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KIRISH (fan doktori (DSc) dissertatsiyasi annotatsiyasi)

Mavzuning dolzarbligi. Qora o‘ralar matematik nuqtai nazardan gravitatsion
maydon tenglamalarining echimi bo‘lib, ilk bor Karl Shvartsshild tomonidan 1916
yil Eneynsheynning maydon tengamasi echimi, faqat massaga ega ob’ekt sifatida
olingan. Astrofizika tomondan, ular yulduzlar evolyutsiyasining eng oxirga
bosqichida xosil bo‘luvchi relyativistik kompakt gravitatsion astrofizik ob’ektlardir.
Ular massalari ko‘ra o‘ta massiv qora o‘ralar, ular galaktika markazlarida joylashgan;
o‘rtacha massali qora o‘ralar va ularning galaktikalarda tarqalganligi noaniq; va
nihoyat, yulduz massali qora o‘ralar deb atalib asosan ular qo‘shaloq tizimlarida
uchraydi. Yaqinda xodisalar gorizonti teleskopi yordamida ikkita o‘ta massiv, M87*
va O‘qotar A* qora o‘ralarining soyalari tasvirini olishga va shu orgali ularning
massalarini va aylanish parametrlari aniqlashga muvofiq bo‘lindi. Ammo, o‘rta va
yulduz massali qora o‘ralar ko‘rish burchagi kichik bo‘lganligi sababli ularning
tasvirini olish imkoni yo‘q. Ular asosan akkretsiya diskdagi nurlanishlar, xususan,
kvazidavriy teblanish chastotalari orgaligina kuzatilishi va ularning massasi, zaryadi
va spin parameterlarini aniglash mumkin.

Ma’lumki, qora o‘ra zaryadi ham xuddi aylanuvchi Kerr qora o’rasining spini
singari fotonsfera va akkretsiya diskini ichki orbitasi bo’lgan ichki orbitasi radiusini
kamaytiradi. Bu nuqtai nazardan, ularning qora o‘ra fazo-vaqt geometriyasiga ta’siri
o‘xshashdir. Umumiy nisbiylik nazariyasi ko‘plab astrofizik kuzatuvlarda
tekshirilgan va tasdigdan o’tgan. Shunga qaramay, gravitatsiyaning boshqa,
alternativ va modifikatsiyalangan nazariyalari ham kvazidavriy tebrashishlarning
kuzatuv ma’lumotlarini ishonchli turintira oladi. Bu esa umumiy nisbiylik nazariyasi
va boshga gravitatsiya nazariyalaridagi qora o’ralar atrofidagi fazo-vaqt
geometriyasida o’xshashlik mavjudligini hamda ushbu o’xshashliklarni kuzatuv
ma’lumotlari asosida farqlashni tadqiq etish nazariy astrofizikadagi dolzarb
masalalardan biri ekanini ko’rsatadi.

Yurtimizda ham qora o‘ralar va ular atrofidagi optik hamda energetik
jarayonlar xususan, akkretsion diskidagi nurlanish mexanizmlarini o‘rganishga, shu
bilan birgalikda, kuzatuv ma’lumotlari asosida ularning parametrlarini tadqiq
etishga oid ilmiy tadgigotlar jadal olib borilmoqgda.

Ushbu dissertatsiya ishining vazifalari tasdiglangan davlat normativ xujjatlari,
O‘zbekiston Respublikasi Prezidentining 2017 yil 7 fevraldagi PQ-4947
“O‘zbekiston Respublikasini yanada rivojlantirish uchun chora-tadbirlar strategiyasi
to‘g‘risida” farmoni va 2017 yil 18-fevraldagi PQ-2789 sonli «Fanlar akademiyasi
faoliyati, ilmiy-tadgiqot ishlarini tashkil etish, boshgarish va moliyalashtirishni
yanada takomillashtirish chora-tadbirlari to‘g‘risida» qarori talablariga mos keladi.
Tadgigotning respublika fan va texnologiyalari rivojlanishining ustuvor
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yo‘nalishlariga muvofiqligi. Dissertatsiya tadqiqoti O‘zbekiston Respublikasi fan
va texnologiyasining II ustuvor yo‘nalishi “Energetika, energiya va resurslarni
tejash”ga muvofiq bajarildi.

Muammoning o‘rganilganlik darajasi.

Qora o‘ralar akkretsiya diskidagi kvazidavriy chastotalarni paydo bo‘lish
mexanizmlari, modellari va ularni turli gravitatsiya nazariyalari doirasida o‘rganish
Yevropa (L.Rezolla, M.Abramovich, G. Torok, P. Bakala, Z. Stuklik, M va Kolosh),
AQSh (S.Motta, L.Stella, M.Vietri, S.Spilberg, V.Uogoner) va dunyoning
rivojlangan davlatlari (S.Kato, J. Fukue (Yaponiya), D.Vang, L.Cheng va M.Jang
(Xitoy)) olimlari tomonidan o‘rganilgan.

Turli qora o‘ralar soyalarini nazariy tadqiq etish, ularni turli gravitatsiya nazariyalari
doirasida o‘rganish ham bir gator dunyoning rivljalangan olimlari tomonidan
o‘rganilgan (J.Schee, A.Ovgun, K. Jusufi, M.Jamil va hk.).

Respublikamizda ham umumnisbiylik nazariyasi, modifikatsiyalangan va
mugqobil gravitatsiya nazariyalari doirasida qora o‘ralar soyalarini nazariy tadqiq
etish, qora o‘ralar atrofida zarralar tebranishlari B. Ahmedov, A.Abdujabbarov, B.
Toshmatov, S.Shaymatov, A.Abdikamalovlar tomonidan tadqgiq etilgan.

Ammo, qora o’ralar soyalariga oid nazariy izlanishlar hamda kuzatuv
ma’lumotlari asosida qora o‘ralar va gravitatsiya modellarining parametrlariga
cheklovlar olinmagan. Bundan tashqari, kuzatuvdagi kvazidavriy tebranishlarining
kuzatuv ma’lumotlari asosida muqobil gravitatsiya nazariyalarining parametrlari
qiymatlariga, qora o‘ralar massalari va zaryadlariga chegaraviy qiymatlar olish usuli
ishlab chigilmagan.

Dissertatsiya tadqiqotining dissertatsiya bajarilgan ilmiy-tadgigot muassasasi
ilmiy-tadqiqot ishlari rejalari bilan bog‘ligligi. Dissertatsiya ishi 2022 vyil
davomida O’zRFA Astronomiya insititi va Fundamental va amaliy tadqiqotlar
institutilarining asosiy ilmiy tadqiqot yo’nalishlari hamda O’zRFA Yadro fizikasi
Insititudagi F-FA-2021-510 raqanli “Modifikatsiyalangan gravitatsiyalar doirasida
neytron yulduzlari yadro muhitini tadqiq etish” ilmiy loyihasi doirasida bajarildi.

Tadgigotning magsadi qora o‘ralar atrofidagi kvazidavriy tebranish chastotalari va
qora o’ralarning soyalar o‘lchamlaridan olingan kuzatuv ma’lumotlari asosida qora
o‘ralar va gravitatsiya nazariyalari parametrlarini tahlil qilish.

Tadgqigotning vazifalari:

- Aylanmaydigan qora o‘ralar atrofidagi kvazidavriy tebranishlar modellarini
tekshirish;
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- kvazidavriy tebranishlarni tadqiq etish orgali modifikatsiyalangan va
kvantlangan gravitatsiya modellarini tekshirish;

- kvazidavriy tebranishlar kuzatuv ma’lumotlari asosida qora o‘ra massasi,
zaryadi va gravitatsiya nazariyalari parametrlariga cheklovlar olish;

- aylanadigan o’ta massiv qora o‘ralar, jumladan M87 va o‘qotar A* soyalari
o’lchamlari asosida ularning zaryadi va spin parametrlari cheklovlar olish.

Tadqiqotning ob’ekti sifatida kompakt relyativistik gravitatsion ob’ektlar — qora
o‘ralar tanlangan.

Tadgigotning predmeti sifatida kichik massali qo‘shaloq tizimlardagi qora
tuynuklar akkretsion diskidagi kvazidavriy tebranishlari va o‘ta yuroqi massali qora
tuynuklardan tasvirlari tanlangan.

Tadgigotning usullari sifatida umumiy nisbiylik nazariyasidagi matematik
apparatlar, jarayonlarni matematik modellarshirish va ularni sonli echish usullaridan
foydalanildi.

Tadgigotning ilmiy yangiligi quyidagilardan iborat:

- ilk bor kvazidavriy tebranish chastotalari yordamida zaryadli aylanmaydigan
qora o’ralarining massasi va zaryadlariga chekli qiymatlar olingan;

- ilk bor kuzatuv ma’lumotlari asosida topilgan M87* va Sgr A* soyalarining
o'lchamlaridan foydalangan holga, ularning massalari va zaryadlari orasidagi
bog’lashinishni anigladik;

- ilk bor kvant gravitatsiyasining non-kommutativ qora o’ralar atrofida
kvazidavriy tebranishlar chastotalari va ularning soyalari o’lchamlari ta’sirini
o’Ichashdagi xatoliklardan ancha kichik ekanligi ko’rsatildi;

- ilk bor ikki cho’qqili kvazidavriy tebranishlar kuzatuvlar ma’lumotlari
asosida modifikatsiyalangan gravitatsiyada regular va singular qora o’ralarini farq
qilish usuli ko’rsatildi;

- ilk bor qora o’ralar atrofidagi kvazidavriy tebranishlar asosida ular atrofidagi
fazo-vaqtning muhim hususiyatlaridan biri bo’lgan akkretsiya diskining kuyi
chegarasi radiuslari baholash mumkinligi ko’rsatildi;

- ilk bor kuzatuvlarda Kerr qo’ra o’rasi spini va zaryadlari hosil giluvchi
o’xshash o’xshash gravitatsiya effektlarini farqlovchi chegaraviy qiymatlar
ko’rsatildi.

Tadgiqotning amaliy natijalari quyidagilardan iborat:
- ilk bor kvazidavriy tebranishlar kuzatuv ma’lumotlaridan foydalangan holda
;



gora o‘ralarning zaryadi va massadari topilgan;

- ilk bor M 87* va o‘qotar A* o‘ta og‘ir qora o‘ralarining aylanish parametri va
zaryadlari ularning soyalarining o‘lchamlari yordamida topilgan;

- ilk bor modifikatsiyalangan gravitatsiyasida regulyar va singulyar gora
o‘ralarni kvazidavriy tebranishlar yordamida farqlash mumkinligi ko‘rsatilgan;

- Ilk bor non-kommutativ kvant gravitatsiyasi effektlari qora o‘ralar atrofidagi
kvazidavriy tebranishlar va ularning soyalarini o‘lchashdagi xatoliklardan kichik
ekanligi ko‘rsatildi.

Tadgqiqot natijalarining ishonchliligi quyidagilar bilan ta’minlanadi:

- nisbiylik nazariyasining zamonaviy usullari va nazariy fizika hamda yuqori
samarali sonli usul va algoritmlari qo‘llanildi;

- olingan nazariy natijalar kuzatuv ma’lumotlari va boshga mualliflarning
natijalari bilan tekshirildi; xulosalar kompakt gravitatsion ob’cktlar maydon
nazariyasining asosiy qonuniyatlariga juda katta aniglik bilan mos keladi.

Tadgigot natijalarining ilmiy va amaliy ahamiyati shundan iboratki:

- olingan tadqiqot natijalari yulduz massali qora o‘ralar parametrlarini va ular
atrofidagi  fazo-vaqt hususiyatlarini  shu  bilan  birgalikda kvazidavriy
tebranishlarning akkretsiya diskida xosil bo‘lish fizik mexanizmlarini;

- qora o’ralar parameterlariga olingan chekli qiymatlar ular atrofidagi fazo-vaqt
gravitatsiyasini o’rganish imkonini beradi hamda gravitatsiya effektlari muhim
ahamiyatga ega ekanini izohlash imkonini berdi;

- kuzatuv ma’lumotlari asosida modifikatsiyalan va kvantlangan gravitatsiya
nazariyalarini tekshirishda qo‘llash mumkinligi bilan belgilanadi.

Tadqlqot natijalarining joriy qilinishi:

Qora o‘ralar massalari va zaryadlarini kvazidavriy tebranishlar kuzatuv
ma’lumotlari asosida aniqlash bir qator mualliflar tomonidan qorong’gi
materiya hususiyatlarini tekshirishda joriy etilgan (The Astrophysical Journal
V0l.935,91, (2022), Progress of Physics, Volume 70, issue 9-10, 2200053,
(2022), Journal of Cosmology and Astroparticle Physics, Volume 09, id 061,
(2022), European Physics Journal C, Volume 82, id 636 (2022), Progress of
Physics, Volume70, Issue 9-10, id 2200053, (2022), Universe VVolume 8, issue
3, id 182 (2022)). Olingan natijalar qora o‘ralar atrofidagi qorong‘i
materiyaning parametrini kvazidavriy tebranishlar asosida tahlil qgilish
imkonini bergan.

