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KIRISH (falsafa doktori (PhD) dissertatsiyasi annotatsiyasi)

Dissertatsiya mavzusining dolzarbligi va zaruriyati. Hozirgi kunda
LIGO-VIRGO va Event Horizon Telescope kabi ilg‘or astronomik asboblar
yordamida qora tuynuklarning birlashishi va ikkilik neytron yulduzlardan kelib
chigadigan gravitatsion to‘lqinlarni to‘g‘ridan-to‘g‘ri aniqlash, shuningdek, M87
va Somon yo‘li galaktikalari yadrosidagi o‘ta og‘ir qora tuynuklarning
tasvirlarini olish mumkin bo‘ldi. Ushbu ilg‘or asboblar yordamida gravitatsion
to‘lginlarni to‘g‘ridan-to‘g‘ri kuzatish va o‘ta og‘ir qora tuynukning batafsil
tasvirini olish kuchli gravitatsion maydonlardagi astrofizik hodisalarni yoritadi.
Ushbu zamonaviy kuzatishlar muqobil gravitatsiya nazariyalarida yangi
yechimlar ishlab chiqish va parametrlarni aniq o‘lchash hamda qorong‘u
materiyaning mohiyatini tushunish bilan bog‘liq muammolarni o‘rganish uchun
juda muhimdir. Qorong‘u materiya va qora tuynuklar o‘rtasidagi o‘zaro ta’sirni
tahlil qilish qorong‘u materiyaning asosiy tabiatini tushunishni yaxshilash uchun
muhim ahamiyatga ega. Qorong‘u materiya halolari va ularning qora tuynuk
tizimlar1 bilan o‘zaro ta‘siri muhim bo‘lib, astrofizik ma‘lumotlar va
simulyatsiyalar orqali qorong‘u materiyani o‘rganish va modellashtirish qimmatli
ma’lumotlarni taqgdim etishi mumkin. Shu maqgsadda Einasto, Burkert va Dehnen
kabi bir nechta analitik modellar qorong‘u materiya halolaridagi qora tuynuk
yechimlarini ifodalash uchun ishlab chiqilgan.

Respublikamizda  relyativistik  astrofizikasi  sohasida  fundamental
tadqiqotlarga katta e’tibor garatilmoqda. Fundamental tadqiqotlar va ilmiy
izlanishlarning asosiy yo‘nalishlari, shuningdek, ularning mamlakatimizda ilm-
fanni rivojlantirish uchun amaliy qo‘llanilishi O‘zbekiston Respublikasining
20222026 yillarga mo‘ljallangan yanada rivojlanish strategiyasida batafsil
bayon etilgan. So‘nggi o‘ttiz yil davomida Respublikada gravitatsion ixcham
ob’ektlarning relyativistik astrofizikasi rivojlantirildi, qora tuynuklar, qurt
teshiklari va singularliklarning energetik va optik xususiyatlari chuqur o‘rganildi.
Umumiy nisbiylik nazariyasining yangi effektlari magnitlangan neytron
yulduzlarning  relyativistik  astrofizikasida  kashf etildi, relyativistik
magnetosferalar va plazma, shuningdek, magnitlashtirilgan relyativistik
ob’ektlarni tushunishda yutuqlarga erishildi.

Ushbu dissertatsiya O‘zbekiston Respublikasining 2017!-yil 7-fevraldagi
UP-4947-sonli Prezident Farmoni, O°‘zbekiston Respublikasining yanada
rivojlanish strategiyasi va 2018-yil 29-noyabrdagi O‘zbekiston Hukumati
tomonidan chiqarilgan “O‘zbekistonda 20192021 yillarga mo‘ljallangan asosiy
tarkibiy islohotlar yo‘nalishlari yo‘l xaritasi” kabi davlat hujjatlarida belgilangan
magqsadlarni amalga oshirishga qaratilgan.

Tadqiqotning respublika fan va texnologiyalari rivojlanishining ustuvor
yo‘nalishlariga mosligi. Tadqiqot O‘zbekiston Respublikasi fan va texnikaning

! **Eglatma**: 2022-yil 1-yanvardagi O‘zbekiston Respublikasi Prezidentining PF-60-sonli “2022-2026 yillarga
mo‘ljallangan Yangi O‘zbekistonning rivojlanish strategiyasi to‘g‘risida”gi farmoni.



ustuvor yo‘nalishlariga muvofiq amalga oshirildi: II. “Quvvat, energiya va
resurslarni tejash”.

Dissertatsiya tadqiqotining dissertatsiya bajarilgan oliy ta’lim
muassasasining ilmiy-tadqiqot ishlari rejalari bilan bog‘liqligi. Tagdimnoma
Innovatsion rivojlanish vazirligi tomonidan moliyalashtirilgan ilmiy loyihalar
doirasida bajarilgan. FL-7923051796 ~Sferik simmetrik gravitasion maydonlarda
skalyar maydonlar dinamikasi va kvant nurlatkichlarni modellashtirish”,
F-FA-2021-432 “Kichik massali Rentgen qo‘shaloq tizimlaridan sun’iy yo‘ldosh
orqali olingan ma’lumotlarni qayta ishlash va tahlil qilish”.

Tadqiqotning maqsadi: Qorong’u modda va magnit maydoni mavjud
muhitdagi o‘ta og’ir qora tuynuklar (SMBH) atrofidagi zarrachalar dinamikasini
o‘rganish, olingan natijalarni S2 yulduzining kuzatilgan pozitsiyasi bilan qiyosiy
solishtirish va  qorong‘u modda halosidagi yangi analitik Schwarzschild
yechimiga o‘xshash qora tuynuk yechimlarini oluvchi nazariy formalizmlarni
aniqlashtirishdan iborat.

Tadqiqotning vazifalari:

Dehnen tipidagi qorong‘u materiya halosida Schwarzschild yechimiga
o‘xshash yangi analitik yechimlarini topish.

Olingan yechimning fazo-vaqt xususiyatlari va energiya shartlarini tahlil
qilish.

LQGda (Loop Quantum Gravity) o‘z-o°ziga dual qora tuynuk holati uchun
maydon tenglamalarini topish va elektromagnit maydon to‘rt-vektorni aniqglash.

LQGda tashqi bir jinsli magnit maydonda joylashgan qora tuynuk
yaqinidagi magnit dipollar va elektr zaryadlangan zarrachalar harakatini
o‘rganish.

Tashqi bir jinsli magnit maydonga kiritilgan Schwarzschild qora tuynugi
atrofida magnitlangan zarralarining bog‘langan va bog‘lanmagan harakatini tahlil
qilish.

Sgr A= atrofidagi magnit dipol momentiga ega S2 yulduzining kuzatilgan
joylashuvi bilan olingan natijalarni qiyosiy tahlil qilish.

Tadqiqot obyekti: astrofizik ixcham ob'ektlar, zarrachalar dinamikasi,
qorong‘u materiya halolari uchun analitik modellar, turli fazo-vaqtlarida bir xil
magnit maydonlar, S2 yulduzi trayektoriyalari.

Tadqiqot predmeti: qora tuynuklarning kuzatuv xususiyatlari, LQGda
magnit maydonga kiritilgan o‘z-o‘ziga dual qora tuynuk, o‘ta og‘ir qora tuynuk
atrofidagi  zarrachalar dinamikasi, zarrachalar harakatining differensial
tenglamalarini yechish uchun analitik va raqamli usullar.

Tadqiqot usullari: nazariy fizika va astrofizika yondashuvlari, zamonaviy
nazariy astrofizika va matematik fizika usullari, shuningdek, maydon va
zarrachalar dinamikasi bilan bog‘liq differensial tenglamalarni yechish uchun
analitik va ragamli texnikalar.

Tadqiqotning ilmiy yangiligi quyidagilardan iborat:

Birinchi marta Dehnen tipidagi qorong‘u materiya halosida yadro modeli
uchun Schwarzschild yechimiga o‘xshash analitik yechimi topildi.

6



Birinchi marta LQGda o‘z-o‘ziga dual qora tuynuk holati uchun maydon
tenglamalari va elektromagnit maydon to‘rt-vektor potensiali yechimi olindi.
LQGda o‘z-o‘ziga dual qora tuynuk yaqinidagi magnit dipollar va elektr
zaryadlangan zarralar harakati o‘rganildi.

Birinchi marta tashqi bir jinsli magnit maydonga kiritilgan Schwarzschild
qora tuynugi atrofida aylanayotgan magnitlangan zarralarning bog‘langan va
bog‘lanmagan harakati tahlil qilindi.

Birinchi marta S2 yulduzning nazariy joylashuvi uchun olingan natijalar
yulduzining haqiqiy joylashuvi bilan tagqoslandi va S2 yulduzining magnit dipoli
10° G-sm?® sifatida baholandi.

Tadqiqotning amaliy natijalari quyidagilarni o‘z ichiga oladi:

Topilgan Dehnen tipidagi zichlik profiliga (1,4,2) ega qorong‘u materiya
halosi bilan o‘ralgan statik qora tuynuk yechimining fazo-vaqt egri xususiyatlari
va fizik jithatdan ma’noga egaligining asoslovchi energiya shartlari tekshirildi.

LQGda tashqi bir jinsli magnit maydonga kiritilgan o‘z-o°‘ziga dual qora
tuynuk fazo-vaqt geometriyasi atrofidagi muhitda magnit dipollar va elektr
zaryadlangan zarralar harakati tahlil qilindi. Kvant tuzatish parametri P va magnit
o‘zaro ta’sir parametri § ning zarralar traektoriyasiga ta’siri baholandi. LQGda
0‘z-o‘ziga dual qora tuynukning ekvatorial tekisligida magnetlangan va elektr
zaryadlangan zarralar orbitasining mumkin bo‘lgan turli holatlari tekshirildi.

Magnit maydonda joylashgan Schwarzschild qora tuynugi fazo vaqt
geometriyasi atrofidagi magnitlangan zarralarning xususiy energiya va burchak

momentiga asoslangan bog‘langan va bog‘lanmagan orbitalari tasniflandi. Sgr A*

atrofidagi S2 yulduzining kuzatilgan joylashuvlari va nazariy hisoblashlar magnit
o‘zaro ta’sir parametri f ning ikki xil qiymati uchun taqqoslandi va S2
yulduzining xususiy burchak momenti uchun uning minimal va maksimal
qiymatlari topildi.

