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KIRISH

Dissertatsiya mavzusining dolzarbligi

Mavzu umumiy nisbiylik nazariyasidagi (UNT) fundamental masalalarni, masalan,
yakkaliklar (singulyarliklar) va kvant mexanikasi bilan nomutanosiblikni hal gilishga
garatilgan mugobil tortishish nazariyalariga gizigish ortib borayotgani tufayli nihoyatda
dolzarbdir. Astrofizik kuzatuvlardagi songgi yutuglar, shu jumladan gravitatsion
tolginlarni aniglash va Event Horizon Telescope tomonidan gora tuynuklarning
tasvirlanishi, ushbu nazariyalarni sinash uchun misli korilmagan imkoniyatlarni taqdim
etdi.

Bunday tadgiqotlarga bolgan talab, standart UNT doirasida tushuntirilmay golayotgan
koinotning gorongu komponentlari - gorongu materiya va gorongu energiyani
tushunish zaruratidan kelib chigadi. Ozgartirilgan tortishish nazariyalari potentsial
echimlarni taklif etadi, bu esa ushbu dissertatsiyani zamonaviy astrofizika va
kosmologiya uchun dolzarb qiladi. Ish ekstremal muhitlarda tortishish tabiatini
organish uchun hal giluvchi ahamiyatga ega bolgan zarrachalarning tezlanishi va
termodinamik xususiyatlar kabi asosiy hodisalarni organadi. Misol uchun, gora
tuynuklar zarracha tezlatgichlari vazifasini bajarishi mumkinligini taxmin giluvchi
Banados-Silk-West (BSW) mexanizmi yugori energiyali astrofizika va kosmik
nurlarning paydo bolishi uchun muhim ahamiyatga ega.

Bundan tashqari, dissertatsiyaning foton orbitasi va ergosfera dinamikasi kabi
kuzatilishi mumkin bolgan belgilarga etibor garatishi nazariy bashoratlarni real dunyo
kuzatuvlari bilan boglaydi. Kuzatuv imkoniyatlari bilan moslik tadgigotning amaliy
gollanilishini taminlaydi. Ozgartirilgan tortishish nazariyalarida gora tuynuklarni
organish orgali ushbu ish tortishish va kvant mexanikasining yagona nazariyasini topish
boyicha kengrog intilishga hissa qoshadi va uni sohada oz vaqgtida va gqimmatli
goshimchaga aylantiradi.

Qolaversa, dissertatsiya Ozbekiston va xalgaro hamjamiyatning strategik ilmiy
ustuvorliklariga mos keladi. Ushbu dissertatsiya ishi quyidagi davlat normativ
hujjatlarining vazifalariga muvofiqdir: Ozbekiston Respublikasi Prezidentining 2017-
yil 7-fevraldagi "Ozbekiston Respublikasini yanada rivojlantirish boyicha Harakatlar
strategiyasi  togrisida"gi  PF-4947-sonli ~ Farmoni,  Ozbekiston = Respub-
likasi Prezidentining 2017-yil 18-fevraldagi "Fanlar akademiyasi faoliyatini yanada
takomillashtirish, ilmiy-tadgiqgot ishlarini tashkil etish, boshgarish va moliyalashtirish
chora-tadbirlari togrisida"gi PQ-2789-sonli Qarori.

Tadgigotning Ozbekiston Respublikasi fan va texnologiyalarni rivojlantirishning
ustuvor yonalishlariga dolzarbligi Dissertatsiya ishi Ozbekiston Respublikasi fan va



texnologiyalarni rivojlantirishning ustuvor yonalishlariga muvofiq amalga oshirilgan:
I1. "Energetika, energiya va resurslarni tejash™.

Muammoning o'rganilganlik darajasi

0’ zgartirilgan tortishish nazariyalarida kompakt ob'ektlar 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 vyaratdi (Bardeen, Luminet, Event Horizon Telescope
Collaboration, Abdujabbarov, Ahmedov, Bambi), keyingi tadgiqotlar esa qora
tuynuklarni zarracha tezlatgichlari sifatida ishlatish kontseptsiyasini kiritdi (Banados,
Silk, West, Zaslavskii, Wei, Liu, Atamurotov). Eynshteyn-Gauss-Bonnet (EGB) va
skalyar-tenzor modellari kabi o'zgartirilgan tortishish nazariyalari ufq tuzilishi, foton
sferalari va zarrachalar dinamikasi kabi kontekstlarda o'rganilgan. Birog, mavjud
tadgiqotlarning aksariyati ushbu hodisalarni yagona, izchil tizimga birlashtirmasdan,
soyalar yoki termodinamika kabi alohida jihatlarga e'tibor qaratadi (Bekenstein,
Hawking, Glavan, Lin, Ghosh, Ahmedov, Jamil). Bundan tashgari, BSW mexanizmi
Kerr va Kerr-Newman fazovagtlarida yaxshi o'rganilgan bo'lsa-da, uning o'zgartirilgan
tortishish nazariyalaridagi, xususan, qorong'u materiya yoki chizigli bo'lmagan
elektrodinamika kabi go'shimcha maydonlarga ega bo'lgan sharoitlardagi go'llanilishi
yetarlicha tadqiq 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 tortishish nazariyasi, Simpson-
Visser metriklari va ideal suyuqlik gorong'u materiyasi (PFDM) muhitlaridagi
aylanuvchi gora tuynuklarga oid tadgiqotlar 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'liq tushunilmagan.
Dissertatsiya ushbu bo'shliglarni o'zgartirilgan tortishish
nazariyasida zarrachalar dinamikasi va termodinamikasini birlashtirish orgali bartaraf
etadi, ixcham ob'ektlarni 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 mugobil tortishish nazariyalarini
davom etayotgan takomillashtirishga hissa go'shadi.

Dissertatsiya mavzusining dissertatsiya bajarilgan oliy talim ilmiytadgigot
muassasalarining ilmiy ishlari bilan bogligligi. Dissertatsiya Ozbekiston Respublikasi
Innovatsion rivojlanish vazirligi tomonidan moliyalashtirilgan quyidagi ilmiy loyiha
doirasida bajarilgan: F-FA-2021-510 "Ozgartirilgan tortishish nazariyasida neytron
yulduzlarining yadroviy materiyasini organish” (2021-2026-yillar).



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

Tadqgiqgot vazifalari:

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

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

» ckstremal va noekstremal rejimlarda qora tuynuklar yaqinida zarrachalarning
tezlanish mexanizmini o‘rganish;

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

» modifikatsiyalangan gravitatsiyada aylanayotgan qora tuynuklarning termodinamik
kattaliklarini, xususan Xoking harorati, entropiya, burchak tezligi va Gibbs erkin
energiyasini keltirib chiqgarish;

« termodinamik barqarorlik va faza xatti-harakatlarini, jumladan issiglik fluktuatsiyalari
va yugori tartibli entropiya tuzatmalarining ta’sirini tahlil qilish.

Tadgiqot obyektlari ozgartirilgan tortishish nazariyalaridagi aylanuvchi qora
tuynuklar, zaryadlangan qora tuynuklar, ufq va ergosfera tuzilmalari, shuningdek,
buzilish kabi kuzatiladigan xarakteristikalar, zarracha dinamikasi va termodinamik
tizimlardir.

Tadqgigot predmetlari zarrachalarning tezlanish mexanizmlari, samarali potentsiallar
va bargarorlik, termodinamik xususiyatlar, gorongu materiya va kvitessensiya
effektlari, kuzatuv malumotlari bilan taggoslashdan iborat.

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.
Ozgartirilgan tortishish nazariyalarida qora tuynuk yechimlarini keltirib chigarish



hamda metrik komponentlar tahlili orgali ufq va ergosfera tuzilmalarini hisoblash
uchun metrik tahlil va analitik hisoblash metodi gollanilgan.

Zaryadlangan/gorongu materiya bilan ozgartirilgan gora tuynuklar uchun chizigli
bolmagan maydon tenglamalarini ragamli yechish magsadida ragamli modellashtirish
va hisoblash simulyatsiyalari metodi gollanilgan. Xoking harorati, entropiya va Gibbs
erkin energiyasini sirt tortishish kuchi hamda Evklid harakat metodlari orgali baholash
uchun bargarorlik tahlili go'llanilgan.

Tadgiqotning ilmiy yangiligi quyidagilardan iborat:

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

e PFDM (Perfect Fluid Dark Matter - lIdeal Suyuglik Qorong'u Materiyasi) dagi
gora tuynuklar uchun kuzatilishi mumkin bo'lgan belgilarning (masalan, ISCO
siljishlari) hosilalari olindi, bu Umumiy nisbiylik nazariyasidan sinovdan
o'tkazilishi mumkin bo'lgan chetlanishlarni ta'minlaydi.

e Nazariy natijalar termal fluktuatsiyalarni va yuqori tartibli entropiya
tuzatishlarini ozgartirilgan tortishish nazariyasi gora tuynuklariga kiritadi, shu
bilan Xoking nurlanishi va faza otishlariga kvant/statistik effektlarning tasirini
tushunishdagi boshliglarni bartaraf etadi.

Tadgiqgotning amaliy natijalari quyidagilardan iborat:

e Zarrachalarning tezlanish jarayonlari bo'yicha olingan natijalar o'zgartirilgan
fazo-vaqtlarida ufgq yaqinidagi zarrachalar to'gnashuvi uchun energiya
chegaralarini migdoriy jihatdan aniqlaydi, bu esa yuqori energiyali astrofizika
(masalan, kosmik nurlar, AGN jetlari) uchun amaliy ahamiyatga ega.

o Ekzotik kompakt obyektlar uchun bargarorlik mezonlarini tahlil qilish,
o'zgartirilgan tortishish nazariyalaridagi gora tuynuklar bargaror bo'lib qoladigan
parametr diapazonlarini aniglaydi, bu esa nazariy modellar va ragamli nisbiylik
simulyatsiyalari uchun yo'l-yo'riq bo'lib xizmat giladi.

e Natijalar akkretsiya diskidagi materiyaning spini va qora tuynukning
fundamental parametrlari ortasida togridan-togri, miqgdoriy bogliglikni
taminlaydi, bu esa standart modeldan tashgaridagi "tukli" (hairy) qora
tuynuklarning mavjudligini sinab korish uchun astrofizik kuzatuvlardan
foydalanishning yangi usulini taklif etadi.



Tadgigot 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 malumotlari va boshga
mualliflarning natijalari bilan tagqoslangan. Dissertatsiyaning tuzilmaviy xulosalari
ixcham ob'ektlar astrofizikasining asosiy qoidalariga mos keladi. Barcha olingan
yechimlar o'zgartirilgan tortishish nazariyalarining (masalan, 4D EGB va PFDM)
matematik asoslariga gat'iy rioya qiladi. Hisob-kitoblar geodezikalar uchun Gamilton-
Yakobi formalizmi kabi o'rnatilgan usullar yordamida o'zaro tekshiriladi.

Tadgiqot natijalarining ilmiy va amaliy ahamiyati quyidagilardan iborat

e Dissertatsiya natijalari kompakt obyektlarning zarracha dinamikasi va
termodinamikasini 4D Einstein-Gauss-Bonnet, Simpson-Visser fazo-vagtlarida
yagona 0'z-0'zidan mos keluvchi (self-consistent) formalizmga birlashtiradi, shu
bilan bu hodisalar o'rtasidagi ilgari o'rganilmagan o'zaro bog'ligliklarni ochib
beradi.

o Dissertatsiyadagi tadgigot Banados-Silk-West (BSW) zarracha tezlanish
mexanizmini ozgartirilgan tortishish nazariyalaridagi aylanuvchi qora
tuynuklarga kengaytiradi, goshimcha maydonlarga (skalyar va PFDM) ega
bolgan fazo-vaqgtlar uchun kritik burchak moment shartlarini va tognashuv
energiya chegaralarini keltirib chigaradi.

e Yugori tartibli kvant tuzatishlari bilan termodinamika tahlili o'zgartirilgan
tortishish nazariyasi qora tuynuklari uchun logarifmik tuzatishlar va termal
fluktuatsiyalarni o'z ichiga olgan keng gamrovli termodinamik tavsifni ishlab
chigadi, shu bilan ularning bargarorligi va faza o'tish xatti-harakatlaridagi
noanigliklarni yarimklassik yaginlashuvlardan tashqgarida hal giladi.

Tadgigot natijalarini amaliyotga joriy etish.

Modifikatsiyalangan gravitatsuya nazariyalari doirasida gora tuynuklar atrofidagi
zarrachalar dinamikasini o'rganish natijalari quyidagicha go'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), https://doi.org/10.1016/j.nuclphysh.2023.116363" 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).


https://doi.org/10.1016/j.nuclphysb.2023.116363

Tadgigot natijalarining aprobatsiyasi

Dissertatsiya natijalari 4 ta respublika konferensiyada muhokama gilingan.
Tadgigot natijalarining nashr etilishi

Dissertatsiya mavzusi bo‘yicha jami 13 ta ilmiy ish chop etilgan bo‘lib, shulardan 6 tasi
O‘zbekiston Respublikasi Oliy attestatsiya komissiyasi tomonidan PhD
dissertatsiyalarining asosiy ilmiy natijalarini e’lon qilish uchun tavsiya etilgan xalqaro
ilmiy jurnallarda nashr etilgan.

Dissertatsiyaning hajmi va tuzilishi

Dissertatsiya Kirish, uchta bob, xulosa va adabiyotlar royxatidan iborat bolib, umumiy
hajmi 108 sahifani tashkil etadi.