Qora o‘ralar soyalarini kuzatuv ma’lumotlari asosida tahlil gilish va ularning
parametrlarini aniglashga oid natijalar bir gator mualliflar tomonidan turli



gravitatsiya modellari ularning soyalari o‘lchamlaridan olingan kuzatuv
ma’lumotlari asosida tahlil gilishda joriy etilgan (Chinese Journal of Physics
Vol. 78, pp.141-154, (2022), Annals of Physics Vol.441, 168892,(2022),
Universe, Volume 8, issue 10, id 536 (2022), Physics, Volume 4, issue 4,
pp.1318-1330 (2022), European Physics Journal C, Volume 82, id 831 (2022),
Annals of Physics, Volume 441, id 168892 (2022)). Olingan natijalar
aylanuvchi zaryadlangan qora o‘ralar atrofidagi foton orbitalarini va ularning
soyalarini tahlil gilishda ishlatilgan.

Tadgigot natijalarining approbatsiyasi: Dissertatsiya natijalari 3 ta xalgaro, 2 ta

mahalliy konferentsiyalarda va bir necha bor O’zbek-Qozoq haftalik ilmiy

seminarlarda muhokama gilingan.

Tadgiqot natijalarining e’lon qilinishi: Dissertatsiya natijalari bo‘yicha 20 dan
ziyod ilmiy ish, shu jumladan OAK ro‘yhatiga kiruvchi halgaro ilmiy jurnallarda 16
ta ilmiy maqola chop etilgan.

Dissertatsiyaning tuzilishi va hajmi: Dissertatsiya 117 varor bo’lib asosiy to‘rt
bob, xulosa va foydalanilgan adabiyotlar ro‘yxatidan iborat.



DISSERTATSIYANING ASOSIY MAZMUNI

Kirish gismida dissertatsiyaning dolzarbligi va uning ahamiyati, ishning maqgsad va
vazifalari hamda undagi ilmiy va amaliy yangiliklar ko‘rsatib o‘tilgan bo‘lib shu
bilan birga olingan natijalarning ahamiyatlari muhokama etilgan.

I bob “Kvazidavriy tebranish kuzatuv ma’lumotlari yordamida qora
o‘ralar zaryadlariga limitlar olish” deb nomlangan bo‘lib, unda zardyadli qora
o‘ralar atrofida sinov zarralari harakati va ularning turg‘un aylana orbitalardagi
kichik tebranishlari o‘rganish hamda ularni kvazidavriy chastotalariga qo‘llash, shu
bilan birga kvazidavriy tebranishllar kuzatuv ma’lumotlari asosida qora o‘ralar
massalari va zaryadlarini aniqlasha bag‘ishlangan.

Zaryadlangan statik qora o‘ralar atrofidagi fazo-vaqt metrikasi quyidagicha yoziladi
ds=f(r)dt* +dr? / f{r)+r* d6* +r* Sin*0 do*  (1.1) bu vyerda f(r) metrik
funktsiya va u zaryadli gora o‘ralar quyidagicha

Aylanmaydigan zaryadli qora o’ra f(r)
Reissner-Nordstrom (RN) qora o‘rasi 1-2M/r +Q?/r?
Bardeen qora o‘rasi 1-2M/r Y3
Ayon-Beato-Garcia (ABG) qora o‘rasi 1-2M/r Y3+Q?/r2 Y
Regulyar qora o‘ra (model)1 1-2M/r Exp(-Q?%/(-2Mr))
Regulyar qora o‘ra (model)2 1-2M/r (1+Q/n)"

1-jadval: Zaryadlangan qora o’ralar metrik funksilarini
bu yerda Y?=1+ Q%r? , Q va M qora o‘ra zaryadi va massasi.

Qora o‘ralar ega bo‘lishi mumkin bo‘lgan eng katta zaryad va xodisalar
gorizontining eng kichik giymatining f(r) funksiyaning o’zi va uning radial
koordinata bo’yicha olingan hosilasi nolga teng bo’ladigan qiymatlar orqali
quyidagicha topiladi. Hodisalar gorizoniting eng kichik, ya’ni zaryad extremal
bo’lgandagi eng kichik qaymati va zaryadning extramal qiymatlari bo’yicha olingan
natijalarni yuqorida keltirilgan turli zaryadli qora o’ralar uchun quyida jadval
ko’rinishida taqdim qilindi.
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Aylanmaydigan zaryadli qora o’ra Qextr/M (rn)min/M

Reissner-Nordstrom (RN) qora o‘rasi 1 1

Bardeen qora o‘rasi 0.7698 1.08866
Ayon-Beato-Garcia (ABG) qora o‘rasi 0.634181 1.00504
Regulyar qora o‘ra (model)l 1.21306 0.735759
Regulyar qora o‘ra (model)2 (n=3) 0.296296 0.592593
Regulyar gora o‘ra (model)3 (n=4) 0.210937 0.632812

2-jadval: Zaryadlangan qora o’ralarning maksimal zaryadi va mos hodisalar
gorizonti radiusining qora o’ra massasiga normallashtirilgan qiymatlari

Biz, sinov zarrasi uchun Lagrange zichligi
ZLP =mMg ., J":aaéB .
ko’rinishda ifodaladik. Uning harakatidagi energiyasi va burchak momentini Euler-
Lagrange tenglamasi orgali quyidagicha aniglaymiz
gt ==& gd>d>¢: L.

Bunda zarralarning radial harakati uchun effektiv Potentsial quyidagicha topildi:

V= f0Od + -
Malumki, aylana orbitalar uchun V_..=¢ va Veff' = 0 shartlari bajarilishi kerak,

va bunda, aylana orbitalar uchun zarralar energiya va burchak momenti quyidagi
ifoda bilan topiladi:

2 _ _2f’ Va2 _ __rr@
& = 2 - 2f(r)—rf'(r)
Aylana orbitalarning turg‘unligi uchun V" ; fEO shart bajalishi kerak va ichki

turg‘un aylana orbita (ITAO)larining radiusi quidagi tenglamaning echimi sifatida
aniglanadi:
i r —1;8 —3) = rf"(r) = 0.
Zarralarning aylana orbitalaridagi burchak tezligi ya’ni Kepler chastotalari
Q, = dd/dt (1) ifodada berilgan metrik tenzor (1) uchun quyidagi ko‘rinishga ega
bo‘ladi: q =~/LO - Ma’lumki, zarralarning turg’un aylana orbitalari
K 2r

atrofidagi kichik og’ishi uning ushbu orbitalar atrofida vertikal va radial
yo’nalishlarda kichik tebranishlar xosil gilishiga olib keladi. Ushbu yo’nalishlardagi
tebranishlar chastotalari uchun ifodalar sferik simmetrik bo’lgan fazo-vaqtda
quyidagi sodda ko’rishishga keladi:
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Q = QK\/(S + LEOf@) - 2rf(), 9,=9,=0,

Ushbu fundamental chastotalarni Hz larda ifodalash uchun ¢° /26 Mko’paytiramiz
(bu yerda c¢ yorug’likni vacuumdagi tezligi va G gravitatsiya doimiysi).
Ko’'pchilik modellarda kvazidavriy tebranishlarning paydo bo’lish mexanismi
fundamental chastotalar bilan tushintiriladi. Masalan, relativistik presetsiya (RP)
modeliga ko’ra ikki cho’qqili QPO ning uqori chastotasi Kepler chastotasi va quyisi
esa vertical va radial chastotalarning farqi sifatida tushintiriladi. QPOlarning yuqori
va quyi chastolalaring mumkin bo’lgan barcha qiymatlari to’plami matematik
jihatdan radial koordinataning ISCO dan to cheksizlikkacha oraliqda topiladi.
Quyida rasmda zaryadlangan qora o’ralar atrofidagi QPOlarning quyi va yugori
chastotalari uchun mumkin bo’lgan qiymatlari keltirilgan.Grafikdan shuni ko’rish
mumkinki, masalan Bardeen qora o’rasi atrofida xosil bo’lishi mumkin bo’lgan
chastotalar giymatlar ko’k va kulrang chiziglar orasida joylashadi. Undan tashgarida
aniqlangan QPO manbai Bardeen qora o’rasi bo’la olmaydi. Xuddi shunday tahlilni
boshqa zaryadli qora o’ralar uchun ham ko’rish mumkin.

RP Model
oot =T
800
Kerr BH (a=0.8M)
Schw BH
X 600
= = = RN BH
o2 &
~ U
- 4@ = = = = Bardeen BH
oé‘b'
400+ ABG BH
== = RBH1
Q:Qextr
200 L RBH2
------ RBH3
0 ! Rayimbaev et al., IIMPD Vol .31.No.11,2240004 (2022)

vr, Hz

1-rasm: Ikki cho’qqili QPOlarning yuqori va quyi chastotalari diagrammasi.
Bu grafikda yuqorida keltirlgan maksimal zaryadli qora o’ralar uchun
aniqlangan. Bunda qora o’ra massasi 10 Quyosh massasiga teng deb
tanlab olingan.

Shu yo’l bilan biz zaryadli qora o’ralarni qaysi modeli kuzatuvdagi QPO
manbaiga nomzod qora o’ra bo’lishi mumkinligi aniqlay olamiz. Muhim jihati
shundaki, uning zaryadi, yugorida aniglangan kritik giymatdan oshib ketmasligi
lozim. Bundan tashqgari, biz zaryad va spin parametrlarining gravitatsiyaviy
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effektlarini tagqoslash magsadida gora egri chigiz orgali shunday najilarni spini 0.8
bo’lgan Kerr qora o’rasi uchun ham keltirdik. Bu shuni ta’kidlaydiki, qora o’ralar
zaryadi uning modeliga bog’liq holda Kerr qora o’rasining spinini qandaydir
giymatigacha effektini bera oladi. Keyingi tahlillar uchun, misol tarigasida
chastotalari 168 +5 Hz va 113+3 Hz bo’lgan GRS 1915-105 mikrokvazardagi QPO

obyektni tanlaymiz, va v,(M;7,Q) = VUOb & v, (M;r,Q) = vLDb munosabatlari

yordamida ushbu QPO signallari mikrokvazar markazidan qancha masofada
joylashganligini aniglash mumkin.

SchwBH ]

65k \
b ——— RNBH
6.0f % \ ]
% = === Bardeen BH|
55F % AN ]

B . AN ABG BH

A_/f 5.0 5 \§ —— = RBH1
4.5t "-‘ \ RBH2
4.0k . --‘-- RBH3
35t l

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
QM

2-rasm: Zaryadlangan qora o’ralar atrofida hosil bo’luvchi yuqori va quyi
chastotalari 3:2 nisbatda bo’lgan QPO larning orbita radiuslarining
ularni zaryadlariga bog’lanish grafigi

Yugoridagi rasmda QPO orbitasi radiusini markazdagi qora o’ra zaryadiga
bog’lanishi ko’rsatilgan. Avvalo shuni takidlash kerakki, ushbu orbita radius Q=0
da yani Shwarzschild qora o’rasi holida uning ISCO sidan uzoqroqda joylashadi.
Ammo ular orasidagi masofa kuzatuvlarda aniglanadigan hatoliklarga yaginroq
qiymat berishi mumkin. Qora o’ra zaryadi ortishi bilan QPO va ISC radiuslari
kamayadi, jumladan ular masofa ham kamayib bu masofa aniglangan xatolik
tartibida bo’lib qoladi, va shu yo’l bilan qora o’ralar atrofidagi ISCO ya’ni
akkretsiya diskining ichki chegarasini o’lchash mumkinligini ko’rsata olamiz. Endi,
biz GRS 1915-105 mikrokvazardagi QPO kuzatuv ma’lumotlaridan foydalanib
markazdagi qora o’ra massasi va ozaryadining giymatini aniglaymiz.

Bunda, xatoliklarni inobatga olishning »° usulidan va unda Bayasian
yaginlashidan foydalanib xatolikni 1 o, 2 0 va 3 o aniqligidagi, ya’ni mos holda
¥ =0.68, 0.86 va 0.95 giymatlardan foydalanamiz. Bunda quyidagi
ifodadan foydalanamiz:

5 v @M Y v (M) —v T’
X (T, M, Q) =— 2 - + : 2 :

a g
u L

va natijalarni quyidagicha tasvirladik
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3-rasm: GRS 1915-105 mikrokvazaridagi qora o’raning massasi va zaryadiga turli
zaryadlandi qora o’ra modellarida x’usuli bilan 17,2 ova3

aniqgligidagi olingan giymatlar.

Grafiklardagi eng mos qiymatlar (grafijda “Best fit value” deb ko’rsatilgan qora
nurta) ushbu yaninlashish goidasiga binoan barcha parametrlarni minimumga olib
ketgan holda quyidagicha topiladi:

BHs M /Mg Q/M, [ Q/M
RN BH 12237002 | 1647505 | 0.13
Bardeen BH | 13257005 | 1.93700s | 0.15
ABG BH | 12567008 | 1317002 | 0.104
RBH1 11197500 | 2.2570 58 0.2
RBH2 10.067002 | 1.03£0.05 | 0.102
RBH3 10,9200 | 0657008 | 0.06

3-jadval: GRS 1915-105 mikrokvazaridagi qora o’raning massasi va zaryadiga turli
zaryadlandi qora o’ra modellarida x’usuli bilan olingan eng mos giymatlar.

Olingan natijalardan ko’rish mumkinki, GRS 1915-105 mikrokvazardagi joylashgan
qora o’raning zaryadini 0’zining massasiga nisbati kichik bo’lib uning qiymati 1-2
Quyosh massasi atrofida va massasi esa tahminan 10-13 Quyosh massasi oralig’ida.

