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KIRISH (falsafa doktori dissertatsiyasi annotatsiyasi)

Dissertatsiya mavzusining dolzarbligi va zarurati. Zaryadlangan gora
o‘ralar sohasida zaryadlangan zarrachalar va ularning dinamikasini o‘rganish
zamonaviy astrofizika va fundamental fizikada o‘ta dolzarb va muhim tadgigot
sohasidir. Reissner-Nordstrom va Kerr-Nyuman metrikalari kabi yechimlar bilan
tavsiflangan zaryadlangan qora o‘ralar ekstremal sharoitlarda tortishish,
elektromagnit va inert kuchlarining o‘zaro ta’sirini o‘rganish uchun noyob
laboratoriyani ta’minlaydi. Ushbu muhitlar ixcham obyektlar yaginidagi materiya
va nurlanishning xatti-harakatini tushunish va umumiy nisbiylik nazariyasidan
potentsial og’ishlarni, aynigsa kuchli elektromagnit maydonlar mavjudligida,
tekshirish uchun juda muhimdir.

Zarrachalarning tezlanishi va yuqori energiyali emissiyalarning paydo bo‘lishi
kabi energetik jarayonlarni o‘rganish astrofizik hodisalarga chuqur ta’sir ko‘rsatadi.
Ko‘pgina kuzatilgan hodisalar, jumladan relativistik reaktivlar, gamma-sochilishlar
va yugori energiyali kosmik nurlar, zaryadlangan gora o‘ralar atrofida zaryadlangan
zarrachalar dinamikasiga asoslangan mexanizmlarni o‘z ichiga olishi mumkindir.
Bundan tashqgari, ushbu tadgigotlar ekstremal sharoitlarda plazma fizikasini
tushunishimizga yordam beradi, bu esa Event Horizon teleskopi va kosmik rentgen
hamda gamma-nurlanish teleskoplari kabi ilg’or kuzatuv obyektlaridan olingan
ma'lumotlarni sharhlash uchun zarurdir.

Yuqoridagi mavzularni ko‘rib chigish orgali ushbu dissertatsiya ishida nazariy
modellarni kuzatishlar bilan bog’lash, gora o‘ralar muhiti va ularning energetik
signaturalari hagidagi tushunchalarimizni rivojlantirishga garatilgan zamonaviy
yondashuvga mos keladi. Bu ish nafagat yuqori energiyali astrofizik jarayonlarga
oid tushunchalarni mukammallashtirish, balki fundamental nazariyalarni ekstremal
sharoitlarda sinab ko‘rishning kengrog maqgsadiga hissa go‘shadi va bu uni nazariy
va kuzatuv mulohozalarda juda dolzarb giladi. Mamlakatimizda qora o‘ralarning
akkretsiya diskidagi nurlanish mexanizmlari hamda qora o‘ra atrofidagi optik va
energetik jarayonlarni o‘rganish, tortishish nazariyalarini nazariy o‘rganish va
kuzatish ma’lumotlari asosida sinovdan o‘tkazishga katta e’tibor garatilmoqda.

Ushbu dissertatsiya ishi vazifalari tasdiglangan davlat normativ hujjatlari,
O‘zbekiston Respublikasi  Prezidentining 2017-yil 7-fevraldagi PQ-4947
“O°zbekiston Respublikasini yanada rivojlantirish uchun chora-tadbirlar strategiyasi
to‘g‘risida”gi  farmoni va 2017-yil 18-fevraldagi PQ-2789-sonli “Fanlar
akademiyasi faoliyati, ilmiy-tadgiqot ishlarini tashkil etish, boshqgarish va
moliyalashtirishni yanada takomillashtirish chora-tadbirlari to‘g‘risida”gi qarori
talablariga mos keladi.

Tadgigotning respublika fan va texnologiyalari rivojlanishining ustuvor
yo‘nalishlariga muvofigligi. Dissertatsiya tadgiqot ishi O‘zbekiston Respublikasi
fan va texnikasining ustuvor yo‘nalishlariga muvofiq amalga oshirilgan.

Dissertatsiya mavzusi bo‘yicha xalgaro ilmiy tadgiqotlar sharhi.

Dilaton maydonlari bilan yugori o‘lchovli nazariyalardagi qora o‘ralar Buyuk
Britaniyalik fizik G.W. Gibbons va Yaponiyalik Kei-ichi Maeda (Nuclear Physics
B, vol. 298) tomonidan o‘rganib chigilgan. EMS qora o‘ralari uchun yechimlar
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Xitoylik olimlar S. Yu, J. Qiu, va C. Gao tadqiq gilingan (Classical and Quantum
Gravity, Volume 38, Number 10).

Kalb-Ramond gravitatsiyasi doirasidagi ilk ish M. Kalb va P. Ramond
tomonlaridan chop etilgan (Physical Review D, vol. 9, no. 8) va ushbu gravitatsiya
doirasidagi qora o‘ralar uchun yechimlar Xitoylik olimlar Z.-Q. Duan, J.-Y. Zhao,
and K. Yang tadqiq gilingan (Eur. Phys. J. C 84, 798).

Energetik jarayonlar bir gator olimlar tomonidan o‘rganib chigilgan - Penrouz
jarayoni (Nuovo Cimento Rivista Serie, vol. 1, 1969), magnit Penrouz jarayoni
(Mon. Not. R. Astron. Soc, vol. 478) va elektr Penrouz jarayoni (Phys. Rev. D, vol.
104, no. 8).

Muammoning o‘rganilganlik darajasi.

1969 yilda mashhur ingliz fizigi (hozirda Nobel mukofoti sovrindori) Rodjer
Penrouz aylanuvchi qora o‘radan energiya ajratib chiqish jarayonini tavsiflovchi
mexanizmni taklif qgildi. Keyinchalik N.Dadhich “magnit Penrouz jarayoni” deb
nomlangan energiya chigarish mexanizmini taklif gildi. 2021 yilda Arman Tursunov
elektr Penrouz jarayoniga oid maqola yozdi. Bu jarayonlarni o‘rganish Yevropada
(R.Penrouz, Z.Stuxlik va M.Kolosh va boshqgalar), Hindistonda (N.Dadhich,
S.M.Vag, V.Dhurandhar va boshgalar) hamda dunyo tanigan olimlar tomonidan
keng olib borildi. Respublikamizda turli tortishish nazariyalarida qora o‘ralar
atrofidagi optik va energetik jarayonlar hagidagi nazariy tadgigotlar B.Ahmedov,
A.Abdujabborov, J.Rayimboyev, A.Tursunov, S.Shaymatov va boshqalar
tomonidan potentsial jihatdan o‘rganilgan. Ular o‘z tadgiqgotlarida gora o‘ralardan
energiya ajralib chigish mexanizmini o‘rganishda umumiy nisbiylik nazariyasi
doirasida o‘rganishgan. Mening dissertatsiya ishimda bu jarayon gravitatsiyaning
mugqobil nazariyasida (Eynshteyn-Maksvell skalyar (EMS) nazariyasidagi va Kalb-
Ramond (KR) gravitatsiyasidagi gora o‘ralar) ko‘rib chiqildi.

Dissertatsiya tadgigotining dissertatsiya bajarilgan ilmiy-tadqigot
muassasasi ilmiy-tadqiqot ishlari rejalari bilan bog‘ligligi.

Dissertatsiya Ulug‘bek nomidagi Astronomiya instituti hamda O<zbekiston
Fanlar akademiyasi Yadro fizikasi institutining F-FA-2021-510
“Modifikatsiyalangan gravitatsiyada neytron yulduzlarining yadroviy moddasini
tekshirish” (2021-2026) ilmiy loyihalari doirasida bajarilgan.

Tadgigotning maqgsadi

energetik jarayonlar va qora o‘ralar atrofida zaryadlangan zarrachalarning
harakatini o‘rganishdan iborat.

Tadqgigotning vazifalari:

Eynshteyn-Maksvell-skalyar nazariyasida zaryadlangan qora o‘ralar atrofida
zaryadlangan zarralar dinamikasini o‘rganish;

Eynshteyn-Maksvell-skalyar nazariyasida zaryadlangan qora o‘ra atrofida
elektr Penrouz jarayonini o°‘rganish;

Kalb Ramond gravitatsiyasidagi qora o‘ra atrofida Penrouz jarayonini
tekshirish;

Regulyar qgora o‘ra atrofidagi fazo-vaqtning egrilik invariantlari, hodisa
gorizonti va magnit maydon xossalarini o‘rganish.

6



Tadqgigotning obyekti muqobil gravitatsiya nazariyasida zaryadlangan gora
o‘ralar va zaryadlangan regulyar gora o‘ralar.

Tadgiqotning predmeti Eynshteyn-Maksvell-skalyar nazariyasi va Kalb
Ramond gravitatsiyasidagi elektr Penrouz jarayoni.

Tadgiqgotning usullari umumiy nisbiylik elektrodinamik maydonlar uchun
matematik apparatlar, nochiziqli va chizigli differensial tenglamalarni sonli yechish
usullari.

Tadgiqotning ilmiy yangiligi quyidagilardan iborat:

ilk bor Eynshteyn-Maksvell-skalyar nazariyasida zararlangan qora o‘ra
yaginida massasiz manfiy skalyar maydon hisobiga zaryadlangan zarrachalarning
sinxrotron nurlanishining intensivligi va elektr Penrouz jarayonining samaradorligi
oshganligi aniglandi;

ilk bor gora o‘ra zaryadining bir xil giymatlari uchun Kalb Ramond
gravitatsiyasida Penrouz elektr jarayonining samaradorligi umumiy nisbiylik
nazariyasidagi gqora o‘ralarga nisbatan yuqori ekanligi ko‘rsatildi;

ilk bor Novikov-Thorn modelida, regulyar gora o‘ra atrofidagi magnitlangan
zarralardan iborat bo‘lgan akkretsiya diskidan energiya chigarish samaradorligi Kerr
gora o‘ralaridan (20%) oshib, 22% ga yetganligi hisoblangan;

zarrachalarning magnitlanish parametrining katta giymatida qora o‘raning
akkretsiya diski ichki radiusi chizigli va chizigsiz elektrodinamika uchun bir xil
ekanligi ko‘rsatilgan.

Tadgigotning amaliy natijalari

Eynshteyn-Maksvell-skalyar nazariyasida zaryadlangan qora o‘ra atrofida
zaryadlangan zarrachalarning sinxrotron nurlanishi tekshirildi va nurlanish
intensivligi Reissner-Nordstrom gora o‘rasi bilan solishtirildi;

zaryadlangan zarrachalarning to‘gnashuvini o‘rganish natijalari olindi va Kalb
Ramond gravitatsiyasidagi elektr zaryadlangan qora o‘ra uchun kritik burchak
momenti topildi. Qarama-garshi (qora o‘raning zaryadiga nisbatan) zaryadlangan
zarralar Qulon o‘zaro ta’siri tufayli kattaroq kritik burchak momentiga ega ekanligi
ko‘rsatilgan;

zarrachalarning magnitlanish parametri regulyar qora o‘ra Yyaginidagi
zarrachalar harakatiga tasiri o‘rganiladi va real astrofizik tizim uchun uning
ekstremumi topiladi.

Tadgiqot natijalarining ishonchliligi quyidagilar bilan ta‘minlanadi:

umumiy nisbiylik nazariyasi va astrofizikaning ilg’or usullari, samarali ragamli
usullar va algoritmlar go‘llaniladi;

boshga mualliflarning nazariy natijalari izchillik uchun diggat bilan ko‘rib
chigiladi;

xulosalar ixcham gravitatsion obyektlarning maydon nazariyasining asosiy
tamoyillariga juda mos keladi.

Tadgigot natijalarining ilmiy va amaliy ahamiyati

Eynshteyn-Maksvell-skalyar nazariyasida zaryadlangan qora o‘ra uchun
olingan natijalar massasiz skalyar maydon qora o‘radan energiya chigarish
samaradorligiga ganday ta‘sir gilishi hagida ma‘lumot berishi mumkin;



Kalb Ramon gravitatsiyasidagi zaryadlangan qora o‘ra atrofidagi elektr
Penrouz va zarrachalar to‘gnashuvi jarayoniga Kabl Ramond maydonning ta‘sirini
o‘rganish mugqobil gravitatsiya nazariyasida gqora o‘ralar fazo vagti hususiyatlarini
o‘rganishda foydali bo‘lishi mumkin;

magnitlangan zarrachalar harakatini va ularning magnit zaryadlangan regulyar
gora o‘ralar atrofidagi energetik jarayonlarini o‘rganish bo‘yicha olingan natijalar
magnitlangan zarrachalardan tashkil topgan akkretsiya diskini va magnitlangan
neutron yulduzlarining galaktika markazi atrofidagi harakat dinamikasini tadqiq
gilishda go‘llash mumkin.

Tadgiqot natijalarining joriy etilishi.