DISSERTATSIYANING ASOSIY MAZMUNI

Dissertatsiyaning kirish qismi 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-tadqiqot rejalari bilan bog'ligligi, tadgigotning magsadi,
vazifalari, ob'ekti, 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 tortishish nazariyasida aylanuvchi
zaryadlangan gora tuynuk yaginida zarrachalarning tezlanishi** deb nomlangan
bolib, u 4D Eynshteyn-Gauss-Bonnet tortishish nazariyasi doirasida zaryadlangan
aylanuvchi qora tuynukdagi ufq tuzilishi va ergosferani o'rganishga bag'ishlangan. Bu
nazariya massa ( M ) va aylanish parametri ( a ) dan tashqgari zaryad ( Q ) va Gauss-
Bonnet parametri ( § ) tufayli go'shimcha parametrlarni Kiritadi. Qizig'i shundaki,
parametrning har bir giymati Q(f) uchun kritik GB parametri 8 = ( Q = Qg )
mavjud bo'lib, u degenerativ ufgga ega ekstremal qora tuynukka mos keladi. f <
Be(Q < Qg) bo'lganda, u ikkita ufgga ega noekstremal qora tuynukni, g >
B (Q > Q) bo'lganda esa gora tuynuk umuman mavjud emasligini tasvirlaydi.
Ekstremal qiymat Bz (Qz) ga GB parametri f va ergosfera ham ta'sir giladi. Biz,
shuningdek, ushbu qora tuynuk ufgi yaginida teng massali ikkita zarrachaning
to'gnashuvini o'rganamiz va §(Q) parametrining ta'sirini aniq ko'rsatamiz. Fazo-vaqgtda
zarrachalar harakatini boshgaruvchi eng ichki bargaror aylanma orbitlar (ISCO) va



samarali potentsial turli parametr giymatlari uchun tahlil gilindi. Massalar markazi
energiyasi ( Ecy ) aylanish parametriga a hamda £ va Q parametrlariga bog'liq. Biz
ekstremal va noekstremal holatlar uchun ufg yaginida to'gnashayotgan ikkita
zarrachaning Ecp energiyasini tekshiramiz. Ko'rsatilishicha, ekstremal holatlarda,
to'gnashayotgan zarrachalardan biri kritik burchak momentiga ega bo'lsa, E¢y ixtiyoriy
ravishda yuqori bo'lishi mumkin, bu esa 4D Eynshteyn-Gauss-Bonnet tortishish
nazariyasida zaryadlangan aylanuvchi gora tuynukning zarracha tezlatgichi sifatida
ishlashi mumkinligini ko'rsatadi. Qora tuynuk yechimining murakkabligiga garamay,
massa, Xoking harorati va entropiya kabi qora tuynuklarning termodinamik migdorlari
uchun ufq radiusi orgali aniq ifoda keltirib chigarilgan. Gauss-Bonnet parametri va
elektr zaryadining ta'siri tufayli ushbu miqdorlar Kerr yechimidan sezilarli
chetlanishlarni ko'rsatadi. 4D Eynshteyn-Gauss-Bonnet tortishish nazariyasida
aylanuvchi zaryadlangan gora tuynukning gravitatsion maydonini quyidagi metrika
bilan Boyer-Lindquist koordinatalaridan foydalangan holda tasvirlash mumkin:

A _ p? sin® 6
ds? = —?(dt — asin? 6d¢)? + Xdr2 + p2dB? + PE (adt — (r? + a®)d¢)?(1)
metrik funksiyalar quyidagicha aniglanadi
p? =12+ a*cos? 8 (2)
r* 2M Q2
A=r2+a2+ﬁ 1_\/1+4'8<F_F> (3)

bu yerda a, Q va f mos ravishda qora tuynukning (BH) spini, zaryadi va GaussBonnet
(GB) bog'lanish parametrlari deb atalishi mumkin.

Biz 8 = /2 ekvatorial tekislikda m, tinch massaga ega vaqtga o'xshash zarrachaning

harakatini ko'rib chigamiz, bu yerda qutb tezligi & nolga teng bo'ladi. Aylanuvchi
zaryadlangan qora tuynukning (BH) fazo-vaqtida zarrachaning metrikasi va
umumlashtirilgan impulslari quyidagi shaklda ifodalanadi.

P, = gyt + gtd)(ﬁ (4)
Py = gpp®P + gept (5)

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



1 [(a? +712)
U =T_2[TT+a(L_aE)] (6)
1 a
Uug =ﬁ[ZT+ (L - aE)| 7)
" = i\/TZ - A(rzr-lz— (L — aE)?) ®

bu yerda T = E(a? + r?) — aL hamda (8)-tenglamadagi + va - belgilari mos ravishda
chigib ketayotgan (outgoing) va kirib kelayotgan (incoming) geodeziklarga ishora
giladi.

11SCO
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Rasm 1: Ushbu rasm eng ichki bargaror aylanma orbitlarning (ISCO) spin parametrlari
boyicha B va Q ning turli giymatlari uchun ozgarishini korsatadi. Chap tomondagi grafik
belgilangan Q@ = 0.2 va turli B giymatlari uchun: g =0 (qora), g = 0.2 (kok) va g = 0.4
(qizil). Xuddi shunday, ong tomondagi rasm belgilangan g = 0.2 va turli Q giymatlari uchun:
Q =0 (gora), Q = 0.3 (kok) va Q = 0.6 (qizil).

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

1 (EZ 9pp + 2ELgre + ngtt>
29 9is — 9eeIoo

9

Vett = —
(9)-tenglamadan samarali potentsialning aniq (eksplitsit) shaklini osongina olish
mumkin:

(aL — (@® + r»)E)? = A(@r? + (L — aE)?)
2r#

(10)

Vegr = —

r=0; 0,V =0; 02V = 0 bir vaqtlik tenglamalar yechimi zarrachaning eng
ichki bargaror aylanma orbitasini rgco aniglaydi. Bu yerda rgco uchun analitik



yechim topish oson emas, lekin 1- rasmda biz rgco giymatini § va Q ning turli
giymatlari uchun ragamli hisobladik. Bundan tashgari, ushbu rasmlardan ko'rinib
turibdiki, agar boshga parametrlar o'zgarmas bo'lib qolsa, har ganday parametrning
ortishi eng ichki bargaror aylanma orbitasi radiusining kamayishiga olib keladi.

Zarraning impulsi moduli egri fazo-vaqtda uning geodezik harakatini tahlil gilishda
muhim ahamiyatga ega. Statsionar va o‘qiy simmetriyaga ega qora tuynuk fazo-vaqtida
sinov zarrasining harakati effektiv radial potensial V¢ yordamida tavsiflanadi. Shuning
uchun, fizik jihatdan ruxsat etilgan harakat quyidagi shartni ganoatlantirishi lozim:
Veff > 0.

Burchak impulsi uchun chegaraviy (limit) giymatlar cheksizlikdan tashlab yuborilgan
zarra burilish nugtasiga duch kelmasdan gora tuynuk gorizontiga yetib borishi mumkin
bo‘lgan burchak impulslari oralig‘ini aniglaydi. Ushbu qiymatlar botuvchi (plunging)
va botmaydigan trayektoriyalar orasidagi chegarani belgilovchi begaror aylana
orbitlarning mavjudligi bilan aniglanadi.

Jadvall va Jadval2 da Kkeltirilgan burchak impulsining chegaraviy qiymatlari
Lonin V& Ljax quyidagi aylana orbit shartlarini qo‘llash orqali topiladi:

AVerr _
dr

Ushbu tenglamalarning yechimlari begaror aylana harakatiga mos keladi. Mos burchak
impulslari ruxsat etilgan interval chegaralarini belgilaydi: L,,;;, < L < Lpgx

Veff = 0 and

0 (11)

Agar burchak impulsi ushbu intervaldan tashgarida bo‘lsa, effektiv potensial
gorizontdan tashqarida burilish nugtasini hosil giladi va natijada zarra gora tuynukka
yetib bora olmaydi. Shuning uchun, chegaraviy burchak impulslari gorizontga yetib
borishni ta’minlovchi global kinematik shartni ifodalaydi.

Kritik burchak impulsi zarra harakatining hodisa gorizontiga juda yagin sohadagi xatti-
harakati bilan aniglanadi. U radial tezlik aynan gorizontda nolga teng bo‘lishi shartidan
kelib chigadi:

Ver(r) = 0 (12)

Shu sababli, (8)-tenglamadan foydalanib, burchak impulsining kritik giymatini
aniglash mumkin. Ya’ni, 7 —» r£ da quyidagi ifoda hosil bo‘ladi:

_(@®+ )HDE

Ler . (13)




Ushbu nozik sozlangan trayektoriya Banddos—Silk—-West (BSW) mexanizmida
markaziy rol o‘ynaydi, chunki u gorizontga ixtiyoriy darajada yaqin sohada sodir

bo‘ladigan zarrachalar to‘qnashuvlarida mass-markaz energiyasining cheksiz o‘sishiga
olib keladi.

Chegaraviy va kritik burchak impulslari bir xil V¢ = 0 shartidan kelib chigsa-da,
ularning fizik mazmuni tubdan farglidir. Chegaraviy burchak impulslari gorizontdan
tashgaridagi radiuslarda aylana orbit shartlari orgali aniglanadi va cheksizlikdan
kelayotgan zarra harakatiga global cheklov qo‘yadi. Aksincha, kritik burchak impulsi
fagat gorizontga oid lokal shart bilan aniqlanadi va o‘zi mustaqil ravishda zarraning
gorizontga yetib borishini kafolatlamaydi.

BSW effektining fizik jihatdan amalga oshishi uchun kritik burchak impulsi ruxsat
etilgan interval ichida bo‘lishi zarur: L. € [Lyin, Lmax]

Agar L. maksimal ruxsat etilgan qiymatdan katta bo‘lsa, L = L. bo‘lgan zarra
gorizontdan tashqarida burilish nugtasiga duch keladi va gorizontga yetib bora olmaydi,
hatto gorizont shartini ganoatlantirgan tagdirda ham. Bunday holatda mass-markaz
energiyasining formal cheksizligi kinematik jihatdan tagiglanadi.

Burchak impulsining chegaraviy giymatlari, shuningdek gora tuynukning mos spin
parametri, 8, Q va hodisa gorizonti radiusi 1, ekstremal va noekstremal holatlar uchun
mos ravishda 1 va 2 jadvallarda keltirilgan.

Jadval 1: Turli ekstremal holatlar uchun burchak momentining chegaraviy giymatlari

B Q ag Ti Lmin Limax 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 0.5 0.358248 1.10509 -4.17220 3.19564 3.76714

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

Parametrlarning kichik giymatlari uchun ushbu qora tuynuk ikkita ufqga ega bo'ladi va
ushbu parametrlar ortishi bilan bu ufuglar bir-biriga yaginlashadi.



Jadval 2: Turli noekstremal holatlar uchun burchak momentining chegaraviy giymatlari.

B Q a i Lnin~ Lmax Lo

0.1 03 04 1.79992 0.40315 -4.32006 3.45952 8.49932
0.1 04 04 1.75454 0.42731 -4.28909 3.40803 8.09605
0.2 03 04 172661 051472 -4.31206 3.42612 7.85292
0.2 04 04 167569 0.54524 -4.28079 3.37120 7.41985
0.3 03 04 164295 0.61796 -4.30389 3.38812 7.14819
0.3 04 04 158352 0.65778 -4.27231 3.32845 6.66883

Oxir-oqibat, ushbu parametrlarning o'ziga xos giymatlari (ular ekstremal giymatlar deb
ataladi) uchun ufuglar to'gnashadi va bitta ufq hamda ekstremal gora tuynuk deb
ataladigan gora tuynuk paydo bo'ladi. Ekstremal giymatlardan kattaroq giymatlar
uchun gora tuynuk mavjud emas.

BSW shuni ko‘rsatdiki, ekstremal Kerr qora tuynuklari holatida to‘gnashayotgan ikki
zarra uchun mass-markaz energiyasi E.y, 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‘gnashuvlarda
E ) ning ixtiyoriy darajada oshishiga erishib bo‘lmaydi. Buning sababi kritik burchak
impulsining giymati ruxsat etilgan maksimal burchak impulsi giymatidan oshib
ketishidir. Shuningdek, noekstremal 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 o'z ichiga olgan qora
tuynuklarning termodinamik xususiyatlari uchun ufq 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 tuynugining zarrachalar
tezlanishi va termodinamikasi'* deb nomlanib, unda ufqg va ergosfera tuzilishini
o'rganish uchun aylanuvchi Simpson-Visser qora tuynugi (BH) fonida vaqtga o'xshash
geodezik harakat ko'rib chigilgan. Eng ichki bargaror aylanma orbitlar (ISCO) va
zarrachaning fazo-vaqtdagi harakatini boshgaruvchi samarali potentsial SV qora



tuynugidagi parametrlarning turli gqiymatlari uchun o'rganilgan. Ikki to'gnashayotgan
zarrachaning massalar markazi energiyasi (CM) ham ekstremal, ham noekstremal
holatlar uchun tekshirilgan. Bundan tashqari, SV gora tuynugining termodinamik
xususiyatlari ham batafsil o'rganilgan.

Rasmz2: Grafik entalpiyaning ufq (gorizont) radiusi bo'yicha o'zgarishini ko'rsatadi.

Aylanuvchi Simpson-Visser kompakt obyektining gravitatsion maydonini Boyer-
Lindquist koordinatalarida quyidagi interval orgali ifodalash mumkin:
2 sin? 0

A
ds? = —?(dt — asin? 6d¢)? + %drz + p2dB? + PE

(adt — (r? + a®)d¢)?(14)

metrik funksiyalar quyidagicha aniglanadi:

p? =12+ a*cos? 8 (15)
A =r?+a?—2Mre YT (16)

bu yerda a va [ mos ravishda SV qora tuynugining (BH) spini va chetlanish parametrlari
deb atalishi mumkin. Ushbu metrika oldin Shvarzschild metrikasida gilinganidek, M —
M(r) = Me " modifikatsiyasi bajarilgan Kerr metrikasidagi regulyarizatsiya
protsedurasidan olingan. Bu yerda [ parametrini Kerr yechimidan chetlanishni
miqgdoriy baholovchi kattalik sifatida ko'rish mumkin. Ushbu gora tuynuk atrofidagi
fazo-vaqt odatdagi aylanuvchi ob'ekt atrofidagidek harakatlanadi va [ — 0 limiti Kerr
gora tuynugiga mos keladi. "Biz ushbu gora tuynukning Simpson-Visser gora
tuynugidagi (SV BH) termodinamikasini tahlil gilamiz. Metrikaning umumiy shaklini
quyidagicha yozish mumkin":

ds? = gpdt? + g dr® + goed6® + gppdd? + 2g,pdtde (17)

Sinov zarrachasining hodisa ufgi nuqgtasida, burchak momenti nolga teng bo'lganda,
burchak tezligi aylanuvchi Kerrga o'xshash gora tuynuk (BH) uchun Qy = —g:6/9¢e
formula yordamida hisoblanishi mumkin:



a
Oy =—5—— 1
7 r2 + a2 (18)
Biz keyingi hisob-kitoblarimiz uchun (17) ifodasidan foydalanamiz. Endi biz SV qora
tuynugining (BH) termodinamik miqgdorlarini hisoblashga o'tamiz. Qora tuynuk
massasi ( M, bu entalpiyaga ( H ) teng) (15) tenglamani nolga tenglashtirish orgali
olinishi mumkin. Natijada quyidagini olish mumkin:

!
(a? + rP)e™n

ZTh

(19)

2-rasmda H funksiyasi sifatida entalpiyani namoyish etadi. Ko'rish mumkinki, a va [
parametrlarining ortishi belgilangan 1, uchun kattarog massaga (entalpiyaga) mos
keladi.

