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KIRISH

Dissertatsiya mavzusining dolzarbligi

Mavzu umumiy nisbiylik nazariyasidagi (UNN) fundamental masalalarni,
masalan, singulyarliklar va kvant mexanikasi bilan nomutanosiblikni hal gilishga
garatilgan mugqobil gravitatsiya nazariyalariga qizigish ortib borayotgani tufayli
nihoyatda dolzarbdir. Astrofizik kuzatuvlardagi so‘nggi yutuglar, shu jumladan
gravitatsion to‘lginlarni aniglash va Hodisalar gorizonti teleskopi (Event Horizon
Telescope (EHT)) tomonidan qora tuynuklarning tasvirlanishi, ushbu nazariyalarni
sinash uchun misli ko‘rilmagan imkoniyatlarni taqdim etdi.

Mazkur turdagi tadqiqotlarga bo‘lgan ehtiyoj koinotning qorong‘u tarkibiy
gismlari — qorong‘u modda va qorong‘u energiyaning tabiati umumiy nisbiylik
nazariyasi  doirasida  hanuz to‘liq  izohlanmaganligi  bilan  bog‘liqdir.
Modifikatsiyalangan gravitatsiya nazariyalari ushbu muammolarga potensial yechimlar
taklif etib, mazkur dissertatsiya ishining dolzarbligini zamonaviy astrofizika va
kosmologiya nuqgtai nazaridan asoslaydi. Dissertatsiyada ekstremal fizik sharoitlarda
gravitatsiyaning fundamental xususiyatlarini tadqiq etish uchun muhim bo‘lgan
zarrachalar dinamikasi (jumladan, zarrachalarning tezlanish jarayonlari) hamda
tizimning termodinamik xossalari batafsil o‘rganilgan. Xususan, qora tuynuklarning
yugori energiyali zarracha tezlatkichlari sifatida namoyon bo‘lishini ko‘rsatadigan
Banados—Silk—West (BSW) mexanizmi yuqori energiyali astrofizika va kosmik nurlar
hosil bo‘lish jarayonlarini tushunishda muhim nazariy ahamiyatga ega.

Qolaversa, dissertatsiya O°zbekiston va xalgaro hamjamiyatning strategik ilmiy
ustuvorliklariga mos keladi. Ushbu dissertatsiya ishi quyidagi davlat normativ
hujjatlarining vazifalariga muvofiqdir: O‘zbekiston Respublikasi Prezidentining 2017-
yil 7-fevraldagi “O‘zbekiston Respublikasini yanada rivojlantirish bo‘yicha Harakatlar
strategiyasi  to‘g‘risida”gi  PF-4947-sonli  farmoni,  Oc<zbekiston  Respub-
likasi Prezidentining 2017-yil 18-fevraldagi “Fanlar akademiyasi faoliyatini yanada
takomillashtirish, ilmiy-tadqgiqot ishlarini tashkil etish, boshgarish va moliyalashtirish
chora-tadbirlari to‘g risidagi PQ-2789-sonli Qarori.

Tadgigotning O‘zbekiston Respublikasi fan va texnologiyalarni rivojlantirishning
ustuvor yonalishlariga dolzarbligi Dissertatsiya ishi O‘zbekiston Respublikasi fan va
texnologiyalarni rivojlantirishning ustuvor yo‘nalishlariga muvofig amalga oshirilgan:
I1. “Energetika, energiya va resurslarni tejash”.

Muammoning o‘rganilganlik darajasi

Modifikatsiyalangan gravitatsiya nazariyalarida kompakt obyektlar atrofidagi
termodinamik va energetik jarayonlarni tushunish muammosi keng o‘rganilgan bo‘lsa-
da, jiddiy bo‘shliglar saglanib golmoqda. Klassik ishlar gora tuynuk soyalari va
geodezik harakatlar uchun asos yaratdi (Bardeen, Luminet, Event Horizon Telescope



Collaboration, Abdujabbarov, Ahmedov, Bambi), keyingi tadgigotlar esa gora
tuynuklarni zarracha tezlatgichlari sifatida ishlatish kontseptsiyasini kiritdi (Banados,
Silk, West, Zaslavskii, Wei, Liu, Atamurotov). Eynshteyn-Gauss-Bonnet (EGB) va
skalyar-tenzor modellari kabi modifikatsiyalangan gravitatsiya nazariyalari gorizont
tuzilishi, foton sferalari va zarrachalar dinamikasi kabi masalalar doirasida keng
o‘rganilgan. Birog mavjud tadgigotlarning aksariyati alohida jihatlarga, jumladan gora
tuynuk soyasi yoki termodinamik xossalarga (Bekenstein, Hawking, Glavan, Lin,
Ghosh, Ahmedov, Jamil) garatilgan bo‘lib, ushbu hodisalarni yagona va izchil nazariy
doira doirasida birlashtirish masalasi yetarlicha yoritilmagan. Bundan tashgari, BSW
mexanizmi Kerr va Kerr-Newman fazo-vaqtlarida yaxshi o‘rganilgan bo‘lsa-da, uning
modifikatsiyalangan gravitatsiya nazariyalaridagi, xususan, gorong‘u materiya yoki
chizigli bo‘lmagan elektrodinamika kabi go‘shimcha maydonlarga ega bo‘lgan
sharoitlardagi go‘llanilishi yetarlicha tadgiqg gilinmagan.

M87* va Sgr A* tasvirlarini olish kabi kuzatuv astronomiyasidagi so‘nggi
yutuglar umumiy nisbiylik nazariyasidan chetga chigishlarni hisobga oluvchi kompleks
modellarga bo‘lgan ehtiyojni kuchaytirdi. 4D EGB gravitatsiya nazariyasi, Simpson-
Visser metrikalari va o’ta oquvchan qorong‘u moddasi (PFDM) muhitlaridagi
aylanuvchi gora tuynuklarga oid tadgiqgotlar paydo bo‘ldi (Simpson, Visser, Kiselev,
Abdujabbarov, Atamurotov, Ghosh), ammo kuzatuv ma‘lumotlari bilan tizimli
tagqoslashlar hali ham cheklangan. Termodinamik xususiyatlar, shu jumladan Xoking
nurlanishi va faza o‘tishlari soddalashtirilgan stsenariylarda tahlil gilingan, ammo
termal fluktuatsiyalar va yuqori tartibli tuzatishlarning ta‘siri to‘lig tushunilmagan.
Dissertatsiya ushbu bo'shliglarni modifikatsiyalangan gravitatsiya nazariyasida
zarrachalar dinamikasi va termodinamikasini birlashtirish orqali bartaraf etadi,
kompakt obyektlarni yanada yaxlit tushunishni ta‘minlaydi. Ish ham analitik, ham
ragamli usullardan foydalangan holda nazariy bashoratlarni kuzatilishi mumkin bo‘lgan
hodisalar bilan bog‘lashni magsad gilgan va shu bilan muqgobil grvitatsiya
nazariyalarini davom etayotgan takomillashtirishga hissa qo‘shadi.

Dissertatsiya mavzusining dissertatsiya bajarilgan oliy talim ilmiy tadgigot
muassasalarining ilmiy ishlari bilan bog‘ligligi. Dissertatsiya O‘zbekiston Respublikasi
Innovatsion rivojlanish vazirligi tomonidan moliyalashtirilgan quyidagi ilmiy loyiha
doirasida bajarilgan: F-FA-2021-510 “Modifikatsiyalangan gravitatsiya nazariyasida
neytron yulduzlarining yadroviy materiyasini o‘rganish” (2021-2026-yillar).

Tadgigotning magsadi modifikatsiyalangan gravitatsiya nazariyalarida aylanayotgan
qora tuynuklar atrofida kechadigan astrofizik jarayonlarni kompleks tahlil gilishdan
iborat.



Tadgqiqot vazifalari:

e modifikatsiyalangan gravitatsiya nazariyalarida (Eynshteyn—Gauss—Bonnet,
Simpson-Visser va PFDM modellari) aylanayotgan va zaryadlangan gora
tuynuklarning  fazo-vaqt tuzilishini  tahlil  qgilish, jumladan gorizont
konfiguratsiyalari, ekstremallik shartlari va ergosfera xususiyatlarini o‘rganish
hamda ushbu xususiyatlarning qo‘shimcha gravitatsion parametrlar bilan ganday
bog‘ligligini aniqlash;

e modifikatsiyalangan gravitatsiyada aylanayotgan gora tuynuklar atrofida sinov
zarralarining harakat tenglamalarini effektiv potensial yondashuvi yordamida
keltirib chigarish va tadqiq etish;

o ckstremal va ekstremal bo‘lmagan rejimlarda qora tuynuklar yaginida
zarrachalarning tezlanish mexanizmini o‘rganish;

e modifikatsiyalangan gravitatsiya fonida sinov zarralari uchun eng ichki bargaror
aylana orbitlari (ISCO) va effektiv potensiallarni tadqiq etish;

e modifikatsiyalangan  gravitatsiyada aylanayotgan qora tuynuklarning
termodinamik kattaliklarini, xususan Xoking harorati, entropiya va Gibbs erkin
energiyasini keltirib chigarish;

e termal fluktuatsiyalar va yuqori tartibli entropiya tuzatmalari ta‘sirini hisobga
olgan holda, termodinamik bargarorlik va fazaviy holat xarakteristikalarini
tadqiq etish.

Tadqgigot obyektlari modifikatsiyalangan gravitatsiya nazariyalaridagi aylanuvchi
gora tuynuklar, zaryadlangan qora tuynuklar, gorizont va ergosfera tuzilmalari,
shuningdek, zarracha dinamikasi va termodinamik tizimlardir.

Tadgigot predmetlari zarrachalarning tezlanish mexanizmlari, effektiv potensiallar
va bargarorlik, termodinamik xususiyatlar, gorong‘u modda.

Tadgigot metodlari hisoblash matematikasi metodlari, nazariy astrofizika metodlari,
matematik fizikaning zamonaviy metodlari, maydon va zarracha harakati uchun
differensial tenglamalarni hisoblashning analitik va ragamli usullaridan iborat.
Modifikatsiyalangan gravitatsiya nazariyalarida qora tuynuk yechimlarini keltirib
chigarish hamda metrik komponentlar tahlili orgali gorizont va ergosfera tuzilmalarini
hisoblash uchun metrik tahlil va analitik hisoblash metodi qo‘llanilgan.

Zaryadlangan gorong‘u modda bilan modifikatsiyalangan gqora tuynuklar uchun chizigli
bo‘Imagan maydon tenglamalarini ragamli yechish magsadida ragamli modellashtirish
va hisoblash simulyatsiyalari metodi qo‘llanilgan. Xoking harorati, entropiya hamda
Gibbs erkin energiyasini baholashda sirt gravitatsiyasi va Evklid harakati usullariga
asoslangan barqarorlik tahlili qo‘llanilgan.



Tadqigotning ilmiy yangiligi quyidagilardan iborat:

e Zarrachalar dinamikasi va termodinamikasining birinchi yagona tadgiqoti bizga
zarrachalarning tezlanishini va termodinamik bargarorlikni modifikatsiyalangan
gravitatsiya nazariyalarida (masalan, 4D EGB, Simpson-Visser) yagona tizim
doirasida birlashtirish imkonini berdi, shu bilan birga avval fagat alohida
o'rganilgan o'zaro bog'ligliklarni ochib berdi.

e PFDM modeli doirasida gora tuynuklar uchun kuzatiladigan belgilar (jumladan,
eng ichki bargaror aylana orbitaning — ISCO — siljishlari) aniglanib, ular
umumiy nisbiylik nazariyasidan tajribada tekshirilishi mumkin bo‘lgan
og‘ishlarni ko‘rsatadi.

e Nazariy natijalar termal fluktuatsiyalarni va yuqori tartibli entropiya
tuzatishlarini modifikatsiyalangan gravitatsiya nazariyasi qora tuynuklariga
kiritadi, shu bilan Xoking nurlanishi va faza otishlariga kvant/statistik
effektlarning ta‘sirini tushunishdagi boshliglarni bartaraf etadi.

Tadgigotning amaliy natijalari quyidagilardan iborat:

e Zarrachalarning tezlanish  jarayonlari  bo‘yicha  olingan  natijalar
modifikatsiyalangan fazo-vaqtlarida gorizont yaginidagi zarrachalar to‘gnashuvi
uchun energiya chegaralarini miqgdoriy jihatdan aniglaydi, bu esa yuqori
energiyali astrofizika (masalan, kosmik nurlar, AGN jetlari) uchun amaliy
ahamiyatga ega.

e Egzotik kompakt obyektlar uchun bargarorlik mezonlarini tahlil qilish
modifikatsiyalangan gravitatsiyadagi qora tuynuklarning barqaror bo‘lishi
mumkin bo‘lgan parametr oralig‘ini aniglab beradi, bu esa nazariy modellar va
sonli nisbiylik simulyatsiyalarini shakllantirish va boshgarishda asos bo‘lib
xizmat giladi.

e Natijalar akkretsiya diskidagi materiyaning spini va qora tuynukning
fundamental parametrlari o‘rtasida to°‘g‘ridan-to‘g‘ri, miqdoriy bogliglikni
taminlaydi, bu esa standart modeldan tashqgaridagi “sochli” gqora tuynuklarning
mavjudligini sinab ko‘rish uchun astrofizik kuzatuvlardan foydalanishning yangi
usulini taklif etadi.