Turli gravitatsiya nazariyalarida zaryadlangan qora o‘ralar atrofida
zaryadlangan zarralar dinamikasini va energitik jarayonlarning natijalari quyidagi
ishlarda go‘llanilgan:

zaryadlangan regulyar gora o‘ra atrofida magnitlangan va magnit zaryadlangan
zarralar uchun aylanma orbitalarni aniglash natijalari bir nechta mualliflar
tomonidan qora o‘ralar atrofidagi fazo-vaqt xususiyatlarini o‘rganishda
foydalanilgan (Physical Review D 108(4), 044030, (2023), European Physical
Journal C83(11), 989, (2023), European Physical Journal C 84(2),203, (2024),
Physics of the Dark Universe 46,101616, (2024)). Natijalar qora o‘ralar uchun
nazariy ma‘lumotlar asosida qora o‘ralar atrofida magnitlangan va magnit
zaryadlangan zarrachalarning harakatini tahlil gilish imkonini berish uchun tagdim
etildi;

zaryadlangan qora o‘ralar atrofidagi energetik jarayonlarini o‘rganish natijalari
bir qgator mualliflar tomonidan muqobil gravitatsiya nazariyalari uchun
foydalanilgan (Physical Review D 108(4), 044030, (2023), European Physical
Journal C83(11), 989, (2023), European Physical Journal C 84(2), 203, (2024),
Physics of the Dark Universe 46,101616, (2024)). Natijalar zaryadlangan
zarrachalarning aylanma orbitalarini va ularning zaryadlangan qora o‘ralar energiya
xususiyatlarini tahlil gilish uchun ishlatiladi.

Tadgiqot natijalarining approbatsiyasi

Dissertatsiya natijalari 1 ta xalgaro konferensiya (ICTPA-2024), Respublika
miqyosida o‘tkazilgan 2 ta ilmiy konferensiyada va nazariy fizika va astrofizika
bo‘yicha haftalik muntazam o°zbek-qozoq seminarlarida muhokama qilindi.

Tadgiqot natijalarini nashr etish. Dissertatsiya natijalari 7 ta ilmiy
magoladan iborat bo‘lib, 4 tasi xorijiy Web of Science va Scopus bazalaridagi
jurnallarida chop etilgan (EPJC Q1, IJIMPD Q2).

Dissertatsiyaning hajmi va tuzilishi. Dissertatsiya ishi kirish, 3 ta bob,
xulosalar va adabiyotlar ro‘yxatidan iborat. Dissertatsiyaning umumiy hajmi 101
sahifa.

DISSERTATSIYANING ASOSIY MAZMUNI

Kirish gismida dissertatsiyaning dolzarbligi, ahamiyati, magsad va vazifalari,
ilmiy va amaliy yangiligi ko‘rsatilgan. Olingan natijalarning nazariy va amaliy
ahamiyati muhokama gilinadi.

“Eynshteyn-Maksvell-skalyar nazariyasida zaryadlangan qora o‘ralar



atrofida sinxrotron nurlanishi va Penrouz jarayoni”’ nomli 1-bobda biz Eynshteyn-
Maksvell-skalyar (EMS) nazariyasidagi zaryadlangan gora o‘ra yechimlarini gisgacha
ko‘rib chigamiz. Harakat quyidagicha beriladi

S = [d*x/—g|R — 2V, $V*d — K($)FogFP]
bu yerda V,, - kovariant hosila, g - g,,,, ning aniglovchisi, R - fazo-vagt egriligida Richi
skalari, ¢ - massasiz skalyar maydon, F,z - elektromagnit maydon tenzori, K(¢) —

esa dilaton va elektromagnit maydon o‘rtasidagi bog’lanish funksiyasi.
Qora o‘ralar uchun umumiy yechim quyidagi shaklda ko‘rsatilgan

ds? = —U(r)dt? + — +f(r)(d62 + sin? 0 dg?) (1)

bu yerda U(r) va f(r)lar K(¢) funkS|yaS| uchun maxsus shakllarga ega radial

funksiyalardir
020

K(p) = m 2)
va yechimlarni quyidagi ko‘rinishda oldik

2
f(r)y=r2 <1 + %),

_2M | BQ?
Uir)=1 r+f() (3)

va M - umumiy massa hamda Q - elektr zaryad. § =0 va y = 0 bo‘lganida
Schwarzschild yechimiga keladi, y = 0 va § = 1 holatda Reissner-Nordstrom (RN)
BH.

Shuni ta'kidlash lozimki, vektor va dilaton maydonlari radial koordinataga fagat
quyidagicha bog'lig deb taxmin gilingan

a0 =2y-L(1+L)] (4)

Biz EMS nazariyasida zaryadlangan qora o‘ralar atrofida elektromagnit kuchlar
(Kulon va Lorents kuchlari) tufayli tezlashtirilgan zaryadlangan zarrachalardan
chigadigan sinxrotron nurlanishini tekshiramiz. EMS qora o‘rasi atrofida aylanayotgan
zaryadlangan zarralar o‘zidan sinxrotron nurlanishlar ishlab chigaradi. Bu esa oz
navbatida zarrachalarni relativistik tezlikgacha tezlanishi evaziga yuzaga keladi. EMS
gora o‘rasining fazoda orbital harakati bilan zaryadlangan zarrachaning sinxrotron
nurlanishini tekshirish uchun biz quyidagi ifodadan foydalanamiz

I—Z%wu) (5)

bu yerda w, - qora o‘ra atrofida aylanib yuruvchi zaryadlangan zarrachalarning

tezlanishi to‘gridan tog’ri kuzatuvchi tomonidan o‘Ichanadi:
w* = iFé"uB, wou* = 0. (6)

m
(6) - tenglamaning ikkinchi qismi zarracha tezligi uning tezlanishiga
perpendikulyar ekanligini bildiradi. Tezlik komponentlari bilan bargaror aylana orbita
bo‘ylab harakatlanadigan zaryadlangan zarracha: u® = u*(1,0,0,(), tezlanish esa
= (0, 0", w?, 0) ko‘rinishga ega. Zarrachaning tezlanish vektorining nolga teng
bo‘lmagan komponentlari:




qFy¢

m /—gtt—ﬂzgq;q)

Nurlanishning intensivligini (6) - tenglama yordamida quyidagi shaklda oson
hisoblash mumkin:

w, = g = 0. (7)

2q* _ g""F

I=- 3m? gyt +Q%gpg (®)

1-rasmda zaryadlangan zarrachalarning sinxrotron nurlanish intensivliklarining

nisbati (Iems/lrn) Ko‘rsatilgan. Rasmda (chap tomondagi grafik) nurlanish intensivligi

B parametrining qiymatlari oshishi bilan ortib borishini ko‘rsatadi. Sinxrotron

nurlanishi intensivligining skalyar maydonga (zarrachalar zaryadi q) bog’ligligi

o‘rganildi (o‘rtadagi va o‘ng tomondagi grafiklar). Intensivlik y (g) ning musbat
giymatlari bilan kamayadi va manfiy giymatlar bilan ortadi.
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1-rasm. lems/Irn intensivliklari nisbati EMS parametrlarining turli giymatlari va
zarrachalarning zaryadi uchun radial koordinatalar funksiyasi sifatida tahlil
gilingan.
Endi biz Q = dm/dt cheksizlikda joylashgan statik uzoq kuzatuvchi tomonidan
o‘lchangan parchalangan zarrachalarning burchak tezligi uchun quyidagi tenglamani
olamiz

_ 1 £\2 _ V2 _
Q ning mavjud giymatlari quyidagilar bilan cheklangan:
_ U(r)
0 <0<Qy, Qi—i/f(r). (10)

va Kepler orbitalariga mos keladi.

Biz zaryadlangan zarracha (1) EMS nazariyasidagi zaryadlangan gora o‘raga
cheksizlikdan yaginlashib, ekvator tekisligidagi hodisa gorizonti yaginida ikkita
zaryadlangan gismga (2 va 3) parchalanishi holatini ko‘rib chigamiz. Biz parchalanish
jarayoni energiya, impuls va zaryadning saqglanish gonunlarini gondiradi deb faraz
gilamiz

Ey=E;+E3 Li=L,+L3 q4=q; 143 (11)

mlfl == mz'r:z + m37:3,m1 > m, + ms, (12)
bu yerda ifoda yugorisida joylashgan nugtalar tegishli vaqt bo‘yicha hosilalarni
anglatadi. (11) va (12) tenglamalardan foydalanib, quyidagi tenglamani topishimiz
mumkin

mluf = mzug) + m3u§b , (13)
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bu yerda u® = Qut = Qe/f(r), e; = (E; + q;A;)/m;, va i = 1,2,3 zarracha sonini
ko‘rsatadi. (13) tenglamani quyidagi ko‘rinishga keltirish mumkin

Qymie; = Q,mye, + Qymses. (14)
bu yerda Q; = dd;/dt - (9) tomonidan berilgan i inchi zarrachaning burchak tezligi,
(10) esa cheklangan giymatlar. (14) - tenglamani yechish orgali biz zarralardan birining
energiyasini topishimiz mumkin, masalan, E;:

Q-0
E; = ) (E; + q14¢) — q34A¢. (15)
34
B=1,y=0,Z/A=1 B=1,y=01,Z/A=1
1x10'? ; . . - 1x10"? ; ; : : ;
— =Py , .- r=rp lr
8x10"1 ___.pM=4 s 8x10"- L pyM=4
...... - e T/M=6
nl ] 1]
Es 6x10 Es 6x10
Paxi0M} Er 4ot
2x10't 2x10'"+
16.0 16.5 17.0 17.5 18.0 18.5 19.0 19.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0 19.5
IgQ IgQ
r=rp,y=01,Z/A=1 r=rp,PB=1,Z/A=1
1x1012 ‘ : ‘ — — 1x10'2 ‘ ‘ : : ‘
—— RNBH ! : —— RNBH
8x10"" ...... p=0.25 gx10'} y=0.1
ab o p=0.5 " === =02
Es 6x10" " p=15 1 B 6x10 "+ - = y=—01
Bgeron| oo B= | B gron e y==02
2x10"} 2x10"}
15 16 17 18 19 20 16.0 16.5 17.0 17.5 18.0 185 19.0
IgQ IgQ

2-rasm. Fazo-vaqt parametrlarining turli giymatlari uchun qora o‘ra zaryadi Q
ga nisbatan chizilgan ionlangan va neytral zarrachalar energiyalarining nisbati.
Pastki panellaridagi gora uzliksiz chiziqg RN gora o‘rasining, p = 1vay =0
holatiga mos keladi.

2-rasmda EMS parametrlari E; /E; ga bog’ligligini grafik tahlillar orqali taqdim
etamiz. 2-rasmda tezlanish mexanizmi samaradorligi (Z/A = 1 bo‘lgan ionlangan va
neytral zarracha nisbati) gora o‘ra zaryadiga bog’ligligi chizilgan. Tezlanish
mexanizmining samaradorligi gora o‘raning zaryadlanishi bilan ortadi va qora o‘ra va
lonlanish nugtasi orasidagi masofa oshgani sayin biroz pasayadi (2-rasmning yuqori
panelida ko‘rsatilganidek). Bundan tashqgari, qora o‘ra zaryadining ma'lum bir
giymatiga mos keladigan samaradorlik  parametriga to‘g’ri proportsional va y
parametriga teskari proportsionaldir(2-rasmning pastki panelida ko‘rsatilganidek).

Burchak momentining kritik qiymatini ikkita shart bilan aniglash mumkin: (a) 7 =
0 va (b) dr/dr = 0. Bu 3-rasmda ko‘rsatilgan. Burchak momentining ortishi radial
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tezlik kvadratining manfiy bo‘lishiga olib keladi, bu esa zarralar endi markaziy
obyektga shu giymatdan yaginlasha olmasligini bildiradi. Shuning uchun biz burchak
momentining mavjud giymatlarini o‘rganib chiqdik va kritik giymatlarni anigladik.

=05, B=1/4,y=18

----LIM=2.O _:
lllll -UM:3O ]
— L/M =4.045
(?IL- Te- === /[LIM=45
_‘/t——---————-'-_l-_.-_;'_':_':'-;
2 4 6 8 10 - ”
r'M

3-rasm. Zarrachaning burchak momentining turli giymatlari uchun radial tezlik
kvadratining radial bog’ligligi.

4-rasmda qora o‘ra parametrlari va zarracha zaryadining turli giymatlari uchun
kritik burchak momentining EMS parametrlariga bog’ligligi ko‘rsatilgan. Yuqori uchta
panel y parametrining turli giymatlari uchun magnit parametr () funksiyasi sifatida
kritik burchak momentini ko‘rsatadi. Chap panel y ni oshish burchak momentining
ruxsat etilgan giymatini kamaytirishini va f parametr bilan chizigli bog’liglik
mavjudligini ko‘rsatadi. O‘rtada joylashgan panel qora o‘ra zaryadining kattaroq

giymatlari uchun chiziglilik buzilganligini ko‘rsatadi.

4.6

' — =-B=15
-1.0 -05

00

44f -
1M o4af

10},

—a=01
-== Q=03

=05

Q
Q=07
Q
/

x|

'''''''''

00
14

4-rasm. Qora o‘ra va zarracha parametrlarining turli giymatlari uchun kritik
burchak momentining B (yuqori panellar) va y (pastki panellar) ga bog’ligligi.

12



O°ng panelda zarracha zaryadini o‘zgartirish ta'siri tasvirlangan. Pastki panellar y
ning funksiyasi sifatida burchak momentini ko‘rsatadi. Aksariyat hollarda burchak
impulsi y ga chizigli bog’liq bo‘lib, y ning ortishi B parametrli xatti-harakatlarga
garama-garshi bo‘lib, burchak momentining pasayishiga olib keladi. O‘rta va o‘ng
panellar mos ravishda gora o‘ra va zarrachalar zaryadini o‘zgartirish orgali yuqori
panelning harakatini takrorlaydi. Pastki chap rasmda qora o‘raning magnit parametri
Bni o°zgartirish orgali chizib ko‘rsatilgan.