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

Massiv zarracha orbitlaridan foydalanib, biz BSW effekti orgali ekstremal va
noekstremal holatlar uchun gora tuynukdan energiya olishni tekshirdik. Massalar
markazi energiyasi ekstremal SV qora tuynugi (BH) uchun ixtiyoriy ravishda yuqori
bo'lishi mumkin, bu esa noekstremal SV qora tuynugi uchun to'g'ri emas.
Termodinamika xususiyatlari turli holatlar uchun o'rganilgan: entalpiya, Xoking
harorati, entropiya va Gibbs erkin energiyasi. Anigroq aytganda, gora 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 *Ideal suyuqlik gorongu materiyasi bilan oralgan zaryadlangan
aylanuvchi gora tuynukning termodinamik tahlili** deb nomlanib, u ideal suyuglik
gorongu materiyasi bilan oralgan zaryadlangan aylanuvchi qora tuynuklar atrofidagi
termodinamika va zarrachalar tezlanishini o'rganishga bag'ishlangan. Biz ideal suyuglik
gorongu materiyasi doirasida qora tuynuk ufglarini, ergosferani va ichki bargaror
aylanma orbitlarni muhokama gilamiz. Ideal suyuqlik gorongu materiyasi Xoking
harorati, Gibbs erkin energiyasi va termodinamikaga oid boshqa fizik migdorlarga ta'sir
gilishi kuzatilgan. Termodinamikaning ba'zi turli jihatlari jalb gilingan parametrlarning
turli giymatlari doirasida muhokama gilinadi. Bundan tashgari, biz ko'rib chigilayotgan
gora tuynuk yechimlarining termal fluktuatsiyalarini muhokama gilamiz, ular harorat
fluktuatsiyalari tufayli gora tuynuk atrofida zarrachalarning tasodifiy harakatiga ishora
giladi. Xususan, termal fluktuatsiyalar gora tuynukning entropiyasi va Xoking
nurlanishiga ta'sir giladi, bu esa fizik migdorlarning xatti-harakatini tushunish uchun
juda muhimdir. Ideal suyuglik qorongu materiyasiga ega zaryadlangan aylanuvchi gora
tuynuklarning tuzatilgan termodinamik miqdorlari ideal suyuqlik gorongu
materiyasisiz zaryadlangan aylanuvchi qora tuyniknikidan Kkichikroq ekanligi



aniglangan. Biz adabiyotlarda Kkeltirilgan taxminlar va oldingi qora tuynuk
yechimlarining termodinamikasi bizning natijalarimizga mos kelishini ta'kidlaymiz.
Ideal suyuqlik gorongu materiyasidagi zaryadlangan aylanuvchi gora tuynuk interval
orgali tasvirlanadi.

1 2asin? @ r
ds? :—?(A — a®sin? 0)dt? — e [ZMr — Q% —yrln (;)] dtd¢ + p*do?

2

a’sin? 0 T
+sin? 0 [r? + a® + e (2Mr — Q% —yrln (;))] dop? + %drz (20)

bu yerda A va p quyidagicha aniglanadi

r
A=1?%+a%—-2Mr + Q? +yrln(;)
p? =12+ a’cos*6 21)

bu yerda M - qora tuynukning (Qora tuynuk) massasi, a - aylanish parametri, Q - qora
tuynukning zaryadi va y - ideal suyuqglik gorongu materiyasi (PFDM) parametri.

Biz ideal suyuqglik gorong'u materiyasidagi (PFDM) zaryadlangan aylanuvchi gora
tuynukning (BH) termodinamikasini muhokama gilamiz. Berilgan metrika uchun gora
tuynukning hodisa ufgi quyidagi shart orgali olinadi " A =0 "

T
2+ a® — 2Mr + Q% + yrhln7h =0 (22)

Shuni osongina paygash mumkinki, u ikkita ufqga ega: ichki ufgq r_va tashqi ufq r,,
ular PFDM parametri ¥ ga bog'lig. Qora tuynukning (BH) hodisa ufgi uchun (22)
shartdan foydalanib, biz BH massasini M (u entalpiya H ga teng) keltirib chigarishimiz
mumkin:

1 (@* + Q%) Th
H==|r+—2+yln2 22
A - Vny (22)

Entalpiya munosabatining (22) grafik tahlili 3- rasmda berilgan. Grafiklardan shuni
aniq ko'rish mumkinki, entalpiya boshida 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 qora tuynuk (BH) yaqinida
farq giladi va BH dan uzoglashgan sari parametr o'zgarishlariga befarq bo'lib,
ko'tariladi.



Rasm 3: Entalpiyaning turli parametrlar uchun ufq radiusi bo'yicha o'zgarishi.

Hozirgi vagtda gora tuynuklarning xususiyatlarini o'rganish uchun bir gancha kuzatuv
parametrlari mavjud, ammo fagat gora tuynuklarning zaryad yoki aylanish parametrlari
muhokama gilinadigan aniq ma'lumotlar yo'q. Bu yerda biz PFDM (ideal suyuglik
gorong'u materiyasi) mavjudligida zaryadlangan aylanuvchi gora tuynukni nazariy
tahlil gilishga harakat gildik va quyidagilarni o'rgandik:

Birinchidan, biz ushbu qora tuynukning ufqlar va ergosfera hududi chegaralarini
muhokama qildik. Shuni ta’kidlash kerakki, biz aylanish parametrining ma'lum bir
kritik giymati a = ag uchun ekstremal qora tuynukni hisobladik, bu yerda ufglarining
ikkita radiusi mos keldi.

Biz PFDM parametrlarining ufglar va ergosfera hududiga ta
o'rgandik: ekstremal va noekstremal gora tuynuk. Biz ushbu hududlar shaklining xatti-
harakatini grafik tarzda oldik. Biz PFDM parametri y ning ham ufqg, ham ergosfera
hududlari chegarasini gisqgartirishini, deyarli bitta hududga birlashishini anigladik.
ISCO (eng ichki bargaror aylanma orbitasi) radiusining barcha parametrlar ( ¥, 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, gora 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 qora tuynuk ufgi yaginida ikkita bir xil massiv
zarrachaning to'gnashuvini o'rgandik va ekstremal hamda noekstremal holatlar uchun
massalar markazi energiyasining (CM) xatti-harakatini o'rgandik.

Ikkinchi tartibli, oddiy logarifmik va yuqori 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.
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Xulosa

Falsafa doktori (PhD) dissertatsiyasi uchun 'Modifikatsiyalangan gravitatsiya
nazariyalarida ixcham ob'ektlar atrofidagi termodinamik va energetik jarayonlar’
mavzusida o'tkazilgan tadgigotlar asosida quyidagi xulosalar tagdim etildi:

Birinchi marta shuni namoyish etildiki, o‘zgartirilgan tortishish kuchiga ega
fazo-vaqt (4D Eynshteyn—Gauss—Bonnet, Simpson-Visser va ideal suyuglik
gorong‘u materiya modellari)dagi gorizont tuzilishi, ergosfera geometriyasi va
ekstremallik shartlari qo‘shimcha gravitatsion parametrlarga muntazam ravishda
bog‘lig bo‘ladi, bu esa "qora tuynuk sochi* va kuzatilishi mumkin bo‘lgan fazo-
vaqt xususiyatlari o‘rtasida bevosita bog‘liglikni ochib beradi.

Birinchi marta shuni ko‘rsatildiki, bu doiralar (modellar)da eng ichki bargaror
aylanma orbita (ISCO) parametrlarga bog‘liq siljishlarga uchraydi, bu esa
akkretion disk kuzatuvlari yordamida o‘zgartirilgan tortishish kuchini sinovdan
0‘tkazish uchun yangi diagnostika vositasini tagdim etadi.

Birinchi marta shundan kelib chiqgildiki, o‘zgartirilgan tortishish kuchida
Banados-Silk—-West (BSW) zarrachalarni tezlashtirish mexanizmi sezilarli
darajada kuchaytirilishi mumkin, bunda qorong‘u materiya yoki chizigli
bo‘Imagan elektromagnit maydonlar bilan o‘ralgan gora tuynuklar uchun aniq
kritik burchak moment shartlari olindi.

Birinchi marta shuni aniglandiki, gora tuynuk entropiyasiga logarifmik va yuqori
tartibli kvant tuzatishlari, aynigsa, ideal suyuglik gorong‘u materiya mavjud
bo‘lganda, yangi termodinamik faza o‘tishlariga va o‘zgartirilgan bargarorlik
mezonlariga olib keladi.

Birinchi marta shuni aniglandi-ki, o‘zgartirilgan tortishish kuchining
parametrlari nafagat fazo-vagt geometriyasini, balki aylanuvchi zarrachalar
dinamikasini va termodinamik xatti-harakatni ham boshgaradi, shu bilan
birgalikda mugobil tortishish nazariyalarini cheklash uchun yagona, kuzatish
orgali sinovdan o‘tkazilishi mumkin bo‘lgan asos yaratadi.
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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.

Furthermore, the dissertation's focus on observable signatures, such as photon orbits
and ergosphere dynamics, bridges theoretical predictions with real-world observations.
This alignment with current observational capabilities ensures the practical
applicability of the research. By examining black holes in modified gravity, the work
contributes to the broader quest for a unified theory of gravity and quantum mechanics,
making it a timely and valuable addition to the field.

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, angular velocity, and Gibbs free
energy;

¢ 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, Observable characteristics such as distortion,
particle dynamics and thermodynamic systems.

The subjects of the research are particle acceleration mechanisms, effective potentials
and stability, thermodynamic properties, dark matter and quintessence effects, spinning
particles motion, comparison with observational data.

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
have 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 (BSW effect), 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
guantum/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 the study of the dynamics of particles around black holes in modified
gravity theories 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), https://doi.org/10.1016/j.nuclphysh.2023.1 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, 13 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
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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 (f), besides the mass (M) and rotation parameter ( a ). Interestingly,
for each value of the parameter Q(B), there is a critical GB parameter 8 = Bz (Q = QF)
that corresponds to an extremal black hole with degenerate horizons. For g <
Be(Q < Qp), it describes a non-extremal black hole with two horizons, and for g >
Be(Q > Qg), no black hole exists. The extremal value Bz (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 g and Q. We investigate the E.p 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¢py 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

2 A .2 2 p* 2 2,102 sin” 0 2 2 2
ds* = —?(dt— asin“ 8d¢) +Kdr + p“dB- + pe (adt — (r* + a*)d¢)=(1)
with the metric functions defined as

p? =12+ a’cos? 6 (2)
r# 2M Q2
A=r2+a2+ﬁ 1—\/1+4IB<F—T‘—4> (3)

where a, Q and £ can be referred to as spin, charge and Gauss-Bonnet (GB) coupling
parameters of the BH , respectively.



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

P, = gyt + gtd)d.) (4)
Py = gppd + 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.
= L@ +r9 T+ a(L E 6
U=~ a(L - aE) (6)
_ 2 [aT + (L - aB)] 7
Uy = r2 LA ( a ) ( )
JT2—A@2+ (L — aE)?)
U, ==t 2 )

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), g = 0.2 (blue) and B = 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*gpp +2ELGry + L gyt
Vett = — > ) (9)
Grr gt¢> — IJttYoo
from Eq. (9), one can get an explicit form of effective potential easily.
(aL — (a®> +1r3)E)? — A(r? + (L — aE)?)
Vgs = — . (10)

2r4

The solution to the simultaneous equations 7 = 0; 9,V = 0; 02V, = 0 defines
the innermost stable circular orbit rgco Of the particle. It isn't easy to find an analytic
solution for rgco here, but in Fig.1, we calculated the rgconumerically 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: Vg = 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 table 1 and 2 are
obtained by imposing the circular-orbit conditions:

d%ﬁ:
dr

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

Veff = 0 and 0 (11)

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(ry) = 0 (12)

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

_ (@ + ()DE

Lor . (13)

This fine-tuned trajectory plays a central role in the Banddos—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.

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.



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

B Q ag ™ Linin 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 -4.17/220 3.19564 3.76714

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

B Q a m i Linin Lmax Lo

01 03 04 179992 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 164295 0.61796 -4.30389 3.38812 7.14819
03 04 04 158352 0.6577/8 -4.27231 3.32845 6.66883

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
nonextremal 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® 6
ds? = —?(dt — asin® 8d¢)?* + %drz + p%do?* + e

(adt — (r* + a®)d¢)?(14)

---a=00 S e 1=0.0
e a=03 - s 1=03

Figure 2: Plot shows the variation of enthalpy with respect to horizon radius for different values
of a and L.

with the metric functions defined as

p?=r%+a%cos?H (15)
A=1%+a?—2Mre V" (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~Y" 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? = gttdtz + grrdrz + g99d92 + g¢¢d¢2 + th¢dtd¢ (17)



The angular velocity of a test particle at the event horizon, with vanishing angular
momentum, can be calculated using the formula Qy = —g:4/gg¢ for the rotating Kerr-
like BH:

a

QH: .
rZ + a?