Tadgqiqgot natijalarining ishonchliligi matematik fizika, hisoblash matematikasi va
relyativistik astrofizikaning zamonaviy, sinovdan o‘tgan usullarini qo‘llash orgali
taminlanadi. Natijalar gatiy ravishda umumiy nisbiylik nazariyasi va nazariy fizikaning
matematik apparati doirasida olindi. Hisoblashning zamonaviy ragamli va analitik
usullari ham qo‘llanilgan, natijalar mavjud kuzatuv ma‘lumotlari va boshga
mualliflarning natijalari bilan taggoslangan. Dissertatsiyaning tuzilmaviy xulosalari
kompakt obyektlar astrofizikasining asosiy qoidalariga mos keladi. Barcha olingan
yechimlar modifikatsiyalangan gravitatsiya nazariyalarining (masalan, 4D EGB va



PFDM) matematik asoslariga gat‘iy rioya giladi. Hisob-kitoblar geodezikalar uchun
Gamilton-Yakobi formalizmi kabi o‘rnatilgan usullar yordamida o°zaro tekshiriladi.

Tadgiqgot natijalarining ilmiy va amaliy ahamiyati quyidagilardan iborat:
e Dissertatsiya natijalari zarrachalar dinamikasi hamda 4D Eynshteyn-Gauss-
Bonnet va  Simpson-Visser  fazo-vaqtlaridagi  kompakt  obyektlar
termodinamikasini yagona, o‘zaro mos formalizmga birlashtiradi va ular oldingi

tadqiqotlarda yetarlicha o‘rganilmagan hodisalar o‘rtasidagi bog‘ligliklarni

ochib beradi.

e Dissertatsiyadagi  tadgigot BSW  zarracha  tezlanish  mexanizmini
modifikatsiyalangan gravitatsiyadagi aylanuvchi gora tuynuklarga kengaytirib,
qo‘shimcha maydonlar (skalyar va PFDM) mavjud bo‘lgan fazo-vaqtlar uchun
kritik impuls momenti shartlari va to‘qnashuv energiyasi chegaralarini hosil
qgiladi.

e Yuqori tartibli kvant tuzatmalari asosidagi termodinamik tahlil
modifikatsiyalangan gravitatsiya nazariyasidagi qora tuynuklar uchun logarifmik
tuzatmalar va termal fluktuatsiyalarni o‘z ichiga olgan keng gamrovli
termodinamik tavsifni ishlab chigadi hamda ularning yarim-klassik
yaqinlashuvlardan tashqaridagi barqarorligi va fazaviy o‘tish xususiyatlaridagi
noaniqgliklarni bartaraf etadi.

Tadqgigot natijalarini amaliyotga joriy etish

Modifikatsiyalangan gravitatsiya nazariyalari doirasida kompakt obyektlar atrofida
termodinamik va energetik jarayonlarni o‘rganish natijalari quyidagicha qo‘llanilgan:
“G. Rakhimova, F. Atamurotov, F. Javed, A. Abdujabbarov, G. Mustafa,
Thermodynamical analysis of charged rotating black hole surrounded by perfect fluid
dark matter, Nuclear Physics B, V. 996, 116363 (2023)”, ilmiy magolasida e‘lon
gilingan va G. Raximovaning fan doktori (PhD) dissertatsiyasida tagdim etilgan nazariy
tadgigot natijalari va usullari Fudan universiteti tomonidan go‘llab-quvvatlanadigan
dasturlar doirasida foydalanilgan (Prof. Cosimo Bambi xati).

Tadgqiqot natijalarining aprobatsiyasi
Dissertatsiya natijalari 4 ta respublika konferensiyasida muhokama gilingan.

Tadgqiqgot natijalarining nashr etilishi

Dissertatsiya mavzusi bo‘yicha jami 12 ta ilmiy ish chop etilgan bo‘lib, shulardan 6 tasi
O‘zbekiston Respublikasi Oliy attestatsiya komissiyasi tomonidan PhD
dissertatsiyalarining asosiy ilmiy natijalarini e‘lon gilish uchun tavsiya etilgan xalgaro
ilmiy jurnallarda nashr etilgan.

Dissertatsiyaning hajmi va tuzilishi
Dissertatsiya kirish, uchta bob, xulosa va adabiyotlar ro‘yxatidan iborat bolib, umumiy
hajmi 108 sahifani tashkil etadi.



DISSERTATSIYANING ASOSIY MAZMUNI

Dissertatsiyaning kirish gismi mavzuning dolzarbligi va zarurligi, tadgigotning
respublika fan va texnologiyalarni rivojlantirishning ustuvor yo‘nalishlariga
muvofigligi, muammoning o‘rganilganlik darajasi, uning dissertatsiya bajarilgan oliy
ta‘lim muassasasining ilmiy-tadqgiqot rejalari bilan bog‘ligligi, tadgigotning magsadi,
vazifalari, obyekti, predmeti, metodlari, ilmiy yangiligi, olingan natijalarning amaliy
natijasi, ishonchliligi, ilmiy va amaliy ahamiyati, natijalarning amaliyotga joriy etilishi,
aprobatsiyasi, nashr etilishi, shuningdek, dissertatsiyaning tuzilishi va hajmini
ko‘rsatadi.

Birinchi bob, “4D Eynshteyn-Gauss-Bonnet gravitatsiya nazariyasida
aylanuvchi zaryadlangan gora tuynuk yaqinida zarrachalarning tezlanishi” deb
nomlangan bolib, u 4D Eynshteyn-Gauss-Bonnet gravitatsiya nazariyasi doirasida
zaryadlangan aylanuvchi gora tuynukdagi gorizont tuzilishi va ergosferani o‘rganishga
bag‘ishlangan. Bu nazariya massa (M) va aylanish parametri (a) dan tashqgari zaryad
(Q) va Gauss-Bonnet parametri (£) tufayli qo'shimcha parametrlarni kiritadi. Qizig°i
shundaki, parametrning har bir giymati Q (f) uchun kritik GB parametri 8 = S (Q =
Q) mavjud bo‘lib, u degenerativ gorizontga ega ekstremal qora tuynukka mos keladi.
B < Bg(Q < Qg) bo‘lganda, u ikkita gorizontga ega ekstremal bo‘lmagan gora
tuynukni, 8 > Br(Q > Q) bo‘lganda esa gora tuynuk umuman mavjud emasligini
tasvirlaydi. Ekstremal giymat Sz (Qr) ga GB parametri 8 va ergosfera ham ta‘sir giladi.
Biz, shuningdek, ushbu qora tuynuk gorizonti yaginida teng massali ikkita zarrachaning
to‘gnashuvini o‘rganamiz va S(Q) parametrining ta‘sirini aniq ko‘rsatamiz. Fazo-
vaqgtda zarrachalar harakatini boshgaruvchi eng ichki bargaror aylana orbitalar (ISCO)
va effektiv potensial turli parametr giymatlari uchun tahlil gilindi. Massalar markazi
energiyasi (Ecp) aylanish parametriga a hamda g va Q parametrlariga bog‘lig. Biz
ekstremal va ekstremal bo‘lmagan holatlar uchun gorizont yaginida to‘gnashayotgan
ikkita zarrachaning Ecy energiyasini tekshiramiz. Ko‘rsatilishicha, ekstremal
holatlarda, to‘gnashayotgan zarrachalardan biri kritik impuls momentiga ega bo‘lsa,
Ecy ixtiyoriy ravishda yugori bo‘lishi mumkin, bu esa 4D Eynshteyn-Gauss-Bonnet
gravitatsiya nazariyasida zaryadlangan aylanuvchi gora tuynukning zarracha tezlatgichi
sifatida ishlashi mumkinligini ko‘rsatadi. Qora tuynuk yechimining murakkabligiga
garamay, massa, Xoking harorati va entropiya kabi gora tuynuklarning termodinamik
miqdorlari uchun gorizont radiusi orqgali aniq ifoda keltirib chigarilgan. Gauss-Bonnet
parametri va elektr zaryadining ta‘siri tufayli ushbu migdorlar Kerr yechimidan sezilarli
chetlanishlarni ko‘rsatadi. 4D Eynshteyn-Gauss-Bonnet gravitatsiya nazariyasida
aylanuvchi zaryadlangan gora tuynukning gravitatsion maydonini quyidagi metrika
bilan Boyer-Lindquist koordinatalaridan foydalangan holda tasvirlash mumkin:

2 sa2
ds? = —%(dt — asin? 8d¢)? + %drz + p2dB? + 5122 ‘

(adt — (r? + a?)d¢)?, (1)



metrik funksiyalar quyidagicha aniglanadi:

p? =r%+a’cos?0, (2)

4 2
A=r2ta?t— 1—\/1+4ﬁ<%—Q—> : (3)

28 r3 rt

Biz 8 = /2 ekvatorial tekislikda m massaga ega vaqgtsimon zarrachaning harakatini
ko‘rib chigamiz, bu yerda qutb tezligi  nolga teng bo‘ladi. Aylanuvchi zaryadlangan
gora tuynukning fazo-vaqtida zarrachaning umumlashtirilgan impulslari quyidagi
shaklda ifodalanadi:

P, = gttt-l_gtd)qs' (4)
Py = 9ppP + Geol, (5)

bu yerda P, va Py harakat doimiyliklari bo'lib, ular mos ravishda zarrachaning E
energiyasiga va L impuls momentiga mos keladi. Soddalik uchun zarrachaning tinch
massa qiymatini m =1 deb olamiz. Nugtali belgi xos vaqgtga nisbatan
differensiallashni bildiradi. Biz w,u* = —1 normallashtirish sharti bilan birgalikda
(4)-(5)-tenglamalardan massiv zarracha harakat tenglamalarini hisoblab chiqdik, ular
quyida keltirilgan:

1 [(a®? +712)
U= TT+a(L—aE)], (6)
1a
u¢=r—2[ZT+(L—aE)], 7)
" = i\/Tz — A2+ (L — aE)z)’ ®)
7«2

bu yerda T = E(a? + r?) — al. hamda (8)-tenglamadagi “+” va “-> belgilari mos
ravishda chiqib ketayotgan va kirib kelayotgan geodeziklarga ishora giladi.

Zarrachalar harakatini baholash uchun biz ushbu gora tuynukning xususiyatlari va
effektiv potensialini tushunishimiz kerak. Zaryadlangan aylanuvchi qora tuynuklar
uchun cheksizlikda tinch holatda turgan sinov zarrachasi uchun effektiv potensial
quyidagi formula yordamida hisoblanishi mumkin:

1 (Ezg¢¢ + ZELgt¢ + ngtt>
29rr Jie =~ 9et9be '

€)

Vegr = —
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Rasm 1: Ushbu rasm eng ichki bargaror aylana orbitalarning (ISCO) spin parametrlari
bo‘yicha B va @ ning turli giymatlari uchun o‘zgarishini ko‘rsatadi. Chap tomondagi grafik
belgilangan @ = 0.2 va turli g giymatlari uchun: g =0 (qora), g = 0.2 (ko‘k) va g = 0.4
(gizil). Xuddi shunday, o‘ng tomondagi rasm belgilangan g = 0.2 va turli Q giymatlari uchun:
Q = 0 (qora), @ = 0.3 (ko‘k) va Q@ = 0.6 (qizil).

(9)-tenglamadan effektiv potensialning anig shaklini osongina olish mumkin:

(aL — (a® + r®»)E)? = A(r? + (L — aE)?)
2r* '

Vet = — (10)

r=0; 90,V =0; 02V = 0 bir vaqgtlik tenglamalar yechimi zarrachaning eng
ichki bargaror aylana orbitasini rigco aniglaydi. Bu yerda rigco uchun analitik yechim
topish oson emas, lekin 1- rasmda biz rgco giymatini f va Q ning turli giymatlari
uchun ragamli hisobladik. Bundan tashgari, ushbu rasmlardan ko‘rinib turibdiki, agar
boshga parametrlar o‘zgarmas bo‘lib qolsa, § va Q parametrning ortishi eng ichki
barqgaror aylana orbitasi radiusining kamayishiga olib keladi.

Zarraning impulsi giymati egri fazo-vaqtda uning geodezik harakatini tahlil gilishda
muhim ahamiyatga ega. Statsionar va aksial-simmetrik gora tuynuk fazo-vagtida sinov
zarrachasining harakati Vg effektiv radial potensial orgali tavsiflanishi mumkin.
Shuning uchun, fizik jihatdan ruxsat etilgan harakat quyidagi shartni ganoatlantirishi
lozim: V¢ = 0.

Impuls momenti uchun chegaraviy giymatlar cheksizlikdan tashlab yuborilgan zarra
burilish nuqtasiga duch kelmasdan qora tuynuk gorizontiga yetib borishi mumkin
bo‘lgan impuls momentlari oralig‘ini aniqlaydi. Ushbu qiymatlar tushuvchi va
tushmaydigan trayektoriyalar orasidagi chegarani belgilovchi begaror aylana
orbitlarning mavjudligi bilan aniglanadi.