Tadqiqot natijalarining ishonchliligi. Dissertatsiyada standart matematik
va nazariy fizika usullaridan foydalanish, shu jumladan yuqori samarali raqamli
texnikalar va dasturty ta’minotdan foydalanish orqali ta’minlanadi. Nazariy
natijalarning cheklovchi holatlardagi mavjud ma’lumotlar, kuzatuv dalillari va
boshqga tadqiqotchilarning topilmalari bilan mos kelishini ta’minlash uchun
sinchkovlik bilan tekshiruv o‘tkazildi. Bundan tashqari, xulosalar kuchli
gravitatsiya rejimlaridagi gravitatsion ixcham obyektlar nazariyasining asosiy
prinsiplariga mos keladi.

Tadqiqot natijalarining ilmiy va amaliy ahamiyati.

Tadqiqot natijalarining ilmiy ahamiyati shundaki, taklif qilingan yangi
analitik qorong‘u materiya halosida joylashgan Schwarzschild yechimiga
o‘xshash qora tuynuk — qorong’u materiyaning tabiatini tushuntirishi mumkin.

Tadqiqot natijalarining amaliy ahamiyati shundaki, taklif qilingan model Sgr

A= atrofidagi muhitni tushuntirishi va S2 yulduzining magnit dipolini baholashga
yordam berishi mumkin.



Tadqiqot natijalarining qo‘llanilishi: Ixcham ob'ektlar dinamikasiga
asoslanib, ularning xususiyatlariga oid ilmiy topilmalar xalgaro tadqiqotchilar
tomonidan o‘rganishlarda qo‘llanilgan va yuqori ta'sirli xorijiy jurnallarda,
jumladan (Journal of Cosmology and Astroparticle Physics, 2025(03), Volume
2025, Web-Sc, IF: 5.9; The European Physical Journal C, Volume 85, Article
number 786, Web-Sc, IF: 4.2; The European Physical Journal C, Volume 85,
Article number 494, Web-Sc, IF: 4.2; Universe, Web-Sc, IF: 2.6;)da nashr etilgan.

Mazkur ilmiy natijalar Vellore Institute of Technology instituti tomonidan
qo‘llab-quvvatlangan dasturlar doirasida qo‘llanilgan (Dr. Pankaj Sheoran
tomonidan tagdim etilgan rasmiy xat asosida).

Tadqiqot natijalarining e’lon qilinganligi. Tadqiqot mavzusi bo‘yicha
jami 5 ta ilmiy ish, jumladan xorijiy nufuzli jurnallarda 3 ta, O°‘zbekiston
Respublikasi Oliy ta’lim, fan va innovatsiyalar vazirligi huzuridagi Oliy
attestatsiya komissiyasining dissertatsiyalar asosiy ilmiy natijalarini chop etish
uchun tavsiya etgan ilmiy nashrlar ro‘yxatida 2 ta ilmiy tezis chop etilgan.

Dissertatsiyaning tuzilishi va hajmi. Dissertatsiya kirish, 3 ta bob, xulosa
va foydalanilgan adabiyotlar ro‘yxatidan iborat. Dissertatsiya hajmi 124 bet.

DISSERTATSIYANING ASOSIY MAZMUNI

Dissertatsiyaning kirish qismi mavzuning dolzarbligi va zarurligini,
tadqiqotning respublika fan va texnologiyalarini rivojlantirishning ustuvor
yo‘nalishlariga mosligini, muammoning bilish darajasini, uning dissertatsiya
tayyorlangan oliy ta’lim muassasasi tadqiqot rejalari bilan bog‘ligligini,
tadqiqotning magqsadi, vazifalari, obyekti, mavzu haqidagi gisqa ma’lumot,
usullar, ilmiy yangilik, amaliy natija, ishonchlilik, ilmiy va amaliy ahamiyat,
natijalarning amaliyotga joriy qilinishi, natijalarning tasdiglanishi, nashr etilishi,
shuningdek, dissertatsiyaning tuzilishi va hajmini ko‘rsatadi.

Dissertatsiyaning birinchi bobi "Schwarzschild-like black holes in Dark
matter halo" deb nomlanib Dehnen tipidagi zichlik profiliga ega bo‘lgan qorong'u
materiya halosi bilan o‘ralgan statik qora tuynukni namoyish etuvchi yangi
analitik Schwarzschild yechimiga o‘xshash qora tuynuk yechimini olishga
bag’ishlangan. Ushbu bobda yangi olingan qora tuynuk yechimining
xususiyatlarini uning fazo-vaqt egri chizig'i xususiyatlari va energiya shartlarini
o‘rganish orqali tahlil qilinadi, bu qorong'u materiya halosining ushbu
fundamental xususiyatlarga qanday ta'sir qilishi haqida tushuncha beradi. Ushbu
yechim qora tuynuk-qorong'u materiya tizimlari o‘zaro ta'sirining muqobil nuqtai
nazarini 1ifodalashi mumkin, qorong'u materiya halolarining fundamental
xususiyatlari haqida yangi tushunchalar beradi.

Dehnen tipidagi qorong'u materiya halosi zichlik tagsimoti:
Y-B

Rk 1

(:'_S)-y Y ( )

bu yerda p_ haloning xarakterli zichligi (halo qulagan paytdagi koinot

p(r) = ps

zichligi), 7 qorong'u materiya halosining xarakterli o‘lchami, va («,f,7)
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parametrlar zichlik profilining qiyaliklarini boshqaradi, bu bizning holatimizda
(1,4,2) sifatida. [1] bizga haloning massa profilini quyidagicha topishga imkon
beradi:

_ Amp 13

Mp = .
1+5Ls

(2)

Keyin sof qorong'u materiya halosi uchun chiziq elementi quyidagicha
ifodalanishi mumkin:

2

dr
2 _ _ 2 2702
ds A(r)dt +B(r) + redn-. (3)

Shuningdek, qorong’u materiya ichida harakatlanayotgan sinov zarrasining
urinma tezligi (2,3) tenglamalardan foydalanib quyidagicha yozilishi mumkin:
_Mp
= (4)

1
Vg = 76T log |A(r)

bu bizga A(r) ni quyidagicha topishga imkon beradi:
—871s ps

Aty =(1+ %) . (5)

Qorong’u materiya halosidagi qora tuynuk uchun Eynshteyn maydon
tenglamasi quyidagicha ifodalanishi mumkin:

1
Ry — ngVR = 8n[T;n(D) + T, (BH)), (6)

Bu yerda TZ(D) = diagl—p(r), P, (1), P¢(r), P:(r)] qorong'u materiya
halosining energiya-moment tensori, T, qora tuynuk fazo-vaqti tufayli paydo
bo‘ladi. Keyinchalik, Eynshteyn maydon tenglamasini [6] yechib, Dehnen
tipidagi qorong’u materiya halosidagi Schwarzschild qora tuynuk uchun chiziq
elementini quyidagicha olishimiz mumkin:

ds? = —f(r)dt? + ]%drz + r2dN>?, (7)

bunda f{(r):

Mp

fr)y=1- ZTM _ b g+ %)(“%). 8)

S

Ushbu qora tuynukning singularlik tuzilishini tekshirish uchun , fazo-
vaqtning egri chiziq invariantlarini, masalan R Ricci skalyarini, RMVR“ ¥ Ricci
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kvadratini, Rwa/;R“ @ ya Kretshmann skalyari tahlil qilindi va ushbu
invariantlarning radial bog'ligligini (Rasm 1)da tasvirlandi. Ushbu rasm
(Rasml)dan Dehnen tipidagi qorong’u materiyadagi qora tuynukning r=0 da
singular ekanligini payqash olish mumkin.

10 10
8l | 8
— ps=0.03; r;=04 — ps=0.03; r;=04
s — pe=0.03; r;=0.8 ol — ps=0.03; 7,=0.8
[ — ps=0.06; r=0.4 ] [ — ps=0.06; r,=0.4
K pe=0.06; ry=0.8 ] R e=0.06; r,=0.8
4. 4!
2 2
0 30 0 02 10
r r
10
8/
[ — p=0.03; r=04
6' — ps=0.03; r;=0.8
‘ — ps=0.06; r;=0.4
R ps=0.06; r,=0.8
4
2
0
02 04 06 0.8 10
r

Rasm. 1. Egri chiziq invariantlari.

Umuman qabul qilingan holda, Eynshteyn tenglamalarining har ganday
real yechimi uchta energiya shartiga, ya'ni zaif (WEC: (p(r) = 0,p(r) + P;(r) =
3
0 (i=r,6,¢)), kuchli (SEC: p(r) + >, P; = 0) va dominant energiya (DEC:
i=1

p(r) — |Pg | = 0) shartlariga rioya qilishi kerak. Biz bu shartlarni vizual
ravishda (Rasm 2.) da ko‘rsatamiz.

0.0010 R B R 0.0010
0.0008- 0.0008-
0.0006 — py=0.03; r,=0.4 o 0008 — p=0.03; r,=0.4
B — p=0.03; r,=0.8 E — py=0.03; r,=0.8
“ 00004 — py=0.06; r,=0.4 ] 0.0004 - — pe=0.06; r=0.4
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Rasm 2. NEC, WEC, DEC, SEC ning radial bog'ligligi p_ va rs
parametrlarining o‘zgarishi bo‘yicha.

Dissertatsiyaning ikkinchi bobi "Dynamics of gravitational objects in the
SMBH environment" deb nomlangan. Ushbu bobda LQG doirasidagi o‘z-o°ziga
dual gora tuynuk yaqinida, tashqi asymptotik bir xil magnit maydonga kiritilgan
magnit dipollar va elektr zaryadlangan zarralarning harakati o‘rganildi. Kvant
tuzatish parametri va elektromagnit o‘zaro ta'sirlarning zarra geodeziklariga ta'siri
ko‘rib chiqildi. Maydon tenglamalari chiqarildi va LQGdagi o‘z-o‘ziga dual qora
tuynuk holati uchun elektromagnit to‘rt vektorli potentsial aniqlandi. Magnit
dipollar va elektr zaryadlangan zarralar uchun eng ichki barqaror doiraviy orbitlari
(ISCO) batafsil o‘rganildi, kvant tuzatish parametrining ISCO radiusiga sezilarli
ta'sir qilishini va uning qisqarishiga olib kelishi ko‘rsatildi. Bundan tashqari, magnit
dipollarning ISCO radiusi magnit maydon o‘zaro ta'siri tufayli elektr zaryadlangan
zarralarnikidan katta ekanligi ko‘rsatildi. Magnit dipollar va elektr zaryadlangan
zarralar uchun ISCO parametrlarni (ya'ni 7sco, lisco» Eiscos Visco> va 2isco )
batafsil qiymatlarni taqdim etgan holda o‘rganildi. Bundan tashqari, kvant tuzatish
parametri P natijasida yuzaga keladigan turli holatlarda zaryadlangan zarralarning
tracktoriyalari ko‘rib chiqildi.