(18)

We will use the expression (17) 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% + r2)e™

Zrh

(19)

Figure 4 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 r;,.

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

1 2asin? @ r
ds? :—?(A — a®sin? 0)dt? — - [ZMr — Q% —yrln (;)] dtd¢ + p*do*?

2

a’sin? 0 T
+sin? 0 [r? + a® + 7 (2Mr — Q% —yrln (;))] dop? + %drz (20)

here A and p are defined as

r
A=71?%+ a? — 2Mr + Q% + yrln (;)
p? =12+ a’cos?6 (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 ™

T
2+ a® — 2Mr + Q% + yrhln7h =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
(21) we can derive the BH mass M, which is equivalent to the enthalpy H :

1 (a%? + Q%) Th
H=-— _ In— 23
2rh+ " +yny (23)

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
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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 1ISCO 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 nonextremal 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:

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.

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.
For the 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.

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

For the first time, it has been established that modified gravity parameters govern
not only spacetime geometry but also the dynamics of spinning particles and
thermodynamic behavior—creating a unified, observationally testable
framework to constrain alternative theories of gravity.
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BBEJAEHHUE

AKTYaJIbHOCTb M BOCTPEOOBAHHOCTH TeMbI JUCCEPTALMH.

Tema BecbMa akTyalibHa B CBSI3M C PACTYIIUM UHTEPECOM K AJIbTEPHATUBHBIM TEOPUAIM
rpaBUTAIlUM, KOTOPBIE HAMIPaBJIEHBI HAa pelieHue QyHIaMEHTAIBHBIX BOIIPOCOB 00IIIEH
Teopur oTHOCUTENbHOCTH (OTO), TakuX KaK CUHTYJISIPHOCTA M HECOBMECTUMOCTD C
KBaHTOBOW MexaHukoil. HemaBHue AocTHKeHHs B acTpO(U3MUECKUX HAOIIOACHUSIX,
BKJIIOYasi OOHApYXEHWE TPaBUTAIMOHHBIX BOJH M IMOJYYEHHUE HM300paXKEHUS YEPHOU
JBIPEI C TIOMOINBIO Teneckorma Event Horizon, npemocraBuin OecrpereIeHTHBIC
BO3MOYHOCTH JIJI1 IPOBEPKU ITUX TEOPUH.

Crnpoc Ha Takue UCCleIOBaHUs OOYCJIOBIEH HEOOXOAMMOCTbIO MOHUMAHUS TEMHOU
MaTepuH, KOMIOHEHTbl BceneHHOW, TeMHass MaTepusi U TEMHas >HEpPrusi, KOTOpbIe
OCTalOTCsI HEOOBICHUMBIMU B pamkax cranjpaptHod OTO. MoauduuupoBaHHbIe
TEOpUU TpaBUTALMU TPEUIAraloT MOTCHIMAIbHBIE PEIICHHs, YTO JeJaeT ITy
JUCCEPTALNIO aKTYaTbHOM ISl COBpEMEHHOM acTpodu3uku U kocMmosoruu. B pabore
UCCIIEYIOTCS ~ Takhe  KIIOYEBbIE  SIBJICHUS, KaK yCKOpPEHHWE  YacTUll |
TEPMOJMHAMUYECKHE CBOMCTBA, KOTOPhIE UMEIOT peliaroiiee 3HaueHue JIJIsl U3y4eHHs
IPUPOJIBI TPABUTAIIMHU B DKCTPEMANIbHBIX yclioBusix. Hampumep, mexanusm banamoca-
Cunka-¥Yacta (BSW), koTopslii Iipeanosaraet, 4To YepHble AbIPhI MOTYT JE€HCTBOBAThH
KaK YCKOPHUTENIU YacTUll, UMEET 3HAUeHHE JUIsl acTpO(PHU3UKH BBICOKUX DHEPTrUid U
o0pa3oBaHHE KOCMUYECKHX JTy4eH.

Kpome TOro, OCHOBHOE BHHUMAaHHME B JUCCEPTALMHU YIEISETCS HAOII0IaeMbIM
npu3HaKaM, TaKUM Kak OpOUTHI (POTOHOB M JUHAMHUKA 3procdepsl, 4TO MO3BOISIET
CBsI3aTh TEOPETUYECKUE MpECKa3aHUsi C HAOJIOJACHUSMU B PEATbHOM MHpPE. ITO
COTJIaCOBaHME C COBPEMEHHBIMH BO3MOKHOCTSIMH HaOIOACHUN oOecreynBaeT
NPAKTUYECKYI0 MPUMEHUMOCTb HUccienoBanus. M3ydas depHbie ABIPHI B YCIOBHSIX
M3MEHEHHOW T'paBUTAIMM, 3Ta pad0Ta BHOCUT CBOM BKJIAJ B O0Jee MHUPOKUE TTOUCKU
€AMHOW TEOPUH IPaBUTAIIMHM U KBAHTOBON MEXaHUKH, UTO JIEJACT €€ CBOEBPEMEHHBIM
U IIEHHBIM JIOTIOTHEHHEM K 3TOil obOnactu. bonee Toro, auccepramusi COOTBETCTBYET
CTpAaTeTMYECKMM HAay4YHBIM TMpUOpUTETaM Y30eKucTtaHa u 0Ooiiee MIUPOKOMY
MEXIYHAapOJHOMY coobOmiecTBy. JlaHHas nuccepranmoHHas paboTa COOTBETCTBYET
3a/lauaM  CIEAYIOIIMX TOCYJapCTBEHHBIX HOPMATHBHBIX JOKYMEHTOB: YKa3
[IpesunenTa Pecriyommmku Y36ekucran Ne VYII-4947 "O crpatermm ACHCTBUN 10
nanpHeWmeMy pa3Butuio Pecriyonuku Y3o6ekucran" ot 07 ¢espans 2017 roma, Ykas
[Ipesunenta PecnyOnuku Y3o0ekuctan Ne III1-2789 "O Mepax mo paibHeiemy
COBEPIICHCTBOBAHUIO JIESITENIBHOCTH AKaJeMUU HAyK, OpraHU3alUH, YOpPaBICHUS U
PUHAHCUPOBAHUE HAYYHO-UCCIEN0BATEIBCKON AesTenbHoCcTr ¢ 18.02.2017.

AKTYaQJILHOCTh WCCJIEJIOBAaHUS JIJII MPUOPUTETHBIX HANPABJICHUN Pa3BUTHS HAYKH U
texHojoruii Pecnyonuku Y30ekucrtaH. JluccepTaiimoHHOE UCCIEIOBAHNE BBITIOJIHEHO



B COOTBETCTBUU C MPUOPUTCTHBIMHU HAIMIPABICHUSMHU PA3BUTHS HAYKU U TEXHOJIOTHI B
Pecnyonuke V36ekuctan: |l. 'Duepreruka, 3Hepro- u pecypcocoepexerue".

CreneHb U3y4YeHHOCTH MPO0JIeMbI

[Mpobiema mMOHUMaHHS TEPMOJWHAMHYECKUX U IHEPreTHYSCKUX MPOIIECCOB BOKPYT
KOMITAKTHBIX OOBEKTOB B MOIAM(PHIMPOBAHHBIX TCOPUSX I'PABUTAIMU ObLIa HIHPOKO
U3yueHa, OJIHAKO OCTAIOTCS 3HAYMUTENbHBIC MpoOensl. Kiaccuueckue pabOThI
3aJI0KHJIM OCHOBY JIJISl M3YYCHHUSI TEHEH YEPHBIX JBIP U I'COJC3UYECKOr0 JIBMIKCHUS
(Bardeen, Luminet, cotpynuudectBo ¢ Teneckoniom Event Horizon Telescope,
AOnyxab6apoB, Axmenos, Bambi), B To BpeMs kak OoJiee MO3JHHE HCCIICAOBAHUS
BBEJIM KOHIICIIIIUIO YEPHBIX JBIp Kak yckopurened uactuir (Banados, Silk, West,
Zaslavskii, Wei, Liu, AtamypaTtoB). MoauduiiupoBaHHbIC TEOPUHU TPABUTAIUH, TAKUEC
kak OuHmTeitHa-I"aycca-bonne (EGB) wu ckanspHo-TeH30pHBIE MOAenH, ObUIH
MCCIICIOBAaHbI B TAKMX KOHTEKCTaX, KaK CTPYKTypa TOpu30HTa, (poToHHBIE chephl u
auHamuka dacturl. OpHako  OOJNBUIMHCTBO  CYIICCTBYIOIIUX  HMCCIICIOBAHUMN
COCPEIOTOYCHO Ha W3OJUPOBAHHBIX AacCMEKTaX, TaKUX KaK TEpMOJWHAMHKA
(Bekenstein, Hawking, Glavan, Lin, Ghosh, Ahmedov, Jamil), 6e3 unrerparuu 3Tux
SIBJICHU B €IMHYIO CTPYKTYpy. Kpome Toro, B To Bpems kak mexanuzm BSW xoporio
u3ydyeH B mpocTtpaHcTBe-BpemeHn Keppa u Keppa-Hetomana, ero 3HadyeHue B
MOJIU(PHUIMPOBAHHON IPaBUTAIINH, OCOOEHHO B TAKUX JOMOJTHHUTEIBHBIX 00JIACTSIX, KaK
TEeMHass MaTepus WIM HeIWHEHHas OHIEKTPOAMHAMHUKA, OCTAeTCs HEeIOCTaTOYHO
M3yYCHHBIM.

HenaBuue noctiwkeHus B HaOMIOJATEIBHOM aCTPOHOMMM, TaKMEe Kak IMOJy4YeHUe
n3o00pakennii M87 * u SgrA*, ycwimiu moTpeOHOCTh BO BCEOOBEMITIONINX MOJCIIX,
yuuthiBatomux oTkiaoHeHus: oT GR. TlosBunuch wuccnenoBaHusi BpamiaronInxcs
4epHBIX JbIp B ycioBusix 4D-rpaBuramuu EGB, merpukm Cumriicona-Buccepa u
uaeanbHOW Tekyueil Temuoit wmartepun (PFDM) (Simpson, Visser, Kiselev,
Abdujabbarov, Atamurotov, Ghosh), ograko cucTemaTnyeckue CpaBHCHHS C JaHHBIMH
HAOIIOJICHUN TTO-TIPEKHEMY OrpaHUYEHBI. TepMOIMHAMHYECKHE CBOWMCTBA, BKJIIOUAS
U3NydeHne XOKHUHTa U (a30BbIe MEPEX0Ibl, ObUTH MTPOAHATU3UPOBAHBI B YITPOIIEHHBIX
CIIEHAPHSIX, HO BIMSTHUE TETUIOBBIX (MIYKTYAIHi U MOMPaBOK 00JIee BHICOKOTO MOPSIKa
710 KOHIIa He m3y4yeHo. Jluccepramnus yCTpaHseT 3TH MpoOeibl, 00beIUHSAS TUHAMUKY
YaCTHIl U TEPMOJMHAMUKY B MOIU(MDUIIMPOBAHHOM TpaBHUTAIMH, oOecreunBasi Ooiee
[[EJI0OCTHOE TIOHMMAaHUE KOMITAKTHBIX O0BEKTOB. McTIoNb3ys Kak aHATUTHYECKHE, TaK U
YHCIICHHBIE METOJIbI, pa0oTa HampaBieHa Ha TO, YTOOBI CBsI3aTh TCOPETUUYECKHE
Mpeackazanuss ¢  HAOMIOJaeMbIMU  SBJICHHUSMH, CIOCOOCTBYS  IOCTOSSHHOMY
COBEPIIIEHCTBOBAHUIO AIbTEPHATUBHBIX TEOPHI TpaBUTAIUH.

CBsi3b TeMbI JHCCEPTAIMU C HAYYHBIMHM HCCJIEIOBAHUSIMH BBICHIUX Y4YeOHBIX
3aBeJleHHIi/HAyYHO-UCCJIeI0BATEILCKUX YUPeXKIeHNH, B KOTOPbIX BbINOJHAJIACH
auccepramus. Jluccepranus BBINOJHEHAa B paMKaX HAay4yHbIX IIPOEKTOB,



(¢uHaHCUpyeMbIX MMUHHUCTEPCTBOM HMHHOBallMOHHOTO pa3sutus: F-FA-2021-510

"HcciienoBaHus SASPHOTO BEIIECTBA HEWTPOHHBIX 3BE37] B YCIOBHSIX H3MEHCHHOM
rpaButarun” (2021-2026).

Ieab1o nccnenoBaHus SBISAETCS KOMIUIEKCHBINA aHAIN3 aCTPOPU3NIECKUX IIPOLIECCOB
BOKPYT BpalalOUIMXCsl YEPHBIX AbIP B MOJAUPHUIIMPOBAHHBIX TEOPHUSIX TPaBUTALIUU.