1-Jadval va 2-Jadval da Kkeltirilgan impuls momentining chegaraviy qiymatlari
Lonin V@ Ljua, quyidagi aylana orbit shartlarini qo‘llash orqali topiladi:



AVegs
dr

Veff = 0 and = 0. (11)

Ushbu tenglamalarning yechimlari begaror aylana harakatiga mos keladi. Mos impuls
momentlari ruxsat etilgan interval chegaralarini belgilaydi: L,;;;;, < L < L4

Agar impuls momenti ushbu intervaldan tashqgarida bo‘lsa, effektiv potensial
gorizontdan tashgarida burilish nugtasini hosil giladi va natijada zarra qora tuynukka
yetib bora olmaydi. Shuning uchun, chegaraviy impuls momentlari gorizontga yetib
borishni ta‘minlovchi global kinematik shartni ifodalaydi.

Kritik impuls momenti hodisalar gorizontining bevosita yaginida zarracha harakatining
o‘zini tutishi bilan belgilanadi. U radial tezlikning aynan gorizontda nolga tenglashish
shartidan kelib chigib aniglanadi:

Vere (1) = 0. (12)

Shu sababli, (8)-tenglamadan foydalanib, impuls momentining kritik giymatini
aniglash mumkin. Ya‘ni, r - rf da quyidagi ifoda hosil bo‘ladi:

_ @+ @)A)E
= . _

(13)

cr
Ushbu nozik sozlangan trayektoriya BSW mexanizmida asosiy ro‘l o’ynaydi, chunki u

gorizontga ixtiyoriy darajada yaqin sohada sodir bo‘ladigan zarrachalar
to‘gnashuvlarida massa-markazi energiyasining cheksiz o‘sishiga olib keladi.

Chegaraviy va kritik impuls momentlari bir xil V ¢ = 0 shartidan kelib chigsa-da,
ularning fizik mazmuni tubdan farglidir. Chegaraviy impuls momentlari gorizontdan
tashgaridagi radiuslarda aylanma orbita shartlari orgali aniglanadi va cheksizlikdan
kelayotgan zarra harakatiga global cheklov qo‘yadi. Aksincha, kritik impuls momenti
fagat gorizontga oid lokal shart bilan aniglanadi va o°‘zi mustagil ravishda zarraning
gorizontga yetib borishini kafolatlamaydi.

BSW effektining fizik jihatdan amalga oshishi uchun kritik impuls momenti ruxsat
etilgan interval ichida bo‘lishi zarur: L., € [Lin, Lmaxl-

Agar L. maksimal ruxsat etilgan giymatdan katta bo‘lsa, L = L., bo‘lgan zarra
gorizontdan tashgarida burilish nugtasiga duch keladi va gorizontga yetib bora olmaydi,
hatto gorizont shartini ganoatlantirgan taqdirda ham. Bunday holatda massa-markazi
energiyasining formal cheksizligi kinematik jihatdan tagiglanadi.



Impuls momentining chegaraviy giymatlari, shuningdek gora tuynukning mos spin
parametri, £,Q va hodisa gorizonti radiusi r;, ekstremal va ekstremal bo‘lmagan

holatlar uchun mos ravishda 1- va 2- jadvallarda keltirilgan.

1-Jadval: Turli ekstremal holatlar uchun impuls momentining chegaraviy qiymatlari

B Q a s Lin~ Lmax Lo

0.1 0.1 0.852804 1.14881 -4.71391 2.35980 2.40035
0.1 0.2 0.838440 1.14423 -4.69208 2.36291 2.40001
0.1 0.3 0.813929 1.13654 -4.65479 2.36996 2.40094
0.3 0.3 0.622437 1.18055 -4.49305 2.83298 2.86155
04 0.4 0501169 1.15498 -4.35397 3.00904 3.16288
0.5 0.5 0.358248 1.10509 -4.17220 3.19564 3.76714

Biz 4D Eynshteyn-Gauss-Bonnet gravitatsiya nazariyasida zaryadlangan aylanuvchi
qgora tuynuklarning zarracha harakati, BSW mexanizmi va termodinamik
xususiyatlarini o‘rgandik va olingan bir gancha natijalarni ta‘kidlab o‘tamiz.

Parametrlarning kichik giymatlari uchun ushbu gora tuynuk ikkita gorizontga ega
bo‘ladi va ushbu parametrlar ortishi bilan bu gorizontlar bir-biriga yaginlashadi.

2-Jadval: Turli ekstremal bo‘lmagan holatlar uchun impuls momentining chegaraviy
giymatlari.

B Q a 1 T Lonin Linax Ler

01 03 04 1.79992 0.40315 -4.32006 3.45952 8.49932
01 04 04 175454 042731 -4.28909 3.40803 8.09605
02 03 04 1.72661 0.51472 -4.31206 3.42612 7.85292
02 04 04 1.67569 0.54524 -4.28079 3.37120 7.41985
03 03 04 164295 0.61796 -4.30389 3.38812 /.14819
03 04 04 158352 0.65778 -4.27/231 3.32845 6.66883

Oxir-oqgibat, ushbu parametrlarning o‘ziga xos giymatlari (ular ekstremal giymatlar deb
ataladi) uchun gorizontlar to‘gnashadi va bitta gorizont hamda ekstremal gora tuynuk



deb ataladigan qora tuynuk paydo bo‘ladi. Ekstremal giymatlardan kattaroq qiymatlar
uchun gora tuynuk mavjud emas.

BSW shuni ko‘rsatdiki, ekstremal Kerr qora tuynuklari holatida to‘gnashayotgan ikki
zarra uchun massa-markaz energiyasi E.,, ixtiyoriy darajada katta giymatlarga yetishi
mumkin. BSW tahlilini 4D Eynshteyn—Gauss—Bonnet gravitatsiyasidagi zaryadlangan
va aylanayotgan qora tuynuklarga kengaytirish natijasida esa quyidagi xulosaga
kelinadi: 4D Eynshteyn—Gauss—Bonnet gravitatsiyasidagi ekstremal zaryadlangan
aylanayotgan qora tuynuk gorizontiga yaqin sohada sodir bo‘ladigan to‘qnashuvlarda
E -y ning ixtiyoriy darajada oshishiga erishib bo‘lmaydi. Buning sababi kritik impuls
momentining qiymati ruxsat etilgan maksimal impuls momenti giymatidan oshib
ketishidir. Shuningdek, ekstremal bo‘lmagan qora tuynuk holatida ham E.,, ning
cheksiz giymatiga erishish mumkin emas.

Ushbu gora tuynukning Xoking harorati keltirib chigarilgan va uning chegaraviy
holatlari muhokama gilingan. Qora tuynuk yechimining murakkabligiga garamay,
massa, Xoking harorati va entropiya kabi parametrlarni o0‘z ichiga olgan gora
tuynuklarning termodinamik xususiyatlari uchun gorizont radiusi bilan aniq formulalar
olingan. Ushbu miqdorlar Gauss-Bonnet parametrlari va elektr zaryadining ta‘siri
tufayli Kerr yechimidan sezilarli chetlanishlarni namoyish etadi.

Ikkinchi bob “Aylanuvchi Simpson-Visser qora tuynuk atrofida
zarrachalar tezlanishi va termodinamikasi” deb nomlanib, unda gorizont va
ergosfera tuzilishini o‘rganish uchun aylanuvchi Simpson-Visser gqora tuynugi fonida
vaqtsimon geodezik harakat ko‘rib chigilgan. Eng ichki bargaror aylana orbitalar
(ISCO) va zarrachaning fazo-vaqtdagi harakatini boshgaruvchi effektiv potensial SV
gora tuynugidagi parametrlarning turli qiymatlari uchun o‘rganilgan. IkKi
to‘gnashayotgan zarrachaning massalar markazi energiyasi ham ekstremal, ham
ekstremal bo‘lmagan holatlar uchun tekshirilgan. Bundan tashgari, SV qora
tuynugining termodinamik xususiyatlari ham batafsil o‘rganilgan.

Rasm2: Grafik entalpiyaning gorizont radiusi bo‘yicha o¢zgarishini ko‘rsatadi.



Aylanuvchi Simpson-Visser kompakt obyektining gravitatsion maydonini Boyer-
Lindquist koordinatalarida quyidagi interval orqali ifodalash mumkin:

A _ p? sin? 0
ds? = — 2 (dt — asin? 8d¢)? + Kdr2 + p?do? + 2 (adt — (r? + a?)d¢)?, (14)
metrik funksiyalar quyidagicha aniglanadi:
p? =r%+a*cos?0, (15)
!
A =r%+a?—-2Mre’ 7, (16)

bu yerda a va [ mos ravishda SV qora tuynukning spini va chetlanish parametrlari deb
atalishi mumkin. Ushbu metrika oldin Schvarzschild metrikasida qgilinganidek, M —
M(r) = Me~Y" modifikatsiyasi bajarilgan Kerr metrikasidagi regulyarizatsiya
usulidan olingan. Bu yerda [ parametrini Kerr yechimidan chetlanishni miqdoriy
baholovchi Kkattalik sifatida ko‘rish mumkin. Ushbu gora tuynuk atrofidagi fazo-vaqt
odatdagi aylanuvchi obyekt atrofidagidek harakatlanadi va [ — 0 limiti Kerr qora
tuynugiga mos keladi. Biz ushbu gora tuynukning Simpson-Visser gora tuynugidagi
termodinamikasini tahlil gilamiz. Metrikaning umumiy shaklini quyidagicha yozish
mumKin:

ds? = gudt® + grdr® + gped6? + gppdd?® + 29,4 dtde. (17)

Sinov zarrachasining hodisa gorizonti nuqtasida, impuls momenti nolga teng
bo‘lganda, burchak tezligi aylanuvchi Kerrga o‘xshash qora tuynuk uchun Qg =
—9t¢/9pe formula yordamida hisoblanishi mumkin:

a
Oy = ——. 1
712 + a2 (18)
Biz keyingi hisob-kitoblarimiz uchun (18) ifodasidan foydalanamiz. Endi biz SV gora
tuynugining termodinamik migdorlarini hisoblashga o‘tamiz. Qora tuynuk massasi ( M,
bu entalpiyaga H teng) (16) tenglamani nolga tenglashtirish orgali aniglanadi. Natijada
quyidagini olish mumkin:

l
(a? +1r¥)emn

27‘h

(19)

2-rasmda H funksiyasi sifatida entalpiyani namoyish etadi. Ko‘rish mumkinki, a va
parametrlarining ortishi belgilangan 7, uchun kattaroq massaga (entalpiyaga) mos
keladi.



Ushbu bob doirasida ISCO radiusi ham SV fazo-vaqtida uning [ va a parametrlari bilan
muhokama qilingan. Ushbu parametrlarning ortishi ISCO radiusini kichiklashtiradi.

Massiv zarracha orbitalaridan foydalanib, biz BSW effekti orgali ekstremal va
ekstremal bo‘lmagan holatlar uchun qora tuynukdan energiya olishni tekshirdik.
Massalar markazi energiyasi ekstremal SV qora tuynugi uchun ixtiyoriy ravishda
yugori bo‘lishi mumkin, bu esa ekstremal bo‘lmagan SV qora tuynugi uchun to‘g'ri
emas. Termodinamika xususiyatlari turli holatlar uchun o‘rganilgan: entalpiya, Xoking
harorati, entropiya va Gibbs erkin energiyasi. Anigrog aytganda, gqora tuynukning [ va
a parametrlarining ortishi Gibbs erkin energiyasining ham ortishiga olib keladi. Ushbu
turdagi gora tuynukning harorati uchun buning aksi to‘g‘ri keladi.