Xuddi shunday hisoblashlarni extremal zaryadlangan qora o’ralar uchun

14



amalga oshiramiz, va ushbu =zaryad miqdorining qora o’ra fazo-vagtiga
ko’rsatadigan gravitatsiya ta’siri bilan bir hil effekt ko’rsata oladigan Kerr qora
o’rasining spin parametr qiymatlari ustida olib bordik va quyidagi jadvaldagi
giymatlarni oldik,

Maksimal zaryadli qora o’ra Qextr/M (rn)min/M
Reissner-Nordstrom (RN) qora o‘rasi 17.0079%03217 1 ~0.4884
Bardeen qora o‘rasi 13. 9495104698 | ~0.2927

Ayon-Beato-Garcia (ABG) qora o‘rasi 153169104698 | ~0.3919

—N 4474/

Regulyar qora o‘ra (model)1 21.1479%06847 | ~0.6671
Regulyar qora o‘ra (model)2 (n=3) 19.999410.6135 ~0.7687

Regulyar qora o‘ra (model)3 (n=4) 23.6358 *07250 | ~0.7392

4-jadval: Maksimal zaryadlangan GRS 1915-105 mikrokvazaridagi qora o’raning
massasi va maksimal zaryad hosil gila oladigan gravitatsion effekti bera
oladigan spin parameter

Il bob “Kuzatuv ma’lumotlari asosida zaryadlangan M87 va O‘qotar A* o‘ta
og‘ir qora o‘ralarining spini va zaryadlariga cheklovlar olish” deb nomlanadi
va ushbu bobda qora o’ralarning soyalari o’lchamlaridan olingan kuzatuv
ma’lumotlari asosida ularning spin va zaryad parametrlari orasida bog’lanishlar
Gauss Bonnet (¥) va AdS parametrlari (7)ning turli hil giymatlarida aniglasgan.

Glavan va Lin ilk bor massasiz graviton targala oladigan 4 o'lchovli fazo-vaqt
uchun umumiy o'zgartirilgan gravitatsiya taklif qildilar. Ular GB bog’lanish
parametri hadi koeffisientini d — d/(d — 4) ko‘rinishida o‘zgartirib, so‘ngra d — 4
ko’rinishda olib, statik va sferik simmetrik qora o’ra yechimini taklif qildilar.
Natijada qora o’raning notrivial statik va sferik simmetrik yechimlari kashf etilishiga
olib keladi. Bunday qora o’ralar GB gravitatsiya tabiatini teksirish uchun qulay
platformani ta'minlaydi. Sferik koordinatalarda, qora o’raning metrikasi
quyidagicha yoziladi:

ds’ =— f(r)dt’ + 1/f(r)dr’ + r°d8° + r’Sin’0dd"
bu yerda

? oM : 1
fr) = 1+;—Y[1—\/1+4Y(?—f—4——2]

Biz ushbu metrikadan Newman Janis algoritmi yordamida yangi AdS fazosidagi
EGB nazariyasida aylanuvchi hamda zaryadlangan qora o’ra yechimini quyidagi
ko’rinishda olamiz:

2 -
ds’ =— 4 (dt — aSin0dd) + 2-dr’ + p'd8” + 22 (" + a)dd — adt)’
p p
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bu yerda — A= a’ + rz(l + f(r)) va p2 =7" 4+ a’Cos'®
Ushbu aylanuvchi fazo-vaqtda fotonlarning harakatini biz quyidagi Hamilton-

Jacobi tenglamasi yordamida o’rganamiz:
OH | 1 W gH dH _ 0
Jt 29 ax" ax o
bu yerda biz H - Hamilton funksiyasini saglanuvchi kattaliklarga nisbatan
quyidagicha yozamiz:
2
H=H(r) — Et + Lo + H (6) + ym'T.

Foton uchun saglanuvchi harakat integralli: energiyasi Efm=g, E

va impulslari l‘ ga teng. Yuqoridagi H- Jtenglama3|dan foton uchun

L/m =g
— on™
harakat tenglamalarini va ekvatorial tekislik uchun effective potensial quyidagi
ko’rinishda aniglaymiz:

2 2 2,42
Ve () = AE — @) + ] = [- a§ + (@ +7)]
buyerdan _ K/Ez and £ = L/e.

Turgun aylana orbitalari uchun = shartini
o VersTpw) = Verr (M) = 0

ganoatlantiradi va u orqali biz qora o’raning soyasini aniqlov teklshk tenglamalarini
quyidagicha topiladi:

_ ArA-A (?’ +a ) 16;‘.\({1 —A)—-r “p +8T.ﬁ.&]
- al' va B azﬂ 2
Xosil bo’lgan soyaning radiusi g = o + Bz ifoda yordamida aniglanadi.

Kuzatuvlarda o’ta og’ir qora o’ralar M&87* (EHT Collab. 2019) va Sgr A*
(GRAVITY Collab. 2022) larning tasvirlari olingan va ularding burchak o’lchamlari
mos holda quyidagicha aniglangan: 42+3 mk arc sec va 51.8+2.3 mk arc sec. Biz
ushbu o’ta og’ir qora o’ralarning tasvirlarining burchak o’lchamlari, ulargacha
masofalar va ularng ko’rinish burchaklaridan foydalangan holda ushbu qora o’ralar
massalariga normallashtrilgan zaryadi va aylanish momentlarini aniglaymiz. Bunda
biz kuzatuvdagi xatoliklarni inobatga olmagan holda kuzatuv ma’lumotlarining
asosiy giymatlaridan foydalandik.
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4-rasm: O’ta o’gir qc;;él o’ralar M87* va Sgr A* zaryadi va én}'llanish parametrlari
orasidagi bog’lanish.

Ushbu rasmda biz GB parametrining musbat (qizil), manfiy (ko’k) va nol (GR)
holatlari uchun M87* (chapdagi panel) va Sgr A* (o’ngdagi panel) qora o’ralarining
zaryadi va spin parametrlari nisbati ko’rsatilgan. Rasmdan shuniki ko’rish
mumkinki, qora o’ralar zaryadi ortishi bilan ularning spin parametrlari kamayadi.
Bundan tashqari, GB parametrining musbat qiymatida uning gravitatsiya effekti spin
effektini pasaytirishi, manfiy GB parametr esa oshirishini ko’rsatadi. Olingan
giymatlar, ularning spin parametrlarini boshga astronomik kuzatuvlarda olingan
qiymatlariga mos kelishi ko’rsatildi, ya’ni M87* Sora o’rasining aylanishi

a = 0.9M va Sgr A*niki esa taxminan @ =

11 bobda kvantlangan gravitatsiya nazariyasining kvazidavriy tebranishlar
chastotalariga va qora o‘ralari soyalari o‘lchamlariga ta’siri tekshirilgan va “Kvant
qora o‘ralarida kvazidavriy tebranishlar va qora o’ralar soyalari” deb
nomlanadi.

Biz ushbu bobda Non kommutatik (NC) gravitatsiyasida olingan qora o’ra nuqtaviy

bo'lmagan statik sferik simmetrik yechim ilk bor quyidagi massa funktsiyasi, ya’ni
delta Dirac funktsiyasi bilan  Gauss funksiyasiga o'xshash yangi tagsimot
funktsiyasiga almashtirish orgali olingan'

p(r) = oy

ifodadagi @ - NC parametri. Aylanmaydlgan NC qora o’rasi atrofidagi fazo-vaqt
geometriyasining metrik funksiyasi quyidagi ko’rishishda olingan:

—r° /40

aM .3
f) =1 -y
bunda, pastki to'lig bo'Imagan gamma funksiyasi
r’ /40

—-h
T’W —f \/Ee dh .

Bu NC qora o’rasi regular qora o’ra bo’lib uning metrik funksiyasi nol qiymati
17



qora o’raning gorizontini belgilab beradi va uning birinchi hosilasi NC
parametrining critik va gorizont radiusining eng kichik giymatini topishga yordan

beradi: = 0.2765M° var = 1.5873 M.
cr min

Biz zarralarning NC qora o’rasi atrofidagi harakatini va ularning turg’ur
orbitalari atrofida radial, orbital va vertial tebranishlarini 1-bobda ko’rsatilgan
standard usulda o’rganamiz. Zarralarning Kepler orbitalaridagi burchak tezliklari

. VA 3 72 r3 2
Oy = vy (2 =) - e
NoN ‘m3/2 2740 O3/2

ifoda orgali aniglaniladi. Vertikal tebranishlar chastotalari ham Kepler
chastotalariga teng bo’ladi, ammo radial chastotasi esa, ya’ni

Q, = QK{

x (20 +1?)

4Oy ezeErf( )—2\/_87 el

2V
_1[ (\nm (12— 60) — ““’2)

2 (3 12
_ 4efmn (2 i@) (24()5/21f?€49“ (— )

Q

Qp = Qy=Qx .

Ma’lumki, QPO signallarining paydo bo’lishi zarralarning radial va vertical
tebranishlarining fundamental chastotalari bilan bog’liq bo’lib ularning hosil
bo’lishida fazo-vaqt geometriyasi ham ro’li inobatga olish lozim. Ushbu maqgsadda,
biz NC parametrining QPO signalli chastotalariga ta’sirini kuzatuv ma’lumotlari
asosida RP va WD (warped disk-giyshiq disk) modellari doirasida tekshiramiz. Qora
o’ra atrofida hosil bo’lishi mumkin bo’lgan ikki cho’qqili QPOlarning barcha
yuqori va quyi chastotalari orasidagi bog’lanishlar NC parametri kritik qiymati,
Schwarzschild qora o’rasi va spin parametri a=0.1M Kerr qora o’ralari uchun
quyidagi grafikda ko’rsatilgan.
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5-rasm. NC qora o’rasi atrofida hosil bo’luvchi ikki cho’qqili QPOlarning yuqori
va quyi chastotalar diagrammasi NC parametrining ©=0.27M qiymatida.

Grafikdan ko’rish mumkinki har ikala modelda ham NC parametrining ta’sir
faqatgina yuqori chastotalardagina sezilarli, ammo xosil bo’lgan chastotalarning
Schwarzschild limitiga nisbatan eng katta fargi ham 5-10 Hzdan kichik bo’lib u esa
o’lchashlardagi xatoliklardan kichik va yoki tartibida. Shu nuqtai nazardan, NC
parametrining QPO chastotariga ta’siri deyarli yo’q deb hisoblash mumkin. Bundan
tashgani, sonli usuldagi hisoblashlar shuni ko’rsatdiki, NC parametrning kritik
qiymati Kerr qora o’rasining spinini a/M=0.052 qiymatining ta’siricha QPO
chastotalariga gravitatsion effekt ko’rsata oladi. Bunday spinli Kerr qora o’rasi
astrofizik jihatda aylanmaydigan deb hisoblaniladi.

7.0F , —
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6-rasm. NC qora o’rasi atrofidagi QPO orbitalari radiusining NC parametriga
bog’lanishi, yuqgori va quyi chastotalarining turli giymatlari uchun.

Bundan tashqari, sonli usullar yordaminda shuni ko’rsatildiki, NC parametrining

ISCO va QPO orbitalari radiusiga ta’siri ham inobatga olmasa ham bo’ladigan
tartibda kichik, boshgacha aytganda deyarli yo’q.
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7-rasm: Shwarzschild va NC kvant qora o’ralarining soyasi (chapda) va fotonsfera
radiusning NC parametriga bog’lanishi (0’ngda).

Kvanlangan gravitatsiyaning NC modelidagi fazo-vaqtning qora o’ra atrofidagi
foton harakati va qora o’raning soyasiga ta’siri ham o’rganildi. Bunda NC
parameterning nolga yaqin qiymatlarida fotonsfera radiusiga ta’siri deyarli
ko’rinmaydi, ammo kritik qiymatlarga yaqin qiymatlarda fotonsfera biroz kamayadi.
Biroq uning eng kichik giymati ham Schwarzschild qora o’rasi fotonsferasidan 0.8 %
ga kichik. Kuzatuvlarda esa, M87* qora orasi soyasini o’lchashdagi xatolik 7% va
Sgr A* niki esa 4% dan kichikni tashkil giladi, ammo NC parametr qora o’ra soyasi
o’Ichamlarini 2% gagina kichraytira oladi va bu uning ta’sirini kuzatuv ma’lumotlari
orqali ajratib bo’lmasligini ko’rsatadi.

IV bob “Modifikatsiyalangan gravitatsiya nazariyasidagi regulyar va
singulyar qora o‘ralarni farqlashda kvazidavriy tebranish chastotalari orqali
tahlil gilish” deb nomlanadi va bunda QPO kuzatuv ma’lumotlari asosida regulyar
va singulyar qora o’ralarni farqlash ko’rsatilgan.

Ma’lumki, Umumiy nisbirlik nazariyasi doirasi vakuum yechimlar fizik
singulyarlikka ega ya’ni r=0 da fazo-vaqt cheksiz egrilikka ega bo’ladi. Ammo,
gravitatsiyani boshga, jumladan kvant gravitatsiyasi yoki umum nisbiylik
nazariyasida ham nochiziqli elektrodikamika mavjudligida regulyar qora o’ra olish
mumkin. Modifikatsiyalangan gravitatsiya nazariyasi ham Einsteinning umumiy
nisbiylik nazariyasining sklyar-vektor-tenzor maydon, boshgacha aytganda massiv
skalyar va vektor maydon ishtirokidagi modifikatsiyasi bo’lib regulyar shu jumladan
singulyar qora o’ra yechimlarini ham olish mumkin. Bu yechimlar Schwarzcshild
MOG va regulyar MOG qora o’ralari yechimlari deb ataladi. Bu yechimlarning
metrik funksiyalari esa mos ravishda quyidagicha ifodalanadi:

_ . 2M a+1 ala+ )M
f(l) =1- . M273/2 + . ) 2”-3 2
! [1 +ala+1)75 ] ’ [l + oo + l)r—g]

va
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Avvalo, biz qora o’ralar atrofida zarralar harakatini ko’rib chigamiz. Bunda,
zarralarning ekvatorial tekislik uchun effektiv potensial yuqorida ko’rsatilgan
standart Hamilton Jacobi metodi yordamida topiladi va zarraning aylana

orbitalardagi burchak moment va energiyasi quyidagi ko’rinishda ega:

30, In f(r) o2 2f(r)
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8-rasm. Regular va Schwarzchild MOG qora o’ralari atrofidagi zarralarning
energiyasi va burchak momentlarining radial koordinaga bog’lanishi.