“Kalb-Ramond gravitatsiyasida zaryadlangan qora o‘ralar atrofida Elektr
Penrouz va zaryadlangan zarrachalarning to‘qnashuvi” deb nomlangan ikkinchi
bobda biz elektr zaryadlangan zarrachalarning statik zaryadlangan gora o‘ra atrofida
harakatlanish tenglamasini keltirib chigarishga garatilgan. Sferik simmetrik fazo-vaqt
geometriyasiga ega zaryadlangan qora o‘ra sferik koordinatalarni (x* = {¢t,r, 0, ¢})
quyidagi shaklda ko‘rsatiladi,

ds? = —f(r)dt? + j%drz +72(d0? + sin? 8 dd?), (16)
bu yerda f (r) - radial funksiyasi quyidagicha berilgan:
L @
f(T') 11 T T r2(1-02 ° (17)

Bu yerda M gora o‘raning umumiy massasini, Q esa uning elektr zaryadini
ifodalaydi. Quyosh tizimida o‘tkazilgan klassik tortishish o‘lchovlari shuni ko‘rsatdiki,
Kalb-Ramond (KR) maydonining nolga teng bo‘lmagan vakuum kutilgan giymati
tomonidan yaratilgan Lorentsni buzuvchi ta'sirni ifodalovchi o‘lchamsiz parametr [
juda kichik giymatga ega bo‘lishi kerak. I = 0 bo‘lganda, u standart RNga o‘xshagan
metrikaga yaqginlashadi.

5-rasmda biz ekstremal gora o‘ra zaryadi va KR parametri o‘rtasidagi
munosabatlar ko‘rsatilgan. Och-ko‘k soyali maydon Q va I giymatini nazarda tutadi,
bunda fazo-vaqgt (17) o‘raga tegishli hodisa gorizontiga ega. Q va [ ning soyasi
maydondan tashqaridagi gqiymatlarida qora o‘ra hodisa gorizontisiz obyektga aylanadi.

Shuni ham takidlash joizki, vektor va dilaton maydonlari fagat radial
koordinataga quyidagi shaklda bog’liq deb taxmin qilingan:

A (r) = (1?0% (18)
Q

3

2|
no BH
BH

-1.0 -0.5 b 0-5 1.0

5-rasm. Qora o‘ra zaryadining Q ekstremal giymatlarining I ga bog’ligligi.
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Biz cheksiz masofada joylashgan statik kuzatuvchi ko‘radigan parchalangan
zarrachalarning burchak tezligini tavsiflovchi ifodani Keltirib chigaramiz. Buning
uchun bizda

2 N
s+ Jo0[fo) - 25] -2 (19)
¢ uchun potentsial qiymatlar dlapazonl quyidagicha cheklangan:
<1<y, =+ |02 (20)

bu Kepler orbitalariga mos keladi.

Keyinchalik, Kalb-Ramond gravitatsiyasi nazariyasida zaryadlangan zarracha
zaryadlangan qora o‘raga cheksizlikdan yaqginlashib, hodisa gorizonti yaginida ekvator
tekisligida ikkita zaryadlangan zarrachaga parchalanishi holatini ko‘rib chigamiz. Biz
energiya, impuls va zaryadning saglanish gonunlari parchalanish jarayonini gondiradi
deb hisoblaymiz (10-11).

Yugoridagi tenglamalardan foydalangan holda

mlvf’ = mzvzd’ + m3v§’, (21)
bu yerda v® = ' = Ce/r?, e; = (E; + q;A.)/m; vai = 1,2,3 zarrachalar sonini
bildiradi. Endilikda (21) tenglamani quyidagicha ifodalash mumkin:

Gimie; = (;mye; + (3maes. (22)
i -zarrachaning burchak tezligi ¢; = dd;/dt bilan belgilanadi, (19) tenglama bilan
aniglanadi va (20) tenglamada ko‘rsatilgan cheklovlarga bo‘ysunadi. E5 kabi zarracha

energiyasini (22) tenglamani yechish orgali aniglash mumkin. Bizda
C1—C

E; = = (E; + q14¢) — q34A,. (23)
[=0.1,7/A =1 12 rM=2,Z/A =1

x10m2 1,7/ 1x10

8x10" 8x10"

6x1011 ==--- 6x10"
£ Es
T E
B g rom " 4x10"

2x10"! 2x10"

16.0 16,5 17.0 17.5 18.0 185 19.0 19.5 16.0 165 17.0 175 18.0 185
igQ igQ

6-rasm. Fazo-vaqt parametrlarining turli giymatlari uchun gora o‘ra zaryadi Q
ga nisbatan chizilgan energiyalar nisbati. I = 0 standart RN gora o‘ra
yechimlari(o‘ng panel) natijalarini ko‘rsatadi.

Biz elektromagnit to‘rtta potensial va metrik funksiyalarning vaqt komponenti
bo‘yicha qora o‘ra massasi va yorug’lik tezligini to‘g’ridan-to‘g’ri ifodalash orqali
E;/E; uchun yakuniy tenglamani Keltirib chigarishimiz mumkin. Bu tenglama
murakkab bo‘lib, uni yechish giyindir. Lekin biz uning qora o‘ra parametrlariga
bog’ligligini 6-rasmda vizual tarzda tasvirlaymiz. 6-rasmda (chap panelda) Z/A =
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bo‘lgan ionlangan va tushuvchi zarrachalar energiyalarining nisbati bo‘lgan tezlanish
mexanizmining samaradorligi  ko‘rsatilgan. Rasmda quyosh massasiga to‘g’ri
keladigan qora o‘ra zaryadining funksiyasi sifatida turli ionlanish joylarida ushbu
samaradorlik ko‘rsatilgan. Qora o‘ra zaryadi oshishi bilan samaradorlik sezilarli
darajada oshadi. Bundan tashqari, gora o‘ra va ionlanish nugtasi orasidagi masofa
oshgani sayin u kamayadi. Parametr [ (o‘ng panel) o‘zgartirilganda, ushbu
parametrning oshishi bilan samaradorlik ortadi.
Massa markazi energiyasining umumiy ifodasi quyidagicha ifodalanishi mumkin
{E;,0,0,0} = mu} + myu}, (24)
uf va us o‘zgaruvchilari to‘qnashuvda ishtirok etgan ikkita zarrachaning to‘rtta
tezligini ifodalaydi, m,; va m, mos massalari. (24) tenglamada ko‘rsatilganidek, massa
markazining energiyasi kvadratini hisoblash va natijasini olish oson.
EZ =mf +mj - 2mym, g, utu’, (25)
2
% = Z—:+Z—j— 20,y usuy . (26)
To‘gnashuvchi zarrachalarning massalari m; = Am va m, = Bm deb
belgilangan holatda bizda
2
% = A%+ B% - 2g,,ujuy. (27)
Keyin bir xil boshlang’ich energiya va massaga ega bo‘lgan zarrachalarning
to‘gnashuvini tekshiramiz (E; = E, = m). Kalb-Ramond qora o‘ra yaginidagi
zaryadlangan zarrachalarning tezlanishini teng massali ikkita to‘gnashuvchi
zarrachaning massa energiyasi markazi uchun standart tenglamani go‘llash orgali
tekshiramiz. Natijada, massa markazi energiyasi uchun tenglama hosil bo‘ladi.

& === 1= gapuiti; . (28)
0.0010 .
I —[,/M =36
0.0006f
— [/M =381
-, 0.0004F
r === LIM=4.0
0.0002f ~
0.0000f e —
_0.0002t [=001,0=01,¢g=05

é 8 1I0 12
/M
7-rasm. Zarrachaning burchak momentining turli giymatlari uchun radial tezlik
kvadratining radial bog’ligligi.

Ikkita shart: (i) 7 = 0 va (ii) d7/dr = 0 burchak momentining kritik giymatini
aniglashga imkon beradi. 7-rasm buni ko‘rsatadi. Manfiy radial tezlik burchak
momentining oshishi natijasida yuzaga keladi. Ushbu giymatdan zarralar markaziy
obyektga yaginlasha olmaydi. Shunday qilib, kritik giymatlarni aniglash uchun burchak
momentining mavjud giymatlarini ko‘rib chiqdik. Qora o‘ra parametrlari va zarrachalar
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zaryadining turli qiymatlariga kritik burchak momentining bog’ligligi 8-rasmda
ko‘rsatilgan. Yuqori panellar kritik burchak momenti va parametr (q) o‘rtasidagi
bog’ligligini [(chap tomonda) va Q (o‘ng tomonda) parametrlarining turli giymatlari
bo‘yicha ko‘rsatadi. Yugori chap panelda [ giymati ortishi bilan burchak momentining
ruxsat etilgan diapazoni pasayib borishi va g parametri bilan chizigli munosabat
mavjudligini ko‘rsatadi. Xuddi shunday, pastki panelda [(chapda) va g (o‘ngda) turli
parametrlarni hisobga olgan holda, gora o‘ra zaryadi Q bilan kritik burchak momentini
tasvirlaydi. Shunga o‘xshash xatti-harakatlar ikkala holatda ham kuzatilishi mumkin.

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
0 0

8-rasm. Qora o‘ra va zarracha parametrlarining turli giymatlari uchun kritik
burchak momentining q (yuqori panellar) va Q (pastki panellar) ga bog’ligligi.

“Magnit zaryadlangan regulyar qora o‘ra muhitidagi zarrachalar
dinamikasi” deb nomlangan uchinchi bobda umumiy gravitatsiya nazariyasida (GR)
regulyar qora o‘ralar (RBH) yechimini olish uchun uni quyidagi shakldagi harakat
yordamida nochizigli elektrodinamika (NED) bilan birlashtirish kerak.

S =——[ dx*9(R - L(F)) (29)
bu yerda F = F*E,, elektromagnit maydon potentsiali A, bilan ifodalangan F,, =
A, , — A, elektromagnit maydon tenzori yordamida tuzilgan elektromagnit maydon
invariantidir.

Lagrangianning quyidagi shakli yordamida regulyar gqora o‘ra yechimini olish
mumkin
Qo7
L(F) = are(5) M, (30)

Regulyar qora o‘ra yechimini olish uchun biz F =q?%/(2r*) va NED
maydonining mos keladigan Lagranjianini quyidagi shaklda ishlatdik.

2q? _4-
L(F) = 2L 7o, (31)

bu yerda g magnit zaryad. Bunday regulyar qora o‘ra atrofida sferik simmetrik fazo-
vaqt uchun metrik tensor quyidagicha ifodalanishi mumkin:
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1
ds? = —f(r)dt? + mdrz + r2(d6? + sin? 6 d?)
shaklning uzilish funksiyasi
2M _i

fOr)=1-"2e o, (32)
bu erda M — regulyar gora o‘raning umumiy massasi. g = 0 bo‘lgandagi yechim
Shvartshild vakuum yechimiga aylanadi.

Shundan so‘ng, biz magnitlangan zarrachalar dinamikasini magnit zaryadlangan
muntazam qora o‘ralar atrofida Gamilton-Yakobi tenglamasidan keyin uzilish
funksiyasi (32) bilan tasvirlanganda o‘rganamiz. Elektromagnit to°rt potentsial shaklga
ega

Ay =qcosb. (33)

(33) dagi potensialdan foydalanib, elektromagnit maydon tenzorining nolga teng
bo‘lmagan komponentini olish mumkin.

Fo = —qsin0 . (34)

Muntazam qora o‘raning magnit zaryadidan hosil bo‘lgan magnit maydonning
ortonormal radial komponenti quyidagicha yozilishi mumkin:

B =21,

Nyuton shakliga o‘xshash shaklga ega.

Magnit zaryadlangan muntazam qora o‘ra atrofida magnitlangan zarrachaning
dinamikasi uchun zarrachaning magnit dipol momentining yo‘nalishi ekvator
tekisligiga, shuningdek gora o‘raning magnit maydoniga parallel deb faraz gilamiz. Bu
taxmin magnit dipol momenti fagat p‘ = (u",0,0) radial komponentlarga ega
ekanligini bildiradi. Magnit dipol momentining tarkibiy gqismlarining boshga
konfiguratsiyasi magnit shovqginlarning maksimal energiyasi bilan magnit o‘zaro
ta'sirda muvozanatni ta'minlay olmaydi. Bu yerda biz magnitlangan zarrachaning
harakatiga mos keladigan kuzatuvchi tizimni ko‘rib chigamiz. Ma'lumotnomaning
bunday tanlanishi nisbiy harakatdan kelib chigadigan muammolarni oldini olishga
yordam beradi. Bundan tashgari, biz magnit momentning kattaligi uning aylanma
harakati davomida o‘zgarmasligini ko‘rib chigamiz.

Oldingi ishlarimizda biz magnitlangan gora o‘ra senariylari atrofida magnitlangan
zarrachalar harakatida o‘zaro ta'sir atamasi bir xil ekanligini va shaklga ega ekanligini
ko‘rsatdik.