Uchinchi bob “O¢‘a oquvchan qorong‘u moddasi bilan o‘ralgan
zaryadlangan aylanuvchi qora tuynukning termodinamik tahlili” deb nomlanib, u
0‘ta oquvchan qorong‘u moddasi bilan o‘ralgan zaryadlangan aylanuvchi qora
tuynuklar atrofidagi termodinamika va zarrachalar tezlanishini o¢‘rganishga
bag‘ishlangan. Biz o0°‘ta oquvchan qorong‘u moddasi doirasida qora tuynuk
gorizontlarini, ergosferani va eng ichki bargaror aylana orbitalarni muhokama gilamiz.
O‘ta oquvchan qorong‘u moddasi Xoking harorati, Gibbs erkin energiyasi va
termodinamikaga oid boshga fizik miqgdorlarga ta‘sir qilishi  kuzatilgan.
Termodinamikaning ba‘zi turli jihatlari jalb gilingan parametrlarning turli gqiymatlari
doirasida muhokama gilinadi. Bundan tashqari, biz ko‘rib chigilayotgan gora tuynuk
yechimlarining termal fluktuatsiyalarini muhokama qilamiz, ular harorat
fluktuatsiyalari tufayli gora tuynuk atrofida zarrachalarning tasodifiy harakatiga ishora
giladi. Xususan, termal fluktuatsiyalar gora tuynukning entropiyasi va Xoking
nurlanishiga ta“sir ko‘rsatib, fizik kattaliklarning o‘zgarish xususiyatlarini tushunishda
muhim ahamiyat kasb etadi. O‘ta oquvchan qorong‘u moddasiga ega zaryadlangan
aylanuvchi gora tuynuklarning tuzatilgan termodinamik miqdorlari o‘ta oquvchan
qorong‘u moddasisiz zaryadlangan aylanuvchi qora tuynuknikidan kichikrog ekanligi
aniglangan. Biz adabiyotlarda keltirilgan taxminlar va oldingi qora tuynuk
yechimlarining termodinamikasi bizning natijalarimizga mos kelishini ta‘kidlaymiz.
O¢ta oquvchan qorong‘u moddasidagi zaryadlangan aylanuvchi qora tuynuk quyidagi
interval orgali tasvirlanadi:

F a2
ds? = — (A — a?sin? B)de? — 20 0 [2mr — 07 — yrin (2] g + p2a0?
p? 2 Y
a®sin? 0 r 2
+sin20 |r2 +a? + p—2<2Mr ~Q?—yrin (;))] dg? +ar?, (0)

bu yerda A va p quyidagicha aniglanadi:



T
A=1?%+a%—-2Mr + Q? +yrln<;),
p?=71%+a?cos?4, (21)

bu yerda M - gora tuynukning massasi, a - aylanish parametri, Q - gora tuynukning
zaryadi va y - 0°‘ta oquvchan qorong“u moddasi (PFDM) parametri.

Biz o‘ta oquvchan qorong‘u moddasidagi zaryadlangan aylanuvchi gora tuynukning
termodinamikasini muhokama gilamiz. Berilgan metrika uchun gora tuynukning hodisa
gorizonti quyidagi shart orgali olinadi “A = 0

r
2 +a? —2Mr + Q% + yrh1n7h = 0. (22)

Shuni osongina paygash mumkinki, u ikkita gorizontga ega: ichki gorizont r_va tashqi
gorizont r,, ular PFDM parametri y ga bog‘lig. Qora tuynukning hodisa gorizonti
uchun (22) shartdan foydalanib, biz gora tuynuk massasini M (u entalpiya H ga teng)
keltirib chigarishimiz mumkin:
1 a? + Q?
N (a® +Q°)

H=—Th

T
+yln2|. (22)
2 43 y

Entalpiya munosabatining (22) grafik tahlili 3- rasmda berilgan. Grafiklardan shuni
aniqg ko‘rish mumkinki, entalpiya r;, ning kichik giymatlari uchun kamayadi va y ning
ortishi bunga ta‘sir gilmaydi. Biroq, y parametri ortganda u r;, = 0.5 dan boshlab
o‘sishni boshlaydi. Ayni paytda, spin parametri a va zaryad Q ortganda, entalpiya gora
tuynuk vyaqginida farg qiladi va qora tuynukdan uzoglashgan sari parametr
o‘zgarishlaridan gat‘iy nazar ko‘tariladi.

a=03,Q=03 v=02 Q=04 a=037=02

Rasm 3: Entalpiyaning turli parametrlar uchun gorizont radiusi bo‘yicha o‘zgarishi.

Hozirgi vaqtda qora tuynuklarning xususiyatlarini o‘rganish uchun bir gancha kuzatuv
parametrlari mavjud, ammo fagat gora tuynuklarning zaryad yoki aylanish parametrlari
muhokama gilinadigan aniqg ma‘lumotlar yo‘q. Bu yerda biz o‘ta oquvchan gorong'u



moddasi mavjudligida zaryadlangan aylanuvchi gora tuynukni nazariy tahlil gilishga
harakat qildik va quyidagilarni o‘rgandik.

Dastlab, ushbu gora tuynukning gorizontlari va ergosfera sohasi chegaralari muhokama
gilindi. Shuni ta‘kidlash joizki, biz gorizontlarning ikkala radiusi o‘zaro ustma-ust
tushadigan aylanish parametrining ma‘lum bir kritik a = az giymati uchun ekstremal
gora tuynuk holatini hisobladik. O‘ta oquvchan qorong‘u moddasi (PFDM)
parametrlarining gorizontlar va ergosfera sohasiga ta‘siri ekstremal va ekstremal
bo‘lmagan qora tuynuklar misolida o‘rganildi. Ushbu sohalar shaklining o‘zgarishi
grafik ko‘rinishda tahlil qilindi. Tadqiqot natijasida PFDM ning y parametri ham
gorizont, ham ergosfera chegaralarini gisqgartirishi va ularning deyarli yagona sohaga
birlashishiga olib kelishi aniglandi. ISCO radiusining barcha parametrlar ( y,Q va a )
doirasida kamayishi kuzatilgan.

Biz ushbu gora tuynukning PFDM dagi termodinamik xarakteristikalarini o‘rgandik va
y ning ortishi entalpiya H va Gibbs erkin energiyasi G ning ortishiga olib kelishini
anigladik. Aksincha, qora tuynuk harorati y ning o‘sishi bilan kamayadi. Ishda PFDM
parametri y ning ISCO radiusiga ta'siri ham muhokama gilingan, xususan, y ortishi
bilan ISCO radiusi kamayadi. Biz gora tuynuk gorizonti yaqginida ikkita bir xil massiv
zarrachaning to‘gnashuvini o‘rgandik va ekstremal hamda ekstremal bo‘lmagan
holatlar uchun massa markazi energiyasining o°zgarish gonuniyatlarini o‘rgandik.

Ikkinchi tartibli, oddiy logarifmik va yuqgori tartibli tuzatish hadlarining PFDM bilan
va PFDM siz zaryadlangan aylanuvchi gora tuynukning Gelmgols erkin energiyasi,
ichki energiya, entalpiya va Gibbs erkin energiyasiga ta‘siri kuzatilgan. Shuni
ta‘kidlash joizki, solishtirma issiglik ma‘lum o‘lchamdagi qora tuynuklar uchun
bargaror tuzilmani, ammo sezilarli darajada kattarog qora tuynuklar uchun begaror
dizaynni ko‘rsatadi.


http://kamayadi.biz/

Xulosalar

Falsafa doktori (PhD) dissertatsiyasi uchun “Modifikatsiyalangan gravitatsiya
nazariyalarida kompakt obyektlar atrofidagi termodinamik va energetik jarayonlar”
mavzusida o‘tkazilgan tadgiqotlar asosida quyidagi xulosalar tagdim etildi:

Ik bor, modifikatsiyalangan gravitatsiya fazo-vaqtlarida (4D Eynshteyn—Gauss—
Bonne, Simpson-Visser va o‘ta oquvchan qorong‘u modda modellari) gorizont
tuzilishi, ergosfera geometriyasi va ekstremallik shartlarining qgo‘shimcha
gravitatsion parametrlarga tizimli ravishda bog‘ligligi ko‘rsatib berildi — bu esa
“qora tuynuk sochlari” va kuzatiluvchi fazo-vaqt xususiyatlari o‘rtasidagi
bevosita bog‘liglikni ochib beradi.

Ilk bor, ushbu nazariy modellarda eng ichki bargaror aylana orbita (ISCO)
parametrga bog‘liq siljishlarga ega eckanligi aniqlanib, akkretsion disk
kuzatuvlari asosida modifikatsiyalangan gravitatsiya nazariyalarini tekshirish
uchun yangi diagnostik vosita tagdim etildi.

Ilk bor, modifikatsiyalangan gravitatsiyada BSW zarrachalarni tezlatish
mexanizmining sezilarli darajada kuchayishi mumkinligi isbotlandi hamda
gorong‘u modda yoki chiziqli bo‘lmagan elektromagnit maydonlar bilan
o‘ralgan qora tuynuklar uchun Kkritik impuls momentining aniq shartlari olindi.

Ik bor, gora tuynuk entropiyasiga kiritilgan logarifmik va yugori tartibli kvant
tuzatmalari, aynigsa o‘ta oquvchan qorong‘u modda mavjudligida yangi
termodinamik fazoviy o‘tishlarga va o‘zgargan bargarorlik mezonlariga olib
kelishi aniglandi.
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INTRODUCTION

Topicality and demand of the theme of the dissertation.

The theme is highly topical due to the growing interest in alternative theories of
gravity, which aim to resolve fundamental issues in General Relativity (GR), such as
singularities and incompatibility with quantum mechanics. Recent advancements in
astrophysical observations, including gravitational wave detections and black hole
imaging by the Event Horizon Telescope, have provided unprecedented opportunities
to test these theories.

The demand for such research stems from the need to understand the dark components
of the universe, dark matter and dark energy, which remain unexplained within standard
GR. Modified gravity theories offer potential solutions, making this dissertation
relevant to contemporary astrophysics and cosmology. The work investigates key
phenomena like particle acceleration, and thermodynamic properties, which are crucial
for probing the nature of gravity in extreme environments. For instance, the Banados-
Silk-West (BSW) mechanism, which suggests black holes can act as particle
accelerators, has implications for highenergy astrophysics and cosmic-ray production.

Moreover, the dissertation aligns with the strategic scientific priorities in
Uzbekistan and the broader international community. This dissertation work
corresponds to the tasks of the following state regulatory documents: Decree of the
President of the Republic of Uzbekistan No. UP-4947 “On the Strategy of Actions for
the Further Development of the Republic of Uzbekistan” dated February 07, 2017,
Decree of the President of the Republic of Uzbekistan No. PP-2789 “On Measures for
Further Improvement of Academy of Sciences, Organization, Management, and
Financing of Research Activities” from 18.02.2017.

Relevance of the research to the priority areas of science and technology development
of the Republic of Uzbekistan. Dissertation research has been carried out in accordance
with the priority areas of science and technology in the Republic of Uzbekistan: II.
“Power, energy and resource-saving”.

|Degree of study of the problem

The problem of understanding thermodynamic and energetic processes around
compact objects in modified theories of gravity has been extensively studied, yet
significant gaps remain. Classical works laid the foundation for black hole shadows and
geodesic motion (Bardeen, Luminet, Event Horizon Telescope Collaboration,
Abdujabbarov, Ahmedov, Bambi), while later studies introduced the concept of black
holes as particle accelerators (Banados, Silk, West, Zaslavskii, Wei, Liu, Atamurotov).
Modified gravity theories, such as Einstein-Gauss-Bonnet (EGB) and scalar-tensor
models, have been explored in contexts like horizon structure, photon spheres, and
particle dynamics. However, most existing research focuses on isolated aspects, such
as shadows or thermodynamics (Bekenstein, Hawking, Glavan, Lin, Ghosh, Ahmedov,



Jamil), without integrating these phenomena into a cohesive framework. Additionally,
while the BSW mechanism is well studied in Kerr and Kerr-Newman spacetimes, its
implications in modified gravity, particularly with additional fields like dark matter or
nonlinear electrodynamics, remain underexplored.

Recent advancements in observational astronomy, such as the imaging of M87*
and SgrA*, have intensified the need for comprehensive models that account for
deviations from GR. Studies on rotating black holes in 4D EGB gravity, SimpsonVisser
metrics, and perfect fluid dark matter (PFDM) environments have emerged (Simpson,
Visser, Kiselev, Abdujabbarov, Atamurotov, Ghosh), yet systematic comparisons with
observational data are still limited. Thermodynamic properties, including Hawking
radiation and phase transitions, have been analyzed in simplified scenarios, but the
effects of thermal fluctuations and higher-order corrections are not fully understood.
The dissertation addresses these gaps by unifying particle dynamics and
thermodynamics in modified gravity, providing a more holistic understanding of
compact objects. By leveraging both analytical and numerical methods, the work aims
to bridge theoretical predictions with observable phenomena, contributing to the
ongoing refinement of alternative gravity theories.

Connection of the topic of the dissertation with the scientific research of the higher
educational/research institutions, where the dissertation was carried out. The
dissertation was done in the framework of the scientific projects funded by the Ministry
of Innovative Development: F-FA-2021-510 “Investigations of nuclear matter of
neutron stars in modified gravity” (2021-2026).

The aim of the research is the comprehensive analysis of astrophysical processes
around rotating black holes in modified theories of gravity.

The tasks of the research:

e toanalyze the spacetime structure of rotating and charged black holes in modified
gravity theories (Einstein-Gauss-Bonnet, Simpson-Visser, and PFDM models),
including horizon configurations, extremality conditions, and ergosphere
properties, and to determine how these features depend on additional
gravitational parameters;

e to derive and investigate the equations of motion for test particles of rotating
black holes in modified gravity, using the effective potential approach;

e to study particle acceleration mechanism near black holes in both extremal and
non-extremal regimes;

e to examine the innermost stable circular orbits (ISCOs) and effective potentials
for test particles in modified gravity backgrounds;



e to derive the thermodynamic quantities of rotating black holes in modified
gravity, such as Hawking temperature, entropy and Gibbs free energy;

e to examine thermodynamic stability and phase behavior, including the effects of
thermal fluctuations and higher-order entropy corrections.

