BaKyyMe,
MOCKOJIbKY U3BECTHO, UTO PacCIpeeieHns] TEMHON MaTEpUU CyUIECTBYIOT B IIEHTPE
ranakTuk. Kpome TOro, MarHMTHBIE TOJISI UIPAIOT BaXKHYIO pPOJIb B JUHAMUKE
3apsHKEHHBIX YaCTHUI] BOKPYT YEPHBIX JBIP, OCOOCHHO BOJIM3M TOPU30HTA YEPHOU
neipbl. [loaToMy, 4TOOBI OBITH YBEpPEHHBIM B BBIBOJAX, CACIIAHHBIX HA OCHOBE
HAONIOJCHN aKKPEIMOHHBIX JHCKOB, BaXXHO W3yYHWTh BIHUSHHE, KOTOPOE
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IIPUCYTCTBUE II0JIEM BHEIIHEHM MaTepUUM W MArHUTHBIX IIOJE€H OKa3bIBaeT Ha
YaCTUIIbI B TUCKAX.

[IpakTryeckass 3HAYUMOCTh PE3YyJbTATOB JUCCEPTAMU 3aKJIOYAECTCA B
dakTax, KOTOpbIE, C TOYKH 3pCHHUS HAOJIIOACHUM, TOJIYUYCHHBIC PE3yJIbTaThl
CBHJICTENIBCTBYIOT O TOM, urto omnpeaeneaus BCKO 1o HaOmaroaeHuIo
AJIEKTPOMArHUTHOTO M3JYYEHHUS, UCITYCKAEMOT0 AKKPEIMOHHBIM JMCKOM, MOKET
OBITh HEJIOCTATOYHO JJIsI YCTAHOBJICHUS 3HAYEHUS YTIIOBOTO MOMEHTA MCTOYHHUKA.
dakTUYECKH, YIICHHbIE HAOMIOAATEIN HE CMOTJIM Obl OTIMYUTH YEPHYIO JIBIPY
Keppa B BakyymMe OT 4epHOM JAbIpbl C MEHBUIMM YIJIOBBIM MOMEHTOM U
NOTPYKEHHOM B I0JI€ TEMHOM MAaTEPHUH, a TAKKE OT HAMAarHUYEHHOW YEpHOU JbIPHI
c OONpIIMM YTIJIOBBIM MOMEHTOM. Takum 00pa3oM, OTH TEOPETHUECKHUE
UCCJEAOBAHUS B JUCCEPTAllUM MOTYT TMOMOYb OTPAHUYUTh OOOCHOBAHHOCTH
ATbTEPHATUBHBIX MOJENEH YEPHBIX IbIp NPH OOBSCHEHUU aCTPOPUINIECKUX
HaOmoneHnii. Taxke TEopeTUUeCKUil aHaIn3 BEPXHEro W HIDKHETO JIHara3OHOB
pacupeneneHusl UICAUIbHOM TEKy4ed TEMHOM MAaTepUHM BOKPYT CBEPXMACCHUBHBIX
YEPHBIX JIBIP MOKET OBITh MCIIOIB30BaH ISl aHATN3a TPUPOILl U TUHAMHUKHU TIOJIS
TEMHOW MaTepud Mpu pa3paboTKe JaHHBIX HAONIOJCHWA C MOMOIIBIO CHTHAJIOB,
KOTOpPBIE MOCTYNAIOT JAJIEKO OT FPAaBUTAIIMOHHBIX OOBEKTOB MPU B3aUMOJECHCTBUH
C TMPOMEXKYTOUHBIMH BemiecTBaMu. [lonmydeHHble pe3ynpTaTbl OTHOCUTENBHO
SHEpreTuyecko A(PPEKTUBHOCTU, U3BJICYEHHOM W3 aKCHAIbHO-CHUMMETPUYHOTO
HAMAarHMYEHHOTO MPOCTPAHCTBA-BPEMEHU YEPHOU ABIPHI, MOTYT OBITh MOJIE3HBI
MpU aHaIU3€ AacCTPOHOMHUYECKHUX HAOMIOJEHUM, CBS3aHHBIX C OTTOKaMH,
MMEIOUUMU OOJIBIINE SHEPTUH, OT AKTUBHBIX TAIAKTUYECKHUX SAEP B BUJE BETPOB
U cTpyil. Pe3ynpTarhl, CBSI3aHHBIE C aHAJIM30M OCOOBIX ACIEKTOB YEPHBIX IbIP B
0oJiee BBICOKHUX U3MEPEHUSAX, MOTYT OBITh HCIIOJIb30BAHbl B KAaUECTBE MPHUHSITOU
MoOJenu s pa3pabOTKH JalbHEUIIUX METOJO0B U OOBSICHEHUS SBOJIIOIUU
BpAaIlAIOIIMXCS YEPHBIX ABIP B 00Jiee BRICOKUX M3MEPEHUSIX BO BeeneHHoil.