(35)

DB, = 2 (36)

rz '’

bu yerda D =n*¥Pp u, - qutblanish tenzori, p, va u,- magnitlangan

zarrachalarning to‘rt magnitli dipol momenti va tezligi. D“BFaB gismi magnitlangan
zarrachaning magnit maydonlari va regulyar gora o‘ralar o‘rtasidagi o‘zaro ta'sirni
tavsiflaydi. Magnit zaryadlangan qora o‘ralar tomonidan yaratilgan magnit maydon
aksial simmetrik harakatga ega va fazo-vaqt simmetriyasini buzmaydi, bu ikki
kattalikni: energiya va burchak momentini saglashga imkon beradi.

Biz magnitlangan zarrachaning ekvator tekisligida radial harakatini tekshiramiz.
Bu yerda 6 = m/2, pg = 0 magnit zaryadlangan, muntazam gora o‘ra atrofida. Radial
harakat tenglamasi quyidagi shaklga ega
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r2 = —Ver(r; £,b,q), (37)
effektiv potensial quyidagi shaklga ega

2 2
Voy(r, £, B, q) = (1 — %e‘fm) [(1 -2) + f—j] (38)
mos ravishda magnitlangan zarracha va markaziy qora o‘raning parametrlarini
tavsiflash uchun magnitlangan zarralar va magnit zaryadlangan muntazam qora o‘ra
o‘rtasidagi o‘zaro ta'sir uchun javob beradigan yangi kiritilgan B = uq/m and b =
u/(mM) parametrlari bilan. Bu yerda biz haqigiy astrofizik tizimni o‘rganamiz:
magnitlangan neytron yulduz o‘ta massiv qora o‘ra atrofida aylanadigan sinov
magnitlangan zarracha
BnsRy Bns Rns mys - MsmBH i
b= 2mN5M;V,;BH ~0.18 (10126) (106cm) <M®> (106MO) (39)
Ana shunday astrofizik tizimlardan biri SMBH Sgr A* (M = 3.8 x 10°M)
orbitasida aylanib yuruvchi magnit SGR (PSR) J1745—2900 (u =~ 1.6 X 1032G - cm3
va massasi m = 1.5M)) hisoblanad va parametr uchun taxminiy giymat b ~ 10.2
holati uchun .
9-rasmda Shvartshild qora o‘ra holatidagi natijalarni  solishtirish  bilan
magnitlangan zarrachalarning haddan tashgari zaryadlangan muntazam qora o‘ra va
RN qora o‘ra atrofida radial harakatining samarali potensialining radial bog’ligligi
ko‘rsatilgan. Bu chizmalarda burchak impulsi uchun £ = 4.3M va magnitlangan
zarracha uchun b = 10.2 dan foydalandik. 9-rasmdan ko‘rish mumkinki, qora o‘raning
magnit zaryadining mavjudligi va magnit o‘zaro ta'siri maksimal samarali
potensialning oshishiga olib keladi va u ekstremal muntazam gora o‘rada RN ga
nisbatan kattaroqdir. Shu bilan birga, samarali potensial markaziy gora o‘ra tomon
siljiydigan masofa.

~~ — RN BH

5 N
[N —— RBH
I ‘\
Iy, _
|| b— }’Q‘%‘\\ Schw BH
I : “\\
I H A
Veer 2 1 " qQ={ext
(] /"“-?.‘\
L/ b=0-r e,
I LR
IV VA
1 ' I' e — -;_—_=-—I—
A
: A _: [} ‘ %"r'l"f‘l"‘-" | ‘
1 2 5 10 20

/M
9-rasm. O‘ta zaryadlangan muntazam va RN qora o‘ra atrofida o‘ziga xos
burchak momenti £ = 4.3M bo‘lgan magnitlangan b = 10. 2 (chizigli
chiziglarda) va neytral (katta chizigli chiziglarda) zarrachalarning radial
harakatining samarali potensialining radial profillari Shvartshild holati bilan
tagqgoslash uchun.
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Magnitlangan zarrachaning aylana orbitalari bo‘ylab o‘ziga xos burchak
momentini ifodalash mumkin

qM (q?-2Mr)(bMq+12)

L= (1-b=)|2bgM — , (40)
( T2 ) 27"2(6%_#)'{'612
va energiya uchun
2
2<62q—l\;’—¥) (r*-b*M?q?)
82 = 2 2 . (41)

q° q°
3| e2Mr(q%2—6Mr)+2r2eMr

10-rasmda magnitlangan zarrachalarning ISCO radiusining regulyar qora o‘raning
magnit zaryadiga bog’ligligi RN qora o‘radagi natijalarni tagqoslash bilan ko‘rsatilgan.
Magnit ulanish parametri kichik bo‘lsa, RN gora o‘ra va regulyar gora o‘raning fargini
ko‘rish mumkin. Biroq, ulanish parametrining o‘sishi bilan farq magnitlangan zarracha
va qora o‘ra magnit maydoni o‘rtasidagi o‘zaro ta'sirning to‘yinganligi sababli
yo‘qoladi.

Ma’lumki, Novikov-Thorn modeli astrofizik gora o°ra atrofida to‘planish diskida
to‘plangan moddalarning Kepler orbitalarining mavjudligini tushuntirishga imkon
beradi, bu geometrik nozik disklar sifatida yaxshi modellangan aylana geodezik fazoviy
vaqgtning kuzatish xususiyatlari bilan belgilanadi. Akkretsiya diskidagi elektromagnit
nurlanish gora o‘ra atrofidagi akkretsiya diskidan energiya chigarish samaradorligini
tavsiflaydi. Bu diskdan markaziy gora o‘raga tushgan materiyaning nurlanishi orgali
yig’ilish diskidan gancha maksimal energiya olish mumkinligini anglatadi. Zarrachalar
samaradorligini quyidagi standart ifoda yordamida hisoblash mumkin:

n=1-¢scos (42)
bu yerda &gco - 1SCOdagi zarrachaning energiyasi bo‘lib, u bog’lanish energiyasi
(gora o‘ra-zarrachalar tizimi) nisbati bilan tavsiflanadi va sinov zarrachasining dam
olish energiyasi tenglamalarda keltirilgan zarrachalarning energiyasidan foydalanib
hisoblanishi mumkin (40) va (41) 1ISCO da. Muntazam qora o‘ra magnit zaryadining
samaradorlikka ta'siri 11-rasmda RN va Kerr gora o‘ralardan energiya samaradorligi
bilan tagqgoslash orgali sonli hisoblab chigilgan.

6.0F
5.5
5.0F

Fisco 4.5}
4.0
3.5t
3.0}

0.0 0.2 0.4 0.6 0.8 1.0 1.2
q/M

10-rasm: Magnitlangan zarrachaning 1SCO radiusining magnit zaryadlangan
muntazam va RN qora o‘ralari atrofidagi bog’liqligi.
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11-rasm. Magnitlanish parametri b ning turli giymatlari uchun muntazam qora
o‘raning magnit zaryadidan energiya samaradorligining bog’liqligi.

Markaziy qora o‘raga tushadigan zarracha orgali akretsion diskidan energiya
ajralib chigishi samaradorligining gora o‘ra zaryadidan bog’ligligi 11-rasmda
ko‘rsatilgan va olingan natijalarni Kerr va RN gora o‘raning natijalari bilan taggosladik.
Zaryadning o‘sishi bilan samaradorlik ortib borayotganini ko‘rish mumkin. Bundan
tashgari, RN qora o‘ra va regulyar qora o‘ra effektlarining farqi magnit zaryadning
yuqori giymatlarida ko‘rinadi, xuddi shunday, magnit birlashtirish parametri yuqori
giymatlarni olganida farq yo‘qoladi. Magnit bog’lanish parametri b = 10.2 bo‘lganda
samaradorlik Kerr modelidagiga garaganda tezroq o‘sishini ko‘rsatdik.

Biz yo‘golmaydigan magnit monopol bilan tavsiflangan magnit zaryadlangan
zarrachaning dinamikasini o‘rganamiz. Oldingi boblardagi kabi mantigga amal qilib,
biz harakat tenglamasini tuzamiz. Magnit zaryadlangan va elektr neytral zarra uchun
Gamilton-Yakobi harakat tenglamasi quyidagi ko‘rinishga ega

5] . * 5} , *

g*F (ﬁ + lqua) (ax_sﬁ + lquB) = —m?, (43)
bu yerda q,, - sinov zarrasining magnit zaryadi va to‘rt vektor Aj quyidagi
yo‘golmaydigan komponentga ega bo‘lgan ikki tomonlama vektor potentsialini
belgilaydi ,

Af=—- (44)
Ekvator tekisligida harakatlanuvchi magnit zaryadlangan zarrachaning radial
harakatining effektiv potensialini (6 = m/2) quyidagi shaklda yozish mumkin.

m oM L2
Ve = 222 4 J(1 ~ e zMr) (1+5) (45)
0,V = 0 shartining r = 1., ga nisbatan yechilishi 12-rasmda ko‘rsatilganidek
ISCO radiusi va fazo-vaqt metrikasi parametrlari o‘rtasidagi magsadli munosabatni

tekshirilayotgan zarrachaning magnit zaryadi bilan birga olish imkonini beradi. Sinov
zarrachasining magnit zaryad parametrining berilgan diapazonida ushbu parametr va
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ISCO radiusi o‘rtasidagi deyarli radial bog’liglikni ko‘rish mumkin. Shuni ta'kidlash
kerak-ki, neytral zarrachaning harakati bilan solishtirganda, bu magnit maydon va
magnit zaryadlangan sinov zarrasi o‘rtasidagi o‘zaro ta'sir tortishish obyektining
tortishish kuchidan ancha zaif ekanligi bilan bog’liq. Rasmdagi chiziglar shakli
jihatidan sezilarli darajada farq gilmaydi.
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12-rasm. Zaryadlangan zarrachalarning ISCO radiusining regulyar qora o‘ra
zaryadiga bog’liqligi.
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XULOSA

‘“Zaryadlangan qora o‘ralar atrofida zaryadlangan zarrachalar dinamikasi va
energetik jarayonlar” dissertatsiyasi doirasida olib borilgan tadqiqot natijalariga ko‘ra
quyidagi xulosalar chigarildi:

1. Sinxrotron nurlanishining intensivligi, shuningdek energiyani chigarish
samaradorligi Eynshteyn-Maksvell skalyar nazariyasida massasiz skalyar maydon
giymatlarining kamayishi bilan oshadi;

2. lonlanish nugtasidan uzoglashish elektr Penrose jarayonining energiya
chigarish  samaradorligini  pasaytiradi. O‘Ichovsiz  parametr [-ning ortishi
samaradorligini oshiradi. Kalb-Ramond gravitatsiyasida zaryadlangan zarrachalarning
to‘gnashuvi vaqtida o‘lchovsiz parametr [ ortib borishi bilan kritik burchak momenti
kamayadi;

3. Regulyar gora o‘ra uchun markaziy gora o‘raga tushadigan zarracha orqgali
akkretsiya diskidan energiya ajralib chigish samaradorligining qora o‘ra zaryadiga
bog’ligligi olingan. Zaryadning oshishi bilan samaradorlik oshishi aniglandi.
Zarrachalarning magnitlanish parametri b=10,2 bilan samaradorlik Kerr modeliga
garaganda tezrog oshishi ko‘rsatilgan.
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\INTRODUCTION (Annotation of PhD dissertation)
Introduction

Relevance and necessity of the dissertation topic. The study of charged
particles and their dynamics in the field of charged black holes is a highly topical
and significant area of research in modern astrophysics and fundamental physics.
Charged black holes, described by solutions such as the Reissner-Nordstrom and
Kerr-Newman metrics, provide a unique laboratory to explore the interplay between
gravitational, electromagnetic, and inertial forces in extreme conditions. These
environments are critical for understanding the behavior of matter and radiation near
compact objects and for probing potential deviations from General Relativity,
especially in the presence of strong electromagnetic fields.

The investigation of energetic processes, such as particle acceleration and the
generation of high-energy emissions, has profound implications for astrophysical
phenomena. Many observed phenomena, including relativistic jets, gamma-ray
bursts, and high-energy cosmic rays, may involve mechanisms rooted in charged
particle dynamics around charged black holes. Furthermore, these studies contribute
to our understanding of plasma physics in extreme environments, which is essential
for interpreting data from advanced observational facilities like the Event Horizon
Telescope and space-based X-ray and gamma-ray telescopes.

By addressing these topics, this dissertation aligns with contemporary efforts
to link theoretical models with observations, advancing our understanding of black
hole environments and their energetic signatures. This work not only deepens
insights into high-energy astrophysical processes but also contributes to the broader
goal of testing fundamental theories under extreme conditions, making it highly
relevant in both theoretical and observational contexts. In our country, there is also
much attention being paid to studies of the radiation mechanisms in the accretion
disk of BHs as well as optical and energetic processes around the BHSs, 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.

Relevance of the research to the priority areas of science and technology
development of the Republic of Uzbekistan.

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.

Review of international scientific research on the topic of the dissertation.

Black holes in higher-dimensional theories with dilaton fields were studied by
the British physicist G.W. Gibbons (Nuclear Physics B, vol. 298). Solutions for
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black holes of the Einstein-Maxwell-scalar theory were investigated by Chinese
scientists S. Yu, J. Qiu, and C. Gao (Classical Quantum Gravity, Volume 38,
Number 10).