The objects of the research are rotating black holes in modified gravity, charged black
holes, horizon and ergosphere structures, particle dynamics and thermodynamic
systems.

The subjects of the research are particle acceleration mechanisms, effective potentials
and stability, thermodynamic properties, dark matter.

The methods of the research are methods of computational mathematics, methods of
theoretical astrophysics, modern methods of mathematical physics, analytical and
numerical methods of calculating differential equations for field and particle motion.
The method of metric analysis and analytical calculations has been used for the
derivation of black hole solutions in modified gravity and the computation of horizon
and ergosphere structures via metric component analysis. Method of numerical
simulations and computational modeling has been used to solve nonlinear field
equations numerically for charged/dark matter-modified black holes. Stability analysis
has been used for evaluating Hawking temperature, entropy, and Gibbs free energy via
surface gravity and Euclidean action methods.

The scientific novelty of the research is the follows:

e The first unified study of dynamics of particles and thermodynamics allowed us
to combine particle acceleration and thermodynamic stability in modified gravity
(e.g., 4D EGB, Simpson-Visser) within a single framework, revealing
interdependencies previously studied only in isolation.

e Obtained derivations of observable signatures (e.g. ISCO shifts) for black holes
in PFDM providing testable deviations from General Relativity.

e The theoretical results incorporate thermal fluctuations and higher-order entropy
corrections into modified gravity black holes, addressing gaps in understanding
quantum/statistical effects on Hawking radiation and phase transitions.

Practical results of the investigation are as follows:

e The results on particle acceleration processes quantify energy limits for near
horizon particle collisions in modified spacetimes, with implications for high
energy astrophysics (e.g., cosmic rays, AGN jets).

e Analysis of stability criteria for exotic compact objects identify parameter ranges
where black holes in modified gravity remain stable, guiding theoretical models
and numerical relativity simulations.



e the results provide a direct, quantitative link between the spin of matter in an
accretion disk and the fundamental parameters of a black hole, offering a new
method to use astrophysical observations to test for the existence of “hairy” black
holes beyond the standard model.

Reliability of the research results provided by applying modern proven methods of
mathematical physics, computational mathematics, and relativistic astrophysics. The
results were obtained strictly within the mathematical apparatus of general relativity
and theoretical physics. Modern numerical and analytical methods of calculation are
also used, and the results are compared with available observational data and the results
of other authors. The structured conclusions of the thesis correspond to the basic rules
of astrophysics of compact objects. All derived solutions strictly adhere to the
mathematical frameworks of modified gravity theories (e.g., 4D EGB and PFDM).
Calculations are cross-verified using established methods like Hamilton-Jacobi
formalism for geodesics.

The scientific and practical significance of the research results are follows:

e The results of the dissertations integrate particle dynamics, and thermodynamics
of compact objects in 4D Einstein-Gauss-Bonnet, Simpson-Visser spacetimes
into a single self-consistent formalism, revealing previously unexplored
interconnections between these phenomena.

e The study in the dissertation extends the Banados-Silk-West particle acceleration
mechanism to rotating black holes in modified gravity, deriving critical angular
momentum conditions and collision energy limits for spacetimes with additional
fields (scalar and PFDM).

e The analysis of thermodynamics with higher-order quantum corrections
develops a comprehensive thermodynamic description incorporating logarithmic
corrections and thermal fluctuations for modified gravity black holes, resolving
ambiguities in their stability and phase transition behavior beyond semiclassical
approximations.

Application of the research results

The results of study of thermodynamic and energetic processes around compact objects
in modified theories of gravity have been applied as follows: the theoretical research
results and methods, published in the scientific paper “G. Rakhimova, F. Atamurotov,
F. Javed, A. Abdujabbarov, G. Mustafa, Thermodynamical analysis of charged rotating
black hole surrounded by perfect fluid dark matter, Nuclear Physics B, V. 996, 116363
(2023)”, and presented in the Doctorate (PhD) thesis of Ms. G.Raximova have been
used in the frame of the programs supported by the Fudan University (Letter from Prof.
Cosimo Bambi).



Approbation of the research results
The dissertation results have been discussed in 4 republic conferences.

Publication of the research results

On the theme of the dissertation, 12 scientific works were published, including 6
scientific papers in international scientific journals recommended by the Supreme
Attestation Comission of the Republic of Uzbekistan for publishing basic scientific
results of PhD dissertations.

Volume and structure of the dissertation
The dissertation is presented on 108 pages and consists of an introduction, three
chapters, conclusion, and a bibliography.

THE MAIN CONTENT OF DISSERTATION

The introduction of the dissertation indicates the relevance and necessity of the
topic, the correspondence of the research to the priority directions of development of
science and technology of the republic, the degree of knowledge of the problem, its
connection with the research plans of the higher educational institution in which the
dissertation was carried out, and the purpose, objectives, object of research, brief
information about the subject, methods, scientific novelty, practical result, reliability,
scientific and practical significance of the results, introduction of the results into
practice, approval of the results, publication of the results, as well as the structure and
scope of the dissertation.

The first chapter, entitled “Particle Acceleration Near a Rotating Charged
Black Hole in 4D Einstein-Gauss-Bonnet Gravity” is devoted to study the horizon
structure and ergosphere in a charged rotating black hole within 4D Einstein-Gauss-
Bonnet gravity, which introduces additional parameters (Q) because of the charge and
Gauss-Bonnet parameter (), besides the mass (M) and rotation parameter (a).
Interestingly, for each value of the parameter Q (), there is a critical GB parameter
B = Bg(Q = Q) that corresponds to an extremal black hole with degenerate horizons.
For B < Bz (Q < Qp), it describes a non-extremal black hole with two horizons, and
for B > Br(Q > Qg), no black hole exists. The extremal value S5 (Qg) is also affected
by the GB parameter a and the ergosphere. We also study the collision of two equal-
mass particles near the horizon of this black hole and explicitly show the effect of the
parameter 8(Q). The innermost stable circular orbits (ISCO) and the effective potential,
which governs the motion of particles in spacetime, have been analyzed for different
parameter values. The centre-of-mass energy ( Ecy ) depends on the rotation parameter
a and the parameters § and Q. We investigate the E¢); of two colliding particles near
the horizon for both extremal and non-extremal cases. It is shown that in extremal cases,
when one of the colliding particles has a critical angular momentum, the E¢y can be



arbitrarily high, suggesting that the charged rotating in 4D Einstein-Gauss-Bonnet
gravity can function as a particle accelerator. Despite the complexity of the BH solution,
an exact expression for the thermodynamic quantities of black holes, such as the mass,
Hawking temperature, and entropy, is derived in terms of the horizon radius. These
quantities show significant deviations from the Kerr solution because of the influence
of the Gauss-Bonnet parameter and electric charge.

In 4D Einstein-Gauss-Bonnet gravity, the gravitational field of a rotating charged
black hole can be described using Boyer-Lindquist coordinates, resulting in the
following metric:

A _ p? sin? @
ds? = — 2 (dt — asin? 8d¢)? + Kdrz + p2dh? + 2 (adt — (r? + a?)d¢)?, (1)
with the metric functions defined as:
p? =r?+a’cos?0, (2)
ré 2M Q2
A=T2+a2+ﬁ 1—\/1+4,3<r—3—r—4> . (3)

We consider the motion of a time-like particle with a rest mass m in the equatorial plane
6 = /2 where the polar velocity 8 becomes zero. The generalized momenta of the
particle in the spacetime of a charged rotating BH are expressed in the form:

Py = gttt+gt¢§b' (4)
Py = 9pp® + grot (5)

where P; and Py are the constants of motion, corresponding to the particle's energy E
and the angular momentum L, respectively. For simplicity, we set the rest-mass of the
particle m = 1. The overdot denotes differentiation with respect to the proper time. We
calculated the equations of motion of a massive particle from Egs. (4)-(5) along with

the normalization condition u,u* = —1, given as below:
1 [(a? +712)
ut=r—2 TT+Q(L—GE), (6)
1 a
u¢=r—2[ZT+(L—aE)], 7)

JTZ = A(r2 + (L — aE)?)

r2

u, ==+

: (8)



where T = E(a? + r?) —aL and + and - signs in Eq. (8) refer to the outgoing and
incoming geodesics, respectively.
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Figure 1: The figure shows the variation of the innermost stable circular orbits with respect to
spin parameters for the different values of g and Q. The plot on the left-hand side is for the fixed
Q@ = 0.2 and different g, namely g = 0 (black), B = 0.2 (blue) and g = 0.4 (red). Similarly,
the figure on the right-hand side is for the fixed g = 0.2 and different Q, i.e. Q = 0 (black), Q =
0.3 (blue) and Q = 0.6 (red).

To evaluate the motion of particles, we have to understand the properties and effective
potential of this BH. An effective potential for a test particle which is at rest at infinity
for charged rotating BHs can be calculated with the following formula:

1 (E?ges + 2ELGee + L7 g4t
Vetr = =5 < a 5 ? : 9)
Grr gt¢) — 9tt9ee
from Eq. (9), one can get an explicit form of effective potential easily:
(aL — (a®> +r>)E)? = A(r? + (L — aE)?)
eff = — oA : (10)

The solution to the simultaneous equations 7 = 0; 9,V = 0; 92V = 0 defines
the innermost stable circular orbit rg-o Of the particle. It isn't easy to find an analytic
solution for rgco here, but in Fig.1, we calculated the rgco numerically for the
different values of g and Q. Furthermore, it is evident from these figures that an increase
in any parameter leads to a decrease in the radius of the innermost stable circular orbit,
assuming the other parameters remain constant.

The magnitude of the particle’s momentum is significant for analyzing its
geodesics in curved spacetime. The motion of a test particle in a stationary and
axisymmetric black hole spacetime can be described in terms of an effective radial
potential V¢ . So, physically admissible motion requires: V¢ = 0.



The limiting values of the angular momentum define the range of angular momenta for
which a particle released from infinity can reach the black hole horizon without
encountering a turning point. These values are determined by the existence of unstable
circular orbits, which act as separatrices between plunging and non-plunging
trajectories.

The limiting angular momenta L,,;, and L,,,, Which is depicted in tables 1 and 2 are
obtained by imposing the circular-orbit conditions:

AVegs
dr

Veff = 0 and =0. (11)

Solutions of these equations correspond to unstable circular motion. The associated
angular momenta define the boundaries of the allowed interval: L,,,;;, < L < Lypax-

For angular momenta outside this interval, the effective potential develops a turning
point outside the horizon, preventing the particle from reaching the black hole.
Therefore, the limiting angular momenta represent a global kinematical condition
ensuring horizon accessibility.

The critical angular momentum is defined by the behavior of the particle motion
in the immediate vicinity of the event horizon. It is obtained from the condition that the
radial velocity vanishes exactly at the horizon:

Veee(1) = 0. (12)

Thus, using Eq.(8), one may determine the critical value of the angular momentum.
This means that when r - ¥ we can get:

_ @+ @)A)E
- . _

(13)

cr

This fine-tuned trajectory plays a central role in the Banados—Silk—West (BSW)
mechanism, as it leads to an unbounded center-of-mass energy in particle collisions
occurring arbitrarily close to the horizon.

Although both the limiting and critical angular momenta are obtained from conditions
involving V¢ = 0, they have fundamentally different physical meanings. The limiting
angular momenta are determined by circular-orbit conditions at radii outside the
horizon and impose a global constraint on particle motion from infinity. In contrast, the



critical angular momentum is determined by a local horizon condition and does not by
itself guarantee that the particle can reach the horizon.

For the BSW effect to be physically realizable, the critical angular momentum must lie
within the allowed range: L. € [Lmin) Lmax]-

If L. exceeds the maximum allowed angular momentum, a particle with L =L,
encounters a turning point outside the horizon and cannot reach it, despite satisfying
the horizon condition. In such cases, the formal divergence of the center-of-mass energy
is kinematically forbidden.

The angular momentum’'s limiting values, along with the BH's corresponding spin,
B, Q and radius of the event horizon for the extremal case and non-extremal case, are

presented in Tables 1 and 2.

Table 1: The limiting values of angular momentum for different extremal cases.

B Q ag T Lonin Linax Ler

0.1 0.1 0.852804 1.14881 -4.71391 2.35980 2.40035
0.1 0.2 0.838440 1.14423 -4.69208 2.36291 2.40001
0.1 0.3 0.813929 1.13654 -4.65479 2.36996 2.40094
0.3 0.3 0.622437 1.18055 -4.49305 2.83298 2.86155
04 04 0501169 1.15498 -4.35397 3.00904 3.16288
0.5 05 0.358248 1.10509 -4.17220 3.19564 3.76714

Table 2: The limiting values of angular momentum for different non-extremal cases.

B Q a 1 H Lonin Linax Ler

0.1 03 04 1.79992 0.40315 -4.32006 3.45952 8.49932
01 04 04 175454 042731 -4.28909 3.40803 8.09605
02 03 04 172661 0.51472 -4.31206 3.42612 7.85292
02 04 04 167569 0.54524 -4.28079 3.37120 7.41985
03 03 04 1.64295 0.617/96 -4.30389 3.38812 7.14819
03 04 04 158352 0.657/8 -4.27231 3.32845 6.66883




We have investigated the particle motion, BSW mechanism and thermodynamic
properties of charged rotating black holes in 4D Einstein-Gauss-Bonnet gravity are
explored, and we highlight several results obtained.