Bueapenue pe3yabTraroB uHccjaenoBaHusi. Ha OCHOBE MOJIy4YEHHBIX
pe3yabTaTOB MO HCCICIOBAHUSAM SBOJIOLUMU W JUHAMUKHA  KOMITAKTHBIX
acTpo(U3NIECKUX 0OBEKTOB B PEIISITUBUCTCKUX TEOPUSIX TPABUTALINU:

pe3yJIbTaThl TEOPETUUECKUX MCCIEOBAHUIA U METO/IbI TI0 KPYTOBBIM OpOUTaM
BOKpPYT BpAIlAIOIIUXCS YEpHbIX nblp OHHIITeMHAa W [aycca-bonHe BbICcHINX
U3MEpCHUN U O0O0pa30BaHHWIO YEPHBIX JbIp OBUIM MCIOJIB30BaHBI B paMKax
nporpaMM  MeXKyHUBEPCUTETCKOTO IIEHTpa AaCTPOHOMHHM U acTPO(HU3UKH,
nojjep>xuBaeMbpix  KoMmuccueln 10  YHHUBEPCHUTETCKMM TpaHTaM  (IMHUChbMO
MexXyHUBEPCUTETCKOTO IIEeHTpa acTpoHOMHH U acTpodusuku, Wumus, ot 25
Hos10ps1 2022 roma), a Takke psaoMm 3apyOexHsix aBropoB (Physics of the Dark
Universe, Vol. 35, id. 100916, 2022; Physical Review D, Vol. 105, id. 124033,
2022; Classical and Quantum Gravity, Vol. 38, id. 155017, 2021) mist usyueHus
IBIOKEHUS (DOTOHA U €r0 TEHU BOKPYT Bpallalomeics 3apsKEHHOM YepHOM ABIPHI B
rpaButaiun 4D OI'b u cTaOUIBHBIX KPYTOBBIX OpPOUT BOKPYT CTAaTHYECKHUX
YepHBIX JbIp DiHIITeHa-"aycca-boHHE U T.1I. ¢ HCTIOJIL30BAHUEM aHATM THUECKHUX
Y YHCIICHHBIX PACYETOB;
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Hay4Hble pPE3yJbTaThl O OBICTPO BpAILAIOIIMXCA YEPHBIX AbIpax B OoJiee
BbICOKUX (D>4) u Hu3kux (2+1) u3MepeHusx ObUIM MCIOJIH30BaHbl HECKOJIBKUMHU
3apyoOexxubiMu yueHbiMu (Journal of Cosmology and Astroparticle Physics, Vol.
2022, id. 077, 2022; Physical Review Research, Vol. 4, id. 023031, 2022; The
European Physical Journal C, Vol. 81, id. 1131, 2021; Physics of the Dark
Universe, Vol. 32, id. 100831, 2021; Journal of High Energy Physics, Vol. 2021,
id. 45, 2021; The European Physical Journal C, Vol. 81, id. 49, 2021) npu
pa3paboTKe pa3IUUYHBIX MOJIENICH, CBS3aHHBIX CO CTAOMJIBHOCTHIO TOPU3OHTA B
Pa3JINYHBbIX I'PABUTAIIMOHHBIX MOICIIAX. HpI/IMCHCHI/Ie PE3YJIbTAaTOB, ITIOJIYUYCHHBIX B
U CCepTallNK, TO3BOJIMIIO Obl pa3paboTaTh (yHIaMEHTAIbHBICE TEOPHHU MPOBEPKHU
yCTOﬁQHBOCTH TOPpU30HTA B APYTIUX I'PABUTAITUOHHBIX MOICIIAX