LQGdagi o‘z-o0‘ziga dual qora tuynukning samarali metrikasi quyidagicha
berilgan:

ds? = —A(r)dt? + 5 g:) +12[d6? + sin?0d¢?], 9)
bu yerda:
A(F) = — gy = (r—r+)(r;:_)(r+n),
By L T =rC =)
Irr (r +mn)?

bu yerda ry=2M/(1+ P)2 var_ = 2MP2/(1 + P)2 qora tuynukning
ikkita gorizontiga ishora qiladi, holbuki r, = /rir—_=2MP /(1 + P)2 va ADM
massa bilan M.
Keyin aylanmaydigan qora tuynuk uchun vektor potentsialning ansatzi
quyidagicha ifodalanishi mumkin:
11



(10)

2 + Cd)(TJ BO)] fﬂ;

By

A' = Ct(T;BO)ff + [

(1,0,0,0) va fg = (0,0,0,1) vaqtga o°‘xshash va fazoga

o‘xshash Killing vektorlariga ishora qiladi. Aylanmaydigan vakuum qora tuynuki

H_
t

Bu yerda &

(11)

kiritildi.

r(4P+1)
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By
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uchun Maxwell maydon tenglamalari bilan aniqlanishi mumkin F f?,v = 0, shuning
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Kko‘rsatadi.

Endi biz tashqi magnit maydoniga joylashtirilgan LQG dagi qora tuynuk

yaqinidagi magnitlangan zarralar uchun Hamilton-Y akobi tenglamasini quyidagicha

yozishimiz mumkin:

(12)

pu B% magnit o‘zaro ta'sirni bildiradi. Keyin ekvatorial tekislikda
a

bu yerda U

Hamilton-Yakobi ta'sirini qo‘llagan holda S = —Et + L¢ + S, , magnitlangan

zarralarning harakatini quyidagicha ifodalash mumkin:

(13)
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Zaryadlangan zarrachalar uchun ham xuddi shu tahlilni amalga oshirishimiz
mumkin:

as as
gt <@ + un) <W + qu) = —m? (14

bu yerda ¢ — elektr zaryadlangan zarrachaning zaryadi.

o] [£335,82094 Lol 1£335,620947 lo] 12335620954 jo| 1233582096
0 0 0 0
y y , ' y y
-10 -10 -10 -10
BE=0., P=0. BE=0., P=001 BE=0., P=0.02 BE=0., P=0.03
-20 r0=6.5 -20 r0=6.5 -20 r0=6.5 -20 r0=6.5
-10-5 0 5 10 15 -10-5 0 5 10 15 -10-5 0 5 10 15 -10-5 0 5 10 15
X X X X
ol [£335,62091 Lo 1£335,820916 Lol 1£335,620923 " 1&3.73757, £20.93
0 0 } 0 0 \
y y / y y {
-10 -10 -10 N -10f
B=0.1, P0. B=0.1, P=001 B=0.1, P=0.02 B=0.1, P=0.03
-20 r0=6.5 -20 r0=6.5 -20 ro=6.5 -20 r0=6.5
-10-5 0 5 10 15 -10-5 0 5 10 15 -10-5 0 5 10 15 -10-5 0 5 10 15
X X X X

Rasm 4. Tajribaviy zarrachaning zaryadi (yuqori panel) va magnit
dipol momenti (pastki panel) bilan yo‘nalishlari, tashqi bir jinsli magnit
maydonga botirilgan o‘z-o°ziga dual qora tuynuk atrofida.

Unda, LQGdagi o‘z-o°‘ziga dual qora tuynuk yaqinida tashqi bir jinsli magnit
maydon ta’sirida elektr zaryadlangan zarrachaning harakat tenglamasi quyidagicha
ifodalanadi:

—_L
9o¢’ ,
.2 A
r =— 1 g —A(r) 1+[£+q—¢
99t r mr

Dissertatsiyaning uchinchi bobi “Orbits of particles with magnetic dipole
moment around magnetized Schwarzschild black holes: Applications to S2 star
orbit” deb nomlangan bo‘lib, tashqi assimptotik ravishda bir jinsli magnit maydonga

kiritilgan Schwarzschild qora tuynugi atrofida magnitlangan zarrachalarning
13



bog’langan va bog’lanmagan harakatining keng qamrovli tahlilini o‘z ichiga oladi,
bu barcha mumkin bo‘lgan bog’langan va bog’lanmagan orbita turlarini o‘z ichiga
oladi. Aynigsa, planetar orbitalari uchun, biz 0‘z topilmalarimizni Sgr A* atrofida
magnit dipol momentiga ega S2 yulduzining kuzatilgan pozitsiyasi bilan solishtirish
tahlilini o‘tkazdik. Yulduzning magnit dipoli va tashqi magnit maydon o‘rtasidagi
magnit o‘zaro ta’sir parametri, shuningdek, S2 yulduzining energiyasi va burchak
momenti uchun maksimal va minimal qiymatlarni aniqlandi. Natijada, yulduzning
magnit dipolini baholash amalga oshirildi. Bundan tashqari, biz gravitatsion
Rutherford sochilishi kabi og‘ishgan yo‘nalishlarni o‘rgandik. Orbital tenglamalar
uchun yechimlarni olishda, biz elliptik integral va Jakobi elliptik funktsiyalarini
qo‘lladik, shuningdek tasvirlar hamda simulyatsiyalar tadqiqotni boyitadi.
Schwarzschild qora tuynugining chiziqli elementi quyidagicha ifodalanadi:

ds? = —f(r)dt? + f(r) Ydr + r2dQ?, (16)

bu yerda
2M
f(ry=1- -

va d? = dB? + sin*0d¢p?.

Waldning yondashuviga ko‘ra, Maksvell tenglamasining yechimi bo‘lgan to‘rt-
potensial quyidagicha ifodalanadi df? = d8? + sin?6d$? , bu yerda fg =
(0,0,0,1) fazoviy Killing vektori sifatida ifodalanadi.

Tashqi bir jinsli magnit maydonga kiritilgan Schwarzschild qora tuynugi
atrofida magnitlangan zarrachalarning orbitalari uchun Lagrangian quyidagicha
ifodalanadi:

L= %(m + Wgpuhu” — %‘u, (17)

bu yerda U = u B% magnit o‘zaro ta’sir termini deb yuritiladi. Harakat
a

tenglamalari esa quyidagi ko‘rinishda yoziladi:
, £

t=  map, (%)
P+ B,y

.2 2

r =& _Veffs

bu yerda
2
Vogrn) = £ 11 =7 + 1),

r2
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Rasm 5. Effektiv potensialning radial profili magnit o‘zaro ta’sir parametri
va xususiy burchak momenti |l ning belgilangan qiymatlari uchun tasvirlangan.
Effektiv potensialdagi minimumlar (7,,,) barqaror aylana orbitalariga,
maksimalar (7,,,,,) esa barqaror bo‘lmagan aylana orbitalariga mos keladi.

Bu yerda yangi o‘zgaruvchilarni § = uB/m va F(r,0) = ./f(r)sinf
ko’rinishida kiritamiz. Keying 5-rasmda turli holatlar uchun effektiv potensialning
radial bog‘ligligini ko‘rsatdik.

Shuningdek, quyidagi (19)-tenglama yordamida zarrachaning harakatini
ifodalaydigan differensial tenglamani olamiz:

dr . r*1+8/f()] 12
Go' = E-fO(1+5-8/F®), a9

bu yerda f§ = % magnit o‘zaro ta’sir parametri, [ va € esa mos ravishda
magnitlangan zarrachalarning xususiy burchak momenti va xususiy energiyasidir.
Keyin, agar biz (19)-tenglamaga yangi o‘zgaruvchilarni kiritadigan bo‘lsak u =
1/r, magnitlangan zarrachalarning harakatini boshqaradigan quyidagi tenglamani
olamiz:

2
(%) = (1+ B)(au® — bu? + cu + d), (20)
bu yerda
Z,BZMZ
a=2M l(2ﬁ+1)— 7| (21)
26(1 — 4B)M?
b=(f+1)+ A( B A) )
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_ M[2-B(5B +2€% - 1)]

- 12 ,
B+DB+E*-1)

d = B .

(20)-tenglama dan osonlik bilan shuni xulosa qilish mumkin: zarrachalar

£ < 1 —p uchun bog’langan orbitalar hosil qiladi, &> 1— [ uchun esa
bog’lanmagan orbitalar hosil qiladi. Keyin, agar biz sinov zarrachalarining

energiyasi g <1— p deb faraz qilsak va (20)-tenglamaning barcha ildizlari
musbat bo‘lsa (shart bilan u; < uy; < ug), sinov zarrachalari planetar bog’langan
orbitalar hosil giladi. Shunday qilib, magnitlangan zarrachalar uchun harakatni u4

dan boshlanadigan yo‘nalish quyidagicha bo‘ladi: ¢ = 0

1
uy + (uy —ug)sn?(6y, ko)’

r(¢) = (22)

bu yerda sn(68,k) — Jakobi elliptik sinus funktsiyasi, uning argumenti 8y =

Ja(1 + B)(us — 1) % va moduli ko = [“=% bilan.

(22)- tenglamaning haqiqiy yechimlarini quyidagicha belgilash mumkin:

u1=1le, (23)
1+e
Uy = A 3
o= b 2
371 +pB)a X

bu yerda A va e — mos ravishda latus rektum va eksantriklik. Shuningdek, Levin va
Perez-Giz tasnifi yordamida:

_ v _ 49
g+l=w+2+1=% (24)

yuqridagi ifodadagi w, v va z mos ravishda burilish, vertikal va zoom ragamlari
sifatida ifodalanadi. Bu esa quyidagi tenglamani olish imkonini beradi:

2K (k1)
ﬂ\/b_a(1+ﬁ)2(3 —e)

g+1= (25)

Bu yerda K(k) — birinchi turdagi to‘liq elliptik integral, moduli k{ =

\/ A_;;figé)_e) bilan. Endi (25)-tenglamani raqamli hisoblash orqali, planetar
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orbitalarni vizual tarzda ko‘rsatish mumkin bo‘ladi. Turli qiymatlar uchun planetar
orbitalarni xarakterlovchi (w, v, z) parametrlar orqali quyidagicha chizildi:
. — . —— 15¢ T T

15 . — [
10 10}

s 5
0 0;
-5 —5%

€=0.5; 2.0.1) 15: e=0.8;(2,0,1)
-1s -30 20 -0 0 10 20 30 =40 -20 0 20 40 60
40 40
20 20
0 V]
—20 -20
e=0.5; (3,0,1) e=0.8; (3,0,1)

—40 . —40

20 0 20 40 20 o 20 40

Rasm 6. Turli eksantrikliklarga mos keluvchi orbitalar: ko‘k orbitalar § =
0.1 ni, qora orbitalar esa § = 0.0 ni ifodalaydi.