The first works on Kalb-Ramond gravity were published by M. Kalb and P.
Ramond (Physical Review D, vol. 9, no. 8), and solutions for black holes in this
gravity were published by Chinese scientists Z.-Q. Duan, J.-Y. Zhao, and K. Yang
(Eur. Phys. J. C 84, 798).

Energy processes have been studied by a number of scientists - the Penrose
process (Nuovo Cimento Rivista Serie, vol. 1, 1969), the magnetic Penrose process
(Mon. Not. R. Astron. Soc, vol. 478) and the electric Penrose process (Phys. Rev.
D, vol. 104, no. 8).

Problem comprehension level

In 1969, the famous British physicist (now Nobel laureate) Roger Penrose
proposed a mechanism that described the process of energy release from a rotating
black hole. Later, N.Dadhich proposed a mechanism for energy release called the
"magnetic Penrose process”. In 2021, Arman Tursunov wrote a paper related to the
electric Penrose process. The study of these processes was widely carried out in
Europe (R. Penrose, Z. Stucklik, and M. Kolos, etc.), in India (N.Dadhich, S. M.
Wagh, V. Dhurandhar, etc.) and by scientists from other countries of the world. 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, J. Rayimbaev, A. Tursunov, S. Shaymatov, etc. However, in their
research, the study of the mechanism of energy release from the BH was investigated
within the framework of the general theory of relativity. In my dissertation work,
this process was considered in an alternative theory of gravity (a black holes in the
Einstein-Maxwell-scalar (EMS) theory and in Kalb-Ramond (KR) gravity).

However,

Connection of the topic of the dissertation with the scientific re-
search of the higher educational/research institutions, where the dissertation
was carried out.

The dissertation was done on the research topics of Ulugh Beg
Astronomical institute and in the framework of the scientific projects of the
Nuclear Physics Institute, Uzbek Academy of Sciences: F-FA-2021-510
"Investigations of nuclear matter of neutron stars in modified gravity"
(2021-2026).

The purpose of the study

IS to study energy processes and the motion of charged particles around black
holes.

The tasks of the research:

to study the charged particle dynamics around charged black holes in Einstein-
Maxwell-scalar theory;

to investigate the electric Penrose process around a charged black hole in
Einstein-Maxwell-scalar gravity;

to examine the Penrose process in Kalb-Ramond BH;
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to study the curvature invariants, event horizon, and electric field properties of
the spacetime around the regular black hole.

The objects of the research are charged BHs in Alternative Theory Gravity
and charged regular BH.

The research subjects are the electric Penrose process in Einstein-Maxwell-
scalar theory and Kalb-Ramond gravity.

The research methods are the mathematical apparatus of GR & numerical
statistics methods.

The scientific novelty of the research is as follows:

for the first time, decreasing the intensity of synchrotron radiation by charged
particles and the efficiency of the electric Penrose process around charged black hole
due to the massless scalar field in Einstein-Maxwell-scalar theory theory is shown;

for the first time, it is shown that for the same values of the black hole charge,
the efficiency of the Penrose electric process in the Kalb-Ramond gravity is higher
than for black holes in general relativity;

for the first time, in the Novikov-Thorne model, considering magnetized
particles in an accretion disk around regular BHs, energy release efficiency exceeds
the Kerr black holes (20%), reaching 22%.

it is shown that the inner radius of the accretion disk of black holes is the same
for nonlinear and linear electrodynamics at a large value of the particle
magnetization parameter.

Practical results of the research are as follows:

the synchrotron radiation of charged particles around a charged black hole in
the theory Einstein-Maxwell-scalar is investigated and the radiation intensity is
compared with the Reissner-Nordstrom black hole;

the results of the study of the collision of charged particles were obtained and
the critical angular momentum for an electrically charged black hole in the Kalb-
Ramond gravity is found. Shown that oppositely (relative to the charging of the BH)
charged particles have a greater critical angular momentum due to the Coulomb
interaction;

the influence of the magnetic moment on the motion of magnetized particles in
the vicinity of a regular black hole is studied and its extremum is found for a realistic
astrophysical system.

Reliability of the research results is provided by the following:

advanced techniques in general relativity and astrophysics, coupled with
efficient numerical methods and algorithms, are employed,;

the theoretical results of other authors are carefully reviewed for consistency;

the conclusions are highly consistent with the foundational principles of the
field theory of compact gravitational objects.

The scientific and practical significance of the research results

the obtained results for a charged black hole in the Einstein-Maxwell-scalar
theory can provide information on how a massless scalar field affects the efficiency
of energy release from a black hole;

the study of the influence of the Kalb-Ramond field on the electric Penrose
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process and particle collisions around charged black holes in Kalb-Ramond gravity
can be useful in studying the properties of the space-time of black holes in an
alternative theory of gravity;

the results of the study of the motion of magnetized particles and their energy
processes around magnetically charged regular black holes can be used in studying
the accretion disk consisting of magnetized particles and the motion of magnetized
neutron stars around the center of the galaxy.

Implementation of research results

The results of the study of energy processes and dynamics of charged around
charged black holes in various theories of gravity were applied as follows:

the results in determining circular orbits for magnetized and magnetically
charged particles around charged regular BHs has been used by several authors in
studying the properties of spacetime around black holes, as well as gravitational
models (Physical Review D 108(4), 044030, (2023), European Physical Journal
C83(11), 989, (2023), European Physical Journal C 84(2),203, (2024), Physics of
the Dark Universe 46,101616, (2024)). The results were provided to make it possible
to analyze the motion of magnetized and magnetically charged particles around
black holes based on theoretical data for black holes;

the results of studying the energy processes around charged black holes were

used by a number of authors in studying the properties of space-time for an
alternative theory of gravity (European Physical Journal Plus 138(7), 635, (2023),
Chinese Physics C 48(2), 025101, (2024), European Physical Journal C 84(4), 420,
(2024), European Physical Journal C 84(8),829, (2024), European Physical Journal
C 84(9),964, (2024)). The results are used to analyze the circular orbits of charged
particles and their energy properties in the field of charged black holes.

Approval of research results in The dissertation results have been discussed
in 1 international conference (ICTPA-2024), 2 national scientific conferences and
regular weekly Uzbek-Kazakh seminars on theoretical physics and astrophysics.

Publication of research results: The dissertation results are obtained from
7 scientific papers, four published in refereed journals (EPJC Q1, IIMPD Q2).

Volume and structure of the dissertation: The dissertation is 101 pages long
and consists of an introduction, three chapters, a conclusion, and a list of references.

List of published articles the dissertation chapters were compiled using the
results of the following published articles:

THE MAIN CONTENT OF THE DISSERTATION.

The introductory part shows the dissertation's relevance and importance, its
goals and objectives, and its scientific and practical novelty. In contrast, the
theoretical and practical significance of the obtained results is discussed.

In the present section 1 titled “Synchrotron radiation and Penrose process
near charged black holes in Einstein-Maxwell-scalar theory”, we will briefly
review charged black hole solutions in Einstein-Maxwell-scalar (EMS) theory. The
action is given as
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S = [d*x\/[—g|R — 2V, pVd — K(P)FogF*¥|
where V, is the covariant derivative, g is the determinant of g,,,,, R is the Ricci
scalar of the spacetime curvature, ¢ is a massless scalar field, F,p is the

electromagnetic field tensor, K (¢) is the coupling function between the dilaton and
the electromagnetic fields.
The general form of the black hole solution has been obtained

ds? = —U(r)dt? + % + F(r)(d6? + sin2 6 d?) @)

where U(r) and f () are radial functions which have the special forms for the

function K (¢)

2e2®
K(¢) = Bt ipay (2)

and obtained the solution in the form

_ .2 ve?
fr)=r (1 + Mzr),
U(r) = 1—g+?5). 3)
and the total mass M and electric charge Q. = 0 is the Schwarzschild limit,
and y = 0and 8 =1 is Reissner-Nordstrom (RN) one.
It is worth noting that it has been assumed that the vector and the dilaton fields
depend on the radial coordinate only as
T

2

4 =2l -2+ )] ®
We investigate the synchrotron radiation coming out of the charged particles
which are accelerated due to electromagnetic forces (Coulomb and Lorentz forces)
in the surrounding of charged black holes in EMS theory. The charged particles
orbiting the charged EMS black hole emit synchrotron radiation by the particles that
is accelerated to relativistic velocities. In order to investigate the synchrotron
radiation of the charged particle with orbital motion in the spacetime of the EMS

black hole, we use the expression

2
I = 2% wow%, (5)

where w, is the acceleration of the charged particles orbiting the black hole
measured by a proper observer:
0% =1 FguP, w u® = 0. (6)

" m
The second part of Eq. (6) implies the velocity of the particle is perpendicular
to its acceleration. The charged particle moving along the stable circular orbit with
velocity components: u® = u*(1,0,0,), and the acceleration w* = (0, 0", ®®,0).

The non-zero components of the particle acceleration vector are

W, = q0Fre ) wg = 0. (7)

m /—gtt—ﬂzgcpq)
The intensity of the radiation can be easily calculated using Eq. (6) in the
following form:
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| = — 2q* grrFr?t (8)
3m2 g1t +0%g g

Figure 1 shows the ratios of intensities of synchrotron radiation by charged
particles accelerated in the spacetime of a charged black hole in EMS gravity and in
an RN black hole with the same charges. The figure demonstrates that the radiation
intensity increases with increasing values of the (3 parameter (left panel). In addition,
the intensity decreases with positive values of y and increases with negative values
(central panel). In this way, the dependence of the particle charge was studied. It is
shown that decreasing the particle charge leads to an increase in the radiation
intensity (right panel).
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Figure 1: Comparison of the intensity of synchrotron radiation by charged
particles orbiting charged black holes in EMS theory and RN black holes.
Here, we analyze the intensity ratios lems/Irn @s a function of radial
coordinates for different values of EMS parameters.

Now, we derive the equation for the angular velocity of the decayed particles
measured by a static distant observer located at infinity Q = d¢/dt as follows

— 1 )2 _v]_
Q= iutm\/(u ) [U(r) Um] k. 9)
The possible values of $\Omega$ are limited by,
_ U(r)
n_<a<q,, Qi—i/f(r). (10)

corresponding to the Keplerian orbits.

We consider a scenario in which a charged particle (1) approaches a charged
black hole in EMS theory from infinity and decays into two charged parts (2 and 3)
in the vicinity of the event horizon in the equatorial plane. We assume that the decay
process satisfies the conservation laws of energy, momentum, and charge

Ey,=E;+E; Ly =L+ L3 g =q2+qs, (11)

mlfl - mzr:z + m37':3,m1 2 m2 + m3, (12)
where the over dots stand for derivatives by the proper time (t). Using the Egs.(11)

and (12), we can find the following equation

mlu;b = mzu;b + m3u§), (13)
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where u® = Qut = Qe/f(r), e; = (E; + q;4,)/m;, with i = 1,2,3 indicating the
particle’s number, the equation (13) will take the following form

lelel = szzez + nggeg. (14)

where Q; = d¢;/dt$ is an angular velocity of it* particle given by (9), with
restricted values (10). By solving the Eq.(14) we can find the energy of one of the

particles, e.g. E3
010y

E, =
3 Q3—-Q,

(E; + q14¢) — q34A,. (15)
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Figure 2: Ratio of energies of ionized and neutral particles plotted against the
black hole charge Q for different values of spacetime parameters. The black
solid line corresponds to RN BH case at = 1 and y = 0 in the bottom panels
of the figure.

We provide graphical analyses of E5/E; dependency on the EMS parameters
in Fig.2. In Fig.2 we plotted the dependence of the efficiency of the acceleration
mechanism (ratio of the ionized and neutral particle with Z/A = 1) on the charge of
the black hole. The efficiency of the acceleration mechanism increases with the
charge of the black hole and decreases slightly as the distance between the black
hole and the ionization point increases (as shown in the top panel of Fig.2).
Moreover, the efficiency corresponding to a certain value of the black hole's charge
increases as the  parameter increases and decreases as the y parameter increases (as

shown in the bottom panel of Fig.2).
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The critical value of angular momentum can be determined by two conditions:
(@) 7 = 0and (b) dr/dr = 0. This is illustrated in Fig. 3. An increase in the angular
momentum causes the square of the radial velocity to be negative implying the
particles can no longer approach the central object from that value. Therefore, we
investigated the allowed values of the angular momentum and determined the critical
values.
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Figure 3: Radial dependence of the square of radial velocity for different
values of angular momentum of the particle.

Figure 4 presents the dependence of the critical angular momentum on the EMS
parameters for various values of the black hole's parameters and particle charge. The
top three panels show the critical angular momentum as a function of the magnetic
parameter () for different values of the y parameter. The left panel shows that
increasing y decreases the permissible value of angular momentum, and there is a
linear relationship with the S parameter. The middle panel illustrates that the
linearity is disrupted for larger values of black hole charge. The right panel depicts
the effect of varying the particle charge. The bottom panels show the angular
momentum as a function of y. In most cases, the angular momentum is linearly
dependent on y, with an increase in y causing a decrease in angular momentum,
opposite to the behavior with the g parameter. The middle and right panels replicate
the behaviour of the top panel by varying the black hole and particle charge,
respectively. The bottom-left figure shows the plot by varying the magnetic
parameter S of the black hole.
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Figure 4: Dependence of the critical angular momentum on  (top panels) and
y (bottom panels) for different values of the black hole and particle
parameters.