Yuqoridagi rasmdan ko’rinib turibdiki, o parametr aylana orbitalargan mos
keluvchi zarra energiyaning minimum qiymatini kamaytiradi, ammo burchak
momentini oshiradi. Ushbu parametrning 0=0.1 qiymatida modifikatsiyalangan
gravitatsiyaning Schwarzschild va regular qora o’ra yechimlarida fazo-vaqt
geometriyasining zarra energiyasi va bunchak momentiga ta’siri deyarli bir hile
ekenini ko’rish mumkin.

Oldingi boblarda ko’rsatilganidek, zarralarning turg’un aylana orbitalardagi Kepler
chastotalar ifodasi quyidagicha topildi:

V(r—aM)(a+ )M

Q?:I - r2
va+ 1vM . . :
Q= (afa +01;[2 +p2)3/2 {02(0 Ao

v+ 1)M? nE
_ Jl+“mt23rpﬂa+1mﬂrﬂ}.

Zarralarning radial tebranishlarini I bobda ko’rsatilgan ifoda yordamida
hisoblaymiz va qora o’ralar atrofidagi ikki cho’qqili QPO larning yuqori va quyi
chastotalariga MOG parametri, ya’ni skalyar-vektor-tensor maydonning ta’sirini
tekshirishda ham RP modeldan foydalanamiz. Shu bilan birga ushbu natijalarni Kerr
qora o’rasi uchun ham nazariy jihatdan tekshiramiz va natijalarni taqqoslaymiz.
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9-rasm. Regular va Schwarschild MOG qora o’raslari atrofida hosil bo’luvchi ikki
cho’qqili QPOlarning yuqori va quyi chastotalar diagrammasi MOG parametrining
a=0.6727 qiymatida. Bunda ikkita grafik ikki hil massali GRS 1915+105 va XTE
1150-564 mikrokvazarlar markazidagi qora o’ralar uchun keltirilgan

Yuqoridagi grafikdan shuni ko’rish mumkinki, o parametrning musbat
qiymatida yuqori va quyi chastotalarning egri chizig’i Schwarzschild qora
o’rasinikiga nisbatan pastga siljiydi. Ammo, Kerr qora o’rasi spinining musbat
giymatlari ushbu egri chizigni yuqoriga siljitadi. Bu shuni anglatadiki, Kerr gora
o’rasining musbat spini va modifikatsilangan gravitatsiyaning manfiy parameterlari
bir biriga o’xshash gravitatsiya hususiyatiga ega va bir hil chastotali QPOlar hosil
qgilishda bu ikki hil qora o’rani kuzatuvlarda bir biridan farqlash muammosi yuzaga
kelishi mumkin.

Buning uchun biz ikkita QPO ob’yektlarining kuzatuv chastotalaridan foydalanamiz.
Bular GRS 1915+105 (~ 12.5 Quyosh massali hamda yuqori va quyi chastotalari
113 val68 Hz) va XTE 1150-564 (~ 9 Quyosh massali, chastotalari 179, 273 Hz)
Kuzatuv ma’lumot natijalari va sonli usullar bilan olib borilgan nazariy hisob
kitoblar shuni ko’rsatdiki, XTE 1150-564 mikrokvazardagi markaziy qora o’ra agar
aylanuvchi Kerr qora o’rasi bo’lsa uning spin parametri ~0.36M va GRS 1915-105
mikrokvazardagi qora o’raniki esa ~0.16M ekanligi ko’rsatildi. Bundan tashqari,
Singular va regular MOG qora o’ralar uchun bu natijalar esa mos holda XTE 1150-
564 ob’yektida MOG parametr -0.33 va -0.48 ga tengligi, va bu giymatlar GRS
1915-105 ob’yekt uchun -0.17 va -0.26 ga tengligi anigladik.

Har ikala ob’yektlardagi QPO chastotalari nisbati 3:2 ga yaqinligini inobatga olsak
ularning orbitalarining quyidagi munosabat orgali aniglanadi:

Bvp(r/M; o) = 2vy(r/M; «)

Eslatib o’tamiz QPO orbitalari deganda, biz zarralar tebranishlarining QPO
modeliga bog’liq bo’lgan holda gandaydir resonans holatlari hisobiga nurlanish
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hosil bo’ladigan orbitani nazarda tutamiz va bu orbitaning zarraning eng ichki stabil
aylana orbitasi bilan taggoslaymiz. Bu bilan biz astrofizik kuzatuvlar yordamida
qora o’ra akkretsiya diskini ichki radiusini unda kuzatilayotgan QPO nurlanishlari
orqali aniglash mumkinligini ham ko’rsatamiz. Ya’ni ushbu orbitalar bir biri
ganchalik yaginligini tekshiramiz.

e : : : : ‘ e = A -
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10-rasm: XTE 1150-564 va GRS 1915-105 mikrokvazarlarida kuzatilgan QPOlar
hosil bo’luvchi orbita radiuslari egallashu mumkin bo’lgan sohalar
modifikatsiyalangan gravitatsiyadagi regulyar va singulyar qora o’ra
modellari uchun keltirilgan.

Biz ushbu rasmda har ikala qora o’ra modellari uchun QPO orbitalari va ISCO
larni orasidagi mumkin bo’lgan masofala turli ranglarda (och-ko’k SMOG va och-
jigar rang RMOG) keltirdik. Rasmdan ko’rish mumkinki, MOG parametrining
kichik qiymatlarida kuzatuvda regular va singular MOG qora o’ralarini farqlab
bo’lmaydi, yani gravitatsiya tabiati bir biriga o’xshash bo’ladi. Bundan shunday
hulosaga kelish mumkinki, MOG parametrining kichikroq giymatlarida singular va
regular qora o’ralarning fazo-vaqtlari tabiati bir biriga o’xshash, ammo MOG
parametrni ortishi bilan ularning hususiyatlari bir biridan farglana boshlaydi.

Xulosa

1. GRS 1905-105 mikrokvazarida QPO ma'lumotlarini tahlil qilish asosida qora o’ra
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massasi va zaryadiga mos keladigan cheklovlar

2. QPO chastotalari tahlili asosida qora o’ra zaryadi Kerr qora o’ra spinini Bardin
modelida a/M=0,2927 gacha va regulyar gora 0’ra modelida a/M=0,7687 gacha
taglid qilishi aniglandi.

3. M87* va Sgr A* supermassiv qora o’ralarning aylanish va zaryad munosabatlari
uchun cheklovlar ularning soyalari o‘lchamidan foydalangan holda olingan.

4. GRS 1915-105 mikrokvazaridagi qora o’ra massasi va QPO orbitalari RP va WD
modellarida topilgan.

5. Modifikatsiyalangan gravitatsiya doirasida singulyar va regular gora o’ralarning
farglovchi xususiyatlari ikki cho’qqili QPOlardan olingan kuzatuv ma'lumotlardan
foydalangan holda ko'rsatilgan.

6. Regulyar MOG qora o’rada XTE1150-564 uchun «=-0,33 va Schwarzschild
MOG qora o’rasida @=-0,48, GRS1915+105 uchun esa Schwarzschild MOG qora
o’rasi @ =-0,17 va regulyar MOG qora o’ra «=-0,26 olindi.

7. Ikki cho'qqi QPO orbitalari qora o’ralar atrofida ISCO dan tashgarida yaqginroq
orbitalarda joylashgan. Agar QPO orbitasi ISCOga mos kelsa, ikkita cho'qqi bir-
biriga tutashib bitta cho’qqi xosil giladi. Ushbu natija astrofizik kuzatuvlarda ISCO
radiusi o'lchash muammosini hal gilishda foydali bo'lishi mumkin.

9. Yuqori va past chastotali QPOlar ISCOga mos holda yagin va uzoq orbitalarda
hosil bo'lishi ko’rsatildi.

10. Non kommutativlik (NC) parametri egizak cho’qqili QPO chastotalariga ta'sir
gilmasligi ko'rsatilgan.

11. Non kommutativ qora o’ralar atrofidagi fotonsfera atrofidagi fazo-vagtida kvant
gravitatsiyasi effektlarining roli deyarli ahamiyatsizligi aniglandi.
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INTRODUCTION (Annotation of DSc dissertation)

Topicality and demand of the theme of dissertation. Mathematical point of view
black holes (BHSs) are solutions of the gravitational field equations. For the first time,
Carl Schwarzschild found a BH solution that has only mass, as a solution of
Einstein's field equation in 1916. From an astrophysical point of view, they are
relativistic compact gravitational astrophysical objects formed at the ending stage of
stellar evolution. They are three types of BHs according to their mass: (a)
supermassive BHs (10°-10%° solar masses), which are located in galactic centers; (b)
medium-mass black holes whose mass 102-10° solar masses), and their distribution
in galaxies is still uncertain; and finally, (c) BHs with masses from 3 to 102 solar
masses are called stellar mass black holes, and they are primarily found in binary
systems. Recent observations of Event Horizon Telescope and GRAVITY
collaborations have been obtained in the shadows of two supermassive black holes
(SMBHSs), M87* and Sgr A* which allowed us to determine their masses and spin
parameters. However, black holes of medium and stellar mass cannot be observed
due to their small angular size. Fortunately, they can be detected mainly by the
radiation luminosity of the accretion disk, in particular, by quasi-periodic oscillation
frequencies. It is possible to get information about spacetime around the BHs and
constraints to their mass, charge, and spin parameters can be determined.

In fact, the BH charge or parameters of alternative and modified gravity (MOG)
theories may provide similar gravitational effects around non-rotating BHs as the
spin of rotating Kerr BHs, which are can reduce decreasing of inner radii of the
photosphere and the accretion disk around the BHs. In this sense, their effects on the
spacetime geometry around the BHs are similar, and these parameters can mimic
each other. Another fact, Einstein's general theory of relativity has been well-tested
in both weak and strong gravitational regimes and confirmed by many astrophysical
observations so far. However, alternative and modified theories of gravity have also
successfully passed through astrophysical tests where GR could not play a role. All
the above-mentioned facts imply that test the theories of gravities and parameters of
BHSs using observational data from astrophysical BHs is one of the most actual and
Important issues in theoretical and observational astrophysics.

In our country, there is also much attention being paid to investigations of the
radiation mechanisms in the accretion disk of BHs as well as optical and energetic
processes around the BHs, and theoretical studies of gravity theories and testing
them based on observational data.

This dissertation work corresponds to the tasks by 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.
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Relevance of the research to the priority areas of science and technology
development of the Republic of Uzbekistan. The dissertation research has been
carried out in accordance with the priority areas of science and technology in the
Republic of Uzbekistan: II. “Power, energy and resource-saving”.

Degree of study of the problem.

Radiation mechanisms in the accretion disk of BHs, in particular, generation of quasi
periodic oscillations (QPOs) and their study within the framework of various gravity
theories have been widely carried out in Europe (L. Rezzolla, M. Abramovich, G.
Torok, P. Bakala, Z. Stucklik, and M. Kolos etc.), in the USA (S. Motta, L. Stella,
M. Vietri, S. Spielberg, W. Wagoner) as well as scientists from developed countries
in the world (S. Kato, J. Fukue (Japan), D. Wang, L. Cheng and M. Zhang (China)).
The theoretical studies of the shadows of BHs in various gravity theories has also
been studied by a number of scientists (Jan Schee, Ali Ovgun, Kimet Jusufi,
Mubasher Jamil, and so on).

In our republic, the theoretical studies on optical and energetic processes around BHs
in various gravity theories have also potentially been studied by B. Ahmedov, A.
Abdujabbarov, F. Atamuratov, B. Toshmatov, S. Shaymatov, A. Abdikamalov etc.

However, in their studies testing gravity theories and obtaining constrains on
parameters of BHs in different theories of gravities based on observational data from
BH shadow and quasi periodic oscillations have not been carried out. Also, the
mimicking effects of BH parameters have not also been widely studied.

Connection of the topic of dissertation with the scientific researches of the
higher educational/research institutions, where the dissertation was carried
out. The dissertation was done in the framework of the scientific projects of Nuclear
Physics Institute, Uzbek Academy of Sciences: F-FA-2021-510 "Investigations of
nuclear matter of neutron stars in modified gravity" (2021-2026).

The aim of the research of the dissertation is testing gravity theories and
constraining BH parameters using QPOs and shadow.

The tasks of the research:

- constraining the BH charge and mass using QPO data;

- to investigate mimicking values in black hole parameters providing the same
value of QPO frequencies;

- to obtain limits of parameters of SMBH M87* and SgrA* using their shadow
size;

- testing quantum gravity effects around BHs using QPO data.

The objects of the research are relativistic compact gravitating objects, BHSs.