Oddiy elliptik yo‘nalish uchun, S2 yulduzining orbitasi (1, 0, 0) bo‘lishi
kerak, shuning uchun (25)- tenglama quyidagi ko‘rinishga ega bo‘ladi:

E — K(kl) (26)

2 a —-e
[h— (+5)G-)
Natijada, Sgr A” atrofidagi yulduzlar klasterida joylashgan S2 yulduzining
joylashuvini kuzatish orqali, S2 yulduzining yo‘nalishini cheklashimiz va unga mos
keluvchi magnit o‘zaro ta’sir terminini 8 topishimiz mumkin:

150

— Bmin=0.141878

= = Bmax=0.41975

100

50

60 40 20 0 20 40
Rasm 7. Sgr A* atrofida aylanayotgan S2 yulduzining kuzatilgan yo‘nalishi.
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S2 yulduzining kuzatilgan ma'lumotlari yordamida biz magnit o‘zaro ta’sir
parametri f mumkin bo‘lgan oraligni oldik:

0.14249 < f < 0.419751.

XULOSA

“Gravitatsion obyektlarning qorong’u materiya halosi va magnit maydoni
mavjud bo‘lgan muhitdagi o‘ta og’ir qora tuynuklar atrofidagi dinamikasi”
mavzusidagi dissertatsiya ishining natijalari asosida quyidagi xulosalar olindi:

1. Dehnen tipidagi qorong'u materiya halosi bilan o‘ralgan
Schwarzschildsimon qora tuynugi uchun yangi analitik yechim topildi. Yangi
topilgan qora tuynuk yechimi uchun uning fazo-vaqt xususiyatlari va energiya
shartlari ganoatlanishi ko‘satildi. Ushbu yangi yechim qora tuynuk va qorong'u
materiya sistemasining o‘zaro ta'sirini ifodalaydigan va qorong'u materiya
halolarining asosiy xususiyatlarini ochib beradigan yangi muqobil sifatida taqdim
etildi.

2. LQG doirasidagi o‘z-o‘ziga dual va tashqi bir jinsli magnit maydonga
joylashtirilgan qora tuynuk atrofida magnit dipollar va elektr zaryadlangan
zarrachalar harakati trayektoriyasi aniqlandi. Kvant tuzatish parametri va
elektromagnit o‘zaro ta'sirlarning zarracha traektoriyalariga ta'siri aniqlandi.
Maydon tenglamalari tahlil qilindi va LQGdagi o‘z-o°ziga dual qora tuynuk holati
uchun elektromagnit to‘rt vektorli potentsiali topildi.

3. Magnit dipollar va elektr zaryadlangan zarrachalar uchun ISCO batafsil
ko’rsatildi, bu esa kvant tuzatish parametri ISCO radiusiga sezilarli ta'sir ko‘rsatib,
uning kichrayishiga olib kelishi aniqlandi. Bundan tashqari, magnit maydon o‘zaro
ta'siri tufayli magnit dipollarning ISCO radiusi elektr jihatdan zaryadlangan
zarralarnikidan kattaroq ekanligi ko‘rsatiladi. ISCO parametrlari (135¢c0, lsco
Eisco, Visco va Qysco ) magnit dipollar va elektr zaryadlangan zarrachalar uchun
aniqlanib, batafsil qiymatlari keltirildi. Bundan tashqari, zaryadlangan
zarrachalarning kvant tuzatish parametri P natijasida yuzaga keladigan turli
traektoriyalari ko’rsatildi.

4. Schwarzschild gqora tuynugi atrofida tashqi asimptotik bir jinsli magnit
maydonda harakatlanayotgan magnitlangan zarralarning orbita jihatdan
chegaralangan va chegaralanmagan harakati aniqlandi. Xususan, planetar orbitlari
uchun biz topgan natijalarimizni Sgr A* atrofida magnit dipol momentga ega S2
yulduzining kuzatilgan pozitsiyasi bilan taqqoslandi. Yulduzning magnit dipoli va
tashqi magnit maydon o‘rtasidagi magnit o‘zaro ta’sir parametri uchun maksimal va
minimal qiymatlari, shuningdek, S2 yulduzining energiyasi va burilish momenti

topildi va yulduzning magnit dipoli momenti 10°G - cm3 ekanligi aniqlandi.
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INTRODUCTION (Annotation of PhD dissertation)

Relevance and necessity of the topic. Nowadays, advanced astronomical
instruments like the LIGO-VIRGO and Event Horizon Telescope enable direct
detection of gravitational waves from merging black holes and binary neutron stars,
as well as capturing images of the supermassive black hole at the core of the M87
and Milky Way galaxies. The direct observation of gravitational waves and the
detailed imaging of a supermassive black holes using these advanced instruments
shed light on astrophysical events in strong gravitational fields. These cutting-edge
observations are vital for developing new solutions in alternative gravity theories
and for exploring challenges tied to accurately measuring parameters and
understanding the essence of dark matter. Analyzing the interaction between dark
matter (DM) and black holes (BHs) is crucial for enhancing our understanding of
DM's fundamental nature. Given the significance of DM halos and their interplay
with BH systems, studying and modeling DM through astrophysical data and
simulations can provide valuable insights. To this end, several analytical models,
such as the Einasto, Burkert, and Dehnen models, have been developed to describe
BH solutions within DM halos.

Our Republic places significant emphasis on fundamental research in the area
of relativistic astrophysics of black holes. The primary areas of fundamental research
and development, as well as their practical applications for advancing science in our
nation, are detailed in the Strategy for the Further Development of the Republic of

Uzbekistan for 2022-2026 . Over the last three decades, the Republic has advanced
relativistic astrophysics of gravitational compact objects, thoroughly investigating
the energy and optical characteristics of black holes, wormholes, and naked
singularities. New effects of general relativity have been discovered in the
relativistic astrophysics of magnetized neutron stars, and progress has been made in
understanding relativistic magnetospheres and plasma, as well as magnetized
relativistic objects.

This dissertation focuses on fulfilling objectives outlined in state regulatory
documents, including Presidential Decree No. UP-4947 of February 7, 2017, on the
Strategy for the Further Development of the Republic of Uzbekistan, and the
"Roadmap of Key Structural Reform Directions in Uzbekistan for 2019-2021,"
issued by the Government of Uzbekistan on November 29, 2018.

Conformity of the research to the main priorities of science and
technology development of the republic.

The research has been conducted in line with the priority areas of science and
technology in the Republic of Uzbekistan, specifically under the category II:
"Power, Energy, and Resource-Saving."

The aim of the research is to develop a theoretical formalism for obtaining
new analytical Schwarzschild-like black hole solutions within the dark matter halo
and for analyzing particle dynamics around supermassive black holes (SMBH) in an
environment with dark matter and magnetic field, together with comparative

! Decree No. PF-60 of the President of the Republic of Uzbekistan dated January 1, 2022 “On the Development
Strategy of New Uzbekistan for 2022-2026”.
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analysis of the obtained results with the observed position of the S2 star around Sgr
A'SMBH.

The tasks of the research:

to find a novel analytical Schwarzschild-like BH in Dehnen-type DM halo.

to analyze spacetime curvature characteristics and energy conditions of the
obtained solution.

to derive the field equations and determine the electromagnetic four-vector
for the case of self dual black hole in LQG.

to study the motion of magnetic dipoles and electrically charged particles in
the vicinity of a BH in LQG, in the vicinity of the Schwarzschild BH immersed in
external uniform magnetic field.

to investigate the bound and unbound motion of magnetized particles orbiting
a Schwarzschild black hole immersed in an external asymptotically uniform
magnetic field.

to perform a comparative analysis of findings with the observed position of
the S2 star carrying magnetic dipole moment around Sgr A™.

Connection of the topic of dissertation with the scientific works of
scientific research organizations, where the dissertation was carried out. The
presentation was carried out within the framework of scientific projects funded by
the Ministry of Innovative Development. FL-7923051796 “Modeling of Scalar Field
Dynamics and Quantum Emitters in Spherically Symmetric Gravitational Fields”,
F-FA-2021-432 “Processing and Analysis of Satellite Data from Low Mass X-ray
Binary Systems”.

The objects of the research are astrophysical compact objects, particle
dynamics, analytical models for DM halos, uniform magnetic fields in different
spacetimes, S2 star trajectories.

The subjects of the research are observational properties of black holes,
Selfdual Black hole immersed in magnetic field in LQG, particle dynamics around
SMBH, analytical and numerical methods for solving differential equations of the
motion of particles.

The methods of the research are the approaches involve theoretical physics
and astrophysics, contemporary methods of theoretical astrophysics and
mathematical physics, as well as analytical and numerical techniques for solving
differential equations associated with field and particle dynamics.

The scientific novelty of the research is in the following:

For the first time, an analytical Schwarzschild-like black hole solution in a
Dehnen-type DM halo for the core model has been derived.

For the first time, field equations and four-vector potential for the case of a
self-dual black hole in LQG are derived. The motion of magnetic dipoles and electric
charged particles in the vicinity of a self-dual black hole in LQG is learned.

For the first time, the bound and unbound motion of magnetized particles
orbiting a Schwarzschild BH immersed in an external asymptotically uniform
magnetic field is derived.

For the first time, results of the obtained analysis is compared with the real

positions of the S2 star and magnetic dipole of the star is estimated as 10°G - cm3.
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Deflecting trajectories akin to gravitational Rutherford scattering is explored.

Practical results of the research are as follows:

Novel analytical Schwarzschild-like BH solution is derived, representing a
static BH surrounded by a DM halo characterized by a Dehnen-type density profile
(1,4,2). The properties of this BH is investigated by analyzing the spacetime
curvature. The energy conditions, which are fundamental characteristics of the
physical viability of spacetime, is examined.

A self-dual black hole immersed in an external asymptotically uniform
magnetic field is considered. The motion of magnetic dipoles and electrically
charged particles in the environment surrounding the spacetime geometry in LQG is
studied. The combined effects of the quantum correction parameter P and the
magnetic interaction parameter f on the ISCO radius is studied. We analyzed
captured, bound and escape orbits of magnetized and electrically charged particles
restricted from moving on the equatorial plane of the self-dual black hole in LQG
for various possible cases.