PE3YIbTAThI UCCICIO0OBAHUA BJIIMAHUA NACAJIBHO )I(PII[KOﬁ TEeMHOU MAaTCpuHn Ha
JBUKCHHUE YACTHUI] BOKPYT CTATUYECKON YEPHOU ABIPHI, TOTPYKEHHOW BO BHEIIHEE
MarHUTHOE TOJe, W KOMOMHHpPOBaHHBIE AP(DEKTHl HICATHHO KHUIKOW TEMHOM
MaTCpuu H KOCMOJIOTUYECKON MOCTOSHHOM 6I>IJ'II/I HCIIOJIBb30BaHbl HCCKOJIBKUMU
3apyOexxupiMu uccienoBarensmu (Physics Letters B, Vol. 829, id. 137031, 2022;
Journal of Cosmology and Astroparticle Physics, Vol. 2022, id. 077, 2022; Journal
of Cosmology and Astroparticle Physics, Vol. 2021, id. 012, 2021; Physical
Review D, Vol. 104, id. 084015, 2021; Journal of Cosmology and Astroparticle
Physics, Vol. 2022, id. 043, 2022; Universe, Vol. 8, id. 369, 2022; Physical
Review D, Vol. 103, id. 104070, 2021; Communications in Theoretical Physics,
Vol. 73, id. 095403, 2021; The European Physical Journal C, Vol. 81, id. 269,
2021) nna pa3paboTku (Qopmanu3Ma peryaspHON HEMUHUMAJIbHOW MarHUTHOMN
‘—IGpHOfI AbIPbl KaK HMCTOYHHMKA KBA3UIICPUOAUMYCCKHUX KOJ'Ie6aHI/If/'I, HCCIICOJ0OBAHUA
KOMIIOHEHTOB TEMHOM MAaTepuu C MUUIM3APSAOM HU3 CUIydTa U DHEPTUU YEpPHOH
aeipbl RN-AdS norpyXeHHOH B HMAEATBbHO XUAKYIO TEMHYI MaTEpuio, IpHU
pacinpCHUHA I[)KOYJ'I)I-TOMCOHa, B pa3/IMYHBIX I'PABUTAINUOHHBIX MOACIIAX

PE3yIabTaThl, NOCBAIICHHLIC BBIABICHUIO KAYCCTBCHHBIX ACIICKTOB Ir€OMCTPHU
MPOCTPAHCTBA-BPEMEHN  AKCHUAIBbHO-CUMMETPUYHOW HAMAarHM4€HHOM YEPHOM
AbIPBI 1 €€ MArHUTHOTO IIOJIA JJIA BBIABJICHUA €€ BIIMAHUA Ha aCTpoq)I/ISI/IquKI/Ie
SABJICHUSA U 3(1)(1)CKTI/IBHOCTB W3BJICYEHHOU SHCPTUH, OBLIIM UCIIOJIL30BAHEI B paMKax
HCCICO0OBATCIILCKOTO TI'PAaHTaA I/IHCTI/ITYTa (1)H31/IKI/I U MaTEMaTUuKUu yHI/IBepCI/ITeTa
Mpuuvoakana Ne CF-MG-2558591 FORDECYT-PRONACES CONACYT (mucemo
WNucturyTa dusnku u maTemMaTuku Y HuBepcurera Mudoakana B Can-Hukonac-ne-
Wnanero, Mekcuka), a Takxke psiga 3apyOexHbix uccienosareneii (Physical
Review D, Vol. 105, id. 064072, 2022; International Journal of Modern Physics A,
Vol. 37, id. 2250144, 2022; The European Physical Journal Plus, VVol. 137, id. 645,
2022; Universe, Vol. 8, id. 571, 2022; The European Physical Journal Plus, Vol.
136, id. 1032, 2021; The European Physical Journal C, Vol. 81, id. 983, 2021,
Physical Review D, Vol. 104, id. 064016, 2021; Galaxies, Vol. 9, issue 4, id. 71,
2021; Galaxies, Vol. 9, id. 63, 2021) mig pa3pabOTKH TEOPETUUECCKOTO
HUCCIICA0BaHUA JUHaMHUKU 3aPAKCHHBIX qaCTHuIj B O6J'IaCTI/I KBAaHTOBO-
CKOPPEKTUPOBAHHBIX CTAaTHYECCKUX YECPHBIX IbIPp M TPaBUTALUOHHOIO aHajora
BpameHus Gapanes B HAMarHHYEHHOM NpocTpaHcTBe-BpeMenu Keppa u PH u T. 1.
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Amnpobanus pe3yJabTaTOB HCCael0BaHus. Pe3ynbrarhl uccien0BaHuii ObLI
IpEACTaBICHBI U O0CYXACHBI Ha 3 MEXAYHAPOIHBIX U PECITyOIMKAHCKUX HAYyYHbBIX
KOH(epeHusIX.