The subjects of the research are QPOs from low mass X-ray binaries and shadow
of SMBHs.
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The methods of the research are the mathematical apparatus of GR and numerical
methods of statistics.

The scientific novelty of the research is as follows:

- for the first time, constraints on the BH parameters (mass and charge) have
been obtained using QPO data;

- for the first time, it is shown that BH charge can mimic the spin of rotating
Kerr BH providing the same values of upper and lower frequencies in twin-peak
QPOs;

- for the first time, constraints on spin and charge parameters of BHs in 4D
Einstein Gauss-Bonnet gravity have also been obtained using image size of M87*
and Sgr A*;

- for the first time, it is shown that quantum gravity effects on QPOs around a
NCi BH and its shadow are negligible;

- for the first time, a way to distinguish singular and regular BHs in MOG using
QPO studies is formulated;

- for the first time, it is shown that innermost stable circular orbits (ISCO)
radius around BHSs can be estimated by QPO orbits.

Practical results of the research are as follows:

- for the first time, constraints for mass and charge of the BH in the microquasar
GRS 1915-105 are obtained using observational data from twin peak QPOs;

- a new approach to determining ISCO radius around BHs have been developed
using twin peak QPO frequencies;

- for the first time, constraints for the MOG parameter of Schwarzschild MOG
and regular MOG BHs using observational data from QPOs GRS 1915-105 and XTE
1550-564 are obtained.

Reliability of the research results is provided by the following:

- modern methods of general relativity and the theoretical physics and highly
effective numerical methods and algorithms are used,;

- careful check of consistency of the received theoretical results with
observational data and results of other authors is performed;

- conclusions are well consistent with the main provisions of the field theory of
gravitational compact objects.

The scientific and practical significance of the research are:

- the obtained constraints for the parameters of BHs may allow getting
information about the gravitational feature of the spacetime around the BHs, and it
Is possible to determine which gravitational effect plays dominant role;

- the obtained results may help to determine the parameters of stellar mass
black holes and the space-time features around them based on observational data
from QPOs and shadows of supermassive black holes, as well as the observation of
QPOs and black hole accretion made it possible to explain the physical mechanisms
in the accretion disc;
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- the obtained results can be useful in determining the identifications of singular
and regular BHs in modified and quantum theories of gravity.

Applications of the research results

The results of the study of the QPOs from the BHs and shadow of the BHs in various

gravity theories have been applied as follows:

- the formalism of determining the masses and charges of BHs based on
observational data from QPOs have been used by a number of authors in the
investigations of spacetime properties around BHs as well as gravitational
models (The Astrophysical Journal Vol.935,91, (2022), Progress of Physics, Vol.
70, issue 9-10, 2200053, (2022), Journal of Cosmology and Astroparticle
Physics, Volume 09, id 061, (2022), European Physics Journal C, Volume 82, id
636 (2022), Progress of Physics, Volume70, Issue 9-10, id 2200053, (2022),
Universe Volume 8, issue 3, id 182 (2022)). The results have been provided to
make possible analyses in various models of dark matter around BHs based on
observational data of BHs;

- In obtaining constraints for the BH parameters using analyses of data from
SMBH images have been used by a number of authors in the analysis of various
gravity models and spacetime features nearby BHs based on the observational
data from their shadows (Chinese Journal of Physics Vol. 78, pp.141-154, (2022),
Annals of Physics VVol.441, 168892,(2022), Universe, Volume 8, issue 10, id 536
(2022), Physics, Volume 4, issue 4, pp.1318-1330 (2022), European Physics
Journal C, Volume 82, id 831 (2022), Annals of Physics, Volume 441, id 168892
(2022)). The obtained results were used in the analysis of photon orbits and their
shadows around rotating charged black holes;

Approbation of the research results

The results of the dissertation have been discussed in 2 international and 1 local
conferences, and regular weekly Uzbek-Kazakh seminars on theoretical physics and
astrophysics.

Publication of the research results
more than 20 scientific publications have been made on research results, 16 of them
are research papers in refereed journals.

The volume and structure of the dissertation
The dissertation consists of an introduction, four chapters, a conclusion, and a list of
references all in 117 pages.

MAIN CONTENT OF THE DISSERTATION

In the introduction topicality and significance of the dissertation are
outlined, aims and tasks are defined, scientific novelty and practical results are
shown and their theoretical and practical importance is discussed.
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Chapter I entitled ‘Constraining black hole charges using data from QPOs’
IS dedicated to studying the motion of test particles around charged BHs and their
small oscillations along stable circular orbits to apply them to QPO frequencies, and
determining the masses and charges of BHs based on observational data from QPOs.
The spacetime metric around charged non-rotating BHs can be described as
ds?=f(r)dt? +dr? / f(r)+r? d6? +r> Sin?0 dp?>  (1.1)
where f(r) is the lapse function where Y?=1+ Q?/r?> , Q and M are the charge and
mass of the BH, respectively.

Charged non-rotating BH f(r)
Reissner-Nordstrom (RN) BH 1-2M/r +Q?/r?
Bardeen BH 1-2M/r Y3

Ayon-Beato-Garcia (ABG) BH 1-2M/r Y3+Q?/r? Y4

Regular BH (RBH1) 1-2M/r Exp(-Q?/(-2Mr))

Regular BH (RBH2) 1-2M/r (1+Q/r)"
Table 1: The metric function of charged BHs.

The extreme charge that BHs can have and the minimum value of the event
horizon can be obtained using f{r)=f"(r)=0 are found as follows:

charged non-rotating BH Qext/M (rn)min/M
Reissner-Nordstrom (RN) BH 1 1

Bardeen BH 0.7698 1.08866
Ayon-Beato-Garcia (ABG) BH 0.634181 1.00504
Regular BH (RBH1) 1.21306 0.735759
Regular BH (RBH2)(n=3) 0.296296 0.592593
Regular BH (RBH3) (n=4) 0.210937 0.632812

Table 2: Extreme value of BH charge and minimum value of event horizon radius.

We use, in order to describe the test particle's motion the Lagrangian density

LB
2Lp =Mmg XX .

The energy and angular momentum of the particle can be defined by the Euler-
Lagrange equation gt =—¢& g¢d>¢ =L .
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In this case, the effective potentlal for the radial motion of the particles was found
as follows: = f(r(1 + _)

In fact, the condltlon Vs=¢ and Veff' = 0 must be satisfied and, the energy
and angular momenta of the particles _
2 _ _ 2’ and ;2 _ _ rf()
T 2f)-rf'() 2f(r)=rf'(r)

For the stability of circular orbits, the condition Veff >0 must be satisfied, and
the radius of the internally stable circular orbit (ISCO) is defined as the solution

of the following equation:
fry@r L5 =3) = rf'(r) = 0.

Angular velocity (o, = d¢/dt ) in circular orbits of particles, i.e. Kepler

frequencies, takes the form in the spacetime (1): q =.[LD
2r

It is known that the small deviation of particles around stable circular orbits causes
them to generate small oscillations in vertical and radial directions around these
stable orbits. Expressions for the frequencies of oscillations in these directions in a
spherically symmetric space-time have the following simplified form:

- \/(3 L) - 2rf' (), 0y =0, =0,

In order tO express these fundamental frequencies in Hz, we multlply them by
c /ZnGM (where c is the speed of light in vacuum and G is the gravitational
constant). In most models, the mechanism of QPOs can be explained by easily
fundamental frequencies.

For example, according to the relativistic precession (RP) model, the upper
frequency of the twin-peaked QPO is explained as Kepler's frequency, and the
lower frequency is explained as the difference between the vertical and radial
frequencies. The set of all possible values of the upper and lower frequencies of
QPOs is mathematically found in the interval from the radial coordinate ISCO
to infinity. The above figure shows possible values for lower and higher
frequencies of QPOs around charged black holes. It can be seen from the graph
that, for example, the frequency values that can be generated around the
Bardeen black circle lie between the blue and gray lines. The QPO source
identified outside of it cannot be the Bardeen black hole. See a similar analysis
for other charged black holes possible
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Figure 1: Relationships of upper and lower frequencies of twin peak QPOs around
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be the central BH in a QPO source. In fact, the BH charge should not exceed its
critical value defined above. In order to compare the gravitational effects of the
charge and spin parameters, we also presented such mimickers for the Kerr BH with
a spin of 0.8 through the black curve output. This means that the BH charge can
affect the Kerr BH spin up to a certain value, depending on its model. For further
analysis, we choose as an example the QPO object in the microquasar GRS 1915-
105 with frequencies of 168 £ 5 Hz and 113 + 3 Hz, and one may get relationships
between QPO radius and BH charge using the following system of equations:
v,(M;1,Q) = VU"b & v, (M;r,Q) = vL"b The figure above shows the QPO orbit

radius related to the central BH charge. Figure 2: Radius of QPO orbits around BHs
as a function of the BH charge.
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Firstly, it should be noted that this orbit is located far from its ISCO at radius
Q=0, that is, in the case of a Schwarzschild black hole.

However, the distance between ISCO and QPO orbits may take a closer value
to the errors in observations. As the charge of the BH increases, the radii of the QPO
and the ISCO decrease, including their distance, which remains within the order of
the specified error in observations of QPOs, thus measuring the inner boundary of
the ISCO, i.e. the accretion disk, around the BHs. We can show that it is possible.
Now, we use the QPO observational data from the microquasar GRS 1915-105 to
estimate the mass and fraction of the central black hole. In this case, using the
Bayesian approximation of the 2 methods of taking the errors into account, we get
the results with the accuracy of errors 16, 26, and 36 as follows.

18 BN BH 1 E;BG Bllg[ ' Bardeen BH |
GRS J1305-105 GRS J1905-105 GRS J1905-105
16 16F 16F
14 14f 14f
M M M
M, M, M,
12 12r 12r
@ Best fit value @ GBestfitvalue @ Bestfit value
10 @ 20 10 @ 20 100 @ 20
® Zo ® 3o 8 3o
Rayimbaev et al [TMPD.31 (11).2240004{2022) Rayimbaev et al ITMPD.31 (11),.2240004(202% Rayimbaev et al IMPD 31 (11),2240004{2022)
06 08 10 12 14 16 18 20 04 06 08 10 12 14 16 18 0.5 1.0 15 20 25
QM QM QM
18F Iom T T 1 18F T T Sz 18F T T T T T
GRS J1905-105 GRS J1905-105 EBH3 GRS J1905-105
16 16r 16r
14+ 14+
14
M M 12 M 12
My 12 My M;
10F 10+
10 @ Best fit value @ Bestfitvalue @ Best fit value
st - st )
® 2o ® 2o ® o
gl @ 3o 1 ® o ® o
Rayimbaev et al TMPD 31 [11‘_3340004(3032) 6 Rayimbaev et al ITMPD,31 (11).2240004(2022) 6l Rayimbaev et al. IMPD.31 (11),2240004(2022)
0.5 1.0 L5 20 25 0.0 0.5 1.0 15 0.0 0:2 0.4 0.6 [i % 1.0

Figure 3: Constraints on mass émd charge of BH in the mikroquasar GRS J1905-
105 obtained using x’method for the error bars 1o, 26 va 3c.

The most accurate value ("Best fit value™) in the graphs is found by minimizing all
parameters according to the approximation rule, and they have the following value:
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BHs M /Mg Q/Ms | Q/M
RN BH 12237002 | 1.647007 | 013
Bardeen BH | 13.25700% | 1.93700s | 0.15
ABG BH | 12567008 | 1.3175007 | 0.104
RBH1 11197006 | 2.257008 0.2
RBH2 10.067502 [ 1.034+0.05 | 0.102
RBH3 10927005 | 0657008 | 0.06

Table 3: Best fit values of mass and charge of the charged BHs, and their ratio.

It is seen from the table that charge to mass ratio of the BH in the microquasar
GRS 1915-105 is about 0.1. It implies that astrophysical BHs can not accumulate
too much charge or the effects of the BH charge on the upper and lower frequencies
of QPOs is not as strong as the BH mass.

If we calculate the same calculations for the extremely charged state, and the
gravitational effect of this amount of charge on the space-time of the black hole, we
carried out the spin parameter values of the Kerr black hole, which can give such a
gravitational effect, and we obtained the values in the table below.

Extreme charged BHs M/Mo a/M
RN BH 17.0079+0.5217 ~0.4884
Bardeen BH 13.9495%+04698 | ~(.2927

Ayon-Beato-Garcia (ABG) BH | 15.3169+04698 ~0.3919

RBH 1 21.1479%%¢847 | ~0.6671
RBH 2 (n=3) 19.999410.6135 | ~0.7687
RBH 3 (n=4) 23.6358 *0.7250 | ~(.7392

Table 4: Mass constraints of extreme charged BHs and mimicking values of
the spin of rotating Kerr BH.