The bound and unbound orbits of the magnetized particles as they approached
a Schwarzschild BH in magnetic field are investigated. The effective potential
experienced by approaching particles, classifying possible bound and unbound
orbits based on their specific energy and angular momentum has been derived and
analyzed. Comparisons between observed positions of the S2 star around SgrA*and
theoretical predictions were made for two different values of [, calculating
minimum and maximum values for this parameter and specific angular momentum
of the S2 star.

Reliability of the research results is supported by the use of standard
mathematical and theoretical physics methods in the dissertation, including highly
effective numerical techniques and software. A meticulous verification was
conducted to ensure the theoretical results aligned with existing data in limiting
cases, observational evidence, and the findings of other researchers. Additionally,
the conclusions are consistent with the core principles of the theory of gravitational
compact objects in strong gravity regimes.

Scientific and practical significance of the research results. The scientific
significance of the research results is that proposed a novel analytical
Schwarzschild-like BH in DM halo can explain the nature of the dark matter.

The practical significance of the research results is that proposed model can
explain environment of the Sgr A™ and help to estimate magnetic dipole of the S2
star.

Application of the research results. Drawing on the dynamics of the
compact objects, the scientific findings related to their properties have been utilized
in studies by international researchers and published in high-impact foreign journals,
including (Journal of Cosmology and Astroparticle Physics, 2025(03), Volume
2025, Web-Sc, 1F: 5.9; The European Physical Journal C, Volume 85, Article
number 786, Web-Sc, IF: 4.2; The European Physical Journal C, Volume 85, Article
number 494, Web-Sc, IF: 4.2; Universe, Web-Sc, IF: 2.6;).

These scientific results were used within the framework of programs
supported by the Vellore Institute of Technology (based on an official letter provided
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by Dr. Pankaj Sheoran).

The publication of the research results. 5 scientific works on the research
topic have been published, including 3 in international refereed journals with high
impact factors, among them 2 scientific abstracts in the list of scientific publications
recommended by the Supreme Attestation Commission under the Ministry of Higher
Education, Science, and Innovations of the Republic of Uzbekistan for publishing
the main scientific results of dissertations.

Volume and structure of the dissertation. The dissertation consists of an
introduction, three chapters, conclusion and a bibliography. The size of the
dissertation is 122 pages.

THE MAIN CONTENT OF DISSERTATION

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

The first chapter entitled “Schwarzschild-like black holes in Dark matter
halo”. In this chapter, we present a novel analytical Schwarzschild-like black hole
(BH) solution that exhibits a static BH with a dark matter (DM) halo characterized
by a Dehnen-type density profile. We study the properties of the newly derived BH
solution by examining its spacetime curvature characteristics and energy conditions,
providing insights into how the DM halo influences these fundamental
characteristics. Additionally, we analyze the timelike geodesics of test particles in
the obtained BH-DM spacetime, highlighting how the presence of the novel Dehnen-
type DM halo alters the gravitational dynamics and modifies particle trajectories.
This solution could represent an alternative perspective on the interaction of black
hole-dark matter systems, providing new insights into the fundamental properties of
DM halos.

Dehnen-type DM halo density distribution:

[ ©
here, p_ is the characteristic density (the density of the universe at the moment
when the halo collapsed) of the halo, 7 is the characteristic scale of the DM halo,
and the parameters (a, 5, y) control the slopes of the density profile which is in our

case as (1,4,2). [1] enables us to find mass profile of the halo as:
24



_ 4npsr§

My =", 2

Then the line element for pure DM halo can be expressed as:
ds? = —A(ryde? + 2
s = r B

Also, tangential velocity of a test particle moving within DM using Egs. (2, 3)

can be written as:
log [A(r)| =" (4)

+r2d02. (3)

1
17¢ == ;ar

which enables us to find A(r) as:

—87T¢ ps

7"S
A(r) = (1+ 7) . (5)
The Einstein field equation for BH in DM halo can be expressed as:
Ruv = 59,,R = 87[T (D) + Ty (BH)], (6)

where TZ(D) = diagl—p(r), P (1), P¢(r), P¢(r)] is the energy-momentum tensor
of the DM halo, T, appears due to BH space-time. Subsequently, solving Einsetin

field equation [6] we can obtain the line element for Schwarzchild BH in Dehnen
type DM halo as:

ds? = —f(r)dt? + Tlr)drz +1r2d0?, 7)

where f(r) 1s the lapse function:

Fr) =120 2011 4 (1), ®)

To examine the singularity structure of this BH atr = 0, we analyse the curvature
invariants of the spacetime such as Ricci scalar, R, Ricci square, RWR“ v and
Kretshmann scalars, R ;,qzR" V@B and plotted radial dependence of this invariants in

(Fig.1). From this figure (Fig.1) one can recognize that BH in Dehnen type DM is
singular at r=0.
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Figure 1. The curvature invariants.

It is generally accepted that any realistic solution to the Einstein equations should

obey the three energy conditions, namely the weak (WEC:p(r) = 0,p(r) +
3

P;(r) =20 with (i =1,0,¢)), the strong (SEC: p(r) + ) P, = 0), and the
i=1

dominant energy (DEC: p(r) — |Pg 4| = 0) conditions. We show this conditions
visually in (Fig.2)
0.0010 T

0.0010
0.0008 0.0008
O 0.0006 — p=0.03; r;=0.4 o 0.0006 — ps=0.03; r;=0.4
l§] — py=0.03; r;=0.8 a — ps=0.03; r;=0.8
0.0004 — py=0.06; r,=0.4 0.0004 — p=0.06; r,=0.4
ps=0.06; r;=0.8 ps=0.06; r;=0.8
0.0002 0.0002
000005 6 8 0 00000 6 8 10
v
0.0010
0.0010
0.0008
0.0008 -
0.0006 003y f
O ps=0.03; rs=0.4 o 0.0006 - — ps=0.03; r;=0.4
Lél — p=0.03; r,=0.8 LS — =003 =08
0.0004 — ps=0.06; r;=0.4 0.0004 — ps=0.06; r;=0.4
ps=0.06; r;=0.8 — p=0.06; r,=0.8
0.0002 0.0002-
0.0000 = 0000-
0 6 8 10 0.00005 2 4 6 8 10
r ¥

Figure 2. The energy conditions.
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The second chapter of the dissertation is entitled as “Dynamics of
gravitational objects in the SMBH environment.” In this chapter, we study the
motion of magnetic dipoles and electrically charged particles in the vicinity of a self-
dual black hole in Loop Quantum Gravity (LQG) immersed in an external
asymptotically uniform magnetic field. We explore the effects of the quantum
correction parameter and electromagnetic interactions on the particle geodesics. We
derive the field equations and determine the electromagnetic four-vector potential
for the case of a self-dual black hole in LQG. We investigate the innermost stable
circular orbits (ISCOs) for both magnetic dipoles and electrically charged particles
in detail, demonstrating that the quantum correction parameter significantly
influences on the ISCO radius, causing it to shrink. Additionally, we show that the
ISCO radius of magnetic dipoles is greater than that of electrically charged particles
due to the magnetic field interaction. We investigate the ISCO parameters (i.e.,
r1sco» lisco» €isco, Visco» and 21s¢co) for magnetic dipoles and electrically charged
particles, providing detailed values. Furthermore, we examine the trajectories of
charged particles under various scenarios resulting from the quantum correction
parameter P. Finally, analyzing the ISCO parameters that define the inner edge of
the accretion disk, we explore the accretion disk around a self-dual black hole in
LQG.

The effective metric of the self-dual black hole in LQG is given by:
2

dr
2 _ _ 2
ds = —A(r)dt® + B0

+ 1r2[d6? + sin?0d 2], (9)

here:
A(T) = —0tt = (r-ry)(—r_)(r+r,)

r4
1 (r—-ror—-r)
grr (r+mn)?
where vy =2M /(1 + P)2 andr_ = 2MP2/(1 + P)2 refers to the black hole's two

horizons, while ., = /77— = 2MP/(1 + P)* with ADM mass M.
Then vector potential's ansatz for non-rotating black hole can be expressed as:

A = ci(r, BOE? + |22 + c(r, Bo)| &, (10)
here fl; = (1,0,0,0) and EZ) = (0,0,0,1) refer to the time-like and space-like killing
vectors. For a non-rotating vacuum black hole the Maxwell field equations can be

)

B(r) =

)

defined by F f/v = 0 so final answer for four vector potential is:

AF =20(B)" )F (A, A+ 3;2A + 3; B)E, (11)
with new variables as A = 1=2F 1and B = &.
142P 2M(2P+1)

Then in Fig. 3 we have plotted magnetic field lines in the vicinity of the self-dual
black hole in LQG.
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where q is the charge of the electrically charged particle. Then, equation of the

I

X
a

black hole in LQG for various combinations of the quantum correction
action at the equatorial plane S = —Et + L¢ + S, the motion of the magnetized

Now we can write Hamilton-Jacobi equation for magnetized particles in the vicinity
particles can be expressed as:

of the BH in LQG immersed in external magnetic field:
motion of the electrically charged particle in the vicinity of the self-dual black hole

We can perform the same analysis for charged particles:
in LQG in external uniform magnetic field can be expressed as:

Figure 3. The plot shows the magnetic field 1

where ‘U
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Figure 4. The trajectories of the test particle with charge (upper one) and
magnetic dipole moment(bottom panel) in the vicinity of the self-dual black
hole immersed in an external uniform magnetic.

The third chapter, which is named as “Orbits of particles with magnetic
dipole moment around magnetized Schwarzschild black holes: Applications to S2
star orbit”, includes a comprehensive analytical investigation of the bound and
unbound motion of magnetized particles orbiting a Schwarzschild black hole
immersed in an external asymptotically uniform magnetic field, which includes all
conceivable types of bounded and unbounded orbits. In particular, for planetary
orbits, we perform a comparative analysis of our findings with the observed position
of the S2 star carrying magnetic dipole moment around Sagittarius A* (Sgr A*). We
found maximum and minimum values for the parameter of magnetic interaction
between the magnetic dipole of the star and the external magnetic field, as well as
the energy and angular momentum of the S2 star. As a result, we obtain estimations
of the magnetic dipole of the star in order of 10°G - cm3. Additionally, we explore
deflecting trajectories akin to gravitational Rutherford scattering. In obtaining the
solutions for the orbital equations, we articulate the elliptic integrals and Jacobi
elliptic functions, and illustrative figures and simulations augment our study.