Ony06,1MKOBAHHOCTH pe3yJIbTaTOB HCCJIeI0BAHUS. ITo TeMe
JMCCEePTAIMOHHON pabOThl OMyO0IMKOBaHbl 23 Hay4HbIX padoT, u3 Hux 20 crareii B
Hay4HBIX JXypHaiaX, pEKOMEHJIOBAaHHBIX Bricuiel aTTecTalOHHOW KOMHCCHEH
PecniyOnuku Y30ekuctan nais myONMKAlMd OCHOBHBIX HAayUYHBIX pe3YJbTaToB
JOKTOPCKUX JauccepTanuii, B TOM uucie 19 B MeXIyHapOIHBIX HAyYHbBIX
KypHaiax.

O0beM M CTPYKTYypa aAuccepranuu. Jluccepranys COCTOMT W3 BBEACHHS,
YEeThIpEX TJIaB, 3aKIIOUEHHS W CHHcKa JuTepaTypel. OO0BeM JuccepTanuu
cocraBinsier 218 crpanuil.

3AK/IIOYEHUE

[lo pesynpraram wucCcCIeAOBaHUS, MPOBEICHHOIO IO TEME JIHUCCEPTAIUH
nokropa Hayk (DSC) «DBomrorus m nTuHaMHKa KOMIAKTHBIX acTpO(U3NUECKUX
00BEKTOB B PEISTUBHCTCKUX TEOPUSIX TPABUTAIUKY, MPEICTABICHBI CIETyIONIUE
BBIBO/IBI.

1. VccnenoBanbl mpoliecchl 00pa3oBaHUsl YEPHOU NBIPHI B 00Jie€ BBICOKHX
M3MEPEHUSIX, M T[0KAa3aHO, YTO CTaOWJIbHBIE KpPYroBble OpOUTHI HE MOTYT
CylIecTBOBaTh Uit (POpMUPOBAHUS AKKPELUMOHHOTO JUCKa, T.€. CBS3aHHBIC
op6utsl/ISCO He CymecTByIOT BOKPYT Y€PHBIX IBIP 00Jiee BRICOKMX U3MEPEHUN B
rpaBUTAllUd ODWHINTEHHA, W, CJIEAOBATEJIbHO, Bpallalolascsi 4YepHas Jblpa HE
MOKET ObITh CPOpMHUPOBaHA B O0Ji€€ BBICOKUX U3MEpeHUsIx D > 4.

2. VccnenoBaHbl KpyroBble OpOMTHI BOKPYT BPAIAOIIUXCS YEPHBIX JABIP,
KOTOpble HMMEIT MeTpuky uucroro laycca—bonne (GB) Oonee BbICOKOTO
U3MEpPEHUs, U MMOKa3aHO, YTO BCE KPYTOBbIE OPOUTHI, KOTOPHIE MOTYT BO3HUKHYTH,
HECTAaOWJIbHBI, U HUX paJuyC OTPAHUYEH CHHU3Y PaaUyCOM KpPYroBOW OpOUTHI
dboToHa, a CBs3aHHBIC M CTAOWJIBHBIE KPYTOBBbIE OPOUTHI CYIIECTBYIOT JJIsI
Bpamatommxcsi 4depHbix Ablp ['B/JlaBnok, c¢ pasmepHocTsimu 2N-+2<D<4N.
JlokazaHo, YTO BpaIllalOIIMECs YEpPHbIC IBIPhI 00Jiee BHICOKOM pa3sMEpPHOCTH B
rpaBUTAIlMM  DWHINTEHHA HE MOTYT OBITh 00pa3oBaHbl TPaBUTAIMOHHBIM
KOJIJIalICOM/aKKpeIre, OHM MOTYT 00pa3oBaThCA TOJBKO B UHUCTOW TpaBUTALNH
I'b/JIaBnoxka.

3. Pa3paboTan oOmuii GopmManus3m JJisg TPOBEPKH THUIIOTE3bl KOCMHUYECKOU
[EH3Yphl MyTeM HU3Yy4YEHHUs Mpolecca ObICTPO Bpalllalomieics YepHOM IbIPH B
0oJiee BBICOKMX H3MEpPEHHUSIX, U TMOKa3aHO, YTO TUIOTE3a CiIaboil KOCMHYECKOM
IIEH3YPhI BCET/Ia BBIMOJIHACTCS AaKe MPU JTUHEHHOM IpoIliecce akkpeuuu B D > 5.