In the second section, named “Electric Penrose and collisions of charged
particles near charged black holes in Kalb-Ramond gravity”, we focus on
deriving the equation of motion of electrically charged particles around the static-
charged BHs. The charged BH solution with spherically symmetric spacetime
geometry with using through spherical coordinates, (x® = {t,r,0,¢}) in the
following form,

ds? = —f(r)dt? + %drz +12(d0? + sin? 6 dd?), (16)
where the radial functions f () is given by
1 2M Q2
) = o T *may (17)

Here, M represents the total mass of the BH, whereas Q represents its electric
charge. Classical gravitational measurements undertaken in the Solar System have
shown that the dimensionless parameter [, which represents the Lorentz-violating
impact generated by the non-zero vacuum expectation value of the Kalb-Ramond
(KR) field, must have a very small value. When [ = 0, it will converge to the
standard RN-like metric.

In Fig.5, we show relationships between extreme BH charge and the KR
parameter. The light-blue shaded area implies the value of @ and [ in which the
spacetime (17) has an event horizon that belongs to a BH. In the values of Q and [
out of the shaded area, the BH turns into an object without an event horizon.

It also is worth noting that it has been assumed that the vector and the dilaton
fields depend on the radial coordinate only, in the following form:

4 = (18)
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Figure 5: The dependence of extreme values of the BH charge Q from L.

We will deduce an expression describing the angular velocity of the decayed
particles as seen by a static observer positioned at an infinite distance. For this, we
have

1 Jwon2[roy -] - (19)

The range of potentlal values for $\zeta$ is limited by,

(-=C0=0Cy,  G+= +\/% : (20)

that corresponds to the Keplerian orbits.

Subsequently, we examine a situation wherein a charged particle approaches a
charged BH from infinity in Kalb-Ramond gravity theory and undergoes breakdown
into two charged particles in the equatorial plane close to the event horizon. We
consider that the conservation rules of energy, momentum, and charge are satisfied
by the decay process (10-11).

Using the above equations, we have

mlvf’ = mzvzq’ + m3v¢’, (21)

where v® = (' = Ce/r?, e; = (E; + q;A,)/m; and i = 1,2,3 denotes the number
of particles, The equation (21) can be expressed as follows,

(amie; = {mye; + (zmzes. (22)

The angular velocity of the ith particle, denoted by (; = dd;/dt, is

determined by equation (19) and is subject to the limitations specified in equation

(20). The determination of the energy of a particle, such as E5, is possible by solving

Equation (22). We have
G1—G

G3—C2

E; = (E; + q14¢) — q34,. (23)
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Figure 6: Ratio of energies plotted against the BH charge Q for different
values of spacetime parameters. I = 0 shows the standard RN BH solution
(right panel) results.

We may compute the final equation for E5/E; by directly expressing the BH
mass and the speed of light in terms of the time component of the electromagnetic
four potential and metric functions. This equation is intricate and challenging to
solve. Consequently, we visually represent its reliance on the BH parameters in
Figure 6. Figure 6 (left panel) displays the efficiency of the acceleration mechanism,
which is the ratio of the energies of ionized and infalling particles with Z/A = 1.
The figure shows this efficiency at different ionization sites as a function of the BH's
charge per solar mass. The efficiency significantly increases as the charge of the BH
increases. Moreover, it declines as the distance between the BH and the ionization
point increases. In case of changing the parameter [ (right panel), the efficiency
increases with the increase of this parameter.

The general expression for the energy of the center of mass can be expressed
as
{E;,0,0,0} = mu} + myu}, (24)
The variables u{ and us represent the four-velocity of the two particles
involved in the collision, with masses m; and m., correspondingly. It is
straightforward to compute the square of the center of mass energy, as described in
equation (24), and get the result.
EZ =m{ +mj — 2mym, g, utu’, (25)
2
mlj:nz = Z—: + Z—j — 29, uiuy. (26)
If the masses of the colliding particles are denoted as m; = Am and m, =
Bm. Then we have

2
% = A%+ B* - 29, ujuy. (27)
We will then investigate the collision of particles with identical initial energies
and masses (E; = E, = m). We shall examine the acceleration of charged particles
near a Kalb-Ramond BH by applying the standard equation for the center of mass
energy of two colliding particles of equal mass. As a consequence, the equation for
the center-of-mass energy becomes.
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Figure 7: Radial dependence of the square of radial velocity for different
values of angular momentum of the particle.

Two conditions permit the determination of the critical value of the angular
momentum: (i) ¥ = 0 and (ii) d»/dr = 0. Figure 7 illustrates this. A negative radial
velocity results from an increase in the angular momentum. From that value, the
particles cannot approach the central object. Consequently, we examined the
permissible values of the angular momentum to determine the critical values. The
dependency of the critical angular momentum for different values of the BH's
parameters and particle charge is shown in Figure 8. The upper panels show the
relationship between the critical angular momentum and the parameter (q) between
different values of the parameter [ (on the left) and Q (on the right). The top left
panel illustrates that as the value of [ increases, the allowable range of angular
momentum declines, and there is a linear relation with the g parameter. Similarly,
the bottom panel depicts the critical angular momentum with a BH Q charge,
considering different parameters [ (on the left) and g (on the right). Similar behavior
can be observed for both cases.
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Figure 8: Dependence of the critical angular momentum on q (top panels) and
Q (bottom panels) for different values of the BH and particle parameter.
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In the third section, titled “Particle dynamics in the magnetically charged
regular black hole environment”, In order to obtain a regular black hole (RBH)
solution in GR, one has to couple it with NED using the action in the following form

$ = —[dx*™=I(R - L(F)) (29)
where F = F*VE,, is the electromagnetic field invariant constructed using the tensor
of the electromagnetic field F,, = A,,,, — A, which is expressed by electromagnetic
field potential A,

One can obtain the RBH solution using the following form of Lagrangian

Q\oF
L(F) = 4Fe‘(Tz) M (30)

In order to obtain RBH solution, we have used F = g?/(2r*) and the
corresponding Lagrangian of a NED field in the following form

2 2
L(F) = 247w, (31)
where q is the magnetic charge. The metric tensor for a spherically symmetric
spacetime around such RBH can be expressed as
1
ds? = —f(r)dt? + ]Tr)drz + r2(d6? + sin? 6 d?)
with the lapse function of form
2

2M 1

fr)y=1- —e zmr, (32)
where M is the total mass of the RBH. When g = 0 the solution turns to the
Schwarzschild vacuum solution.

After, we perform the study of magnetized particle dynamics around a
magnetically charged regular black holes described by the lapse function (32)
following Homiltion-Jacobi equation. The electromagnetic four-potential has the
form

Agp = qcosb. (33)

Using potential (33) one may obtain the non-zero component of the

electromagnetic field tensor as
Fo, = —qsinB . (34)

The orthonormal radial component of magnetic field generated by the magnetic

charge of the regular BH can be written as

B = i , (35)
which has the form the same as Newtonian.

For the dynamics of a magnetized particle around a magnetically charged
regular black hole, we assume that the direction of the magnetic dipole moment of
the particle is parallel to the equatorial plane, as well as to the magnetic field of the
black hole. The assumption implies that the magnetic dipole moment has only radial
components p* = (u”, 0,0). Other configurations of the components of the magnetic
dipole moment cannot provide an equilibrium to the magnetic interaction with the
maximum energy of magnetic interactions. Here, we will consider the motion of a
magnetized particle in the proper observer frame of references. This chose of the
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reference helps to avoid the problems which are come from relative motion.
Moreover, we consider the magnitude of the magnetic moment is unchanged during
its circular motion.

In our previous works we have shown that the interaction term is the same in
magnetized particle motion around magnetically charged BH scenarios and has the
form

DPBF, g = 22 (36)

rz '’
where DB = nabvp W, U, is polarization tensor, p, and u, are four-magnetic dipole
momentum and velocity of the magnetized particles. The part D“BFaB describes
interaction between magnetic fields of the magnetized particle and RBH. The
magnetic field generated by magnetically charged BHs has axial symmetric behavior
and does not break the spacetime symmetry, letting the two quantities: the energy
and the angular momentum to be conserved.
We investigate the radial motion of a magnetized particle at the equatorial

plane, where 6 = /2, with pg = 0 around magnetically charged, the regular black
hole. The radial equation of motion has the following form

T:Z = 82 - Veff(r; ['r b, q) ) (37)
where the effective potential has the form
oM _ 9% B\?2 . 2
Vs, £,B,q) = (1 - e zMr) [(1 -2) + Tz]' (38)

with new introduced parameters B = pg/m and b = p/(mM) responsible for the
interaction between the magnetized particles and the magnetically charged the
regular black hole to characterize the parameters of the magnetized particle and the
central black hole, respectively. Here we investigate a realistic astrophysical system:
a magnetized neutron star as a test magnetized particle orbiting a supermassive BH

where
h = BnsRis ~ 0.18( Bns ) ( Ryns ) (mNS)_l (MSMBH)_l (39)

2mysMsmBH 10126/ \106cm/ \ Mg 10°M

One of such astrophysical systems is the magnetar SGR (PSR) J1745—2900
(with p = 1.6 x 1032G - cm?® and mass m = 1.5M) orbiting the SMBH Sgr A*
(M = 3.8 X 10°M)) and the approximate value for the parameter is {8 for the case
b~ 10.2.

Figure 9 illustrates radial dependence of the effective potential for radial
motion of magnetized particles around extreme charged regular BH and RN BH with
comparing the results that was in Schwarzschild BH case. In these plots, we used
L = 4.3M for the angular momentum and b = 10.2 for the magnetized particle. One
can see from the Fig.9 that the existence of magnetic charge of the BH and the
magnetic interaction cause the increase of the maximum effective potential, and it is
larger in extreme regular BH with compare to RN one. Meanwhile, the distance
where the effective potential shifts towards to the central BH.
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Figure 9: The radial profiles of the effective potential for radial motion of
magnetized with b = 10. 2 (in dashed lines) and neutral (in large dashed lines)
particles with the specific angular momentum £ = 4.3M, around extremely
charged regular and RN black holes for with the comparison of
Schwarzschild case.

Specific angular momentum of the magnetized particle along the circular orbits

can be expressed

£2=(1-b%7)|2bqM -

(q?-2Mr)(bMq+12)
: (40)

2 )
2r2<em—¥)+q2

and for energy

2 o\
2<eZM1‘—T) (r*-b*M?q?)
€ = q? q?
r3<em(q2—6Mr)+2r2eW>

Figure 10 demonstrates dependence of ISCO radius of magnetized particles on
the magnetic charge of RBH with comparison of the results in RN BH. One can see
that the difference of RN BH and RBHs when the magnetic coupling parameter is
small. However, as the increase of the coupling parameter, the difference vanishes
due to saturation of the interaction between magnetized particle and the BHs
magnetic field.

It is known that Novikov-Thorne model allows explanations of the existence of
Keplerian orbits of accreting matter in accretion disk around an astrophysical black
hole, which is well modelled as a geometrically thin disks defined by the
observational properties of circular geodesic spacetime. Electromagnetic radiation
in the accretion disk characterizes efficiency of energy release from the accretion
disk around the BH. It means how much maximum energy can be extracted from the
accretion disk by the radiation of the falling matter into the central BH from the disk.
The efficiency for particles can be calculated using the following the standard

expression}

(41)
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n=1-Eyco, (42)
where Esco IS the energy of the particle at the ISCO which is characterized by the
ratio of the binding energy (BH- particle system) and rest energy of the test particle
can be calculated using the energy of the particles given in Equations (40) and (41)
at ISCO. The effects of the magnetic charge of the regular BH on the efficiency
are calculated numerically by plotting in Fig.11 with comparison to the energy
efficiency from the RN and Kerr BHs.
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Figure 10: Dependence of ISCO radius of a magnetized particle around the
magnetically charged regular and RN black holes.
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Figure 11: Dependence of the energy efficiency from magnetic charge of the
regular BH for the different values of the magnetized parameter b.