3ajgaum qucceprauum:

® [IPOAHAIIM3HPOBATH CTPYKTYPY MPOCTPAHCTBA-BPEMEHU BpPAIAMOIIUXCI U
3apsOKEHHBIX YEPHBIX JBIP B MOAU(DHUIIMPOBAHHBIX TEOPHUSAX TpaBUTAIUU
(monenu DunmteitHa-"aycca-bonne, Cummncona-Buccepa u PFDM), Britouas
KOH(UTypalliy TOPU30HTA, YCIOBUSI DKCTPEMATBHOCTU U CBOWCTBA 3procdepsl,
U ONpEeIeiInTh, KaK O3TH XapaKTCPUCTHKU 3aBUCAT OT JIOMOJHUTEIBHBIX
I'PaBUTAIIMOHHBIX MTAPaMETPOB;

e BBIBECTH W HCCICAOBATh YPABHCHHS JIBHOKCHHS JUIS TMPOOHBIX YaCTHII
BPAIAOIINXCSA YEPHBIX JbIP B MOJU(PUIIMPOBAHHONW TpaBUTAIUHU, WCIIOJIB3YS
no1xo/1 3¢ (HEKTUBHOTO MOTEHIINAIIA;

® U3YYUTh MECXaHU3M YCKOPCHMSI YacTWI[ BOJW3M YEpPHBIX JBIP Kak B
AKCTPEMaIbHOM, TaK i B HEOKCTPEMAJILHOM PEKHMAX;

® paccMOTpeThb BHYTPEHHHE ycToWuuBble KkpyroBele opoutel (ISCO) wu
3¢ GeKTUBHBIC MOTESHIMAIIBI 1JI TPOOHBIX YacTUIl HAa (hOHE MOIUPHUITUPOBAHHON
IpaBUTALINH;

® BBIBECTU TEPMOJIMHAMUYECKHE BETUYMHBI BpAIIAIOMIMXCS YEPHBIX JbIP B
MOIU(PUIIMIPOBAHHON IpaBUTAIIMHU, TAKUE KaK TeMIiepaTypa XOKHHTa, SHTPOIHS,
yIJI0Basi CKOPOCTh M ¢BOOOIHAs 3Heprus [ nuooca;

® U3YYUTh TEPMOJUHAMUYECKYIO CTAOMIBHOCTh U (ha30BOE MOBEACHHUE, BKIIOYAs
3 PeKTHI TEIIOBBIX (PIIYKTYyaIuil U MONPABOK SHTPOIIUU BBICIIETO TIOPSIKA.

O0bexkTaMu McCJIeIOBAHUS SBJISIOTCS BpalAIOIINECS YEPHBIE AbIPbI C U3MEHEHHOM
IpaBUTALMEH, 3apsOKEHHBIE YEPHBIE IBIPHI, CTPYKTYpPHl TOpPH30HTAa M 3procdepsl,
HaOJIOaeMble XapaKTEPUCTHKH, TaKWe KaK WCKaKeHWe, JWHAMHKA 4YacTUI[ |
TEPMOJANHAMUYECKUE CUCTEMBI.

IlpeamMeTamMu  HMccC/IeIOBAHUA  SBISIOTCS  MEXaHU3Mbl  YCKOPEHHS  YaCTHII,
3 PeKTUBHBIC TMOTCHIMANBI W CTaOWIBHOCTh, TEPMOJMHAMUYECKHE CBOKHCTBA,
3¢ PeKTh TEMHON MaTEPUH ¥ KBUHTICCEHIIHH.

MertogamMu HCCJIeIOBAHMSA SIBISIOTCS. METOJbl BBIYMCIWTEIBHOM MATEMATHKH,
METO/Bl TEOPETHYECKOW acTpOOU3UKHU, COBPEMEHHBIE METOJbl MaTEeMaTHYECKOU
Gu3NKN, aHATUTHYECKUE W YHCICHHBIE METONbl pacuera auddepeHITnaIbHBIX
YpaBHEHUW ISl TOJS W JBWXKEHHS dYacTull. MeToa METpPUYECKOTrO aHaiu3a |
AHAJTUTUYECKUX PAcYeTOB ObUI MCMOJB30BAH JJIS MOJYYEHUS PEUICHUN IS YEPHBIX



IObIp B YCIOBHMSAX W3MEHEHHOM TIpaBUTallUM U pacdera CTPYKTyp TIOpPU30HTa U
sprocepsl € MOMOIIBIO aHAIM3a METPUYECKUX KOMIIOHEHTOB. [[1s dYHClIEHHOTO
pelIeHHs] HETMHEHHBIX YpPAaBHEHMHM NOJIA JUIsl YEPHBIX JbIp, MOJAU(UIIMPOBAHHBIX
3apsHDKCHHOM/TEMHOM — MaTepueil, ObUIM  KMCHOJb30BaHbl  METOABl  YHUCICHHOTO
MOJICNIUPOBaHUS. AHAIN3 CTAOMIBHOCTU OBbLT UCIIONB30BAH ISl OLICHKU TEMIIEPATypPhl
XOKHHIa, HTPONUU U CBOOOJHOIN »Hepruu ['mOOca ¢ MOMOIIBIO MOBEPXHOCTHOU
IPaBUTALMUA U €BKIMAOBBIX METOJI0B BO3IEUCTBUS.

Haquaﬂ HOBHM3HA UCCJICTOBAHUSA 3AKII0OYACTCA B CJICAYIOLIIEM:

e [lepBoe 00bEeIMHEHHOE HUCCIEIOBAHUE NMHAMHMKU YacTHI[ U TEPMOJUHAMHUKU
NO3BOJIMJIO HaM OO0BEAMHUTH YyckopeHue yactull (pdekr BSW) u
TEPMOJMHAMUYECKYIO CTAaOMJIBHOCTh B YCIOBHUSIX W3MEHEHHOW TIpaBUTALUU
(manpumep, 4D EGB, Cumncona-Buccepa) B pamkax eIMHOW KOHIICTIIUH,
BBISIBUB B3aMMOCBSI3H, PAHEE U3yUYaBIIUECS TOJBKO U30JUPOBAHHO.

e [lonydeHbl BBIBOJIBI O HAOJIOAaEMbIX CHrHaTypax (Hampumep, casurax 1SCO)
st uepHbix Aslp B PFDM, oOecnieunBatoiiue npoBepsieMble OTKJIOHEHHS OT
o0111el TEOpUU OTHOCUTEIHHOCTH.

e Teopernueckue pe3ysbTaThl YYUTHIBAIOT TCIUIOBBIC (DIYKTyaI[MU U TIOTIPABKU Ha
SHTPOIHIO 00JIee BHICOKOTO MOPSIKAa B MOJUGPHUITUPOBAHHBIX TPABUTAIMOHHBIX
YEepHBIX JIbIpax, YCTPaHss MPOOeTbl B MOHUMAHUHA KBaHTOBBIX/CTATHCTUYECKUX
3¢ peKToB M3 TyuyeHUS XOKUHTa U (Pa30BBIX MEPEX0JIOB.

IIpakTnyeckue pe3yabTaThl HCCAEAOBAHUS 3AKIIOYAIOTCS B CJIeAYyIOIIEM:

e Pesynbrarhl, Kacaromuecs TPOIECCOB YCKOPEHHUS YAaCTHIl, KOJIHMYECTBEHHO
OTIPE/ICTISIOT SHEPTeTUYCCKUE MPEAeNbl I CTOJIKHOBCHHH YacTHI[ BOJIU3H
TOPU30HTAa B W3MEHEHHOM IPOCTPAHCTBE-BPEMEHHU, YTO MMEET 3HAUCHUE IS
acTpO(U3UKK BBICOKUX DHEPruil (Hampumep, KoCMUIecKux aydeit, ctpyit AGN).

e AHamu3 KPUTEPUEB CTAOUIBHOCTH SK30THYECKUX KOMIAKTHBIX OOBEKTOB
MIO3BOJISIET ONPEAEIUTh IUANA30HbI MAPAMETPOB, B KOTOPBIX YEPHBIE ABIPHI B
YCIOBUSAX W3MEHEHHOW TpaBUTALMM OCTAIOTCA CTAOWIIBHBIMHU, YTO SIBIISICTCS
OCHOBOH [IJII TEOPETHYECKUX MOJEJIEH U YHCICHHOTO MOJEIUPOBAHUS TEOPUU
OTHOCHUTEIIBHOCTH.

® [IOJyYECHHBIE pPE3yJIbTaThl O0ECHEYMBAIOT MPSIMYI0 KOJWYECTBEHHYIO CBSI3b
MEXTy BpaIleHHEM BEIIEeCTBAa B aKKPEIIMOHHOM JTUCKE M (yHIaMEHTATbHBIMU
napaMmeTpaMyd YEpHOM HbIpbl, Mpejjaras HOBBIM METOJl HCIOJIb30BAHUS
acTpou3NIecKuX HaOIIOICHUN ISl TIPOBEPKH CYIIECTBOBAHUS '"BOJIOCATHIX"
YEPHBIX JBIp 3a MPeAeiaMu CTaHJAPTHON MOJIEIIH.

JlocTOBEpPHOCTL Pe3yJbTATOB HCCAEJ0BAHUS O0CCICYMBACTCS MNPUMEHEHUEM
COBPEMEHHBIX MPOBEPEHHBIX METOJIOB MaTEeMaTH4YECKOW (DM3UKH, BBIYHCIUTEIHHOU



MaTE€MaTUKH U PEISITUBUCTCKON acTpoPu3uku. Pe3ynapTaThl ObUIM MOIYYEHBI CTPOTO B
paMKax MaTeMaTU4YecKoro amnmapara oOwed TEeOpHuH OTHOCUTEIBHOCTH H
TeopeTnueckord (¢u3uku. Takke HCHOIB3YIOTCA COBPEMEHHBIE YHCIIEHHBIE W
aHAIMTUYECKHE METOJbl pacyeTa, a pe3yJbTaThl CPABHHUBAIOTCA C HMEIOIIMMUCS
JaHHBIMM HAONIOACHUM W pe3yiabTaTaMu APYrux aBTOpoB. CTPYKTYpUpPOBaHHbBIE
BBIBOJIBI  JTUCCEPTAIlMM  COOTBETCTBYIOT OCHOBHBIM NpaBWJIaM  acTpOo(U3UKU
KOMIIAaKTHBIX OOBEKTOB. Bce moONydyeHHblE pELIeHUs CTPOro COOTBETCTBYIOT
MaTeMaTUYeCKUM paMKaM MOJIU(UIMPOBAHHBIX TEOPUH TrpaBUTalMU (Hampumep, 4
DEGB u PFDM). PacueTsl npoBepstoTCs C UCIOJI30BaHUEM OOILIETIPUHATHIX METOIOB,
TakuX Kak popmanusm ['amuiabTOoHa-SKOOM 115 re01e3UUECKUX.

Haquaﬂ H MPaAKTHYECKAasA 3BHAYMMOCTD PE3YJIbTATOB UCCICAOBAHUSA 3aKII0OYACTCA
B CJICAYIOIIICM

e Pesynbrarel guccepranuii 00beIUHSAIOT AUHAMUKY YACTULl U TEPMOJUHAMUKY
KOMIIaKTHBIX OOBEKTOB B TPEXMEpHBIX cucTeMax JWHmTerHa-I"aycca-bonne,
Cumrnicona-Buccepa B equHBI CcamMOCOIIaCOBAHHBIA (POpMaIn3M, BBIABIISSA
paHee HEMCCIEIOBAHHBIE B3AUMOCBSI3M MEXKY ITUMU SABICHUSMH.

e lccnenoBanue, mpeacTaBiIeHHOE B AMCCEPTALMU, PACHPOCTPAHSIET MEXaHU3M
yckopenus yactul] banagoca-Cuiika-Becta Ha Bpamaronuecs 4YepHble JbIphI B
YCIOBUSAX MU3MEHEHHOM TI'paBUTAIMH, BBIBOAS KPUTUYECKHUE YCIOBUS YIJIOBOTO
MOMEHTA ¥ TPEIeIbl SHEPTHUH CTOJIKHOBEHUS JIJIsl TPOCTPAHCTBEHHOBPEMEHHBIX
CHUCTEM C JOTOJIHUTEIIbHBIMH MOJISIMH (CKaIsipHbIMU 1 PFDM).

e AHaJu3 TEPMOJMHAMUKY C KBAHTOBBIMHU IOMIPAaBKaMH 00JIe€ BHICOKOTO TOPSIKA
MO3BOJISIET pa3padoTaTh BCEOOBEMITIONIEE TEPMOAMHAMUYECKOE OIHUCAHUE,
BKJIIOUAIOIIee JIorapu(MHUUECKHEe TOMPABKA M TEIUIOBbIE (IyKTyaluu s
YEPHBIX JbIPp C U3MEHEHHOW I'paBUTALIMEN, pa3pelIaOIIee HEOJHO3HAYHOCTH B
UX CTAaOWJIBHOCTM W TOBeIeHUHM Tpu (Ha30BBIX MEpexojax 3a MpeaeaamMu
MOJTYKJIACCUYECKUX MPUOTIKEHHM.

IlpumeHeHue pe3yIbTATOB UCCAEA0BAHUS.

Pe3ynbTaThl W3yueHUs TUHAMUKH YaCTUIl BOKPYT YEPHBIX JBIP B MOIUDHUIIMPOBAHHBIX
TEOPUSAX TPABUTAINU OBLTH MIPUMEHEHBI CIETYIOINUM 00pa3oM:

PGBYJ'IBTaTH n MCTOAbI TCOPCTUYCCKOIo UCCIICAOBAHNA, 0Hy6J’IHKOBaHHLIe B HaquOﬁ
cratbe "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),
"https://doi.org/10.1016/).nuclphysb.2023.116363" u mpencTaBiIeHHbIE B JTOKTOPCKOMH
mucceprauuu I'. PaxuMoBOoi ObUIM HCHOJIB30BaHBI B B paMKaxX MpPOrpamw,
nojiiep)kuBaeMbIx YHuBepcuTeToM Oynans (ITucemo ot [Ipod. Cosimo Bambi)


https://doi.org/10.1016/j.nuclphysb.2023.116363

Anpodanus pe3yJbTaTOB HCCIAEAOBAHUA

Pe3ynpTaThl quccepTanuu ObUIH 00CYKIEHbI Ha 4 pecnyOIMKaHCKUX KOHPEPEHIHSIX.

IMyoaukanus pe3yJibTaTOB HCCJIeI0BAHUS

[lo Teme mucceprauuu omyoiukoBaHO 13 Hay4yHbIX pabOT, B TOM yucie 6 HayYHBIX
CTaTei B MEXKAYHApPOIHBIX HAyYHBIX JKypHaJIaX, PEKOMEHIOBaHHbIX DBricuien
Atrectanmonnoid Komuccueit PecniyOnuku Y30ekucran Juisi myOiaMKalMd OCHOBHBIX
Hay4HbIX pe3ynbratoB PhD-nuccepranuid.

O0beM u CTPYKTYpa AUCCEPTALUM

Huccepranusa u3noxkeHa Ha 108 cTpaHMIIax WU COCTOMT W3 BBEACHUS, TPEX TIJIaB,
3aKJTIOUEHUS M CITUCKA JINTEPATYPHI.