Chapter 11 is entitled "Observational Constraints on the Spins and Charges
of the Charged M87 and Sagittarius A* supermassive Black Holes" and in this
chapter observational data from the sizes of black hole shadows on the basis of which
the connections between their spin and charge parameters were determined at
different values of Gauss-Bonnet and AdS parameters.
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Glavan and Lin were the first to propose a general modified gravity for the four-
dimensional situation in which massless gravitons propagate. They developed the
static and spherically symmetric BH solution by varying the GB coupling parameter
as d — d/(d — 4) and then taking the limit d — 4. So, taking dimension d = 4, the
GB term is gravitational dynamics. As a result, it leads to the discovery of nontrivial
static and spherically symmetric solutions of BH. Such a BH GB provides a
convenient platform for probing the nature of gravity. In spherical coordinates, its
metric is written as:

ds’ =— f(r)dt’ + 1/f(r)dr" + 1 d8" + r'Sin"0dd"

here 2 oM 2 1
f)=1+411 —\/1 +4Y(T—f—4——z]

From this metric, using the Newman Janis algorithm, we obtain the solution of the
rotating charged black hole in the EGB theory in the new AdS space in the
following form:

where o = ¢* + %1 + F())vap =7 +a’Cos'0 We study the motion of
photons in this rotating space-time using the following Hamilton-Jacobi equation:
OH | 1 guv dH_0H _ 0
at 2 ax" ax’ '
Here we write the Hamiltonian function H with respect to the conserved quantities
2
B H=H() - Et+Ld +H(6) +5mT.

The conservation of momentum for a photon is integral: its energy and momentum

are defined as follows: * and !
_E/m = g, _L/m = 9, *

From the above H-J equation, we determine the equations of motion for the photon
and the effective potential for the equatorial plane as follows:

V() = A[E -~ @ + ] = [~ at + (@ + 1))

n= K/£2 and & = L/e.
The orbits of photons to be stable the following condition have to be satisfied:

Where

vV = r 0. From the condition and effective potential for
eff( Ph) Eff( )
photon motion, we can get equations for the BH shadow in the form:
L, 2 2
= ArA-A(ta) oo B r’[16A(a” —A)Z za " 18rAA]
al a A

The radius of the BH shadow defines by the equation g hz = o + p° Recent

observations of images of supermassive BHs M87* (by EHT Collab. 2019) and Sgr

A* (GRAVITY Collab. 2022) have been obtained with the angular sizes 4243 pas

and 51.842.3 pas, respectively. One may determine normalized values of charge and
its spin parameter of the supermassive BHs using observational data from the
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angular sizes of their images and their distances. Below, we analyzed the mean
values of the shadow size to estimate the relationship between the spin parameter
and BH charges. In fact, the shape of the BH shadow strongly depends on the
position of the distance observer. In other words, the shape can be affected by
inclination angle between rotation axes of the BH and the direction of the distance
observer. However, numerical calculations show that the size of the BH shadow is
less sensitive with respect to the variation of the inclination angle. Therefore, we
have considered simply that the observer is located at the equatorial plane and the
rotation axe of the BH and radial direction are perpendicular each other.
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Figure 4: Spin and cﬁgrge constraints of SMBHs M87* (Ieft’b'anel) and Sgr A*
(right panel) in 4D EGB gravity for the different values of GB parameter.

In this figure, the relationships between charge and spin parameters of SMBHSs
M87* (left panel) and Sgr A* (right panel) for the positive (red), negative (blue),
and zero (GR) values of the GB parameter are shown. It is seen from the figure that
as the BH charge increases, the spin parameters decrease for the constant value of
the shadow size. Moreover, the positive GB parameter decreases the gravitational
effect of the spin parameter, while a negative GB parameter increases it. The values
of the spin of the BHs as Q=0 confirm by the values obtained in other astronomical
observations, which are a~0.9M for M87* BH and a~0.44M for Sgr A* BH.

In Chapter 111 entitled "Testing effects of quantum non-commuatative black
holes on QPOs and shadow size" we test the effect of quantum non-commutative
gravity on the frequencies of QPOs.

A non-point like BH static solution in NC gravity was first obtained by replacing the
mass function from the delta Dirac function to the Gaussian-like distribution
function as: 2
M —-r /40
p(?‘) - (411@)3/2
where @ - is the non-commutativity parameter. The geometry of the spacetime
around the static NCi BH can be described by
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aM .3 7
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With . r'/40
—h
Y(o5e) = +heTdn.
0
is the lower incomplete gamma function.

In fact, NCi BHs are regular ones. The zeros of the metric function define the
horizon around the BH, and its first derivative allows us to obtain the critical NC
parameter and the minimum radius of the horizon: ¢ .0.2765M2 and r,,,,, =
1.5873 M.

Furthermore, we study the motion of particles around the NC BH and their radial,

orbital, and vertical oscillations along static orbits as described in Chapter 1. The
angular velocities of particles in Kepler orbits

VM 4:(3 7-) r3 e

) - _ -~ 18
RN NI 216) et ¢

The frequencies of the vertical and azimuthal oscillations are equal to the
Keplerian frequencies, but the radial frequency

Q = QK{

(20 +r?)

5 rQ T
47Oz e26 Erf
' (2\/(:)
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It is known that the generation of QPO signals around BHs is related to
oscillations of particles, and the oscillations reflect the effects of spacetime geometry.
We also investigate the effect of the NC parameter on the QPO signal frequencies
using observational data using the RP and WD (warped disk) models (since these
models are more appropriate in non-rotating spherically symmetric spacetime). The
effect of the NC parameter on the upper and lower frequencies is shown in the graph
below
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Figure 5: Relationships between upper and lower frequencies of twin peak QPOs
around Schwazschild BH, NCi BH with critic NC parameter and Kerr
BH with the spin a=0.1 M.
It is seen from the figure that in both models the effect of the NC parameter
Is visible only at high frequencies, however the difference of frequencies with
compare to the Schwarzschild limit is less than 5-10 Hz, and it is in the order of the
measurement error. From this point of view, one may conclude that the effect of the
NC parameter on the QPO frequencies is almost negligible. In addition, our
numerical calculations have shown that the critical value of the NC parameter can
provide the same gravitational effect on QPO frequencies as a Kerr BH with the spin
a/M=0.052 which is astrophysical non-rotating.
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Figure 6: r-® dependence for the RP (left panel) and WD (right panel) models with
the comparison of ISCO radius.

In addition, the influence of the NC parameter on the ISCO and QPO orbits is
negligible or non-existent.
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Figure 7: Shadow of Schwarzscild BH and NCi BH with critic parameter (left
panel) and the dependence of photonsphere radius on the NC parameter.

The effect of quantum non-commutative gravity on photon motion around the
NC i BHs and the shadow of the BH have also been studied. In this case, the
influence of the NC parameter on the radius of the photosphere is almost invisible
at values close to zero, but at values close to critical values, the photosphere slightly
decreases, less than 0.8%. Observationally, the error in measurements of the shadow
of the BH M87* is about 7%, and it is in Sgr A* case about 4%, however, the effects
of the NC parameter may change the size of the BH shadow up to 2%. From this
point of view, the effects of NC parameter on BH shadow are also negligible.

Chapter IV is entitled "Distinguishing Regular and Singular Black Holes

in Modified Gravitational Theory Using Quasi-periodic Oscillations", and in this,
we consider the distinction between regular and singular black holes based on QPO
observational data.
It is known that vacuum solutions in general relativity have a singularity, which
implies infinite curvature in the spacetime at r=0. However, regular BH solution can
be obtained in quantum gravity, nonlinear electrodynamics coupled to general
relativity, and scalar-vector-tensor fields (scalar and massive vector fields). The
metric functions of Schwarzcschild MOG and regular MOG BHs:

20M a+1 L ola+t 1)
o 1273/2 . oy M272
! [1 + a(a+ 1)‘11;2]3‘ﬂ [l + oo+ l)%]

and
2(- ! (] V) M2
Fr)=1— 2(1 +..r_1) 1 N al(l jtzn) \
Firstly, we consider the motion of particles around the BHs. In this case, the
effective potential of the particles at the equatorial plane is derived using the above-
mentioned Hamilton Jacobi method. The angular momentum and energy of the

particle in circular orbits have the following form:
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Figure 8: Specific energy and angular momentum for the circular motion of test
particles around SMOG and RMOG BHs as functions of the radial coordinate.

The figure shows the radial dependence of the specific energy (left panel) and
angular momentum (right panel) of test particles around regular and Schwarzschild
BHs in MOG. One can see from the figure that the minimum energy in MOG slightly
decreases, while the angular momentum increases and shifts outward of the central
BH.

Expression for oscillations of particles in stable circular orbits

\/(?' —aM)(a+ 1)M

O = =
i Vo H- ]_\/ M ‘ ] . ‘
QF = (oo - DA £ 12 o (o 4+ 1)M? — aMr?

r2

_ \/1 + u? [2a (e + 1) M? — 7] } )

One can calculate frequencies of radial oscillations using the expression for the
frequency shown in the first chapter. Due to the long form of the expression we will
analyze the QPOs graphically.

Here also use the RP model in the investigation of the influence of the MOG field
or in other words the scalar-vector-tensor field, on the upper and lower frequencies
of twin-peaked QPOs around the MOG BHs. While, we have compared all the
obtained results with results that obtained in the Kerr BH as shown in below figure.
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Figure 9: Upper and lower frequency diagram for twin peak QPOs around BHs
in microquasars GRS 1915+105 and XTE 1150-564 with the masses
12.5 Mo and 9Mo respectively.

It is seen from the figure that the positive values of a parameter shifts the frequency
curve down with compare to the Schwarschild case, while it is rotating Kerr BHs at
positive spin parameter the curve shifts up. It implies that the positive values of spin
and negative values of MOG parameter show similar gravitational effects on the
spacetime around the BHs in providing the same upper and lower frequencies.
Here, we use the observed two QPO objects: mikroquasar GRS 1915+105 (mass
~12.5 solar masses, and upper and lower frequencies of 113 and 168 Hz) and XTE
1150-564 (9 solar masses, frequencies 179, 273 Hz). The theoretical calculations
using numerical methods and observational data by assuming the central BH in the
microquasar XTE 1150-564 is a rotating Kerr BH, have shown that the spin
parameter is ~0.36M and while it is for the BH in GRS 1915-105, a~0.16M.
Moreover, these results for singular and regular MOG BHs have shown that the
MOG parameter is ~ -0.33 and -0.48 for XTE 1150-564, respectively, while it is ~ -
0.17 and -0.26 for GRS 1915-105. In fact, the ratio of upper and lower frequencies
in the QPO objects is approximately 3:2. Therefor one may determine QPO orbits
by the following relationship:

3vp(r/M; o) = 2uy(r/M; «)
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Figure 9: The range Bf orbits of twin peak QPOs called GRS J1915+105 and XTE
1550-564 shine around SMOG (light-blue area) and RMOG (light-orange area) BHs.

The ranges of radii of orbits where the object GRS J1915+105 and XTE 1550-
564 are located around RMOG and SMOG BHs are located in light-blue and light-
orange areas, respectively. One can see from the figure that at small MOG
parameters the possible orbits of GRS J1915+105 and XTE 1550-564 take place
across each other, and RMOG and SMOG BHs can not be distinguished. As the
MOG parameter increase, the range of the orbits becomes larger and separable.

Conclusion
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Following conclusions have been obtained based on the results of the research for
DSc dissertation “Constraining parameters of astrophysical black holes in various
gravity theories based on observational data”:

1. Self-consistent constraints on the BH mass and charge based on data analysis
from QPO in the microquasar GRS 1905-105

2. It is found that the BH charge can mimic the spin of the Kerr BH up to
a/M=0.2927 in the Bardeen model and to a/M=0.7687 in the RBH1 one based on the
analysis of QPO frequencies.

3. Constraints for the relationships of spin and charge of supermassive black
holes M87* and Sgr A* have been obtained using their image size

4, The BH mass in the microquasar GRS 1915-105 and QPO orbits are found
in the RP & WD models.

5. The distinguishing features of Schwarzschild and regular BHs in MOG are
shown using data from twin peak QPOs.

6. It is obtained that a=-0.33 for XTE 1150-564 in the RMOG BH or a =-0.48
in SMOG one, while it 1s for GRS 1915+105 (SMOG BH a =-0.17 or RMOG BH «a
=-0.26).

7. Twin peak QPO orbits locates out of ISCO around BHs, and when QPO orbit
matches with ISCO the two peaks coincide with each other.

8. This assumption may be helpful in solving the ISCO measurement problems
in

astrophysical observations

Q. High (low) frequency QPOs generate at the orbits near to (far from) 1ISCO.
10.  Itis shown that the NC parameter does not affect the frequencies of twin peak
QPOs.

11. The role of quantum effects in the region around photonsphere around NCi BHs
Is negligible.
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BBE/IEHUE (anHOTAUMS AUCCEPTALMU JOKTOPA (PU3MKO-MATEMATHYECKHUX
Hayk DSc)

AKTYaJIbHOCTb U BOCTPEOOBAHHOCTDH TeMbI JUCCEPTALMH.