For smaller values of parameters, this black hole has two horizons, and with the increase
of these parameters, these horizons become closer. Eventually, for the specific values
(these are called extreme values) of these parameters, horizons collide and there will be
one horizon and a black hole called extremal black hole. For the greater values than
extremal ones, there is no black hole.

BSW demonstrated that the E.,, of two colliding particles can reach arbitrarily high
levels in the case of extremal Kerr black holes. By extending the BSW analysis to the
charged rotating black hole in 4D Einstein-Gauss-Bonnet gravity, it is impossible to
achieve arbitrary high E;, when the collision occurs near the horizon of an extremal
charged rotating black holes in 4D Einstein-Gauss-Bonnet gravity due to the exceeding
the values of the critical angular momenta than maximum allowed value of angular
momentum. Also, it is impossible to achieve infinite amount of E.,, in non-extremal
BH case.

Hawking temperature of this black hole is derived and limiting cases of it are discussed.
Despite the intricacy of the black hole solution, a precise formulation for the
thermodynamic properties of black holes, including parameters like mass, Hawking
temperature, and entropy, is obtained with the horizon radius. These quantities exhibit
notable deviations from the Kerr solution due to the influence of GB parameters and
electric charge.

In the second chapter, entitled “Particle Acceleration and Thermodynamics
of the rotating Simpson-Visser black hole” we have considered a time-like geodesic
in the background of rotating Simpson-Visser black hole (BH) to examine structure of
the horizon and ergosphere. The innermost stable circular orbits (ISCO) and the
effective potential, which controls the particle's motion in spacetime, have been studied
for different values of parameters in SV BH. The center-of-mass (CM) energy of two
colliding particles near the horizon has been investigated for both extremal and non-
extremal cases. Furthermore, thermodynamic properties of the SV black hole have also
been investigated in detail.

The gravitational field of a rotating Simpson-Visser compact object in Boyer-Lindquist
coordinates can be expressed through the following line element:

A 2 sin® @
ds? = —?(dt — asin” 0d¢)? + %drz + p%d6? + pE

(adt — (r? + a?)d¢)?, (14)
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Figure 2: Plot shows the variation of enthalpy with respect to horizon radius for different values
ofaand L.

with the metric functions defined as:

p? =1r%2+a%cos?0, (15)
A=12%2+a%—2Mre VT, (16)

where a and [ can be referred to as spin and deviation parameters of the SVBH,
respectively. This metric is derived from the regularization procedure in the Kerr metric
like did in the Schwardchild metric before, where M — M(r) = Me~"" modification
is performed. Here, | can be viewed as quantifying the deviation from Kerr. The
spacetime around this black hole behaves as one around typical rotating and the limit
[ — 0 corresponds to Kerr BH.

We analyze the thermodynamics of this BH in SV BH. The general form of the metric
can be written as:

ds® = gy dt® + gprdr® + gped6® + gppdd® + 294 dtde. (17)

The angular velocity of a test particle at the event horizon, with vanishing angular
momentum, can be calculated using the formula Q, = —g.4 /944 for the rotating Kerr-

like BH:

a

QH_

= ) 18
rZ + a? (18)

We will use the expression (18) for our further calculations. Now we turn to calculate
the thermodynamical quantities of SV BH. The BH mass ( M, which is equal to enthalpy
H) can be derived by making Eqg. (16) equals to zero. As a result one may obtain:

!
(a® + r¥)ern

27‘h

(19)



Figure 3 demonstrates the enthalpy as a function of r;,. One may see that an increase in
the parameters a and [ corresponds to a greater mass (enthalpy) for fixed ry,.

Within this chapter the radius of ISCO is also discussed in SV spacetime with its
parameters [ and a. An increase in these parameters makes the ISCO radius smaller.

Using massive particle orbits, we checked energy extraction from BH for the extremal
and non-extremal cases through the BSW effect. The center of mass energy can be
arbitrarily high for the extremal SV BH, which is not true for the non-extremal SV BH.

The properties of thermodynamics are studied for different cases: enthalpy, hawking
temperature, entropy, and Gibbs free energy. To be more precise, an increase of BH's
parameters [ and a also causes the Gibbs free energy to increase. The opposite is true
for the temperature of this type of BH.

The third chapter, entitled “Thermodynamical Analysis of Charged
Rotating Black Hole Surrounded by Perfect Fluid Dark Matter” is devoted to
studying thermodynamics and particle acceleration around charged rotating BHs
surrounded by perfect fluid dark matter. We discuss BH horizons, ergosphere and inner
stable circular orbits in the framework of perfect fluid dark matter. It is observed that
perfect fluid dark matter effects Hawking's temperature, Gibbs free free energy, and
other physical quantities related to thermodynamics. Some different aspects of
thermodynamics are discussed within the scope of different values of the involved
parameters. Further, we discuss the thermal fluctuations of considered BH solutions,
which refer to the random motion of particles around a BH due to temperature
fluctuations. Specifically, thermal fluctuations are affecting the entropy and Hawking
radiation of a BH, which are crucial for understanding the behavior of physical
quantities. It is found that corrected thermodynamical quantities of charged rotating
perfect fluid dark matter BHs are smaller than the charged rotating BH without perfect
fluid dark matter. We emphasize that the assumptions made in the literature and the
thermodynamics of the previous BH solutions are well consistent with our results. The
charged rotating BH in perfect fluid dark matter is described by line element:

s 2
ds? = — (& — a?sin? G)dr? — 220 ° [2mr — 07 — yrin (2] g + p2a0?
p? 2 Y
a®sin? 0 r 2
+5in26 |12 +a? + p—2<2Mr — Q2 —yrin (;))] dg? +ar?, (0)

here A and p are defined as:
r
A=1%+a%? — 2Mr + Q? + yrln (;) ,

p?=1%+a’cos?0, (21)



where M is the mass of the BH, a is the rotational parameter, Q is the charge of the BH
and y is the PFDM parameter.

We discuss the thermodynamics of the charged rotating BH in PFDM. The event
horizon of BH for the given metric is obtained by condition “A = 0’

r
2 +a? —2Mr + Q% + yrhlnf = 0. (22)

It can be easily noticed that it has two horizons: the inner one r_and the outer one r,,
which depend on the PFDM parameter y. Using the condition for the BH event horizon
(22) we can derive the BH mass M, which is equivalent to the enthalpy H :

1 a? + Q> T
+w+yln—h :

H = E Th (23)

Th

The graphical analysis of the enthalpy relation (23) is given in Fig. (3). It is clear from
the plots that enthalpy decreases in the beginning and the rise of y does not matter for
it. However, it starts to increase from r;, = 0.5 when y parameter increases. Whereas,
when the spin parameter a and charge Q rise the enthalpy differs close to the BH and
goes up becoming indifferent to parameter changes far away from the BH.

There are several observational parameters to study properties of BH but there is no
exact data in which only charge or rotational parameters of BHs are discussed. Here,
we have tried to theoretically analyze the charged rotating BH in the presence of PFDM
and investigated the following:

First, we have discussed the borders for horizons and ergosphere region of this BH. It
IS necessary to mention that we have calculated an extremal BH for a

a=03, Q=03 =02 Q=04 a=03,v=02

Figure 3: Enthalpy variation with horizon radius for different parameters

certain critical value of the rotational parameter a = ag, where the two radii of the
horizons have coincided. We have studied the influence of PFDM parameters on



horizons and ergosphere region for two cases: an extremal and non-extremal BH. We
take the behavior of the shape of these regions graphically. We find that the PFDM
parameter y shortens the border for both the horizon and ergosphere regions, almost
merging into one region. The ISCO radius has been observed to decrease within the
scope of all parameters (y, Q and a ).

We have studied the thermodynamic characteristics of this BH in PFDM and have
discovered that the increase in y results in an increase in the enthalpy H and the Gibbs
free energy G. In contrast, the temperature of the BH decreases with growth y. The
effect of the PFDM parameter y on the ISCO radius has also been discussed in the
work, namely, with increasing y the ISCO radius decreases. We have studied the
collision of two identical massive particles near the horizon of the BH and studied the
behavior of the CM energy for an extremal and non-extremal case.

The effect of second-order, simple logarithmic, and higher-order correction terms on
the Helmholtz free energy, internal energy, enthalpy, and Gibbs free energy of the
charged rotating BH with and without PFDM have been observed. It is worth noting
that the specific heat indicates a stable structure for BHs of a certain size but an unstable
design for BHs that are significantly larger.

Conclusions

The following conclusions were presented based on research carried out on the topic of
“Thermodynamic and Energetic Processes Around Compact Objects in Modified
Theories of Gravity” for the Doctor of Philosophy (PhD) dissertation:

e For the first time, it has been demonstrated that the horizon structure, ergosphere
geometry and extremality conditions in modified gravity spacetimes (4D
Einstein—Gauss—Bonnet, Simpson—Visser, and perfect fluid dark matter models)
depend systematically on additional gravitational parameters—revealing a direct
link between “black hole hair”” and observable spacetime features.

e For the first time, it has been shown that the innermost stable circular orbit
(ISCO) undergoes parameter-dependent shifts in these frameworks, providing a
new diagnostic tool to test modified gravity using accretion disk observations.

e Forthe first time, it has been derived that the Banados—Silk—\West (BSW) particle
acceleration mechanism can be significantly enhanced in modified gravity, with
explicit critical angular momentum conditions obtained for black holes
surrounded by dark matter or nonlinear electromagnetic fields.

e For the first time, it has been found that logarithmic and higher-order quantum
corrections to black hole entropy led to new thermodynamic phase transitions
and modified stability criteria, especially in the presence of perfect fluid dark
matter.
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BBEJIEHUE

AKTyaJILHOCTb H BOCTpCﬁOBaHHOCTb TEMBbI JTUCCEPTALIUMA.

Tema BecbMa akTyallbHa B CBSI3M C PACTyLIUM MHTEPECOM K AJIbTEPHATUBHBIM
TEOpUsIM TpaBUTAIMM, KOTOpHIE HaIpaBieHbl Ha pelleHue ¢(yHIAMEHTAIbHbBIX
BOIPOCOB 001Iei Teopun oTHocuTeNbHOCTH (OTO), TakuxX Kak CHUHTYJSIPHOCTH U
HECOBMECTUMOCTh €  KBAaHTOBOM  MexaHukou. HenmaBHue  mocTuxeHuss B
acTpo(U3NIECKUX HAOIIOJEHUAX, BKIIOYas OOHAPYKEHHE TPABUTAMOHHBIX BOJH U
MOJTydeHUE H300paKeHHUS YEepHOW JBIPHI C IMOMOIIBI0 Teleckoma Event Horizon,
MPEA0CTaBUIIN OECIIPEe/ICHTHBIE BO3MOKHOCTH JJI IPOBEPKHU 3TUX TECOPHUH.

Cnpoc Ha Takue HCCieoBaHUS OOYCIOBJIEH HEOOXOAMMOCTBHIO MOHUMAHUS
TEMHOM KOMITIOHEHThl BCENeHHOW, TakhX Kak, TEeMHas MaTepus U TE€MHas SHEPTHS,
KOTOpbIE  OCTAalOTCA  HEOOBSICHUMBIMM B pamkax  cra”gaptHoii  OTO.
MonuduiupoBaHHble TEOPUN TPABUTALMH MPEIIaraloT MOTCHIMAIbHBIC PEIICHUS,
YTO JIeNaeT 3Ty AUCCEPTAllMI0 aKTyallbHOM JJIS COBPEMEHHON acTpou3uKu U
KocMmoJioruu. B paboTe uccinenyroTcs Takue KIIOYEBBIE SIBICHHUS, KaK YCKOPEHHE
4acCTULl U TEPMOJMHAMHUYECKHE CBOMCTBA, KOTOPBIE UMEIOT PELIAIONICE 3HAUCHUE I
W3YUYEHHUS NPUPOBI TPABUTALIMHU B IKCTPEMAIIBHBIX yclIoBHsAX. Hanpumep, MexaHu3m
bananoca-Cunka-Yacra (BSW), kotopslii npemnonaraer, 4To YepHbI€ JbIPHI MOTYT
JIEUCTBOBATh KaK YCKOPHUTENM YaCTUIl, UMEET 3HAUCHHUE JII acCTPO(PU3UKHU BBICOKUX
SHEprui 1 00pa30BaHUE KOCMHUYECKUX JTyUYEH.

bonee Toro, auccepranMs COOTBETCTBYET CTPATETMUYECKMM  HAyYHBIM
npuopuTeTaM Y30eKucTaHa W 0oJiee MIUPOKOMY MEXKAYHAPOJHOMY COOOIIECTBY.
Jlannast ~ guccepranmoHHas — paboTa  COOTBETCTBYET — 3aJadaM  CIEAYIOIIUX
rOCyAapCTBEHHBIX HOPMAaTUBHBIX JOKyMeHTOB: Yka3 Ilpesunenra PecnyOnuku
V36ekuctan Ne VII-4947 “O ctpareruum NEHCTBUI MO NajdbHEWIIEMY pPa3BUTHIO
Pecniyonuku Y36ekuctran™ ot 07 despans 2017 roga, Ykas Ilpesunenra PecnyOnuku
V36ekuctan Ne [II1-2789 “O wmepax 1o nmanmpHEHIIEMy COBEPIICHCTBOBAHHUIO
NeSTEIbBHOCTH aKaJeMHM HayK, OpraHu3allid, YIOpaBlIeHUS W (UHAHCHUPOBAHHE
Hay4YHO-HCCJIeI0OBATENbCKOM AestenbHoct” ¢ 18.02.2017.