OCHOBHOE COJEPKAHUE TUCCEPTALIMU

Bo BBenmeHuu k quccepTali yKa3bIBaeTCsl aKTyalbHOCTh U HEOOXOIHUMOCTH TEMBI,
COOTBETCTBUE MCCIIEIOBAHUS IPUOPUTETHBIM HAIPABICHUSM pa3BUTHS HAayKu U
TEXHUKW  PECHyOJIMKH, CTEeNeHb M3YYEHHOCTH TNpoOJieMbl, €€ CBSI3b C
UCCJIEIOBATEIbCKUMH  TUUIAHAMHU  BBICIIETO  y4eOHOro 3aBeACHHUS, B KOTOPOM
BBITIOJHSIACH AUCCEPTALlUA., a TaKXKe I1eJib, 3a7a4i, OOBbEKT UCCIEI0OBaHUs, KpaTKas
uHboOpMaIHs O MpeaAMeTe, METO/IaX, HAyYHOW HOBHU3HE, MPAKTUYECKOM pe3yJbTaTe,
JOCTOBEPHOCTH, HAYYHOM M NPAKTUYECKOM 3HAYMMOCTH ITOJIYYEHHBIX PE3YJIbTATOB,
BHEJPCHHE pPE3YJIbTATOB B TMPAKTUKY, YTBEPXKICHUE pE3yIbTaTOB, MyOIHKaIUs
PE3YNIBTATOB, a TAKXKE CTPYKTYpa H 00BEM JHCCEPTAIUH.

IlepBasi riaBa, o3arjiaBjeHHasi ''YcCKOpeHHMe 4YacTHIl BOJM3M Bpalnamouieics
3aps:KeHHOM YepHOH IbIpbl B ycaoBusax 4D-rpaBuramum Jiinmreiina-I"aycca
Bonne' mocBsieHa M3YYEHUIO CTPYKTYpPhl TOPH30HTA U 3procdepsl 3apsKeHHOU
BpalIaloIIIeiicss YepHOil IbIpbl B yeinoBUsAX 4D-rpaButanun DiiHiTeitHa-1 aycca-bonwne,
B KOTOpPOI BBOJSTCS JOMOJHUTENbHBIE mapaMeTpsl (Q) 3apsia u mapametp [aycca-
bonne ( B ), momumo maccel ( M ) u mapametpa BparmieHus ( a ). IHTepecHo, 4To AJis
KaXI0T0 3HadeHus mapamerpa Q(f) cymectByer kputudeckuid mapamerp GBS =
B(Q = Qg), KOTOpPBIi  COOTBETCTBYET  OKCTPEMAaJbHOW  YEPHOM  JbIpe ¢
BBIPOKICHHBIMH ~ ropu3oHTamMu. Jis B < PBr(Q < Q) OH  ONHCHIBAET
HEOKCTPEMAIBHYIO YEPHYIO IBIPY ¢ ABYMS ropuszoHtamu, a miust > B (Q > Q)
yepHOU ABIpHI He cymiecTByeT. Ha skcrpeManbroe 3HaueHHe Br(Qp) TakKe BIMSIOT
napameTp GB f u sprocdepa. MbI Takke n3ydaeM CTOJKHOBEHHE JBYX YaCTUIl PABHOM



Macchl BOJIM3M TOPU30HTA 3TOM YEPHOI JIBIPHI U SIBHO MOKAa3bIBAEM BIMSIHUE TTapaMeTpa
B (Q). Campie BHyTpeHHHE cTabuinbHbIe KpyroBeie opouthl (ISCO) u 3¢ dhexTruBHBIM
MOTEHIMAJ, KOTOPBINA YIPaBIseT IBKCHUEM YaCTUIl B IPOCTPAHCTBE-BPEMEHHU, ObLITU
MPOAHAIU3UPOBAHBI JJISI PA3JIMYHBIX 3HAYCHUN MApamMeTpoB. DHEPrus LEHTPa Mace
EcMm 3aBUCHT OT apaMeTpa BpalieHus a u mapametpoB beta u Q. Mel uccienyem Ecy
JIBYX CTJIKUBAIOIINXCS YaCTHUI] BOJIM3U FOPU30HTA KaK JIJIsI SKCTPEMAJIbHBIX, TaK U JJIs
HE3KCTPEMANIbHBIX city4daeB. [lokazaHo, 4TO B AKCTpEMAIIbHBIX CIy4asiX, KOrga OJHa U3
CTAJIKUBAIOIIUXCS YACTHUI[ UMEET KPUTHUYECKUI YIJIOBOM MOMEHT, Ecp MOXET ObITh
CKOJIb YrOJHO BBICOKOW, YTO TO3BOJISIET MPEANOJNOXKUTh, YTO 3apsiKECHHas,
Bpallaromascs B 4D rpaBUTaLUA OitHmreliHa-1"aycca-bonune MOXKET
(GYHKIIMOHUPOBATh KaK YCKOpUTENb yacTuil. HecMOTpss Ha CI0XKHOCTh pEIICHUs
npoOJeMbl YepHON ABIPHI, TOYHOE BBIPAXKECHHUE JJII TEPMOJMHAMUYECKUX BEJIUYWH
YEpHBIX JIbIP, TAKUX KaK Macca, Temreparypa XOKUHTa M DHTPONUsA, MOJY4YEHO B
TEpPMHUHAX pajdyca TOpPU30HTA. OTU BEIMYHMHBI JEMOHCTPUPYIOT 3HAUYUTEIbHBIC
OTKJIOHEHUs1 oT pemieHuss Keppa wu3z-3a BiusiHus mnapamerpa ['aycca-bonne wu
ANEKTPUYECKOTO 3apsa.

B 4D-teopun rpaButanuu OifHIITeHHa-I'aycca-boHHe rpaBUTAalMOHHOE TIOJIE
BpaIIaIONICHCsT 3apsHKEHHOW YEPHOM JbIPhl MOKET OBITh OMHCAHO C TOMOIIBIO
KoopauHat boriepa-JInHAKBUCTA, YTO MPUBOJUT K CIEAYIOIIEH METPUKE:

A p? sin? 6
ds? = —F(dt — asin? 0d$)? + —-dr? + p?do? + T(adt — (r? +a®)d¢)*(1)

C IOMOIIBIO MECTPHUUCCKUX (bYHKHHﬁ, OIIPCACICHHBIX KaK

p? =1%+ a*cos? 6 (2)
r* 2M Q2
A=T2+a2+ﬁ 1- 1+4,3 F_T‘_‘l' (3)

rae a,Q u f moryr 0003HaYaThCS KaK MapaMeTphbl CIIMHA, 3apsga YepHOU IBIPHI U
napameTp cBs3u ["aycca-bonne (GB), cooTBeTCTBEHHO.

Mps1 paccmaTpuBaeM JIBUKEHHE BPEMEHUIIOJIOOHOW YAacTHUIIBI C MAcCOM MOKOS Mg B
3KBaTOPHANBHON IIIOCKOCTH A = 77/2, TJIe TIONsApHas CKOPOCTh  CTAHOBHTCS PaBHOI
Hy10. MeTpudeckuii 1 0000IIEHHBIN UMITYJIbCHI YaCTHIIBI B TIPOCTPAHCTBE-BPEMEHHU
BpallaroLencs 3apskeHHon Y/ BeIpakaroTcs B BUJE:

P, =gyt + 9t¢¢ (4)
Py = gppd + grot (5)



rne P, u P¢ - MHTErpajibl ABWKEHUS, COOTBETCTBYIOIIME HEPIUM YacTullel E u
MOMEHTY uMMyJibca L COOTBETCTBEHHO. JlJisi MPOCTOTHI MBI 33Ja€M MacCy MOKOs
gactuiiel m = 1. Touka cBepxy o3HayaeT Aud@epeHIualrio MO0 OTHOUIEHUIO K
cOOCTBEHHOMY BpeMEHH. MBI paccunTaau ypaBHEHUS IBUKEHUS MACCUBHOW YaCTUIIbI
U3 ypaBHeHui (4)-(5) BMecTe ¢ ycaoBreM HopManusanuu u,ut = —1, npuBeIcHHBIM
HUXKE.

FISCO
rISCO

a a

Puc. 1: Ha pucyHke nokazano u3MeHeHHe CAMbIX BHYTPEHHHMX CTA0M/IbHBIX KPYTOBbIX OPOUT B
3aBHCHMOCTH OT NMAapaMeTPOB BpalleHUs NMPH Pa3juyHbIX 3HavYeHusnx f u Q. I'paduk ciaeBa
NoKa3aH JJsi PUKCHPOBAHHOTO 3HAYeHUus1 Q = 0,2 u pa3anyHbIX 3HaYeHuil B, a umenHo ff =0
(uépubrii), B = 0.2 (cunmii) and B = 0.4 (KpacHblii). AHAJIOTHYHO, CIIPaBa PHCYHOK CIpaBa
st puKCHpPOBaHHBIX 3HAYeHuil f = 0.2 u pa3auuHbIX @, a uMeHHo Q = 0 (uépublii), Q = 0.3
(cunmii) m Q = 0.6 (kKpacHbIi).

1 [(a? +1?)
U =7‘_2 TT+a(L—aE) (6)
1a
Ug =ﬁ[ZT+ (L — aE)] 7)
JT? = A(? + (L — aE)?)

Uy = (8)

T 2
rne T = E(a® + r2) — aL u 3HaKku + ¥ - B ypaBHeHUH (8) OTHOCATCS K MCXOAAIIEH U
BXOJIAIIEH T€0JIe3MYECKUM, COOTBETCTBEHHO. UTOOBI OIICHUTH ABUKEHUE YACTHUI], MbI
JIOJKHBI TIOHSATH CBOMCTBAa UM A(dexTuBHBIA moTeHIMan 3to YJI. DddexTuBHBIM
MOTEHITUAT JIJIST UCCIICyeMOM YaCTHUIIbI, KOTOpass HAXOJIUTCS B COCTOSIHHU ITOKOSI Ha
OCCKOHEYHOCTH, JUIsl 3apsDKEHHBIX Bpammaromuxcs YJ[ MOXHO paccuuTaTh 10

caeayrouen popmyne:
1 (E*gpp +2ELGry + L*gee
Zgrr gtch — Itt9oo

9

Vegr = —



3 ypaBHeHHUs (9), MOXHO JIETKO MOJYYUTh TOYHOE BBIpaKE€HHE 3(PPEKTUBHOIO
NOTEHLUAA.

(aL — (@? +r®)E)? — A(r? + (L — aE)?)
2r* '

Vesr = — (10)
Peiienyre cucTeMbl OJHOBpeMEHHBIX ypaBHeHuit 7 = 0; 0,V = 0; 92V =0
OmpeJeNsieT  caMyl0  BHYTPEHHIOIO  YCTOMYHMBYIO  KPYTOBYIO  OpOMUTY Tisco
yacTulbl. HallTu aHasMTH4YeCKOe pelieHue I Tigco 34E€Ch HENpOCTO, HO Ha
Puc.1 mbl paccunTanu rgco YUCIECHHO JJIA pa3inyHbIX 3HaueHu [ u Q. Kpome Toro,
U3 JTUX PHUCYHKOB BHJHO, YTO YBEJIMYEHUE JIOOOT0 Mapamerpa NPUBOJIUT K
YMEHBIICHUIO paJnyca caMOil BHYTPEHHEW YCTOMUMBOW KpYyroBoW OpOUTHI, TNpHU
YCIIOBUH, YTO OCTAJIbHBIE NTAPAMETPhI OCTAIOTCS ITOCTOSHHBIMU.

Bennunnaa nMInynbca 4acTUIbI BayKHA JJ1s1 aHAJIW3A €€ T€0I€3NYECKUX B HICKPUBICHHOM
IPOCTpaHCTBE-BpeMeHU. [[BrkeHre MpoOHOM YacTHIIbI B CTAIIMOHAPHOM M aKCHAJIbHO-
CUMMETPUYHOM TPOCTPAHCTBE-BPEMEHU YEPHOW JBIPHl MOXKET OBITh OMUCAHO C
NOMOIIBI0 3P (HEKTUBHOTO paauanbHOro noteHmana Vege . Takum 06pazom, pusznuecku
JOIYCTUMOE JIBH>KEHHE TpeOyeT BhIOIHEHUS YCaoBus: Vg = 0.

[IpenenbHble 3HAYEHHS YIJIOBOTO MOMEHTA ONPENENSIOT JUana3oH  YIJIOBBIX
MOMEHTOB, TIPU KOTOPHIX YACTHIIA, BBHIMTYIICHHAS U3 0€CKOHEYHOCTU, MOXKET JOCTUYh
TOPU30HTA YEPHOU ABIPHI, HE BCTpeUasi TOUKU MOBOPOTA. DTH 3HAYCHUS ONPEACIIIIOTCS
CYIIECTBOBAHUEM HEYCTOMUYMBBIX KPYTOBBIX OpPOUT, KOTOpbIE JEHCTBYIOT Kak
cenapaTpuchl MeX]ly TPACKTOPUSIMU MAJICHUS U HEeMaJIeHUsI.

[IpenenbHbBIC YIIIOBBIC MOMEHTBI Loy, aNd L.y, ;. KOTOpBIE MOKa3aHBI B TAOMMIAX 1 1
2, MOTYYEeHBI MMyTEM HAJOXKEHUS YCIOBUN KPYTOBOM OpOUTHI:

AVesr
dr

Veff = 0and =0 (11)
Pemienusa 3Thx ypaBHEHHI COOTBETCTBYIOT HEYCTOMYMBOMY KPYTOBOMY JIBMYKECHMIO.
AcCCOLMMPOBAHHBIE YIJIOBBIE MOMEHTBHI OMNPEAEIAIOT TPAHUIBI  PaA3PEIICHHOTO
uHTepBana: Lyin < L < Lijax

JInst yriioBbIX MOMEHTOB, HAaXOJAIIUXCA BHE ATOr0 UHTEpBaia, 3(P(EKTUBHBIM
MOTEHIMan o0pa3yeT TOUKYy MOBOPOTA 3a MpeJeaMU TOPU30HTA, YTO MPEMIATCTBYET
JOCTH>KEHUIO YepHOM AbIphl uactuieil. CregoBaTenbHO, MpENENbHBIE YTIOBBIC
MOMEHTBI ~ TPEACTABISIIOT  CO0OM  TimoOambHOE  KWHEMaTHYeCKOe  yCIIOBHUE,
oOecrieunBaromee JOCTYITHOCTh TOPU3OHTA.