The line element of the Schwarzschild BH can be described as:

ds? = —f(r)dt? + f(r) ldr + r2d0?, (17)
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with the lapse function:

fry=1-2

r

and d? = dB? + sin?0d¢p?.
According to Wald's approach the four-potential, being solution of

Maxwell's

equation, can be expressed as d2? = d8? + sin?0d¢?, where fg = (0,0,0,1)

represent a spacelike Killing vector. The Lagrangian for the magnetized particles
orbiting around Schwarzschild BH immersed in external uniform magnetic field can

be expressed as:
L= %(m + Wgutu’ — %‘u,

(18)

where U = u B? is the magnetic interaction term. Then the equation of the
a

motion 1is:
fo__ &
[1+BFl9,s
¢ = ,
1+ 5F19 44
.2 2
r =& — Veffs
in which

2
Verr(r,D) = £(r) ([1 ~BFI" + i—z)

(19)
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Fig.5. The radial profile of the effective potential is depicted for fixed values of
the magnetic coupling parameter [, and the specific angular momentum L
The minima (7,,;,) in the effective potential corresponded to stable circular

orbits, while the maxima (7,,,4,) correspond to unstable circular orbits.
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here we have introduced new variables as § = uB/m and F(r,0) = ./ f (r)sinf.

Then in Fig.5 we have shown radial dependence of the effective potential for
different cases.
Also using Eqs.(19) we will get differential equation to govern particle

motion:
Gy =T ION e _py (14 5-8JF@)], @)

B . : : :
here f = % is the magnetic coupling parameter, [ and € are the specific angular

momentum and specific energy of the magnetized particles, respectively. Then if we
introduce new variable u = 1/7 to the Eq.(20) we will have following equation to
govern the motion of the magnetized particles:

2
(g—;) = (1+ B)(au® — bu? + cu+d), (21)
where
a=2M|(@2f+1)- Zﬁ M | 22)
_ 2
b=p+1)+ 20 124'B)M )

M[z ﬁ(5ﬁ+282—1)]

B+ 1B+ 82 - 1)
12

d=

From equation (21) one can easily conclude particle make bound orbits for £ <
1 — f and unbound orbits for £ >1-— f. Then if we assume test particles have

energy € 2<1— f and all roots of the eq. (21) are positive (with the condition u; <
Uy < ugy) test particles make planetary bound orbits. So, we will have trajectory for
the magnetized particles starting their motion from uq, ¢ = 0:

1
ug+(uz—uq)sn?(6o,ko)’

r(¢) = (23)

where sn(0, k) is the Jacobi elliptic sine function with the argument 6 =

\[a(l + B)(uz —uq) % and the modulus kg = % The roots of the Eq. (23)

37U

can be labbeled as:

wy =€, (24)
1+e
u2 - A )
b 2
R OTp
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Fig.6. Orbits corresponding to various eccentricities: blue orbits represent
f = 0.1, while black orbits represent 5 = 0.0.

where A and e are the latus rectum and eccentricity,respectively. Also using Levin

and Perez-Giz taxonomy:
v A
q+1=a)+z+1=—2n, (25)

where w, v, and z represent the whirl, vertex, and zoom numbers, respectively.

Subsequently, we can find equation:

q + 1 — ZK(kl)

- b_a(1+ﬁ)(3—e)'
\ 2

Here K (k) is the complete elliptic integral of the first kind with the modulus k; =
2ea(1+p)
1—a(1+8)(3—e)’
Now calculating Eq. (26) numerically, we can show planetary orbits visually. We

have plotted planetary orbits for different values of the w, v, z in Fig.6

For a simple elliptic trajectory, the orbit of the S2 star should be (1, 0, 0), so Eq.(26)

2 b_a(1+ﬁ)(3—e)
A

Then using observations of phenomena of star S2, which is located in the star cluster
close to Sgr A*, we can constraint the trajectory of the S2 star and find
corresponding magnetic interaction term [

(26)
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Fig.7. Observed trajectory of the star S2 orbiting SgrA*.

Using observed data of the S2 star orbiting SgrA* we obtained the possible range of
the magnetic interaction parameter 3 as:

0.14249 < f < 0.419751.
CONCLUSION

Based on the results of the dissertation titled "Dynamics of gravitational objects
in the SMBH environment with a dark matter halo and magnetic field", the following
conclusions were presented below:

1. An novel analytical Schwarzschild-like black hole solution with a Dehnen-
type DM halo has been found. It has been shown that all energy conditions are
fullfilled for newly derived BH solution. This solution could represent an alternative
perspective on the interaction of black hole-dark matter systems, providing new
insights into the fundamental properties of DM halos.

2. The motion of magnetic dipoles and electrically charged particles in the
vicinity of a self-dual black hole in LQG immersed in an external asymptotically
uniform magnetic field has been demonstrated by exploring the effects of the
quantum correction parameter and electromagnetic interactions on the particle
geodesics. The field equations have been derived, and the electromagnetic four-
vector potential has been found for the self-dual black hole in LQG.

3. ISCOs for both magnetic dipoles and electrically charged particles have been
found, demonstrating that the quantum correction parameter significantly influences
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the ISCO radius, causing it to shrink. It has been shown that the ISCO radius of
magnetic dipoles is greater than that of electrically charged particles due to the
magnetic field interaction. The ISCO parameters (i.e., T;sco, lisco, Eisco» Visco,
and £;s¢c0) have been found for magnetic dipoles and electrically charged particles,
providing detailed values. The trajectories of charged particles have been
demonstrated under various scenarios resulting from the quantum correction
parameter P.

4. The orbitally bound and unbound motion of magnetized particles in vicinity
of the Schwarzschild black hole immersed in an external asymptotically uniform
magnetic field around has been found. In particular, the obtained results for
planetary orbits have been compared with the observed position of the S2 star with
a magnetic dipole moment around Sgr A*SMBH. The maximum and minimum
values of the magnetic interaction parameter between the star's magnetic dipole and
the external magnetic field, as well as the energy and angular momentum of the S2
star have been determined, and it has been found that the star’s magnetic dipole

moment is of order 106G .cm3.
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BBEJAEHUE (annoTanusi nuccepranuu 1okropa pusocopuun (PhD))

AKTYyaJIbHOCTb U HEO0X0AUMOCTb TeMbl. B HacTos11ee BpeMsi COBpEMEHHBIE
actpoHoMHuueckue HHCTpyMeHThl, Takue kak LIGO-VIRGO u teneckon Event
Horizon, mno3BOJNSAIOT HampsAMyr0 OOHApyKMBaTh T'PABUTAIMOHHBIE BOJIHBI OT
CIIMBAIOIINXCS YEPHBIX JBIP U JBOWHBIX HEUTPOHHBIX 3BE3J]l, a TAKXKE IMOJTyYaThb
M300paXeHUsI CBEPXMACCUBHBIX YEPHBIX JBIP B IEHTPax rajakTuk M87 u Miieunblit
nyTe. HenocpencrBeHHoe HaOMOAEHUE 3a TPaBUTAIMOHHBIMU BOJIHAMU U
JeTaTbHOE HUCCIEIOBAHUE M300pAKEHUSI CBEPXMACCUBHBIX YEPHBIX JBIP,
MOJYYEHHBIE C MOMOIIBIO 3THX NEPEIOBBIX MHCTPYMEHTOB NPOJIMBAIOT CBET Ha
acTpopu3N4eCKue COOBITUS B CHUJIBHBIX TPABUTAIMOHHBIX MOJAX. DTU MEpPeOBbIE
HaOJIOJIEHUs] UMEIOT pellaroliee 3HA4YeHUE JJIsi pa3pa0OTKHU HOBBIX PEIICHUN B
aJbTEPHATUBHBIX TEOPUSIX TPABUTAILMU U NI UCCIEAOBAHUS MPOOIEM, CBSI3aHHBIX
C TOYHBIM U3MEPEHUEM MTAPAMETPOB U IOHUMAHUEM CYTH TEMHON MaTEpUU. AHAIIN3
B3auMO/IeHCTBUS Mex 1y TeMHoU maTtepueit (TM) u yepabsimu asipamu (Y1) Baxken
IUIsl yrayOJeHHOTO MOHUMaHusl OocHOB TM. YuuThIBas 3HaUMMOCTh TaJl0 TEMHOMU
MAaTEPUU U MX B3aUMOJECHCTBHE C CHUCTEMAaMHM YEPHBIX IbIP, WCCIECAOBAHHUE H
MozaenupoBanue TM uepe3 acTpodu3nveckue JaHHbIE U CUMYJSILIUM MOTYT JaTh
1neHHylo uHopmamuioo. B 3Tol  cBsA3um  ObUIM  pa3paboTaHbl  HECKOJIBKO
AHAIMTUYECKUX MOJIENIeH, TaKUX KaKk mMojaenu DiHato, bypkepra u [lexnena, nmus
ONMCAaHUS PELUICHUN YEPHBIX ABIP B TAJIO TEMHOM MATEPUHU.

B nameli PecniyOnuke npupaercsi 0osblioe 3HaueHHEe (yHIaMEHTAIbHBIM
UCCIIEIOBAHUSM B 001aCTH PENATUBUCTCKON acTpo(u3uku YepHbIX Ablp. OCHOBHBIE
HampaBJieHUs (yHJAaMEHTAIbHBIX HCCIEIOBAHUN U pPa3padOTOK, a TakkKe HX
MPAKTUYECKOE TPUMEHEHHE JIJT MPOBUKEHNS HAYKHU B HAIIEH CTPAHE U3JI0KEHBI B
Crpateruu nanpHeiimero pasputus Pecrry6nuku Y36exucran na 2022-2026' rozel.
3a mocnenaHue Tpu AecsaTuieTus PecnyOnuka cuenana 3HAYUTEIbHBIA BKJIaj] B
PEISTUBUCTCKYIO  acTpo(U3UKy TPABUTAIMOHHBIX KOMIIAKTHBIX OOBEKTOB,
TIIATENBHO HCCIEAYS DHEPrUI0 U ONTHYECKHE XapaKTEPUCTUKUA YEPHBIX [IBID,
KPOTOBBIX HOP U TOJIBIX CUHTYJISIPHOCTEH. BbIIN OTKPBITHI HOBBIE 3D PEeKThl 001IeH
TEOPUU OTHOCHUTEJIIBHOCTH B  PEISTUBUCTCKOW  acTpo(U3UKE MArHUTHBIX
HEUTPOHHBIX 3BE3Jl, 4 TAKXKE CHEJIaH MNPOrpecc B NMOHUMAHUU PEIATHUBUCTCKHUX
MarHutocep U 1mia3mMel, a TAK)KE HAMAarHUYEHHBIX PESITUBUCTCKUX OOBEKTOB.