The dependence of efficiency of energy release from accretion disk through
falling particle in the central BH from the BH charge is shown in Fig.11, and we
have compared the obtained results with results in Kerr and RN BHs. One can see
that the efficiency increases as the charge growth. Moreover, difference of RN BH
and RBH effects are seen at higher values of magnetic charge, similarly, the
difference disappears when the magnetic coupling parameter takes higher values.
We have shown that when the magnetic coupling parameter, b = 10.2 the efficiency
grows faster than it is in Kerr model.
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We will explore the dynamics of a magnetically charged particle characterized
by non-vanishing magnetic monopole. Following the same logic as in the previous
sections, we will construct the equation of motion. For a magnetically charged and

electrically neutral particle, the Hamilton-Jacobi equation of motion has the form
as

, N(0s . N

g*f (ax_a + lCImAa) (ax_ﬁ + lQmAB) = —m?, (43)
where q,, is the magnetic charge of the test particle and four vector A}, defines the
dual vector potential that has the following nonvanishing component

Ay =-2 (44)
Effective potential of the radial motion of the magnetically charged particle
moving at the equatorial plane ($\theta=\pi/2$) can be written in the following form

qZ
Ve =q"7’“+\/(1 o) (1453) “9)

Solution of the condition d,,.V.¢ = 0 with respect to r = r;,., allows to obtain
the target relationship between the ISCO radius and the parameters of the space-time
metric together with the magnetic charge of the test particle, as shown in Fig.12. In
the given range of the magnetic charge parameter of the test particle, one can see the
almost radial dependence between this parameter and the ISCO radius. It is useful
to note that compared to the motion of a neutral particle, which is due to the fact that
the interaction between the magnetic field and the magnetically charged test particle
Is much weaker than the gravitational force of the gravitating object. The lines in the
figures do not differ significantly in shape.
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Figure 12: Dependence of ISCO radius of charged particles from RBH
charge.
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CONCLUSION

Based on the results of the research conducted within the framework of the
dissertation “Dynamics of charged particles and energetic processes in the field of
charged black holes”, the following conclusions were made:

1. The intensity of synchrotron radiation, as well as the efficiency of energy
release decreases with increasing value of the massless scalar field in the EMS
theory;

2. The distance of the ionization point reduces the efficiency of energy release
of the electric Penrose process. And an increase in the dimensionless parameter |
increases it. The critical angular momentum decreases with increasing
dimensionless parameter | during collisions of charged particles in gravity KR;

3. For a regular BH, the dependence of the efficiency of energy release from
the accretion disk through an infalling particle in the central BH on the BH charge
Is obtained. It is found that the efficiency increases with increasing BH charge. It is
shown that for the particle magnetization parameter b=10.2, the efficiency increases
faster than in the Kerr model.
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YEePHBIX JBIP SBISETCS BEChMa aKTyalIbHON M 3HAUMMOM 00JIaCThIO UCCIICAOBAHUN B
COBpEMEHHOM acTpodusuke U (pyHIaMEHTANbHOU (PU3UKE. 3apsKEHHbIE YepHBIC
IBIPBI, ONACBHIBAEMBIE TAKUMHU PELIEHUSIMU, Kak MeTpukH Peiiccuepa-Hopactpema u
Keppa-HpromaHa, npenoCTaBisSIOT YHUKAJIBbHYIO JIA0OPATOPUIO ISl W3Y4YEHUS
B3aUMOJEHCTBUS TPABUTALMOHHBIX, 3JEKTPOMArHUTHBIX W WHEPLHMOHHBIX CUJ B
AKCTPEMAJIBHBIX YCIOBUAX. OTH CpeAbl HMMEIOT pEIIAIlee 3HAYeHue Ui
MOHUMAaHUSA MIOBEICHUS MATEPUU U U3ITYICHUS BOJIM3HU KOMITAKTHBIX OOBEKTOB U AJISA
UCCJIEIOBAHUS TTOTCHIIMAIBHBIX OTKJIOHEHUI OT 0011Iel TEOPUU OTHOCUTEIILHOCTH,
0COOEHHO B MPUCYTCTBUU CUIIBHBIX AIEKTPOMArHUTHBIX MOJIEH.

HccnegoBaHue 3HEPreTUYECKUX MPOLECCOB, TAKUX KAK YCKOPEHHE YacTHUL U
reHepanus BBICOKOHEPIeTUUECKUX U3IIyYeHUN, UIMEET IIyOOKHE MOCIIEACTBUS s
acTpo(u3MyecKux sABJICHUA. MHorue HaOmoAaemMble SBICHUS, BKJIIOYas
PENSATUBUCTCKUE CTPYH, FaMMa-BCIJIECKH U BBICOKOIHEPrEeTUUECKUE KOCMUYECKHE
Jy4d, MOTYT BKJIIOYaTh MEXaHU3MBbI, KOPCHSIIHMECS B JHMHAMHUKE 3apsOKEHHBIX
YacTHUI] BOKPYI 3apsyKEHHBIX 4YepHbIX Ablp. Kpome Toro, 3T wucciegoBaHUs
CHOCOOCTBYIOT HallleMy TOHUMAHUIO (PU3MKHU I11a3Mbl B SKCTPEMAJIIbHBIX YCIOBHUSX,
YTO HEOOXOJMMO /I MHTEPHpPETalud AAHHBIX C MEPEAOBBIX HAOIIOJATEIBHBIX
YCTaHOBOK, TakuX Kak «Event Horizon Telescope» n kocMUYeCKUX PEHTTEHOBCKUX
Y TaMMa-TeJIECKOIIOB.

PaccmarpuBast 3TH TeMbl, 3Ta JUCCEPTALMs COIJIACYETCS ¢ COBPEMEHHBIMU
YCUWJIMSIMU 11O CBSI3bIBAHHIO TEOPETUYECKUX MOJIEIIEN ¢ HAOMIOACHUSIMU, TPOJIBUTrast
Hallle TOHUMAaHUE CPEIbl YEPHBIX AbIP U UX SHEPreTUUYECKUX CUTHATYyp. JTa paboTa
HE TOJIbKO YIJIyOJIS€T MOHMMAHHE BBICOKOIHEPIETUUYECKUX aCTPOPUINYECKUX
IpOLECCOB, HO H BHOCUT BKJIaJg B Oojiee MIMPOKYI LEdb IPOBEPKU
(GyHIaMEHTaJIbHBIX TEOPUN B IKCTPEMAJIbHBIX YCIOBUSX, YTO JEJIaeT €€ BechMa
aKTyaJIbHOU KaK B TEOPETUYECKOM, TaK U B HAOJI01aTeIbHOM KOHTEKCTe. B Harei
CTpaHE Takxke Yyzensercs OoJbllloe BHUMAHUE HCCIIEIOBAaHUSAM MEXaHU3MOB
M3IIyYeHHs] B aKKpEeUHOHHOM aucke YJ[, a Takxke ONTUYECKUX U IHEPreTUYECKHUX
npoueccoB BOkpyr YJI, a Takke TEOPETUYECKUM HCCIECAOBAHUSIM TEOPUI
IpaBUTALlMU U UX MPOBEPKE HA OCHOBE HAOJIOIATEIbHBIX JaHHBIX.

JlanHasi nuccepTalMoHHas padoTa COOTBETCTBYET 3aJadyaM, MOCTABICHHBIM
CIENYIOIMMU  TOCYJAapCTBEHHBIMHM  HOPMATUBHBIMH  JIOKYMEHTaMH:  YKa3
ITpesuaenrta Pecriyonumku Y36ekucran Ne VII-4947 «O Crparerun neiicTBUi 1O
nanbHeimeMmy pa3Butuio  PecnyOnmku  Y30ekuctan» ot 07.02.2017 r.,
[TocranoBnenue Ilpesunenta Peciyonuku Y3oexuctan Ne I1I1-2789 «O mepax no
JaNbHENIIEMY COBEPIIEHCTBOBAHUIO AEATEIBHOCTH AKaIEMUH HAyK, OPraHU3aLUH,
yopaBieHuss U (UHAHCUPOBAHUS HAYYHO-HCCIIECIOBATENbCKON AESTENBHOCTU» OT
18.02.2017 r.

AKTYaJIbHOCTH HCCJICIOBAHUS IPHOPUTETHBIM HANPABJIEHUAM Pa3BUTHS
HAYKH U TexHooruii Pecny0iiukn Y3oekucraH.
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Jluccepranus BBIOJTHEHA B COOTBETCTBUH C IPUOPUTETHBIMY HAITPABICHUSIMU
HayKy U TexHUKU B PecryOnuke Y30ekucran.

O030p MeKTYHAPOAHBIX HAYYHBIX MCCJIEJOBAHUI MO TeMe JMCCePTAIUM.

UYepHble APl B MHOTOMEPHBIX TEOPHUSX C JAMJIATOHHBIMHU TOJISIMH W3Yy4UII
opurtanckuii ¢puzuk G.W.Gibbons (Nuclear Physics B, vol. 298). Pemenus s
yepHbIX AbIp Teopun EMS uccnenoBanu kutaiickue yaensie S. Yu, J. Qiu, u C. Gao
Classical Quantum Gravity, Volume 38, Number 10).

[TepBrie padoTs! o rpaButanuu Kalb-Ramond 6simn omyonmmkoBansr M. Kalb
u P. Ramond (Physical Review D, vol. 9, no. 8), a pemenus st 4epHBIX JIbIP B TOU
rpaBUTAIAN OITyOJIMKOBaHbI KHTalCKuMH ydeHbiMu Z.-Q. Duan, J.-Y. Zhao, u K.
Yang (Eur. Phys. J. C 84, 798).

DHepreTuveckue MpoIecchl U3yJalluch PSAAOM YYeHbIX - mporecc [lenpoysa
(Nuovo Cimento Rivista Serie, vol. 1, 1969), marauthsiit [lenpoy3s npomecc (Mon.
Not. R. Astron. Soc, vol. 478) u snextpuueckuii mporecc Ileapoysa mpouecc (Phys.
Rev. D, vol. 104, no. 8).

CreneHb M3y4eHHOCTH P00 IeMBbI

B 1969 rony usBecTHbIil OpuTaHckuil Gu3uk (HbiHE JaypeaT HoOeneBckoii
npemun) Pomxep IleHpoy3 npenoXkuwi MeXaHU3M, ONMCHIBAIOLIUN IPOLECC
BBIJICJICHYS SHEPT UM Bpamarouenicss uepHou Aelpbl. [lo3anee H. Jlaanya npennosxuin
MEXAaHU3M BBIJICJICHUSI SHEPTYMH, Ha3BaHHbIA «MarHUTHBIA [leHpoy3 mpouecc». B
2021 rony Apman TypcyHoB Hamucail pabOTy, CBSI3aHHYIO C DJIEKTPUUECKUM
npoueccom Ilenpoysa. M3ydenue 3TUX npoueccoB MMPOKO MPOBOAWIOCH B EBporie
(P. ITenpoys, 3. Cryxnuk, M. Komnom u np.), B Uaguu (H. Jaaua, C. M. Bar, B.
JIXypanaxap 4 JAp.) U yYE€HbBIMU JAPYTHX CTpaH Mupa. B Hameil pecny0iuke
TEOPETUYECKUMH HCCIICAOBAHUSAMU ONTUYECKUX M HHEPTETHUECKHX IPOIECCOB
BOKpYT UJ[ B pa3NuyHBIX TEOPUAX IPaBUTAIMN TOTCHIIMAIBHO 3aHUMAJIUCh TaKKe
b. AxmenoB, A. A6ayxa66apos, /JI. Paiiumbaes, A. Typcynos, C. lllalimaToB u ap.
OngHako B WX HCCIEAOBAHMSIX U3YYCHHE MEXaHW3Ma »JHeproBbyieneHus YJ[
MPOBOAWIOCHE B  paMKax oOOINEH TEOpWM OTHOCHUTEIBHOCTH. B Moel
JUCCEPTALIMOHHON padoTe 3TOT MpOLECC paccMaTpuBajCs B allbTEPHATHUBHOMN
TEOPHUH I'paBUTALNH (UepPHBIC IBIPHI B TeOpHH DiHIITeH-Makcsemi-ckansip (EMS)
u B rpaButanuu Kanb-Pamonna (KR)).

CBsi3b TeMbI JHMCCEPTALMM C HAYYHO-HCCJIEJ0BATeJIbCKHUMU padoTamMu
HAY4YHO-HMCCJIEI0BATEIbCKOT0 YUpesKJAeHHUsl, I/ie BbINOJHEHA JIUCCEePTAIUS.
Juccepranus BbIOJHEHa B ACTPOHOMHYECKOM MHCTUTYTE UMEHU YIyroeka u B
pamkax Hay4qHbIX IpoekToB UHcTuTyTa simeproit pusuku AH PY3: O-DA-2021-510
«HccnenoBanns  SAEPHOTO  BEIIECTBA HEUTPOHHBIX 3BE3I B YCIOBHAX
MO TUGUIIMPOBAHHOM TpaBuTarmm» (2021-2026).

eab uccaenoBanus

3aKJIIOYAETCsl B HW3YUYEHHHM OHEPreTHUECKHX IPOLECCOB U  JBUKCHHUS
3apsHKEHHBIX YaCTHUI] BOKPYT YEPHBIX JIBIP.

3agaum nccjie0BaHuA:

W3YYUTh TUHAMUKY 3apSHKEHHBIX YaCTHIl BOKPYT 3aPSKEHHBIX YEPHBIX JIBIP B
Teopuu DUHIITEITH-MaKcBeII-CKasp;
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HCCIIEI0BATH JIEKTpUUECKUU npouecc [Ienpoy3a BOKpyr 3apsyKEHHOU YEpHON
JBIPBI B TpaBUTAIMU DWHINTEHH-MakCBeI-CKasp;

u3yunTh npouecc [lenpoysa B rpaButanuu Kan6-Pamonna;

U3YYUTh MHBAPUAHTHI KPUBU3HBI, TOPU30HT COOBITHI M CBOMCTBA MarHUTHOTO
NOJISI IPOCTPAHCTBA-BPEMEHH BOKPYT PETYJISIPHOW YEPHOM ABIPHI.

OO0beKkThl HCCIeI0BAHMS TPECTABISAIOT COOOM KOMIIAKTHBIC 3apsiKCHHbIC
PESTUBUCTCKHUE TPABUTAIMOHHBIE 0OBEKTHI — YEPHBIE JIBIPHI.