Kputnuecknii yriioBoi MOMEHT ONPENEIISIETCS NMOBEACHUEM JIBH)KCHHUS YACTHIBI B
HEIMOCPEICTBEHHOM OJIN30CTU OT rOpU30HTa COOBITUNA. OH MOJIy4EeH U3 YCIOBUS, YTO
pannanabHasi CKOpOCTh 00paIaeTcsi B HyJlb TOYHO Ha TOPU30HTE:

Veee(ry) = 0 (12)

Takum oOpazoM, ucnonb3ys Yp. (8), MOXHO OMpEACIUTh KPUTUUECKOE 3HAYCHUE
YITI0BOTO MOMEHTA. DTO 03HAYAET, YTO HPU 7" — T MBI MOKEM HOJTYYHTH:

_ (@ + ()DE

Lor . (13)

OTa TOYHO HACTPOEHHAsi TPAEKTOPHUS HWrpaeT UEHTPAIbHYIO pOJIb B MEXaHHU3ME
banbsnoca-Cunka-Becta (BSW), mockonbky OHa NpPUBOJUT K HEOTPAHUUYEHHOM
HHEPIrUM IEHTPA MacC MPHU CTOJIKHOBEHMSIX YAaCTHI], MPOUCXOASIIMX MPOU3BOJIIHHO
OJIM3KO K TOPU3OHTY.

XOoTsl W TpejieibHble, U KPUTHYECKHE YTJIOBBIE MOMEHTHI MOJYYEHBI U3 YCIIOBHI,
BKIITOUAOMUX Vege = 0, OHM MMEIOT MPUHLHUIIMAIBHO Pa3HbIA (PU3NYECKUN CMBICI.
[IpenenbHbIE YTIIOBbIE MOMEHTBHI OIPEACISIOTCS YCIOBUSIMU KPYTOBOM OpOWTHI Ha
paanycax BHE TOPM30HTa W HajaraloT Trio0albHOE OrpaHWYeHHE Ha JIBUXKEHUE
YacTHIIbl, UAYyIIEed ¢ OECKOHEYHOCTH. B oTiiMume OT 3TOro, KpUTHUUECKHM YIIIOBOU
MOMEHT OIpeaeNsieTcs JOKAIbHBIM YCIOBMEM Ha TOPU30HTE M caM Mo cebe He
rapaHTUpyeT, YTO YaCTHIA CMOXKET JOCTUYb TOPU30HTA.

st Toro utoOsl 3ddext BSW Obi1 dusnyueckn peannsyem, KpUTHUECKUN YTIIOBOU
MOMEHT JOJDKCH HaXOIUThCS B TMpeAeliaX pas3pelieHHOTo JAuama3oHa: L. €

[Lmin» Lmax]-

Ecmu L. mnpeBplIaeT MakCUMMaJlbHO PA3pPELICHHBIA YIJIIOBOM MOMEHT, 4YacTULA C
L = L., BCTpeyaeT TOUKy IIOBOPOTA 34 ITPEeIaMi TOPU30HTA U HE MOXKET JOCTUYB €TO,
HECMOTpPS Ha yJOBJIETBOPEHUE YCIOBUS Ha TOPU30HTE. B Takux cinydasx popmanbHas
PacXoAMMOCTb IHEPIUU LIEHTPA MACC KNHEMATUYECKH 3allpellcHa.

[IpenenbHpIe 3HAUEHUS YIIIOBOIO MOMEHTA, HAPSAy C COOTBETCTBYIOIINM criiHOM Y/,
napameTpamu [, Q ¥ paamycoM TOPH30HTA COOBITHHA [JIsi DKCTPEMATBHOTO H
HEIKCTPEMAaJIbHOTO CIy4yaeB, npeacTaBieHsl B Tadbnumax 1 u 2.



Taﬁ.lmua 1: Hpeueﬂbﬂme SHAYCHUs YrJjaoBOro

MOMEHTA JId Pa3/IMIHBIX IKCTPEMAJIBbHBIX

cayuacs.
B Q a r Lin Lmax Lo
0.1 0.1 0.852804 1.14881 -4.71391 2.40035 2.40035
0.1 0.2 0.838440 1.14423 -4.69208 2.40001 2.40001
0.1 0.3 0.813929 1.13654 -4.65479 2.40094 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 05 0.358248 1.10509 -4.17220 3.19564 3.76714

Taboauua 2: IlpeneabHble 3HAYEHUS YIVI0BOI0 MOMEHTA /UISl PAa3JIMYHBIX HEIKCTPEMAJIbHbIX

ciIy4aes.
B Q i i Linin Lmax Lo
01 03 04 179992 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 164295 0.61796 -4.30389 3.38812 7.14819
03 04 04 158352 0.6577/8 -4.27231 3.32845 6.66883

Mpb1 uccnenoBany JBM)KCHHE dYacTuil, MexaHusmM BSW wu TepmoamHamuueckue
CBOMCTBa 3apsKEHHBIX BpaIAIOMINXCS YEPHBIX Oblp B ycioBusx 4D-rpaButanuu
DliHireitHa-1"aycca-boHHe U BBIAEIWIN HECKOJIBKO MOJYYEHHBIX PE3YIbTATOB.

BSW mnokazanu, yto sHeprus B meHTpe Macc E.,, IBYX CTaIKUBAIOUIUXCS YaCTHI]
MO>KET JIOCTUTATh CKOJIb YyTOAHO OONBIINX 3HAYCHUI B CITy4ae SKCTPEMaIbHBIX YEPHBIX
neip Keppa. Ognako npu 0600mennn anannza BSW Ha 3apspkeHHYI0 Bpalaromyocs
YEPHYIO IbIPY B YETHIPEXMEPHOM rpaBUTaIlMK DiHIITEHHA—] aycca—boHHe cTaHOBUTCS
HEBO3MOXHBIM JIOCTH)KCHHE CKOJIb yrogHo Oonbmux 3HaueHwi E.,, ecnu
CTOJIKHOBEHHE TMPOUCXOAUT BOJM3U TOPU30HTA HKCTPEMAIbHON 3apsyKeHHOU
Bpamaromeiicss 4€pHoid aeipel B 4D rpaBuTanuu OiiHiureitHa—I aycca—bonHe,
IMOCKOJIBKY 3HAYEHHSI KPUTHYECKOTO YIVIOBOIO MOMEHTA NPEBBIIAIOT MAKCHUMAJIbHO



JOIYCTUMOE 3HAYE€HHE YIII0BOro MoMeHTa. Kpome Toro, B ciyyae HE3KCTpeMallbHOU
YEPHOU JBIPHI JOCTHKEHNE OECKOHEYHO 0O0JIbIIOro 3HaUeHUs E ., TakKe HEBO3MOKHO.

[lonyyena temneparypa XOKHWHra [Jisi 3TOW YEpHOW JAbIpbl M OOCYXKIEHBI €€
npenaenbHble ciaydau. HecMoTps Ha CIOXHOCTb pelieHus: MpoOJeMbl YEPHBIX JIBIP, C
MOMOIIBIO  paJyca TOPU30HTA MOXHO IOJIYYUTh TOYHYIO (QOPMYIHUPOBKY
TEPMOJUHAMUYECKAX CBOMCTB YEPHBIX JBIP, BKJIIOUYAsi TAKUE IapaMeTpbl, Kak macca,
TeMIieparypa XOKMHIa W DHTPONUSA. OTHU BEJIMYHMHBI JIEMOHCTPHUPYIOT 3aMETHBIE
OTKJIOHEHUs1 oT pewmeHus Keppa uz-3a BnusiHus napamerpoB GB u snekrpuueckoro
3apsna.

Bo BTOpoOii riaBe, o3ariaBieHHON ''YCKOpeHHMe YAaCTHLl W TePMOIAMHAMHKA
Bpamawuieiicst YepHoii Apipbl Cumncona-Buccepa' Mbl paccMoTpenn BpeMeHHYIO
reojie3nyYeckyro Ha (QoHe Bpamaronieiics depHou aeipbl Cumncona-Buccepa (Y1),
YTOOBI U3YyUUTh CTPYKTYPY FOPU30HTA U 3procdepsl. Camble BHYTPEHHUE CTAOUIIbHbBIE
kpyroBeie opoutsl (ISCO) u »ddexTuBHBII TOTEHIMAN, KOTOPBINA YNpaBISIET
JIBMKEHUEM YACTUIIBI B IMPOCTPAHCTBE-BPEMEHH, OBUTM HM3YyUEHBI [UJISl Pa3IMYHBIX
3HaueHui napametrpoB B UJ[ SV. Dueprus nentpa macc (CM) aByX CTaTKHUBAIOIIUXCS
yacTull BOJM3M TrOpU30HTA ObLja MCCleIoOBaHa KakK JJIsl SKCTPEMAaJIbHBIX, TaK W JJis
HEIKCTpeMallbHbIX ciiydaeB. Kpome Toro, ObumM Takke MNOJIPOOHO HCCIEAOBAHBI
TEPMOJMHAMUYECKHUE CBOMCTBA YEPHOU JBIphI SV.

['paBuTanmonHoe moJjie BpamarwIierocss KoMmakTHoro oobekra Cumrncona-Buccepa B
koopauHaTtax boiiepa-JIMHIKBUCTA MOXKET OBITh BBIPAKEHO YEpe3 CJICIYIOIIHMA
JIMHEWHBIN DJIEMEHT:

A p> sin” @
ds? = —?(dt — asin? 6d¢)? + Kdrz + p%d6? + T(Gdt — (r* + a®)d¢)?*(14)

C METPUYECKUMH (PYHKITUSIMHU, OTIPEICTICHHBIMH KaK

p? =1r%+ a*cos? 6 (15)
A =r?+a?—2Mre V" (16)

ne a u | Mmoryt O6bITh 0003HAaUEHBI KaK MapamMeTpbl BpameHus u oTkiaonenus SV BH
COOTBETCTBEHHO. JTa METPUKA BBIBOJUTCS W3 MPOLEAYPHI PETYISIPU3AIUN B METPUKE
Keppa, xak 3To Obuto caemano B merpuke llIBapiamunbsaa panee, rie BBITOIHICTCS
vmomuburammst M — M(r) = Me /7. 3pece | MOXHO paccMaTpHBAaTh KAk
KOJINYECTBEHHYIO OLIEHKY OTKJIIOHEHUs OoT Keppa. I[IpocTpaHCTBO-BpemMsi BOKPYT 3TOU
YepHOW JBIpHI BelMeT ce0s Kak mpu OOBIYHOM BpamieHuw, a mpeaen ot [ — 0
COOTBETCTBYET KeppoBCcKoil U/I.

M1 ananusupyem TepmoauHaMuky 3tor YJ[ B SV BH. O6mas ¢popma meTpuku MoxKeT
OBITH 3allMCaHa B BUJIE:



ds? = g, dt? + g dr? + goed6? + g¢¢dq,’)2 + 2g;pdtde (17)

VYrinoBas CKOpoCTb MPOOHON YacTUIbI HA TOPU3OHTE COOBITHMM € HCYE3aI0LIUM
MOMEHTOM HMITyJIbCa MOXET ObITh paccuutana no opmyne Qy = —grp/Jpp WA
Bpamarouencs kepposckout YJ1:

a

QH:
12 + a?

(18)

JI71st HamMX JaJIbHEHIITUX pacyeToB MbI Oy/ieM HCT0JIb30BaTh BhipaxkeHue (17). Tenepn
nepensieM K pacuery TepMoanHamuyeckux sennunH SV BH. Macca BH

a=02

1=0.2

Puc. 3: I'paduk nokaspiBaeT M3MEeHEHHE YHTAJIBIIUM B 3aBUCHMOCTH OT pPajuyca ropu3oHTa.

( M, xoTopast paBHa >HTaJdbMU H) MOXeT ObITh MOJyueHa, eciu ypaBHeHHe (16)
NPUHSTH PaBHBIM HYIIO0. B pe3ynbrare MOKHO MOIYYHUTh:

!
(a? + rf)e™

Zrh

(19)

Ha pucynke 4 moka3aHa 3aBUCUMOCTb DSHTAJBIIHUUA OT 7j,. MOXHO BHIETh, UYTO
YBEIIMYCHHE TTaPaMETPOB @ U | COOTBETCTBYET YBEIUYCHHUIO MACCHI (SHTAIBITHH) TIPH
(UKCUPOBAHHOM T7,.

B »10ii TiaBe Taxke paccmatpuBaetcs paguyc ISCO B mpocTpaHcTBe-BpemeHu SV ¢
ero mapamerpamu | U a. YBeIWYeHUE dTUX MAPaMETPOB MPUBOAUT K YMEHBIICHHIO
paamyca ISCO.

Hcnons3ys opOUTHI MAaCCUBHBIX YaCTHII, Mbl TPOBEPUIIA U3BJI€UYEHUE dHEPrUn u3 YJJ
JUTSL DKCTPEMAIBHOTO M HEIKCTPEMAIBHOTO cllydaeB ¢ momoineio 3¢dekra BSW.
DHeprus IeHTPa MacC MOXKET OBITh CKOJIb YTOJIHO BBICOKOM JUIA dKCTpeMabHOW Y/,
YTO HE BEPHO JUJIA HEAKCTpemanbHou U/I.

CBoiicTBa TEpMOAMHAMUKK HW3YUYAIOTCA JUISl PA3IUYHBIX CJIy4aeB: HHTAJBIIUH,
TeMneparypbl XOKUHTa, SHTPOIUU U CBOOOHOM sHepruu ['mb6ca. Ecnu ObiTh Oosiee



TOYHBIM, yBenudeHue mnapamerpoB BHI m a Ttakke mnpuBOAMT K YBEIHYEHHUIO
cB0OOHOM 3Heprun ['n66ca. OOpaTHOE BEepHO 115l TeMIiepaTypsl 3toro tuna BH.