JlaHHasi nUccepTaldsl HamnpaBJCHA Ha BBIMNOJHEHUE 3a]1a4, U3JI0KEHHBIX B
roCy1apCTBEHHBIX HOPMAaTHBHBIX JTOKYMEHTAX, BKIItouaa Yka3 [Ipesunnenta No UP-
4947 ot 7 despans 2017 roga o Ctpareruu nanbHeinero passutus Pecnyonuku
V36ekuctan u «J{opoxkHyI0 KapTy KJIIOUYEBBIX HAMPABICHUM CTPYKTYpPHBIX pedopm
B Y30ekucrane Ha 2019-2021 ronap», N37aHHYIO IPABUTENLCTBOM ¥Y30eKkucTaHa 29
HOs10ps 2018 rona.

CooTBeTcTBHE HCCICA0BAHUSA OCHOBHBIM NPUOPUTETAM PA3BUTHSI HAYKH
U TexHoJsoruin PecnyOuuku. HccienoBaHusi auccepTalidd NPOBOAUIINCH B
COOTBETCTBUM C MPUOPUTETHON OOJIACTHI0 HAYYHO-TEXHOJOTHYECKOTO Pa3BUTHS

!'Vka3 Tpesunenta PeciyGmuku Y36exuctan Ne PF-60 ot 1 susaps 2022 rona «O Crparerun pasBuTus HOBOTO
V36ekncrana Ha 2022-2026 rosn».
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PecnyOnuku  V30ekuctaHn, a wumeHHOo c¢ npuoputerom II.  «OHeprus,
3HEprod(PGHeKTUBHOCTD U PECYPCOCOEPEIKEHUEY .

Heabio ucciaeqoBanus SBISETCS pa3BUTHE TEOPETUUECKOTO (popMainu3Ma Jjist
MOJYYE€HUS HOBBIX aHAIMTUYECKUX PELICHUN I YepHBIX AbIp Thna [lIBapumunsaa
B TaJI0 TEMHOM MaTE€pUH U ISl aHAJIM3a TMHAMUKH YaCTHUI] BOKPYT CBEPXMAaCCUBHBIX
yepHbeix nbip (CMYJ]) ¢ TemHONl Marepuel W MarHUTHBIM TIOJEM, a TaKxkKe
CPaBHUTEIIbHBIM aHANIU3 MOJYYEHHBIX PE3YIbTATOB C HAOIIOJAEMbIM MOJIOKEHHEM
3Be3abl S2 Bokpyr CMY/] Sgr A*.

3agaum uccjIeI0BAHMSA:

Haiitu HOBOe anamutuueckoe pemeHue IIBapimmibaonoqo0HoN udepHOH
IBIPBI B TAJI0 TEMHOM MaTepuu tuna /[exneHa.

[Ipoananmu3upoBarh XapakTEPUCTUKU KPUBU3HBI IIPOCTPAHCTBA-BPEMEHU U
DHEPTETUYECKUE YCIOBUS MTOTYYEHHOTO PEIIECHHUS.

BriBecTr ypaBHEHUS OIS U ONIPEAETUTH JIEKTPOMATHUTHBIN YETBIPEXBEKTOP
JUISL ciydasi camo-IBOMHOM YyepHOoi abIpbl B LQG.

N3yunTth ABUKEHHWE MArHUTHBIX JUIIOJNEU M JJIEKTPUUYECKU 3apSKEHHBIX
Y4acTHIl B OKpecTHOCTH uepHOU 1bIpbl B LQG, BOM3H uepHoii nbipsl [1IBapumunbaa,
MOTPYKEHHOU B BHEILIHEE OJTHOPOJHOE MATHUTHOE ITT0JIE.

HccnenoBarh CBSI3aHHBIE W HECBS3aHHBIE JBHKEHUS MArHUTHBIX YaCTHIL,
BpAILAOIINXCSA BOKPYTI 4e€pHOM AbIpbl llIBapummiapa, mOrpyKEHHOM B BHEIIHEE
ACUMIITOTUYECKU OJHOPOJHOE MAarHUTHOE IOJIE.

[IpoBecTu cpaBHUTENBbHBIN aHATN3 OJYYEHHBIX PE3YJIbTATOB C HAOJIIOaEMbIM
MOJIOKEHUEM 3BE3/IbI S2 C MpeAnoaara€MblM MAarHUTHBIM JTUIMOJIBHBIM MOMEHTOM
Bokpyr CMY/J] Sgr A*.

Ces3p TeMbl JUCCEPTAMM € HAYYHBIMH PpadoTaMM HAayYHBIX
HCCJIeI0BATEeIbCKUX  OpraHu3anmid, rAe MPOBOAWIACL JHCCePTALMS.
Jluccepranidsi BBIMIOJIHEHA B paMKaxX HAyYHBIX MPOEKTOB, (UHAHCUPYEMBIX
ATEHTCTBOM WMHHOBAllMOHHOTO pPa3BUTHUSA, B 4AaCTHOCTH, mpoekTta F-FA-2021-510
«MccnenoBanus siepHOrO BEIIECTBa HEUTPOHHBIX 3BE3]] B MOAUGDUIIMPOBAHHOMN
rpaButaniuny, O-OA-2021-432 «Ananu3 u 00pabOTKa CITyTHUKOBBIX TAHHBIX PEHTI€HOBCKHX
JIIBOMHBIX CUCTEM C MaJIO¥ MacCom)).

O0bexTHl HCCIeI0BAHUS — acTpoPU3UUYECKUE KOMIAKTHBIE OOBEKTHI,
JIAHAMHUKA YacTUL, AaHAJIMUTUYECKUE MOJEIU [Js1 TaJl0 TEMHOM MAaTEpUHu,
OIHOPOJHBIE MATHUTHBIE I10JISI B PA3JIMYHBIX IPOCTPAHCTBAX-BPEMEHU, TPACKTOPHUS
3Be31bI S2.

IIpenmer wucciaegoBaHusi — HAOMIOJATEIbHBIE CBOMCTBA YEPHBIX JbIP,
Moau(dUIIMpOBaHHAsT TEOpUs TpaBUTALMHU, CaMO-JIBOWHAas dYepHas JAbIpa,
norpy>keHHasi B mariutHoe nojie B LQG, nunamuka yactun Bokpyr CMYJ/I,
aHAJTUTUYECKUE U YUCIEHHBIE METOJbI pelieHus: nuddepeHnalbHbIX YpaBHEHUIN
OJIA U IBUKEHUS YACTHULI.

Metoabl ucciaenoBanusi. BiiodaroT moaXoasl TeOpeTHUEeCKON (U3UKU U
acTpopu3UKU, COBPEMEHHBIE METOJIbl  TEOPETUYECKOM  acTpopu3uKu U
MaTteMaTU4eCcKon (PU3MKH, a TAKKE AaHATUTUYECKUE U YUCIEHHBIE METO/Ibl PEIICHUS
nudpepeHnanbHbIX YPaBHEHUN, CBSI3AHHBIX C TUHAMUKOMW MOJISI M YaCTHII.
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HayyHast HOBM3HA HCCJIEJOBAHUSA 3aKII0YAETCHA B CJIAeAYIOLIeM:

BnepBeie mnonydeHo ananutuueckoe peurenue IlIBapumunsaononoOHon
YEpHOU JbIpbl B TaJ0 TEMHOM Marepuu Tuna JlexHeHa i MOAEIH sapa.
[Ipoanamu3upoBaHbl XapakKTEPUCTUKU KPUBU3HBI IPOCTPAHCTBA-BPEMEHU U
AOHEPTrETUUYECKUE YCIOBUS MTOJIYYEHHOTO IPOCTPAHCTBA-BPEMEHMU.

BriepBbie BbIBEIEHBI YPAaBHEHUS MOJI U YETBIPEXBEKTOPHOE MOTEHIMAIBHOE
noje JJs ciaydas caMmo-IBOWHOM wepHOW Abipel B LQG. M3yueHO nBHKEHHE
MAarHUTHBIX JUIIOJIEN U DJIEKTPUYECKU 3apPsKEHHBIX YAaCTULl B OKPECTHOCTU CaMO-
IBOWHOMN yepHOU Abipbl B LQG.

BriepBeie nccienoBaHO ABMKEHME YacTULl C MArHUTHBIM  JTUIIOJBHBIM
MOMEHTOM, BpPAILLIAIOIIMXCSI BOKPYI 4epHOU AbIpbl llIBapummiapia B MarHuTHOM
ose.

BriepBbie pe3ynbTarhl MOJYYEHHOTO aHAIW3a CPaBHEHBI C PEAIbHBIMU
MOJIOKEHUSIMHA 3BE31bI S2, 1 MATHUTHBIN JUIIOJIBbHBIA MOMEHT 3TOM 3BE€3/Ibl OLIEHEH

kak 10°G-cm3 . HccnenoBanbl OTKJIOHEHHBIE TPACKTOPUH, AHAJIOTHYHBIC
rpaBUTAllMOHHOMY paccestHuto Pesepdopa.

IIpakTH4eckue pe3yJibTaThbl HCCIETOBAHMS:

[Tonyueno HoBoe aHanuTuueckoe IBapummnbronogoounoe pemienue s Y/,
MpEACTaBIAIONIEeE CcTaTUUECKYI0 YJI, OKpYKEHHYI0 Tajl0 TEMHOW MATEPUU C
npodunem miotHoctu Tuna Jexuena (1,4,2). CsoiictBa 3toit U/ mcciaemoBaHbl
MyTE€M aHAJIN3a KPUBU3HBI IPOCTPAHCTBA-BPEMEHHU. PACCMOTPEHBI YHEPTETUUECKUE
YCIOBUS, KOTOpblE  SIBIAIOTCA  (yHAAMEHTAIbHBIMH  XapaKTEPUCTHUKaAMU
(hbU3MYECKOM COCTOATENIBHOCTH MPOCTPAHCTBA-BPEMEHHU.

PaccmatpuBaeTca camonmyasibHas 4epHas [bIpa, NMOTPY)KEHHAs BO BHEIIHEE
ACHMIITOTUYECKA OJHOPOJHOE MATHUTHOE moJie. M3y4eHO NBUKEHUE MArHUTHBIX
JUTIONICA W JICKTPUUYECKHU 3apSKEHHBIX YaCcTHUIl B OKPYKAIOLIEH Cpelie TEOMETPUHU
MPOCTPAHCTBA-BpEMEHU B paMKax kBaHTOBoU Teopuu nerensb (LQG). UccnenoBano
COBMECTHOE BIIMSIHHE IlapaMeTpa KBaHTOBOW Koppekunmu P wu mapamerpa
MAarHUuTHOTO B3aUMOJEUCTBUS [3 HAa paanyc BHYTPEHHEH CTaOWJIbHOM KpYyroBou
opoutsl (ISCO). IlpoaHanu3npoBaHbl 3aXBaY€HHBIE, CBSI3aHHBIE M YXOJSIIHE
OpOUTHl MATHUTHBIX M DJJICKTPUYECKH 3aPSHKEHHBIX YaCTHI[, OTPAHUYCHHBIX
JIBH>KEHHEM B 3KBATOPHUAIBHOW IJIOCKOCTH caMOAyalnbHOW 4epHOM nbipbl B LQG
JUISL PA3JIMYHBIX BO3MOXKHBIX CITy4aeB.