C MareMaTHuecKod TOYKM 3peHus 4epHble IbIpbl (Y1) ABIAIOTCA pelIeHHSIMU
ypaBHEHUH rpaBUTAlIMOHHOTO 1oss. Briepsbeie Kapun [lBapimmnsa Hamen pemenne
YJl, umeromee TOJBKO MacCy, KaK TOYHOE DEIICHWE BAKYyMHBIX YpPaBHEHUU
rpaBUTAIlMOHHOTO Toyst DHImTeHa B 1916 roxy. C actpodusnueckoil TOYKHU
3pEHHUs, 3TU PEISATUBUCTCKUE KOMITAKTHBbIE TpaBUTALMOHHBIE acTpOdU3UUECKUE
00BEKTHl 00Pa30BAIKCh HA 3aBEpIIAIONICH cTaauu 3Be31HOM sBomtonuu. [To macce
nmerorcs Tpu Tuma YJ1: (a) ceepxmaccusabie YJI (10°-101° mace Connua), KoTophle
pacnoJioKeHbl B IEHTpax rajakTuk; (0) 4epHble ABIPHI CPEIHEW Macchl, Macca
koTopbix 10%-10° macc ConHua) U MX pachpeleleHye B raJakTHKax A0 CHX IOp
ocTaeTcs HeOoIpeleNeHHbIM; M, HakoHel, (B) YJ[ ¢ maccamu ot 3 mo 102 macc
ConHiia, KOTOpbIE Ha3bIBAIOTCA YEPHBIMU JIBIPAMH 3BE3/THOM MACChl, U, B OCHOBHOM,
BCTpEYaroTCs B JBOMHBIX cucTeMmax. HenaBHue HaOmroneHHs KoJutabopaiusMu
Teneckon ropuszonta coosituii (Event Horizon Telescope) u GRAVITY npusenu k
OOHaApYKEHHUIO TE€HEH JBYX CBEPXMACCHUBHBIX YEpHBIX NbIp, M87* u Sgr A*, uro
MO3BOJIMJIO OLEHUTh MX MAcChl U MmapaMeTpsl BpameHua. OHaKo, U300paxeHus
YEpHBIX JbIP CPEAHEN U 3BE3THOM MacChl HE MOT'YT HAOJIIOJAThCS U3-3a UX MAJIOIro
yrinoBoro pasmepa. K cuacTeio, MX MOXHO OOHapyXuTb, B OCHOBHOM, IIO
CBETUMOCTH H3JIy4EHHUS aKKPELUMOHHOIO JHMCKA, B YACTHOCTH, IO YacTOTaM
KBAa3UIEPUOJANYECKUX KOJeOaHUM, YTO MO3BOJSET MOJYyYUTh HH(POpPMALHMIO O
IPOCTPaHCTBE-BpeMEHN BOKpYr U/[ M omnpenennTs OrpaHUYEHUs HA MX Maccy,
3apsij, CIIUH U Ipyrue acTpopu3nvecKue napamMmeTpsl.

Ha camowm nene, 3aps Y/l u mapameTpsl allbTepHATUBHBIX U MOAUGDUIIMPOBAHHBIX
TEOpUil rPaBUTALIMY MOTYT PUBECTH K HOBBIM T'PaBUTAMOHHBIM 3P dEeKTaM BOKPYT
YJI, ananornyHo 3pdexty napamerpa BpameHus YJ[ Keppa, KoTopblil yMeHbIIaeT
panuyc ¢poToHChEphl U BHYTPEHHEH rpaHuULIbl akKKpPEIMOHHOTO Aucka Bokpyr Y/I. B
ATOM CMBICIIE UX BIUSHHUE HAa T€OMETPHIO MPOCTPAHCTBA-BpEeMEHH BOKpYr YJ[
MPaKTUYECKH HEpPa3IMYMMO, U TapameTpbl MOTYT MMUTHUPOBATh JIPYyr JApyra.
Hpyro#t dakt 3akio4yaeTcs B TOM, YTO OOIIass TEOpHUsT OTHOCUTEIBLHOCTH
OiHIITetHA ObLJIa XOPOIIO MPOBEPEHa B peKUMaXxX CIa00M U CHIIBHOM rpaBUTALINU
U TOJATBEp)KJIEHA MHOTUMH acTpou3ndeckumMu mnporeccamu. OJHAKO, MHOTHE
albTepHATUBHBIE U MOJU(UIMPOBAHHBIE TEOPUHM TPABUTALMU TAKXKE YCIEIIHO
OpoIUIM acTpodusnueckre npoBepku, B KoTopsix OTO He Moriio ceirpath poiib. 13
BCErO BBIIIECHU3JIOKEHHOTO CIIEAYET, YTO OJHOW M3 HauboJiee aKTyaJbHBIX 3aj]ad
TEOPETUUECKON acTpOPU3UKHU SBISIETCS TMPOBEPKAa TEOpUH TpaBUTALMU U
napameTpoB UJ[ mo HabmromaTeTbHBIM TaHHBIM acTpodusndeckux YJI.

B Hameil ctpane Takxe yzensieTcss 00JbIIOe BHUMAHHE M3YyYEHHIO MEXaHH3MOB
U3ITyYEHHUSI B AaKKPEMOHHOM Jucke Y/, onTuuecKuX u S3HEPreTHYeCKUX MpOoIeCCOB
BOKpyr Y/I, TeopeTnueckoMy M3y4EHUIO TPABUTALMOHHBIX TEOPUH U UX IPOBEPKE
Ha OCHOBE JAaHHBIX HAOJIOAEHUN.

Jannas nuccepranMoHHas paboTa COOTBECTCTBYET 3ajadyaM, YTBEP>KIECHHBIM B
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roCy/lapCTBEHHBIX HOPMAaTHBHBIX JOKyMEHTax: YKase mpe3ujieHTa PecnyOnuku
V30ekuctan Ne VII-4947 “O Crparerun AeicTBUH MO JaidbHEHIIEMY Pa3BUTHUIO
PecriyOmmmku Y36exuctan” ot 7 ¢gespanst 2017 rona, [Toctanosnennn [Ipesunenta
PecniyOnmukun  Y30ekuctan Ne [III1-2789 «O wmepax 1o JanbHEHmemy
COBepIIeHCTBOBaHMIO  Akajgemun  Hayk, opraHuszanuu, yOpaBi€HUS H
(uHaAHCHPOBaHMS HAYYHO-HCCIIEA0BATENbCKOM AesaTeabHocT» oT 18.02.2017 rona.

CooTBeTcTBHE  MCCJAEI0OBAHUS  NPUOPUTETHBIM  00JACTAM  HAY4HO-
TeXHH4YeCKoro pa3sutus Pecnybauku Y30ekucras.

JluccepTalluOHHOE MCCIIEIOBAaHUE BBITIOJIHEHO B COOTBETCTBUU C MPUOPUTETHBIM
HaIlpaBJICHUEM pPa3BUTHUS HAayKu W TexHoyioruid B Pecnybnuke Y306ekuctan |l.
“OHepreTHKa, JHEpro- U pecypcocoepexeHue”.

CreneHb U3Y4e€HHOCTH NMPOOIEMBbI

MexaHu3mbl U3IIy4EeHHUS] B aKKpPEUUOHHOM aucke YJ[, B 4acTHOCTH, reHepanus
kBazunepuoandeckux kojedanuii (KIIK) m ux m3zydeHue B paMKax pas3IMYHBIX
TEOpU rpaBUTalMU MKUPOKo TmpoBoawiuck B EBpome (JI. Pemmonna, M.
AoGpamoBuy, I'. Topok , I1. bakana, 3. Cryxnuk, M. Konom u ap.), 8 CIIA (C.
Mortra, JI. Ctemna, M. Buerpu, C. Cnunbepr, B. Baronep), a Takke yueHble U3
pazButhbix ctpad B mupe (C. Kato, JIxx. ®ykys (Anonus), . Ban, JI. YUenr u M.
Wxan (Kurait)).

Teopernueckue uccnenoBanus TeHerd YJ1 B pa3IMuHbIX TEOPUSX TPABUTALINH TAKKE
npoBowIHCh psiioM yueHsix (SAH llle, Anmu OBryn, Kumer xycydu, Mybaiep
Jl>xamuib u 1ip.).

B Hameil pecrmyOlinKe TEOPETUYECKHMMH HCCIEIOBAHUSIMU ONTHYECKUX U
HHEPreTUYECKHUX MPOUECCOB BOKPYT Y/[ B pa3iuyHbIX TEOPUAX I'PABUTALMU TAKKE
MOTEHIMANbHO 3aHuMaIuCch b. Axmenos, A. AOayxxa0b6apos, @. Atamyparos, b.
Tommatos, C. IllaiimaToB, A. AOauKaManoB U Jp.

OpHako, B OTMEUYEHHBIX MCCIEIOBAHUAX MPOBEpPKA TEOPUM TpaBUTALMH U
ITOJIyYE€HHE OTpaHMYEHU Ha mapameTpsl YJ[ B TEOpHsX rpaBUTALMU IO JAHHBIM
HaOmoaeHnit TteHel YJ| u KBazunepmoanuecKUX KoieOaHWl HE MPOBOJMIIUCE.
Kpome Toro, umutupyromre 3pPexTsl pa3znnyHbix napameTpoB Y/l Taxxe He ObUTH
HIMPOKO U3YUYEHBI.

CBsi3b TEMBI IUCCEPTAIHY C HAYYHO-HCCJIEI0BATEILCKUMHI Pa00TAMH HAYYHO-
HCCJIeI0BATEIHCKOT0 YUPeKIeHUs1, Ile BbINOJHEHA IUCCePTALHSA
Jlucceprauusi BBINOJIHEHA B paMKax HAay4yHbIX MPOEKTOB HMHcTtuTyTa snepHOU
¢usuku AH PY3: ©@-DA-2021-510 «MccnenoBanus siiepHO MaTepuu HEUTPOHHBIX
3Be3/1 B MOAUGUITMPOBaHHOU rpaBuTarum» (2021-2026 rr.).

Ieabio uccaeq0BaHMsl SBISIETCS MPOBEPKA TEOPHUM TPABUTAIMU M OTPaHUYEHUE
napametpoB Y/[ ¢ ucnonp3oBannem KIIK u teneit Y/I.

3aaa4M UCCIACTOBAHNSA:

48



- HccnenoBarh HMMHUTHPYIOIIME 3HAYEHUs IApaMETPOB  YEPHBIX  JIBID,
oOecneuynBaroIne oguHakoBble 3HaueHUs 9acToT KIIK;

- MOJIYYUTh TIpenesbHbIe 3HaueHus mapamerpoB CMYJL M87* u SgrA* mo
pa3mepy UX TEHEW;

- npoBepka d(HPEeKTOB KBAHTOBOM rpaBUTAIiMK BOKpyr Y/[ ¢ ucmosb3oBanuem
nanubix KIIK.

O0BbexkTOM HCCJIeA0BaHNA SABJIIOTCA PCIIATUBUCTCKHUC KOMIIaKTHBIC
I'PaBUTAIMOHHELIC OOBEKTEHI - YCPHBIC OBIPHI.

HpeI[MeTOM HCCJaeJ0BaHUA ABJIICTCA KIIK oT MamoMacCHUBHBIX PCHTICHOBCKHX
HBOﬁHBIX CHUCTEM U TCHH CBECPXMACCHUBHBIX YCEPHBIX IBIP.

MeToaamu muccaeI0BAaHUS SIBIIIOTCS MaTEMAaTUUYECKWW  ammapar TEOpHi
rPaBUTALAM U YUCIIEHHBIE METObI CTATUCTUKH.

Hay4Hasi HOBU3HA HCCIIETOBAHUS 3aKII0YAETCS B CIEAYIOLIEM:

- BIEPBBIC MOJTYYEHbl OrPAaHUYEHUs Ha Maccy U 3apsaa Y/l mo HabmrogaTenbHbIM
ma"aaeM KIIK;

- BIIEPBBIE MOKA3aHO, 4TO 3apsan Y/l MokeT UMUTHPOBATh CIIMH Bpamaromencs Y/{
Keppa, pu oaMHAKOBBIE 3HAYEHUS BEPXHEH M HMXKHEM 4YacTOT B JABYXIIMKOBBIX
KIIK;

- BIEPBBIE TaKKe ObUIM TOJYYEHBbl OIpPaHUYEHMs] HA CIUHOBBIE WM 3apsOBbIC
napaMeTpbl 3apsKEHHBIX YEPHBIX AbIp B 4D rpaBuranuu DitHiuTeiina ["aycca-bonne
C MCIOJIb30BaHUEM pa3MepoB u3obpaxenuss M87* u Sgr A*;

- BIIEpBBIE NT0Ka3aHO, uyTo 3¢ dexTsl kBaHToBOM rpaButannu Ha KIIK Bokpyr Y/l u
€€ TeHU NPEeHEeOPEKUMO MaJlbl;

- BepBbIe CHOPMYITUPOBAH CIOCOO pa3IMYEHUsI CTAHJAPTHBIX U peryasipHbix Y/{
B MOI' ¢ momomibsio nuccinegosannii KIIK;

- BIEpBbIE MOKa3aHo, 4To paanyc BKCO Bokpyr Y]l MOKHO OLIEHUTH 1O OpOUTaM
KIIK.

IpakTHyeckue pe3yabTaThl HCCJE0BAHMS:

- BIIEPBBIC TOJIYYCHBI OTpaHUYCHMS Ha Maccy | 3apsa YJ[ B MukpokBazapax
GRS 1915-105 ¢ ucnonp3oBanueM JaHHBIX HaOMr0aeHUN ABOHHBIX NUKOB KITK

- pa3paboTaH HOBBIM aJbTEPHATHBHBIN IOJAXO0J] K ONPEACICHHUIO pajauyca
BKCO Bokpyr Y/l ¢ ucnonb3zoBanueM aBoiHbIX THKOB KIIK

- BIIEPBbIE TOJIy4EeHBI OrpaHnyeHusi Ha nmapamerp MOI' mBapmmuasI0BCKOM
MOTI" u 06bryaBIx MOG YJI o nanaeiM HabmoaeHuit KITK GRS 1915-105 u XTE
1550-564

J10CTOBEPHOCTH Pe3yIbTATOB MCCIeT0BAHUsI 00ECIICUEHA CIIETYIOIIM:

- UCIIOJIB30BAHHNEC COBPCMCHHBIX MCTOJ0B TCOPHUH I10JIAA U 3(1)(1)6KTI/IBHBIX YHUCJICHHBIX
MCTOA0B U AJITOPUTMOB;,
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- TIIATeJbHas MPOBEPKA COOTBETCTBUS IMOTYYCHHBIX TEOPETHUCCKUX PE3yIbTaTOB
HaOMIOAATEIbHBIM JIAHHBIM M pe3yJibTaTaM JPYTUX aBTOPOB; COTJIACOBAHHOCTH
BBIBOJIOB C OCHOBHBIMH TTOJIOKEHUSIMH TEOPUH TTOJIST KOMITAKTHBIX TPABUTAIIMOHHBIX
0OBEKTOB.