AKTYyaJIbHOCTh UCCIEAOBAHUS [JI1 MPUOPUTETHBIX HAMNPABICHUN Pa3BUTUS HAYKU U
TexHosoruil Pecriybnuku Y30ekucTas. J[uccepTraiimnoHHOE UCCIIeIOBAHNE BHIMTOTHEHO
B COOTBETCTBUU C IPUOPUTETHHIMHU HAINIPABICHUSIMU PAa3BUTHS HAYKH U TEXHOJIOTUH B
Pecniy6nuke V36ekucran: 1. “Ouepreruka, sHEpro- u pecypcocoepexenue’.

CreneHb U3Y4YEHHOCTH MPOOJIEMbI

[IpoGnema mOHMMAaHUSI TEPMOJUHAMHYECKHMX U JHEPTEeTHYECKUX IPOIIECCOB
BOKPYT KOMIAKTHBIX OOBEKTOB B MOAU(DHUIIMPOBAHHBIX TEOPHSIX TpaBUTAlMU ObLIa
IIUPOKO M3yUeHA, OJJHAKO OCTAIOTCS 3HaUMTEIbHBIE Tpobenbl. Kimaccuueckue paboTh



3aJI0KWJIM OCHOBY UL M3Y4YCHUS] TEHEW YEPHBIX JBIP M T€0JIE3UYECKOrO JIBUIKCHHUS
(Bardeen, Luminet, corpymamdectBo ¢ Teneckonom Event Horizon Telescope,
Ab6myxab6apoB, Axmeno, Bambi), B To Bpems kak Oosiee MO3AHHE HCCIICTOBAHUS
BBEJIM KOHIICTIIIMIO YEPHBIX AbIp Kak yckopurteneir wactur (Banados, Silk, West,
Zaslavskii, Wei, Liu, AtamyparoB). MoaudunupoBaHHbIE TEOPUU TPABUTALINH, TAKHE
kak OnHmreiHa-I'aycca-bonne (EGB) u ckamspHo-TeH30pHBIE MOJENH, OBLIH
UCCII/IOBAHBl B TAKMX KOHTEKCTaX, KaK CTPYKTypa ropu3oHTa, (hOTOHHBIE chephl 1
nuHamMuKa —4actull. OpHako OONBIIMHCTBO — CYIIECTBYIOIIMX — HCCIICAOBAHHI
COCPEIOTOYEHO HA W3OJUPOBAHHBIX AacClEKTaX, TaKHX Kak TepPMOJWHAMHUKA
(Bekenstein, Hawking, Glavan, Lin, Ghosh, Ahmedov, Jamil), 6e3 uarerpamnuu 3Tux
SIBJICHUH B €IMHYIO CTPYKTYpy. Kpome Toro, B To Bpemst kak Mexanu3sm BSW xoporio
u3yuyeH B mpocTpaHcTBe-BpeMeHn Keppa u Keppa-Hpiomana, ero 3HaueHune B
MOU(HUIIMPOBAHHON TPABUTALINU, OCOOCHHO B TAKHUX JIOTIOJHUTEIBHBIX 001aCTAX, KaK
TEMHasi MaTepusi WIM HeJIMHEWHas JJIEKTPOJMHAMUKA, OCTAeTCS HEIOCTATOYHO
U3yYCHHBIM.

HenaBHue noctukeHus B HaOII0JaTEIHHOM aCTPOHOMUHU, TAKUE KAK TIOJTyYCHHE
n3oopakennit M87 * u SgrA”, ycummim noTpeOGHOCTh BO BCEOOBEMITIOIINX MOJIEIISX,
yuutbiBatomnx OTKIOHEHUsT oT OTO. IlosBuince uCCaenoOBaHUS BpaIAIOIIMAXCA
yepHbIX Ablp B ycioBusx 4D-rpaButamuu EGB, merpuku Cummncona-Buccepa u
uaeanbHON Tekyuedt Temuoit wmatepum (PFDM) (Simpson, Visser, Kiselev,
Abdujabbarov, Atamurotov, Ghosh), ognako cuctemaTnueckre CpaBHEHUS C JTaHHBIMH
HAOJIOICHUI TO-TIPEKHEMY OTpaHHYEHBbI. TepMOIMHAMUYECKHE CBOWCTBA, BKIIOYAS
u3NydeHre XOKHHTa U (pa30BbIe MEPEX0/Ibl, ObUTH MPOAHAIU3UPOBAHBI B YIIPOIIIEHHBIX
CIIEHAPHSIX, HO BIUSHUE TETUIOBBIX (hJIYKTYaIlMi U MOMPaBOK 00J1ee BHICOKOTO MOPSIKa
70 KOHIIa He u3ydeHo. /luccepranus ycTpaHseT 3TU MpoOesibl, 00bEAUHSS TUHAMUKY
YaCTHUI] U TEPMOJIUHAMUKY B MOIU(DHUIIMPOBAHHON TpaBUTAIlMU, oOecrieunBas Oojee
I1€JI0CTHOE TIOHUMAHKUE KOMITAKTHBIX 00BEKTOB. VICIIONB3ysl Kak aHATUTHIECKUE, TaK U
YUCJICHHBIC METO/BI, paboTa HampaBlieHa Ha TO, YTOOBI CBS3aTh TEOPETHUCCKHEC
npeacKazanusi ¢  HAOMIOJaeMBIMU  SIBICHUSMH, CIIOCOOCTBYS  ITOCTOSTHHOMY
COBEPIIICHCTBOBAHMIO AIbTEPHATUBHBIX TCOPUI TPABUTAIINU.

CBsi3b TeMbI JUCCEPTALMU C HAYYHBIMHM HCCJIEJ0BAHUAMHU BBICHIUX Y4YeOHBIX
3aBeJleHUI/HAYYHO-UCCJIeI0BATEIbCKUX YUYPEKACHUI, B KOTOPBIX BbINOJIHAJIACH
auccepraums. Jlucceprands BBIMOJIHEHA B paMKaX HAy4YHBIX  TPOEKTOB,
dbuHaHCUpPYyEeMBbIX MUHHUCTEPCTBOM WHHOBAIMOHHOTO pas3Butus: F-FA-2021-510
“UccnenoBanus sIAEPHOTO BEHIECTBA HEUTPOHHBIX 3BE37] B YCIOBUSIX HW3MEHEHHOMU

rpasutanun’” (2021-2026).

Heabio uccaeaoBaHus SBISETCS KOMIUICKCHBIN aHAN3 acCTPOOU3NIECKUX MPOIIECCOB
BOKPYT BPaIIAIONIUXCS YEPHBIX JABIP B MOAU(PHUITUPOBAHHBIX TEOPUSX TPABUTAIINH.



3ajaum aAuccepranum:

® TPOAHAIU3HPOBATH CTPYKTYPY TPOCTPAHCTBA-BPEMEHU BpAIIAIOMIUXCS U
3apsOKEHHBIX YEPHBIX JABIP B MOAH(PUIIMPOBAHHBIX TEOPUAX TPABUTAINH
(monmenu OuHiTelHa-I"aycca-bonne, Cumncona-Buccepa u PFDM), Bkitovas
KOH(UTYpali TOPU30HTA, YCIOBUS KCTPEMAIBHOCTH M CBOWMCTBA 3procdepsl,
U OINpEeNenuTh, KaK O3TH XapaKTePUCTHKU 3aBUCAT OT JOIMOJHUTEIHHBIX
TPaBUTAIMOHHBIX TTAPAMETPOB;

® BBIBECTM U HCCIEAOBATh YPABHEHUS JBWXKEHHUS JUISI TMPOOHBIX YaCTHII
BpaIIAlONIMXCsl YEPHBIX JbIP B MOJUMDUIIMPOBAHHON T'paBUTAIMH, UCIOJIb3YA
noaxo/1 3GPEeKTUBHOTO MOTEHIUANA;

® U3YYUTh MEXaHU3M YCKOPEHHS YacTUIl BOJMW3M UEPHBIX JBIP Kak B
IKCTPEMAILHOM, TaK U B HEOKCTPEMAIHHOM PEKHUMAX;

® paccMOTpETh BHYTpeHHHE ycToWuuBble KpyroBeie opbutel (ISCO) w
s (heKTUBHBIE MOTEHIUAIIBI 1J1s1 MPOOHBIX YACTHUIl HA (hOHE MOAUPUIIUPOBAHHOM
rpaBUTAIINH;

® BBIBECTH TCPMOJMHAMHYCCKUE BEIMYUHBI BpAIIAIONIUXCs YEPHBIX JBIP B
MOAU(UITMPOBAHHON IPaBUTAIIMH, TAKHE KaK TeMIlepaTypa XOKHHTa, SHTPOITHS
u cBoOoAHas sHeprus ['nb0oca;

® U3YyYUTh TEPMOAMHAMHUYECKYIO CTAOUIBLHOCTh U (pa30BOE MOBEACHUE, BKIIOYAs
3¢ (}eKThI TeMIOBBIX (QIYKTYalM U MOMPaBOK SHTPOIMHU BBICIIETO NOPSIKA.

O0bekTaMH  HCCJIEAOBAHMA  SBILSIIOTCS  BpAlAIOIIMECS  YEPHBIE  JBIPBI  C
MOAM(PUUMPOBAHHOW TpaBUTALMEN, 3apPSIKEHHbIE YEpPHbIE JbIPbl, CTPYKTYpPHI
TOPU30HTA U 3proc@epbl, JMHAMUKA YaCTHUI] U1 TEPMOANHAMUYECKUE CUCTEMBI.

Ilpeamerammu  uccjiel0BaHUA  SBISIOTCS  MEXaHU3Mbl  YCKOPEHHSI  YacCTHII,
s PeKkTUBHbIE TOTEHIMAIbl U CTaOWJIBHOCTh, TEPMOJMHAMHYECKHUE CBOWCTRBA,
3¢ PeKTH TEMHOM MaTEPHH.

MeroxamMu HCCIeOBAHMS SIBISIOTCS METOAbl BBIYUCIUTEIBHOM MaTEMaTHKH,
METOJbl TEOPETHUYECKON acTpOo(U3UKH, COBPEMEHHBbIE METOAbl MaTeMaTH4YEeCKOU
GU3MKY, aHATUTUYECKWEe M YHCICHHbIE METOAbl pacyeTa AuddepeHImaIbHbIX
YpPaBHEHUN A TOJS M JABW)KEHMS 4YacThl. MeToJ METpHYECKOro aHajlu3a H
aHAJIMTUYECKUX PacdyeTOB ObLI MCIIOJIB30BAH AJIS MOMYUYECHHs PEIEHUI Ui YepHBIX
JIBIP B YCIIOBUSAX MOAM(DUIMPOBAHHOW I'paBUTALMU U pacyeTa CTPYKTYp TOPU30HTA U
sprocepbl ¢ MOMOUIbIO aHAIW3a METPUYECKMX KOMIOHEHTOB. [l umciaeHHOro
pelIeHus] HEJIMHEWHBIX YpPaBHEHWH MO I YEpHBIX JbIp, MOAU(PUIUPOBAHHBIX
3apsOKCHHOM/TEMHONM  MaTepuei, ObLIM  HCIOJb30BaHbl  METOAbl  YHUCIICHHOTO
MOJEIUPOBaHUS. AHAIN3 CTAOMIBHOCTU OBbLIT UCIIOJIB30BAH ISl OLIEHKH TEMIIEPaTyphl
XOKHMHIra, PHTPONUU U CBOOOAHOM »Heprun ['mbOca ¢ MOMOIBIO MOBEPXHOCTHOM
I'PaBUTALIMH U €BKIUAOBBIX METOJIOB BO3/ICHCTBHSI.