4. W3yyeHbl Kak OKCTpEeMallbHble, TaK W OKOJIOAKCTpeMalibHbie (2+1)
pa3mepHbie uepHble nblpl BTZ B Teopusix rpaBuTauud OWHIITEHHA W
OuniTeHa-I'aycca-boHHE COOTBETCTBEHHO, U MOKA3aHO, YTO OHM MOTYT UMETh
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CBEpPXBBICOKMI 3apsii B 00€MX TEOpUsAX TIpaBUTALMUM, YTO MPUBOAUT K
HECOOJII0IEHNIO TUTIOTE3bI C1a001 KOCMUYECKOH LIEH3YPHI.

5. PazpaboTan HOBBIN (popMann3M, U3yUaIOIIUI BIUSHUE UACATIBHO KUIKOU
TEMHOM MaTepUM HAa JUHAMUKY JBHXKEHUSI 4acTHUL, 3P(PEKTUBHOCTh U3BICUEHUS
SHEPrUU W3 YEPHBIX JbIP, a TaKKE TUHAMUKY YEpPHBIX IbIP. BbUIO MOKa3aHo, 4TO
KOMOMHUPOBAHHOE BO3JICHCTBME TEMHOM MaTepHM U MarHUTHOTO MOJS MOKET
UMUTHUPOBAThH TMapaMeTp BpalICHUs] YEPHOM ABIPHI ¢ TOYHOCTHIO 10 a/M =~ 0.8.
Crnenys pa3paOoTaHHOW MOJEIH, ObUIM OLEHEHBI BEPXHUM M HUKHHUNA JTMana30HbI

. . 21
UjealbHO >KMJIKOW TEMHON MaTepuu, T.c. OHa ObLaa Obl mopsiaka A ~ (10 —
10_20) a1 SgrA" u A ~ (10_12 - 10_11) JUIsA ranaktuku M87.

6. Taxke mpexacraBieH U pa3BUT GoOpMaliM3M, OCHOBAHHBIA Ha U3YUYEHUH
KOMOWHUPOBAaHHBIX AP (PEKTOB HICATBHO IKUJIKOW TEMHOW MaTepud U
KOCMOJIOTUYECKOW TMOCTOSIHHOM BMecCTe B3ATHIX. [loJlydyeHbl aHalIUTHYECKue
BBIPAKEHHUS JUIsl ONPEJEIIEHHOTO IMOPOrOBOTO Mpenena, Npu KOTOpoM 3PdexT
OTTAJIKUBAHUS, 00YCIOBICHHBIA KOCMOJIOTUYECKON MMOCTOSTHHOM, TOMUHHUPYET HaJ
3 PeKTOM TPUTHKCHHUS HICAUTHPHO JKHAKOW TEMHOM Marepwu. Takke ObLIO
MOKa3aHo, 4To uepHas Abipa PH He MokeT ObITh 3apshkeHa CBEPX ONMPEeEHHOTO
OPOTOBOTO 3HAYEHMs, M, CIIEIOBATENbHO, THUIOTE3a O Cil1aboil KOCMHYECKOil
LIEH3YpE CTPOro coOJIF01aeTCs.

7. V3yyeHbl HOBbIE M Kaue€CTBEHHBIE aCMEKThl MPOCTPAHCTBA-BPEMEHU
AKCUAJIbHO-CUMMETPUYHOM HAMarHM4€HHOM 4YEpPHOM JbIpbl W BJIUSHUE €€
MarHuTHOTO M0Js Ha 3()(PEKTUBHOCTh U3BJICUEHHUS SHEPTUU € IOMO IIbIO ITpoIecca
Ilenpoy3a Kak 1 HEUTPAJIbHBIX, TaK U IS 3apSKEHHBIX YaCTHIL, U ITIOKA3aHO, YTO
HaMarHuyeHHass uepHas Jelpa PeiiccHepa-Hopactpema Oblna Obl  OOJBIIMM
DHEPreTUYECKUM pe3epByapoM B BHIE 4YepHOW nbipel Keppa ¢  yrmoBeiM
MoMeHTOM. MHTepecHO ObUIO 3aMe4eHO, YTO AaKe IJs ciydash HeUTpajabHOU
gacTHIbl 3pPeKkTuBHOCTL mporecca I[lenpoysa mns skcTpeMaibHoro (Q = M)
ClydYas aKCHAJIbHO-CUMMETPUYHOW HAaMAarHW4YEHHOW 4YepHOU IbIpbl PenccHepa-
Hopacrema ©Gonee uwem BaBoe (=50%) mnpeBbimaer 3G (HEKTUBHOCTD
AKCTpeMabHOTO chydast 4yepHou nabipsl Keppa (a = M), KOTOpbIi cocCTaBiisieT
okoJ10 20 %.
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