Hayynass u mnpakTuyeckas 3HAYUMOCTb pPe3yJabTAaTOB HMCCJICAOBAHUSA
00yCJIOBIIMBAETCSI BO3MOXKHOCTBIO:

- MOJIyYEHHbIE OIpaHUYEHUsI Ha napaMeTpbl YJ[ MOryT MO3BOJIUTH MOIYYUTH
UH(GOPMAIUIO O TPABUTAIIMOHHBIX OCOOEHHOCTSIX MPOCTPAHCTBA-BPEMEHU BOKPYT
YJl, a Takke BBIACHUTH, KAaKHE TpaBUTAUUMOHHBIE J(P(GEKTHl  HUTrparoT
JOMHUHHUPYIOLIYIO POJIb;

- [lonmy4yeHHble pe3ynbTaTbl MOTYT IO3BOJIUTH B ONPENEICHUU NapaMeTpOB
YEepHBIX JbIp 3BE3IHOM Macchl M MPOCTPAHCTBEHHO-BPEMEHHBIX OCOOEHHOCTEN
BOKPYT HUX Ha OCHOBE JIaHHBIX HAOIIOJICHUN 32 KBa3aMUHHBIMU SAPaMU U TEHSAMHU
CBEPXMAaCCUBHBIX YEpPHBIX [bIp, a TakKe HaONIOJIEHUH KBAa3UKOMIUJIEKCOB H
AKKpEeLMH 4YepHbIX JbIp. MOXHO OOBACHHTH (PU3NYECKHE MEXaHU3Mbl B
AKKPELIMOHHOM JHCKE;

- KpOME TOIO, IIOJIy4EHHbIE pE3yJbTaTbl MOTYT OBITb TIOJE3HBI IpU
ONPEIEIEHUN BO3MOXHOCTEW OTOXKIECTBICHHSI CUHTYJISIPHBIX U peryisapHsix Y/1 B
MOJIM(ULIMPOBAHHON U KBAHTOBOM TEOPUSIX T'PaBUTALUH.

BHeapenue pe3yJbTaTOB UCCJIEI0BAHMS

-  @opmanu3M omnpeaeneHus Mace U 3apsaoB YJ[ mo HabmogaTeIbHBIM JIaHHBIM
KBa3apOB MPUMEHSJICS PANIOM aBTOPOB IPHU MCCIIEIOBAHUU MPOCTPAHCTBEHHO-
BPEMEHHBIX CBOMCTB BOKpyr Y/, a Takxke B rpaBUTallMOHHBIX Moxensx (The
Astrophysical Journal VVol.935,91, (2022), Progress of Physics, Vol. 70, issue 9-
10, 2200053, (2022), Journal of Cosmology and Astroparticle Physics, Volume
09, id 061, (2022), European Physics Journal C, Volume 82, id 636 (2022),
Progress of Physics, Volume70, Issue 9-10, id 2200053, (2022), Universe
Volume 8, issue 3, id 182 (2022)) , Pe3yabTaThl Ipea0CTaBICHbI I TOIO, YTOOBI
CHEeNaTh BO3MOXHBIM aHAJIU3 B PA3JIMYHBIX MOJEIAX TEMHOW MaTepuu BOKPYT
YJI Ha ocHOBe HAOMIOAATEIbHBIX JaHHBIX U/I;

- Ilonyuyenune orpaHnueHud Ha mapamerpbl YJ[ ¢ mMOMOIIBIO aHAIM3a JaHHBIX
M300pakeHnit CcBepXMacCUBHBIX YJI WCMoNb30Bajioch psiioM aBTOPOB MpU
aHAJIN3€ PA3JIMYHBIX MOJEJIEH T'paBUTAUMU U NPOCTPAHCTBEHHO-BPEMEHHBIX
XapakTepucTuk Onuznexamux YJ[ Ha OoCHOBE JaHHBIX HAOIIOJICHUN UX TEHEH
(Chinese Journal of Physics Vol. 78, pp.141-154, (2022), Annals of Physics
Vol.441, 168892,(2022), Universe, Volume 8, issue 10, id 536 (2022), Physics,
Volume 4, issue 4, pp.1318-1330 (2022), European Physics Journal C, Volume
82, id 831 (2022), Annals of Physics, Volume 441, id 168892 (2022))
[Tony4yenHble pe3yabTaThl OBLIM UCIIOIB30BAHbI IPHU aHANIKM3€ OpOUT (POTOHOB U
MX TEHEW BOKPYT BPAIIAIOIINXCS 3aPSKEHHBIX YEPHBIX JbID;
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Amnpodanusi pe3yJbTaTOB HCCJIeT0OBAHUS

Pe3ynbrarhl, mosydeHHBIE B JUCCEPTAIMOHHON paboTe, ObUIM JOJIOXKEHBI Ha 2
MEXITYHAPOAHBIX M 1 pecnyOMKaHCKUX KOH(PEPCHIHIX, a TaK )K€ PEryJiapHbIC
eKCHEIETbHBIE Y30€KCK0-Ka3aXCTAaHCKHE CEMUHApPHI 10 TeOpeTUYeCKol (hHu3uKe u
acTpodmusuke.

Ony0/1MKOBAHHOCTDH Pe3yJIbTATOB UCCACAOBAHUS
[To pe3ynbpTaTam auccepTAlMOHHOTO HCCIEAOBaHHS OMyOJMKoBaHO 20 Hay4YHBIX
pabot, u3 HUX 16 crareil B pedepupyeMbIx KypHaIax.

O0béM u cTpykTypa auccepramum Jlyuccepranys COCTOUT U3 BBEJICHHUS, YEThIPEX
IJIaB, 3aKJIOYEHHUS U CIIMCKA JINTEPATYPHI.

- B mnepBoii rnmaBe Mbl M3y4yaeM KBa3WUIEPUOJIUYECKHUE KOJEOAHHS BOKPYT
3apSKEHHBIX 4YEpHBIX nbIp, noiaydeHHble B OTO, oObenuHss JHHEHHYIO H
HEJIMHEHHYIO 3JIEKTPOAMHAMUKY, M TOJy4YaeM OTpaHMYEHUs Ha 3apsj U Maccy
YEpPHBIX JbIP, UCIIOJIb3Ys JaHHBIE KBA3UIIEPUOANUECKUX KOJIeOaHl, HaOII0gaeMbIX
B MukpokBazape GRS 1915-105.

- Bo BrTOpoil rnaBe Mbl BIEPBBIE MOJYYWIM PEHICHHUE Bpallarolieics
3apsDKEHHOM YEPHOW JIBIPBI B YETBIPEXMEPHOM I'paBUTalMM OWHIITEVHA-I aycca-
bonnera ¢ ucnonp3zoBanueM anropurma Hetomana-SHuca. 3aTeM Mbl pacCMOTpEIIH
IBUKEHHE (POTOHA BOKPYr YEpPHOM IbIpbl U TEHU OT Hee. Y Hac TaKkKe €cCTh
OTHOILICHUS MEXIY 3apsiIOM U MMapaMeTPOM CIIMHA YEPHOU BIPBIL, TOTYUYECHHBIE IS
pa3IMuYHbIX 3Ha4YeHUM mapameTpa ['aycca-boHHETa C HKCNOIB30BaHUEM JaHHBIX
HAOJIIOICHU 110 pa3Mepy TeHU CyMEPMAaCCUBHBIX YepHBIX Abip M87* u Sgr A*.

- B TpeTheli rimaBe Mbl UCCIEAOBANIM BIUSHUE KBAHTOBOM HEKOMMYTATUBHOM
IpaBUTAIIMM HA KBa3UIIEPUOJAMUYECKUE KoJieOaHusl M TeHH YepHbIX IbIp. [lokazaHo,
YTO POJIb KBAHTOBOM HEKOMMYTAaTMBHOM TEOPHUM HE3HAUUTENIbHA Ha YacTOTax
KBa3UIEPUOANYECKUX KOJIEOAHUI BOKPYT YEPHBIX JBIP U pa3Mepax TeHEW YepHBIX
TIBIP.

- B nocnennel yeTBepTO Ii1aBe MbI MOKa3aayd HOBBIM MOAXOJ K Pa3IMYCHUIO
PETYJISPHBIX U CUHTYJISIPHBIX YEPHBIX JAbIP B MOAU(DUIUPOBAHHOW T'paBUTALIMM C
WCIIOJIb30BAaHUEM  JIAHHBIX HAOJIOJEHUN  KBA3UNEPUOJUYECKUX  KOJICOAHUU.
OrpannyeHus Ha nmapaMeTp MOAUGUUMPOBAHHOW I'PaBUTALUU JIJISl PETYISIPHBIX U
CUHTYJISIPHBIX YepPHBIX JbIp B MUKpPO KBa3zapax XTE 1150-564 u GRS 1915-105.
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3akJIroueHue

[To pe3ynbTaTtam BcciieI0BaHUM, MPOBEACHHBIX 10 TeMe DSC qucceprammm “OreHka
MapamMeTpOB YEPHBIX JBIP B TCOPUU TPABHUTAIMH HA OCHOBE acCTPOPU3MUECKHUX
HaOJI0JICHUN’, TIPEICTABJICHBI CJICTYIOIINE BIBOBI:

1. CamocoriacoBaHHBIC OTPAaHUYCHUS HA MAcCy W 3apsj YEPHBIX JBIP Ha OCHOBE
aHajM3a JaHHBIX KBa3UIIEpUOAWYECKHX KoyieOaHuii B MukpokBazape GRS 1905-
105.

2. YCTaHOBIIEHO, UTO 3apsiJi YEPHBIX JbIP MOKET UMUTHPOBATH CIIMH KEPPOBCKOU
yepHbIX AbIp 10 a/M=0,2927 B moaenu bapauna u 1o a/M=0,7687 B mogemn RBH1
Ha OCHOBE aHAJIM3a YaCTOT KBA3UMNEPUOINUECKUX KOJICOaHUM.

3. OrpanuyeHusi Ha COOTHOIIEHUS CIIMHA U 3apsijia CBEPXMACCUBHBIX YEPHBIX JbIP
MS87* u Sgr A*, mosy4eHHbIE C HCTIOIB30BAaHUEM pa3Mepa UxX N300pakeHui

4. Macca 4depHOTO JapIpa HaxoAsmme B ceHTpe MukpokBazapa GRS 1915-105 u
OpOUTHI KBA3UIEPUOJUUECKUX KOJICOAHUN HAMIEHBI B MOJEISAX PEISTUBUCTCKON
MIPEIIECCUU M HICKPUBJIICHHOTO JTHCKA.

5. Otnuuue B cBOMCTBax 4epHbBIX AbIp LlIBapmmmisaa u peryaspHbIX YEPHBIX I
B MOJU(HUIMPOBAHHONW TPABHUTAIIMHM IIOKAa3aHBI C HWCIOIB30BAHUEM JaHHBIX
KBa3UIEPUOJANYECKUX KOJICOAHUN IBOMHOTO MHKA.

6. Ilonyuyeno, uro mapamerp moauduimpoBanHon rpaButanuu o=-0,33 mns XTE
1150-564 B  perynsipHbIX 4YepHBIX JbIpax u 0=-0,48 B YepHBIX JbIpax
[IBapmmmibaa, a Takke 11 YepHbIX apip [IBapusansn B GRS 1915+105 o=-0,17
U, a peryJsipHbIX YepHbIX JbIp 0=-0,26.

7. JIBOMHOW THK OpOUTHI KBA3UIEPUOAMUECKUX KOJEOAHHMM pacroyiaraeTcs BHE
ISCO BOKpyr uepHBIX ABIp, U KOTJa OpOHWTAa KBa3HUMNEPUOIUYECKUX KOJieOaHUM
cosnanaet ¢ ISCO, nBa muka coBmagaoT APYT C APYTOM.

8. DT0 nmomylieHre MOXET OKa3aThCsl MOJE3HBIM MPHU PEUICHUH 3a/1a4 U3MEPCHHS
ISCO B actpoduzuueckue HaOIIOICHUS

9. BBICOKO M HU3KOYACTOTHBIE KBA3UIIEPUOANUECKUX KOJIEOAaHU TeHEPUPYIOTCS Ha
opbutax 0u3kux u ganekux ot ISCO, cooTBeTCTBEHHO.

10. Iloka3aHo, 4TO mapameTrp HEKOMMYTAaTUBHOCTH HE BJMSET HAa YacTOTHI
JBYXIHUKOBBIX KBA3UIIEPUOJANUECKUX KOJICOAHU.

11. Tloka3aHo, 4TO poJib KBAaHTOBBIX 3(PdekToB B oOmactu (poroHChEpsl BOKPYT
HEKOMMYTATUBHBIX YEPHBIX JIbIP HE3HAYUTEIIbHA.

9bJIOH K WJINHT' AH UIIIJVIAP PYUXATH
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