HayuyHasi HOBH3HA HCCJIEI0BAHMS 3aKJII0YAETCS B CJIeAyIOIIEeM:

e [lepBoe 00BEIMHEHHOE UCCIEIOBAaHHE NWHAMUKHU YACTHUI] U TEPMOJMHAMUKH
MO3BOJINJI0O HaM OOBEAMHHUTH YCKOPEHHE 4YaCTHIl M TEPMOJAMHAMUYECKYIO
CTaOMJIBHOCTh B YCIOBUAX MOJIU(DUIMPOBAHHON TpaBuTanuu (Hampumep, 4D
EGB, Cummncona-Buccepa) B pamkax €IWHOM KOHIEMNIMH, BbIIBUB
B3aMMOCBS3H, paHee N3y4YaBIINECsS TOJbKO H30JIUPOBAHHO.

e [lomyuyeHsl BEIBOABI O HAOIIOAAEMBIX CHrHaTypax (Hampumep, caBurax ISCO)
111 9yepHbIX Jaelp B PFDM, oGecnieunBaronye npoBepseMble OTKIOHEHHUS OT
oO11Iel TEOPUU OTHOCUTEIBLHOCTH.

e TeopeTnueckue pe3ynbTaThl yUUTHIBAIOT TEIJIOBBIE (PIYKTyalluy U IOTIPAaBKU Ha
SHTPONHIO 00JIee BHICOKOTO MOPSAIKAa B MOAU(PHUIIMPOBAHHBIX TPABUTALIMOHHBIX
YEepPHBIX JABIPax, ycTpaHss mpoOessbl B MOHUMAHUH KBAaHTOBBIX/CTaTUCTHUECKUX
7 PekToB U3nyUyeHUsT XOKUHTa U (Pa30BbIX MEPEXOJIOB.

IIpakTHYecKkue pe3yJibTaThl HCCIIEI0BAHUS 3AKIIOYAIOTCS B CJIeyOLIeM:

e Pe3ynbTarhl, Kacawlluecs MPOIECCOB YCKOPEHHUS YacTHUL], KOJIMYECTBEHHO
OIIPENEISAI0T PHEPreTUYECKUE TPeAebl A1 CTOJIKHOBEHHM dYacTwll BOJIM3H
TOPU30HTAa B M3MEHEHHOM IMPOCTPAHCTBE-BPEMEHHU, YTO MUMEET 3HAUEHUE IS
acTpo(M3HKH BRICOKUX SHEPTHUH (HarIpuMep, KOCMUYecKuX jydeid, ctpyit AGN).

e AHamM3 KPUTEPHEB CTAOMIBHOCTH DJK30THUECKHX KOMIAKTHBIX OOBEKTOB
MO3BOJIACT OMpPENEIUTh AUAMa30Hbl MapaMeTPOB, B KOTOPHIX YEPHBIE ABIPHI B
YCIOBUSIX M3MEHEHHOW TPABUTAIMU OCTAIOTCS CTAOMIBHBIMH, YTO SIBIISETCS
OCHOBOM ISl TEOPETUUECKUX MOJIEIeH U YUCIEHHOIO MOJIEIUPOBAHUS TEOPUU
OTHOCUTEJIBHOCTH.

o [lonmyueHHble pe3ynbTaThl OOECHEUMBAIOT MPSAMYIO KOJIMYECTBEHHYIO CBS3b
MEX/ly BpallleHHEM BellecTBa B aKKPELHMOHHOM JMCKE M (yHJIaMEHTaIbHbIMU
nmapaMeTpamMu YepHOW JABIpBl, Mpeanaras HOBBIH METOJ HCIIOIb30BAHHUS
acTpo(u3nvyecKkux HaOMIOIEHUN JUIsl MPOBEPKU CYIIECTBOBAHUS ‘‘BOJOCATHIX
YEPHBIX JBIP 32 Npe/iejaMu CTaHAAPTHON MOJIETH.

JIOCTOBEPHOCTh Pe3yJbTATOB HMCCJAEAOBAHUSI O00ecreunBaeTcs MNPUMEHEHHEM
COBPEMEHHBIX MPOBEPEHHBIX METOJOB MaTeMaTUYeCKOW (PU3UKHU, BBIUUCIUTEIHHOU
MaTEMaTHUKH U PEISTUBUCTCKON acTpodu3nKku. Pe3yabTaThl ObUIN MOTYYEHBI CTPOTO B
paMKax MaTeMaTHYecKoro ammapara oOIeld Teopur OTHOCUTEIBHOCTH W
TeopeTnueckord ¢Gu3uKu. Takke HCHOIB3YIOTCS COBPEMEHHBIE UHUCICHHBIC U
AHAJINTUYECKUE METOAbl pacyeTa, a pe3yibTaTbl CPAaBHUBAKOTCS C HMEHOIIUMUCS
JAHHBIMU HAOJIOJEHUN W pe3ysbTaTaMu JPYrux aBTOpoOB. CTPyKTypHpOBaHHBIC
BBIBOJBI  JIUCCEPTAIMM  COOTBETCTBYIOT OCHOBHBIM TIpaBWJIaM  acTpO(HU3uKH
KOMITAaKTHBIX OOBEKTOB. Bce moiydeHHbIE pEIIeHUs CTPOTO COOTBETCTBYIOT



MaTeMaTUYECKUM pamMKaM MOJIM(ULIMPOBAHHBIX TEOpUM rpaBuTanuu (Hampumep, 4D
EGB u PFDM). Pacdersl mpoBepsIFOTCS C UCIIOJIB30BaHUEM OOIICTIPUHSITHIX METOJIOB,
Takux Kak popmanusMm ["amunpToHa-AK00U AJIs T€01€3NUECKUX.

Hay4ynasi u npakTyeckasi 3HAYUMOCTD Pe3yJIbTATOB MUCCJIEI0BAHNUS 3aKITI0YAIOTCS
B CJIEAYIOILEM:

e Pesynbrarhl AuccepTanuii 00bEAUHAIOT AMHAMUKY YaCTHUI] U TEPMOJIUHAMUKY
KOMITAaKTHBIX OOBEKTOB B TPEXMEPHBIX CHUCTeMax JHHIITEeiHa-I'aycca-boHHe,
Cumrnicona-Buccepa B eauHbIi CaMOCOTJIACOBAaHHBIM (OpMaNN3M, BBISBIISS
paHee HeHnccae10BaHHbIE B3aUMOCBSA3H MEKIY ATUMHU SBJICHUSMU.

e lccnenoBanue, NMpeacTaBICHHOE B JUCCEPTALMM, PACIPOCTPAHSIET MEXaHU3M
yckopeHus yactull banagoca-Cunka-Becta Ha Bpalaromyecs: YepHbIE JbIPHI B
YCJIOBUSIX U3MEHEHHOU TPaBUTALIMM, BBIBOJS KPUTHYECKUE YCIIOBHS YIIIOBOTO
MOMEHTA U TPEIIIbl SHEPTUU CTOJKHOBEHHUS JJIsI IPOCTPAHCTBEHHOBPEMEHHBIX
CHCTEM C JOTOJIHUTESIIEHBIMU MOJISIMH (CKasipHBIMUA 1 PFDM).

e AHanu3 TEPMOJAMHAMUKHU C KBAHTOBBIMU MOMpPaBKaMu 00Jiee BHICOKOTO MOPSIKa
MO3BOJISIET pa3paboTaTh BCEOOBEMIIIONIEE TEPMOJUHAMUYECKOE OIMMCAHUE,
BKJIIOYAIOIIEEe JIOTapu(PMUUYECKUE TOMPaBKU M TEIUIOBbIE (DIyKTyaruu Jis
YEPHBIX JbIp C U3MEHEHHOU I'paBUTALMEN, pa3pellaroiee HEOJHO3HAYHOCTU B
UX CTaOWIBHOCTH M TIOBEACHUM TMpH (A30BBIX Mepexojax 3a IMpejaeliaMu
MOJIYKJIACCUYECKUX TIPUOTUKEHUH.

IIpumeHeHue pe3yJbTaTOB MCCJIe0BAHMS

Pe3ynprarel mM3ydyeHUsT TEPMOAMHAMUYECKHX M SHEPreTHUYECKUX ITPOLECC BOYPYD
KOMITAaKTHBIX OOBEKTOB B MOAU(PHUIIMPOBAHHBIX TEOPUSX TpaBUTAIMU  ObUIH
MPUMEHEHBl  CIEAYIOMMM o0pa3om: Pe3ynmbraTbl M METOIBI TEOPETHYECKOTO
WCCIIeI0BaHMsI, OMyOJIMKOBaHHbIE B Hay4HOU cTathe “G. Rakhimova, F. Atamurotov,
F.Javed, A. Abdujabbarov, G. Mustafa, Thermodynamical analysis of charged rotating
black hole surrounded by perfect fluid dark matter, Nuclear Physics B, V. 996, 116363
(2023)”, m mpexncraBiCHHbIE B JOKTOPCKOHM amccepramuu ['. PaxumoBoit Obum
WCIIOJIB30BaHbl B B paMKax MNporpamM, MOAAECPKUBAEMBIX YHUBEpcUTETOM DynaHb
(ITucemo ot Ipod. Cosimo Bambi)

Anpobanusi pe3yJibTaTOB MUCCJIEI0BAHMS
Pe3synbpTaThl nuccepTaiiuu ObUIH 00CYKIEHbI HAa 4 pecnyOIMKaHCKUX KOH(PEPEHIIHSIX.

ITyonukanus pe3yjbTaTOB HCCJIECAO0BAHUSA
[To Teme muccepTanuu omyOnIMKOBaHO 12 Hay4dHBIX padOT, B TOM uucie 6 Hay4dyHBIX
cTaTeil B MEXKIyHapOAHBIX HAYYHBIX >KypHalaX, pPEKOMEHJIOBaHHBIX Briciiei



ArtrecraunonHoit Komuccueit Pecniybonuku Y30ekucrtan aisi myOJuKalui OCHOBHBIX
Hay4YHBIX pe3yibTaToB PhD-nuccepranuii.

O0beM U CTPYKTYpa AUCCEPTALMU
Jucceprauus u3noxkeHa Ha 108 cTpaHuuax WU COCTOWUT W3 BBEJACHUS, TPEX TIJIaB,
3aKJIIOUEHHUS U CIIUCKA JIUTEPATYpPHI.

BbiBOABI

[Io pe3ynpraTaM HCCIENOBaHUM, NMPOBEIACHHBIX IO TeMe ‘‘TepMonnHaMUYeCKHe M
HHEPreTHYECKUEe MPOIECCHl BOKPYT KOMITAKTHBIX OOBEKTOB B MOJIU(DUIIMPOBAHHBIX
TEOPUSIX TPaBUTALMM [JIsl JIUCCEPTAlMU Ha COMCKAHHME YYEHOW CTENEHU JIOKTOpa
¢dunocoduu (PhD), ObLIH MpeIcTaBICHBI CIICTYIOIIHE BHIBOJIBI:

e BmnepBble NPOJEMOHCTPUPOBAHO, YTO CTPYKTypa TOPU30HTA, TIE€OMETPUS
sprochepbl U  YCIOBUSL OKCTPEMAJIBHOCTH B  IMPOCTPAHCTBE-BPEMEHHU
MoauduimpoBaHHoii rpaButanuu (4D rpaBuranus Diinmteiina—I aycca—bonmne,
Mozenn CumnicoHa—Buccepa M COBEpPUICHHOM KUJIKOM TEMHOM MaTepUH)
CUCTEMATUYECKH 3aBUCAT OT JOMOJHUTEIbHBIX IPAaBUTALIMOHHBIX MMAPaMETPOB,
YTO BBIBISIET NPSAMYIO CBSI3b MEXAY ‘BOJIOCAMH~ UYEPHOM JBIPBI H
Ha0JII0/1aeMbIMHU CBOMCTBAMU ITPOCTPAHCTBA-BPEMEHHU.

e BrepBble M0OKa3aHO, YTO pajuyC BHYTPEHHEH YCTOMYMBON KPYroBOW OpOWTHI
(ISCO) wuchbpITEIBaEeT MapaMETPUUYCCKH OOYCIIOBJICHHBIC CMEIICHHS B STHX
TEOPUSIX, YTO TMPEIOCTABISET HOBBIM JAMArHOCTUYECKUNA HMHCTPYMEHT IS
MPOBEPKU  MOJIU(PUIIMPOBAHHOW TpaBUTAllMM HA OCHOBE HaONIOJEHUN
AKKPELIMOHHBIX TUCKOB.

e Brepsble nonydeHo, 4TO MEXaHU3M ycKkopeHus yactul banagoca—Cuiika—Yscra
(BSW) moker OBITH CYIIECTBEHHO YCWJIEH B TEOPHUAX MOIUDHUIIMPOBAHHON
rpaBUTAIMK; MPU 3TOM SIBHO BBIBEIICHBI YCJIOBHS HAa KPUTHYECKUN YTIOBOMU
MOMEHT JIJIs1 YEPHBIX JBIP, OKPYKEHHBIX TEMHON MaTeprel WM HETMHEHHBIMU
AIIEKTPOMATrHUTHBIMH TTOJISIMHU.

e Brepsble ycTaHOBJIEHO, YTO Jorapudmuyeckue u 0ojiee BHICOKME KBAaHTOBBIC
MONPABKU K JHTPONUU UYEPHBIX IbIP MPUBOAAT K BO3HUKHOBEHHIO HOBBIX
TEPMOJUHAMHYCCKUX (PA30BbIX TMEPEXOJOB M HM3MEHEHHBIX KPHUTEPUECB
YCTOMYMBOCTH, OCOOCHHO B TMPHUCYTCTBUHM COBEPIICHHOW KUIKONH TEMHOM
MAaTEPUHU.
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