Tperpsi riaBa, o3ariasiieHHas 'TepMoaMHAMUYECKHH AaHAJIU3 3apPSKEHHOH
BpalIAIOIIEHC YepPHON IbIPbI, OKPY:KEHHasd MHICaJbHOM TeKy4Yell TeMHOM
MaTtepuer' DOCBAIIEHA U3YYEHUIO TEPMOJWHAMUKA M YCKOPEHHsI YaCTHUI] BOKPYT
3apsKEHHBIX BPAIAOIINXCS YEPHBIX JAbIP, OKPYKEHHBIX UICAIBHOW TEKYYEH TEMHOMN
Marepueil. Mbl 0OCykJaeM TOPU30HTBI YEpPHBIX IbIp, 3procepy H BHYTPEHHUE
CTaOWJIbHBIE KpPYTOBble OPOUTHI B paMKax TEOPUU HICATbHON TEKyded TEeMHOU
matepur. OOHapy>XeHO, 4YTO UJCAIbHO TeKydash TEMHas Marepusi BIUAET Ha
TeMrepatypy XOKWUHra, cBoOOgHyI »Hepruro [ubbca u npyrue duzndeckue
BEJIMYMHBI, CBSI3aHHBIE C TEPMOJUHAMUKONU. OOCYXKIAIOTCS HEKOTOPBIE PA3TMYHBIC
aCIIeKThl TEPMOJMHAMUKHA B paMKax pasjid4YHbIX 3HAYCHUM 3aJ1€MCTBOBAHHBIX
napameTpoB. [lanee Mbl 00CyIUM TEIUIOBbIE (QIYKTYallMd paCCMAaTPUBAEMbIX PEIICHUH
s Y/, KkoTopble OTHOCATCS K CIy4alHOMY JABMIKCHUIO 4acTwl BOKpyr YJI u3-3a
kosie0aHuii Temneparypsl. B yacTHoCTH, TemIOBbIe (DITyKTyalluy BIUSIOT HA SHTPOITHIO
u usiyyeHue XokuHra YJI, KoTopble MMEIT pelIaroniee 3HaueHUe Uil MOHUMaHMS
noBeneHuss  (usumueckux BeauuyuH. OOHapy)XeHO, UYTO CKOPPEKTUPOBAHHbBIE
TEPMOJUHAMUYECKNAE BEJIMYMHBI 3apsSIKECHHOM BpAILAIOLICUCS HJICAIbHOM TEKydeu
TeMHOU MaTtepun BHS MeHbIe, uem 3apsokeHHON Bpalaroiieics 4epHol JIbIpbl 0e3
UJCaIbHON TEKydeld TEMHOM Marepuu. Mbl MOIYEPKHUBAEM, UYTO IPEAIIOJIOKEHHUS,
CICIIaHHBbIE B JIUTEPATYpPE, U TEPMOAMHAMHUKA NPEIBIAYIINX PELICHUU Uil YEPHOU
IBIPBl XOPOILIO COIVIACYIOTCA C HAIMMM pe3yJbTaTaMH. 3apsKEHHas BPallaroIIasics
4yepHast IbIpa B HUEAJbHOM TEKydyel TEMHON MAaTE€pUU OIMCBIBACTCS JIMHEWHBIM
JJIEMEHTOM:
1 2asin? 0 T
ds? =—?(A — a%sin? §)dt? — o [ZMr — Q% —yrln (;)] dtd¢ + p2d6?

a’sin? 0 r p?

+sin? 0 [r? + a® + e 2Mr — Q% — yrln ()/) dop? + Kdr2 (20)

here A and p are defined as

T
A=1%+a? — 2Mr + Q% + yrln ()—/)
p? =12+ a?cos?6 (21)
rae M - macca YJ1, a - napametp Bpauenus, Q - 3apsa Y/ u y - napametp PFDM.

M1 06Cyx)aaemM TepMOANHAMUKY 3apsDKCHHON Bpalmaronieicst uepHoi asipsl B PFDM.
['opu30HT cOOBITHIT YepHOI ABIPBI ISl JTAHHOW METPUKH OINpeaensercs u3 yciaoBus "
A=0"



T
r2 + a? — 2Mr + Q% + yrhln7h =0 (22)

Jlerko 3aMeTUTh, YTO Y HEro €CTh JBa NOPU30HTA: BHYTPEHHUM 7_U BHELIHUU T,
KOTopble 3aBucAT OT mapamerpa PFDM y. Hcnonw3ys ycinoBue mjis ropu3OHTa
cOOBITHH Y€pHOU IBIPHI (21), MBI MOKEM MTOTYYUTh MACCy YEPHOM OBIpel M, KOTOpast
HKBHUBAJIEHTHA SHTANbNUU H :

1 (a2+Q2) Th
H=— R In—]|. 2
Zrh+ - +yny (23)

I'paduueckuii ananmu3 cooTHouieHus: SHTanbnuu (4) npuBedeH Ha puc. (4). U3
rpauKoB BUIHO, YTO BHAUAJE DHTAJIBIINS YMEHBIIACTCS, U YBEIMUYCHUE 3HAYCHUS Y
JUIsl Hee He uMeeT 3HayeHus. OJHaKo OHa HauMHAeT yBeauuuBaThes ¢ 1, = 0,5 mpu
yBeJIMUYEHUHU napameTpa y. [lpuHumas Bo BHUMaHue, YTO MPHU YBEJIMUYECHUU MTapameTpa
cnuHa a u 3apsana @ sHTanbnus u3MeHsiercs BOau3uM YUJ[ ¥ moBblIaeTcs, CTAHOBSICH
0e3pa3Tu4HON K U3MEHEHUSIM MapameTpoB Baanu ot Y/I.

a=103, Q=03 v=02 Q=04 a=03,v=02

Puc. 3: U3MmeHeHHMe 3HTANBIHMM B 3aBHCHMOCTH OT paaMyca TOPU3OHTA /Jisl Pa3IHYHbIX
napamMeTpoB

CymiecTByeT HECKOJIBKO HAOII0/IaTeIIbHBIX MapaMeTPOB JIs u3ydeHus cBorcTs YJI, HO
HET TOYHBIX JIAHHBIX, B KOTOPBHIX OOCYKIaTUCh OBl TOJBKO MapaMeTphl 3apsijaa WId
BpaueHus YJ[. 31ech Mbl NOMBITATUCH TEOPETUUECKHU MPOAHATIU3UPOBATH 3aPSKEHHYIO
Bpamaromytocs YJ[ B npucyrcteuun PFDM u nccnenoBanu cienyrouiee:

Cravanma Mpl OOCYJIMIIM TPAHUIBI TOPH3OHTOB M 00siacTH 3procdepsl 3Tol YepHOoit
neipbl. HEOOX0IMMO OTMETUTH, YTO MBI PACCUUTAIN 3KCTPEMAJIbHYIO YEPHYIO JIBIPY
JUIs1 HEKOTOPOT'O KPUTHYECKOTO 3HAUEHUS TapaMeTpa BpallleHusl a4 = dg, TPy KOTOPOM
JIBa pajguyca TOPU30HTOB COBNaAar0T. Mbl u3yunnu BiusHue napamerpoB PFDM na
TOPU30HTHI W 00JacTh dprochepsl UIss JBYX CIy4aeB: OJKCTPEMAIbHOTO U
HeokcTpemanpbHOoro YJI. Mbr m3o00pasum  u3MeHeHHe GOpMBI ITHX oOJacTei
rpadudaeckun. Mer oOHapy)uim, uro mapametrp PFDM y cokpamaer rpanuiisr o6aacTeit



TOPU30HTA U 3procdephl, MPAKTUIESCKU CIMBASICh B OJHY 00J1acTh. bbII0 3aMeueHo, 9To
paguyc ISCO ymeHnpmaercs B nmpejenax Bcex mapametpos (¥, Q u a).

MpbI U3y4niu TEPMOJIMHAMHYECKHE XapaKTEPUCTUKH 3TOM ué€pHoi nbipsl B PFDM n
O0OHapY’KUJIU, YTO YBEIUUYECHHUE Y MPUBOAUT K YBEIMUYECHUIO SHTAIBNUU H 1 CBOOOHOM
sHeprum ['m66¢ca G. Hanportus, Temneparypa YJ[ ymenbiiaercs ¢ poctom y. BrnusHue
napametpa PFDM y na pamuyc ISCO Takxke oOcyxnanoch B paboTe, a UMEHHO, C
yBenudeHueM y paauyc ISCO ymeHbmiaetcs. Mbl HM3yYWIM CTOJKHOBEHHE JIBYX
UJCHTUYHBIX MAaCCUBHBIX YacCTULl BOJM3M TOpU30HTAa YepHOUl AbIpbl U HU3YyUUIIU
NOBEICHUE SHEPIHH LIEHTPA MACC ISl SKCTPEMAIILHOTO U HEOKCTPEMAJIBHOTO CITyYasl.

bb110 00HApYKEHO BIMSHUE MPOCTHIX JIOTApUPMUUECKUX MOMPABOK BTOPOTO MOPsIKa
U TONpaBoK Ooyiee BBICOKOTO TMOpsiAKa Ha CBOOOJHYIO BSHepruto [ eiabmroibia,
BHYTPEHHIOIO SHEPTHI0, SHTAJBINUIO UM CBOOOJHYIO sHepruio ['mbOca 3apsukeHHON
Bpamaroieiicss yepHoit Asipel ¢ PFDM u 6e3 Hero. CTOUT OTMETUTH, YTO YJEIbHas
TEIUIOEMKOCTh YKa3bIBaeT Ha CTAOWIbHYIO KOHCTpyKIMIo st YJ[ ompeneneHHOro
pa3Mepa, HO HeCTaOWJIbHYI0 KOHCTpYKLMIO Ay Y/ 3HaunTepHO Ooblero pazmepa.

BbBIBO/IbI

[To pesynpTataM wHcCCIeIOBaHUM, MPOBEAEHHBIX MO Teme 'TepMoauHAMUYECKHE |
DHEPreTHYECKUE TPOILECCHl BOKPYT KOMITAKTHBIX OOBEKTOB B MOIUPHUIIMPOBAHHBIX
TEOPHUSAX TpaBUTAUWU' I JUCCEPTAIlMM HAa COUCKAaHWE YYCHOW CTETNICHH JIOKTOpa
dunocodpun (PhD), ObL1H IpeicTaBACHBI CIIEAYIONIAE BHIBOIBI:

e BrepBble MNpoAEMOHCTPUPOBAHO, YTO CTPYKTypa TOPU30HTA, T'E€OMETpUs
sprochepbl M YCIOBHS OKCTPEMAJIbHOCTH B MPOCTPAHCTBAX-BpeMeHaX
MoauduIpoBaHHoOM rpaBuTanuu (4D rpaButanus Ditnmreitna—I aycca—bonne,
mozaenn CumncoHa—Buccepa M COBEpPUIEHHON XUIAKOW TEMHOM Marepuu)
CUCTEMATHYECKHU 3aBUCST OT JIOMOJHUTEIbHBIX IPABUTAIMOHHBIX NTAPAMETPOB,
YTO BBIABISIET TMPSAMYIO CBSI3b MEXKAY «BOJIOCAMHU» UYEPHOW IIBIPHI U
Ha0JI01aeMbIMUA CBOMCTBAMH MPOCTPAHCTBA-BPEMEHH.

e Bnepsble 0Ka3aHO, YTO paJlyC BHYTPEHHEW YCTONYMBOW KPYrOoBOM OpPOUTHI
(ISCO) wucnbIThIBaeT mapamMeTpUuecKu OOYCIOBIICHHBIE CMEIICHUS B JTHX
TEOPUSIX, YTO NPEAOCTABISIET HOBBIA JAUArHOCTHUECKUUA WHCTPYMEHT st
NPOBEPKH  MOAUGUIIUPOBAHHOW TpaBUTAIMM HA OCHOBE HAOIOJCHHMA
AKKPEIMOHHBIX IUCKOB.

e Brnepsble noay4eHo, 4TO MEXaHU3M yckopeHus yactul] banagoca—Cuiika—Yscra
(BSW) Moxer ObITh CYIIECTBEHHO YCWJIEH B TEOPHUAX MOAUDUIIMPOBAHHOMN
TPaBHUTAINH; MPU 3TOM SIBHO BBIBEJICHBI YCJIOBHS HAa KPUTHYCCKUW YTIOBOM
MOMEHT JIJIs1 YEPHBIX JBIP, OKPYKEHHBIX TEMHOW MaTepHUEH WM HETHHCHHBIMH
AIEKTPOMATrHUTHBIMH TTOJISIMHU.



e Brepsble ycTaHOBIEHO, YTO Jorapupmuueckue U 0ojiee BHICOKHE KBAaHTOBBIE
IIONIPAaBKU K DHTPONMUU YEPHBIX IbIP INPUBOAIAT K BO3ZHUKHOBEHHUIO HOBBIX
TEPMOJMHAMUYECKUX (a30BBIX NEPEXOJAOB M HM3MEHEHHBIX KPHUTEPUEB
YCTOMYMBOCTH, OCOOCHHO B NPHUCYTCTBHM COBEPIICHHOW XUAKOH TEMHOM
MaTepuu.

e BrnepBble J0Ka3aHo, YTO MapaMeTpbl MOAU(UIMPOBAHHOW TrpaBUTALUU
ONPENEIAIT HE TOJBKO F€OMETPHUIO MPOCTPAHCTBA-BPEMEHH, HO U TUHAMUKY
CIMHOBBIX YaCTHUIl U TEPMOJMHAMUYECKOE MOBEJIEHNE YEPHBIX ABIP, (hopMupys
TEM CaMbIM €JIMHYIO, HAOJIIOATEIBHO MPOBEPSIEMYIO TEOPETUUYECKYIO OCHOBY
JUISL OTPAaHUYEHUS aJIbTePHATUBHBIX TEOPUN FPABUTALIMH.
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