UccnenoBanbl CBsI3aHHBIE U HECBSI3aHHBIE OPOUTHI MATHUTHBIX YaCTHIL IPU UX
npubmmkenun k  YJ[ [IBapumunbga B marautHoM none. [lomyden wu
MPOAHAIN3UPOBAH 3 PeKTUBHBIN MOTEHIIUA, WCTIBITHIBAEMBII
MPUONMKAIOIUMUCS YaCTUIIAMU, KJIAaCCU(PULIMPYIOMINIT BO3MOXKHBIE CBSI3aHHBIE U
HECBSI3aHHBIE OPOUTHI HA OCHOBE MX YACIBHON SHEPrUU M YIJIOBOTO MOMEHTA.
[IpoBenieHbl CpaBHEHMS MEXAY HAOII0JaeMbIMH MOJOKEHUSIMHU 3BE3/1bI S2 BOKPYT
CMY/I SgrA* u TeOpeTUUECKUMHU MPECKa3aHUSIMU JJIsI ABYX PA3TUYHBIX 3HAUCHU I
napaMerpa 3, paccuMTaHbl MUHHMMAaJbHbIE U MaKCUMAaJbHbIE 3HAYEHHS STOrO
rapaMeTpa 1 yAEIbHOTO YIIIOBOIO MOMEHTA 3BE31bI S2.

HapexHoctn pe3yJibTaToOB HCCJIeI0OBAHMS MOATBEPKAAETCS
WCMOJIb30BAaHUEM CTaHIAPTHBIX MAaTEMAaTHYECKUX H TEOPETUYECKUX METOJI0B
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¢bu3ukn B JuccepTanuu, BKIO4Yas SPGEKTUBHBbIE YHCIEHHBIE METOABl U
nporpaMMmHoe oOecrieuenure. Takke Obula TpOBeAEHA THIATEIbHAsT MPOBEpPKa
TEOPETUYECKUX PE3YyJbTaTOB B OrPaHUUYEHHBIX CiIyyasX, C HaOIOJaTeIbHBIMU
JAHHBIMU U pe3yJibTaTaMu APYTUX UCCIeA0BaTEIEH.

Hayynass m mnpakTuyeckas 3HAYMMOCTb Pe3yJbTATOB HCCJIeI0BAHUSA
3aKJII0YaeTCsl B TOM, UTO MPEJJIOKEHHAash MOJEIb YEPHOU ABIPHI B rajo TEMHOMU
MaTepuMr MOXET OOBIACHUTH MPUPOAY TEMHON MATE€pPUU U CIYXKUThb NJI1 OLUEHKHU
MAarHuTHOTO AUNOJIA 3Be3/bl S2 B okpecTHOCTH CMYJ] Sgr A*.

IlpuMeneHune pe3yJbTaTOB HccaeAoBaHus. Onupasch Ha JUHAMHUKY
KOMIAKTHBIX 00bEKTOB, HAYUHbIE PE3YJIbTAThI, CBI3aHHBIE C UX CBOMCTBAMU, OBLIN
WCIIOJB30BaHbl B UCCIEIOBAHUSIX MEXKIYHAPOJHBIX YUYEHBIX U OMyOJMKOBAaHBI B
BBICOKOPEUTUHTOBBIX 3apYyOeKHBIX KypHanax, Bkitodas (Journal of Cosmology and
Astroparticle Physics, 2025 , Volume 2025, Web-Sc, IF: 5.9; The European
Physical Journal C, Volume 85, Article number 786, Web-Sc, IF: 4.2; The European
Physical Journal C*, Volume 85, Article number 494, Web-Sc, IF: 4.2; Universe,
Web-Sc, IF: 2.6.)

OTH HayyHble pe3yJbTaThl OBUIM UCIOIB30BaHBl B paMKax MpPOrpamm,
noanepxuBaeMbix Vellore Institute of Technology (Ha ocHOBaHMM opuULIMATBEHOTO
nucbma, npenocrasieHHoro Dr. Pankaj Sheoran).

I[yonukauus pe3yabTaroB ucciaeaoBaHus. OmnyOIUKOBAaHO 5 HayuYHBIX
paboT Mo Teme UcCie0BaHus, BKJIIOYasi 3 CTaTbU B MEKIYHAPOHBIX JKypHajax ¢
BBICOKMMU UMITAKT-(DAKTOpPaMU U 2 HAYUYHBIX T€3UCa JOKIAJ0B B IIE€PEUYHE HAYUHBIX
W3JaHUM, PEKOMEHIOBAaHHBIX DBpICIIEN aTTEeCTAMOHHOM KOMHMCCHUEW NP
MuHucrepcTBe BbICHIEr0 00pa3oBaHMs, HAyKd M HWHHOBauui PecnyOnuku
VY30ekucTan A myOauKauu OCHOBHBIX HAYYHBIX Pe3yJIbTaTOB AUCCEPTAIUA.

O0beM u cTpyKTYpa AuccepTaumnu. J[uccepranus COCTOUT U3 BBEICHUS, TPEX
J1aB, 3aKItoueHus u oudnuorpaduu. O6beM qucceprauuu — 122 cTpaHull.

BBIBO/1bI

Ha ocHoBe mpoBeneHHOro WHcCciuenoBaHus IO Teme «/{MHaMuka
rPAaBUTALUOHHBIX 00bEKTOB B OKPECTHOCTH CBEPXMACCUBHBIX YEPHBIX IBIP €
rajio TeMHOM MaTepuel U MATHUTHBIM IOJIeM» ISl TUCCEPTALlMU HA COUCKAHUE
y4eHoi cteneHu foktopa ¢punocopuu (PhD) Obuin cienansl cieayronue BbIBOIbI:

1. Haiineno HoBoe ananutuueckoe llIBapimuiabaonono6Hoe perieHue ams
YEpHOM JbIphl B Tajgo TeMHOW Martepuu Tuna Jlexnena. Kpome Toro, BHOBB
MOJIyYEHHOE pPELIEHUE Uil YEPHOM JbIPbl AHAIU3UPYETCS IYyTEM W3YYECHUs
XapaKTEPUCTUK KPUBU3HBI IPOCTPAHCTBA-BPEMEHU U JIHEPreTUUYECKUX YCIOBUM.
DTO pelIeHHuE MOXKET TMPEACTABIATh AIBTEPHATHBHYKO TMEPCIECKTUBY Ha
B3aUMOJIEMCTBUE CHUCTEM 4YEpHas AbIpa—TE€MHAas MaTepus, NPEAOCTaBIIsII HOBbIC
CBeJIeHHs 0 PyHIaMEHTaIbHBIX CBOMCTBAX rajo TEMHON MaTEpHUHU.

2. AHanu3 JBMXKEHHSI MAarHUTHBIX AUIONEH W JEKTPUUYECKHU 3aAPSIKEHHBIX
4yacTull BOJMM3U caMmolyaidbHOM YepHoU aAbipel B LQG, morpyxeHHOM BO BHEIIHEE
ACUMIITOTUYECKU OJHOPOJHOE MAarHuTHOE ImoJjie. JlokazaHO BIIMSHHUE ITapamerpa
KBAHTOBOM IIONPABKUA M 3JEKTPOMArHUTHBIX B3aUMOJECUCTBUU HA T€OJE3UYECKUE
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TPACKTOPUHU YACTULl U OMNPEIENICH 3JJIEKTPOMATHUTHBIA YETBIPEXBEKTOPHBIN
ITOTEHLHAI JUIS CIIy4asl camMoayalibHOU yepHou abIpsl B LQG.

3. HompoOusiii ananu3z ISCO nisg MarHUTHBIX AUMNOJNEH U BIEKTPUUECKU
3apsDKEHHBIX YacTUll. Haneno, 4To mapaMeTp KBaHTOBOM MONPABKHU CYLIECTBEHHO
BimsieT Ha paanyc [ISCO u mpuBOAMT K €ro ymeHbleHno. Kpome Toro, nokasaso,
yto panuyc ISCO mjisi MarHUTHBIX JUIIONEH OoJibllle, YeM sl AJIEKTPUUYECKHU
3apsKEHHBIX YaCTHI], HU3-3a B3aUMOJCWUCTBHUS C MarHuUTHbIM mojeM. [IpoBeneH
noapoOueIi ananmm3 mapametpoB ISCO (T.e. Ti5co, Uisco> Ersco> Visco ¥ Qisco) T
MAarHUTHBIX JIMUMNOJIE W DJIEKTPUYECKH 3apsDKEHHBIX dYactuill. Kpome Toro,
TPACKTOPUU 3apsKCHHBIX YaCTHI] AHAIU3UPYIOTCS B Pa3IUYHBIX CIEHApUSIX,
00yCIIOBJICHHBIX MapaMeTPOM KBAaHTOBOU mompaBku P.

4. Ananu3 opOUTaNBHO CBA3AaHHO I'O U HECBA3AHHOIO JIBHXKEHUSI MATHUTHBIX
yacTull BOMMU3M yepHOM Abipbl [lIBapimunbaa, MNOrpy>KEHHOM BO BHEIIHEE
ACUMIITOTHYECKH OJHOPOJAHOE MArHUTHOE MOJe. B 4aCTHOCTH, MOJIyYEHHbIE HAMH
pe3yabTathl Jjisi OpOUT OBLIM CpaBHEHBI C HAOIIOJaeMOW MO3ULMEH 3Be3nbl S2,
oOnafaronieil MarHUTHBIM JUIOJBHBIM MOMEHTOM, BOKpyr CMYJ[ Sgr A*.
OrnpeneneHbl MAaKCUMAJIbHBIE U MUHUMAJIBHBIE 3HAUYCHUS NapaMeTpa MarHUTHOTO
B3aUMOJCUCTBUS MEXKIY MArHUTHBIM JIMIOJIEM 3B€3]lbl U BHEIIHUM MArHUTHBIM
IIOJIEM, 4 TAK)KE DHEPrus M yriloBOoM MOMEHT 3Be3anl S2. [lokazaHo, 4To 3BE31a

6
00J1aj1aeT MarHATHBIM JTHIIOJbHBIM MOMEHTOM mopsinka 107G - cms3.
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