IIpeamersl uccieqoBaHusl SBISIIOTCA 3iekTpuueckuil [leHpoy3 mpouecc B
Teopun DUHIITEHH-MakcBe-ckainsp u rpasutamueii Kan6-Pamonna.

MerogamMu HccaefOBaHUsl SABISIIOTCA Maremarndeckuil anmapar OTO u
YU CIJICHHBIE METO/IBI.

HayuyHasi HOBU3HA UCCJICIOBAHMS 3aKJII0YAETCH B CJIEAYIOIIEM:

BIEPBbBIC MOKA3aHO YBEJINYCHUE NHTEHCUBHOCTH CUHXPOTPOHHOIO U3JIYyYCHUS
3apsKEHHBIX 4acTUI] ¥ 3 (HEKTUBHOCTH AIeKTpruueckoro [Ienpoys npoiiecca BOKpyT
3apsHDKEHHOM YEepHOW JbIpbl 3a CUET OTPHUIIATENIBHBIX 3HAYCHUN 0€3MaccoBOIO
CKAJIIPHOTO MOJISL B TEOPUH DUHIITEWH-MaKCcBeIUI-CKasp;

BIEPBBIC MMOKA3aHO, YTO MPU OJMHAKOBBIX 3HAYCHMSX 3apsA/la YEPHOU ABIPHI
s pexTuBHOCTD AekTpuueckoro I[lenpoys nmporiecca B rpaButanuu Kano-Pamonnaa
BBIIIIE, 4eM 1S YepHbIX Ablp B OTO;

BepBble B Mojaenu HoBukoBa-TopHa mpu pacCMOTpEHUMM HaMarHUWYEHHBIX
YaCTHIl B aKKPELIMOHHOM JIUCKE BOKPYT PEryJIIpHON YepHOU bIphI 3PHEKTUBHOCTD
SHEProBbleNieHns npeBbimaeT 3¢pdexkTuBHOCT, KeppoBckux yepHbIx abip (20%),
nocturas 22%.

[OKa3aHO, YTO BHYTPECHHUN paJdyC AKKPEUHUOHHOTO JHCKAa YEpPHBIX JIBIP
OJIMHAKOB [l HETWHEWHOM U JIMHEWHOW JJIEKTPOAMHAMHUKUA TIPU OOJIBIIOM
3HAYEHHUH ITapaMeTpa HAMarHUY€HHOCTH YaCTHII.

IIpakTHYecKkHe pe3yJabTaThl HCCIACAOBAHUSA 3AKITIOYATCA B CJIeAYOLIEeM:

UCCIIEIOBAHO CHUHXPOTPOHHOE H3JIyYEHUE 3apsDKEHHBIX YacTUL BOKPYD
3apsHKEHHON YEPHOW JIBIPBI B TEOPUM DUHIITEHH-MaKCBEII-CKAJIAIp U MPOBEICHO
CpaBHEHHE UHTEHCUBHOCTH M3JIy4Y€HUs ¢ YepHOU nbipon Periccaepa-Hopacrpema,

IIOJIyYEHBI PE3YJIbTATHI UCCIIEIOBAHUS CTOJIKHOBEHHUS 3apsKCHHBIX YACTHUL U
HAWJEH KPUTUYECKUM YTIIOBOM MOMEHT ISl DJICKTPUUYECKU 3apsKEHHOW 4YEpHOU
neippl B TpaButanmu  Kan6-Pamonpa. IlokazaHo, dYTO MPOTHUBOIIOJIOKHO
(OTHOCUTENBHO 3aps/la YEPHOM NbIPHI) 3apsHKEHHBIC YACTHIBI UMEIOT OOJbIIUI
KPUTHYECKUN YTIIOBOM MOMEHT M3-3a KYJIOHOBCKOT'O B3aMMO/ICUCTBUS;

U3y4YCHO  BJIMSHHE  IapaMeTpa  HAMarHMYE€HHOCTH  HA  JIBMKCHHUE
HAMAarHAYE€HHBIX YaCTULl B OKPECTHOCTU PETYJSIPHOM YEPHOM ABIPHI M HAWJIEH €0
AKCTPEMYM JIJISI PEATUCTUYHOMN acTpO(hU3NIECKON CHCTEMBI.

JocToBepHOCTD pe3yJibTaToB HCCJIeIOBAHMS o0ecreunBaeTcst
CJIeYIOIIMM:

UCIIOB3YIOTCSl TIepeIOBbIE METOJIbI OOIled TEOpUU OTHOCUTEIBHOCTH H
actpopu3uku B codeTaHUU C DPOEKTUBHBIMU YHUCICHHBIMH METOJaMHU U
aJIrOpUTMaMU;
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TEOPETUYECKHE PE3YyJbTaThl JIPYTMX aBTOPOB TUIATENBHO IMPOBEPSIOTCA Ha
COTJIACOBAHHOCTB;

BBIBOJIBI B BBICOKOM CTENEHU COIVIACYIOTCA C OCHOBOIIOJIATAIOIIMMU
MIPUHIUIIAMU TTOJIEBOM TEOPUM KOMIIAKTHBIX IPAaBUTAIIMOHHBIX 0OBEKTOB.

Hay4ynasi m npakTH4ecKasi 3HAYUMOCTh Pe3yJIbTaTOB

MOJIyYEHHBIE PE3yNbTaThl JUIsl 3apsSOKEHHOM YEpHOW JbIpbl B TEOPHH
OWHIITENH-MakcBeII-CKaasp MOTYT JaTh MH(OPMALMIO O TOM, Kak 0€3MaccoBOe
CKaJISIpHOE TOJIe BIUsAET Ha 3()PEKTUBHOCTD BBIICTICHUS SHEPTUN YEPHOM JIBIPOIA;

uccnenoanre BiusHUSA noyia KanO-Pamonna Ha snektpuueckuit Ilenpoys
IIPOLIECC U CTOJKHOBEHHS YAaCTHUL BOKPYT 3apsLKEHHBIX YEPHBIX JbIP B TPAaBUTALIAN
Kan6-Pamonga MoxkeT OBITh TOJIE3HO MPU H3YyUYEHUU CBOMCTB MPOCTpPaHCTBa-
BPEMEHU YEPHBIX JbIP B AIbTEPHATUBHON TEOPUU T'PABUTAIUY;

pe3yJbTaThl KCCIEAOBaHUS JBUKEHUS HAMArHMYEHHBIX 4YacTHUI[ W HUX
HHEPreTUYECKHUX MPOLIECCOB BOKPYI MAarHUTHO-3apsDKEHHBIX PETYIIAPHBIX YEPHBIX
JBIP MOTYT OBITh HCIIOJIb30BaHbI IIPU U3YyYEHUHU AKKPELIMOHHOT'O JUCKA, COCTOSIIETO
Y3 HAMAarHUYCHHBIX YaCTHUIl, U JBUKEHUS HAMArHUYCHHBIX HEUTPOHHBIX 3BE3[l
BOKPYT LIEHTPA TAJIAKTUKHU.

BHeapenue pe3yibTaToB HCCICI0BAHUM

Pe3ynbTaThl UCCIENOBaHHUS JHEPreTUYECKUX IMPOLIECCOB M JAUHAMUKU
3apsHDKEHHBIX YaCTHUIl BOKPYT 3apsKEHHBIX YEPHBIX JBIP B PA3IUUHBIX TEOPHUAX
rpaBUTalMyU ObUIM MCIOJIB30BaHBI CIEAYIOUIMM 00pa3oM:

pe3ynbTaThl MO OMNPENEICHUI0 KPYTOBBIX OpPOWUT IS HAMarHUYEHHBIX U
MAarHUTHO 3apsKEHHBIX YaCTUI BOKPYT 3apsDKEHHBIX PErYJIPHBIX YEPHBIX IbIP
ObLTM  MCIOJIB30BaHbl HECKOJBKMMHM  aBTOpAaMU TMPU HM3YUYCHUH CBOWCTB
MIPOCTPAHCTBA-BPEMEHU BOKPYT UYEPHBIX JIBIP, a TAKKE TPABUTALMOHHBIX MOJIENEH
(Physical Review D 108(4), 044030, (2023), European Physical Journal C83(11),
989, (2023), European Physical Journal C 84(2),203, (2024), Physics of the Dark
Universe 46,101616, (2024)). Pe3ynbrarsl ObUTH PEIOCTABICHBI JI1 TOTO, YTOOBI
clenaTh BO3MOKHBIM aHAJIN3 IBUKEHUS HAMAarHUYEHHBIX 1 MAarHUTHO 3aPSyKEHHBIX
YacTHUIl BOKPYT YEPHBIX JAbIp HA OCHOBE TEOPETUUECKUX JAHHBIX JJISl YEPHBIX ABIP;

Pe3ynpraThl M3y4eHHS HSHEPreTUYECKHX IPOLIECCOB BOKPYI 3apsKEHHBIX
YEpHBIX JbIp OBUIM HCIIOJIB30BAaHbI PAIOM aBTOPOB TMPU HM3YYCHHH CBOWCTB
MIPOCTPAHCTBA-BPEMEHU [l AJIbTEpHATUBHOM Teopuu rpasutanuu (European
Physical Journal Plus 138(7), 635, (2023), Chinese Physics C 48(2), 025101, (2024),
European Physical Journal C 84(4), 420, (2024), European Physical Journal C
84(8),829, (2024), European Physical Journal C 84(9),964, (2024)). Pe3ynbraThl
UCTIONIB3YIOTCSL ISl aHallu3a KPYTrOBBIX OPOWT 3apsiKEHHBIX 4YaCTHUI[ U HX
SHEPreTUYECKUX CBOMCTB B MOJIE 3aPSIKEHHBIX YEPHBIX JBIP.

YT1Bep:xaeHue pe3yabTaToB HccJaeAoBaHuil. Pesynpratel auccepranuu
obcyxmamuch Ha 1 wmexayHapoanoit koudepeniun (ICTPA-2024), na 2
pecnyOIUKaHCKUX HAYIHBIX KOH(PEPEHIINSIX U PETYyJISIPHBIX €KEHEIeTbHBIX Y30€KO-
Ka3aXCTaHCKHUX CEMHMHapax Mo TeopeTudyeckon (husmke u acTpodusuke.
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Iyonukanust pe3yJbTaTOB HCCJIEI0BAHUS

Pe3ynbTathl AuccepTanuy MoxyyeHbl U3 7 HAy4HBIX paboT, YeThIpe U3
KOTOPBIX OITyOJIMKOBaHbI B perieH3upyeMbix xxypHaiax (EPJC Q1, [IMPD Q2).

O0beM u CTPYKTYypa AUCCEPTALMHA

Huccepranus coaepxkutT 101 cTpaHHUIly U COCTOUT W3 BBEACHMS, TPEX TJIaB,
3aKJIIOYEHUS U CIIUCKA JTUTEPATYPHI.

Cnucox omyO0JIMKOBaHHBIX cTaTedl [J1aBpl AHUCCEpPTAlMU COCTABJIEHBI IO
pe3ynbTaTaM CIEIYIONIUX OyOJUKOBAHHBIX CTATEM:

3AK/IIOYEHUE

Ilo pe3ynbraraM HCCIEIOBAaHUN, IPOBEACHHBIX B paMKax JIHCCEPTALMH
«/lnHaMMKa 3apsHKEHHBIX YacTHUI] MU SHEPIeTHYECKHE IPOLECCHI B OKPECTHOCTH
3apSKEHHBIX YEPHBIX JBIP», ObUTN CAEJIaHbI CIEIYIOIIUE BBIBOJIBIL:

1. VHTEHCUBHOCTbh CHUHXPOTPOHHOTO H3Iy4Y€HHUs, Kak U 3P(HEKTUBHOCTh
BBIZICJICHHSI HPHEPIrUU YBEJIMYUBAETCS C YMEHBIIEHUEM 3HA4YeHUs 0€3MaccoBOrO
CKaJISIPHOTO MOJISI B TEOPUH DUHIITEHH-MaKCBeIUT-CKasp;

2. OtrpaneHue TOYKM HMOHHU3ALMU TOHIKAET 3(()EKTHBHOCTH BBIACICHUS
sHepruu sJekrpuyeckoro lleHpoy3 mpomecca. A yBenuyeHue Oe€3pa3MEPHOIO
napamerpa | mnoBbimaer ee. KpuTudeckuil yrioBoil MOMEHT yMEHBINACTCS C
yBeJIMYCHUEM Oe3pa3MepHbIil mapameTp | mpu CTOJIKHOBEHHE 3apsKEHHBIX YacTHI
B rpaButanuu Kanb-Pamonna;

3. lns perynsipHOM u€pHOM JABIPHI MOJTY4YEHA 3aBUCHUMOCThH 3(PPEeKTUBHOCTU
SHEPrOBBIACIICHNS AKKPELIMOHHOIO AUCKA LIEHTPAJIBHON YEPHOU JBIPHI OT €€ 3apsiaa
yepe3 najarolryio B He€ yactuny. [lonydeHo, 4yTo 3 peKTUBHOCTD YBEIMUNUBAETCS
¢ pocroM 3apspa Y/I. Ilokasano, yTo mpm nmapamMeTpe HaMarHWYEHHOCTH YaCTHIL
b=10.2 a¢pdexTuBHOCTH pacteT ObICTpee, ueM B Mojenu Keppa.
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