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KIRISH (falsafa doktori (PhD) dissertatsiyasi annotatsiyasi)

Dissertatsiya mavzusining dolzarbligi va zaruriyati. Qora o‘ralar atrofida
sodir bo‘ladigan turli astrofizik hodisalar bilan bog‘lig nazariy va astrofizik
modellarni  takomillashtirish zamonaviy nisbiylik astrofizikasining asosiy
yo‘nalishlaridan biri hisoblanadi. So‘nggi o‘n yillikda kuzatuv astronomiyasidagi
muhim kashfiyotlar nazariy va matematik asoslarning rivojlanishiga turtki berdi, bu
esa ixcham gravitatsion obyektlar yaginidagi astrofizik vogealarni tushuntirish
uchun zarur. Shu bilan birga, fundamental fizika sohasida yagona nazariyaga
erishish yo‘lidagi sa’y-harakatlar joriy umumiy nisbiylik paradigmasidan tashqgarida
bo‘lgan yangi alternativ yoki modifikatsiyalangan gravitatsiya nazariyalarini
o‘rganishni talab etadi. Bu nazariyalarni kuzatuv va eksperimental ma'lumotlar bilan
solishtirish, shuningdek, qora o‘ralar yaginida sodir bo‘ladigan optik va energetik
jarayonlarni matematik simulyatsiya qilish orgali maydon model parametrlarining
giymatlarini aniglashni o‘z ichiga oladi.

Umumiy nisbiylikdagi bir gator kamchiliklar va muvofigliklarni bartaraf etish
uchun alternativ va modifikatsiyalangan gravitatsiya nazariyalari zarur. Ushbu
nazariyalar umumiy nisbiylik va kvant mexanikasi o‘rtasidagi tafovutlarni bartaraf
etishga, gorong‘i materiya va gorong‘i energiya kabi hodisalarni tushuntirishga
hamda qora o‘ralar ichida gravitatsiyaning xatti-harakatlariga oid tushunchalarni
oshirishga qaratilgan. Shu bilan birga, ushbu alternativ nazariyalarni o‘rganish
bizning koinot haqgidagi bilimlarimizda tubdan o‘zgarishlarga olib kelishi mumkin
bo‘lgan vaqgt va bo‘shlig va gravitatsiya mohiyatini yanada chuqurroq anglashga
imkon beradi. Shunday gilib, ixcham obyektlar bo‘yicha astrofizik tadgigotlar
doirasida egri bo‘shligni o‘rganish astronomik kuzatuvlarni dolzarb giladi.

So‘nggi vyillarda mamlakatimizda fundamental va amaliy tadgiqgotlarni,
aynigsa, istigbolli yo‘nalishlardan biri bo‘lgan astrofizika sohasidagi izlanishlarni
rivojlantirishga katta e’tibor qaratilmoqda. Mamlakatimizda ilm-fan rivojida
muvaffagiyatga erishish uchun asosiy fundamental tadgigot yo‘nalishlari va
ularning amaliy qo‘llanilishlari 2022-2026 yillarda O‘zbekiston Respublikasini
yanada rivojlantirish  strategiyasida® belgilab qgo‘yilgan. Shu sababli,
modifikatsiyalangan gravitatsiya nazariyalarini o‘rganish fundamental tadgiqotlar
doirasidagi dolzarb masala bo‘lib golmoqgda.

Mazkur dissertatsiya ishi quyidagi davlat tartibga soluvchi hujjatlarning
vazifalariga mos keladi: 2017-yil 7-fevraldagi O°‘zbekiston Respublikasi
Prezidentining PF-4947-sonli "O‘zbekiston Respublikasini yanada rivojlantirish
bo‘yicha Harakatlar strategiyasi to‘g‘risida"gi Farmoni, 2017-yil 18-fevraldagi
O‘zbekiston Respublikasi Prezidentining PR-2789-sonli "Fanlar akademiyasi
faoliyatini yanada takomillashtirish, ilmiy-tadgiqot faoliyatini tashkil etish,
boshqgarish va moliyalashtirish bo‘yicha chora-tadbirlar to‘g‘risida"gi Qarori va
boshga hujjatlar.

1 O*zbekiston Respublikasi Prizidentining 2022-yil 1-yanvardagi Ne PF-60 son farmoni “2022-2026 yillarda
mo‘ljallangan Yangi O‘zbekiston taraqqiyot strategiyasi to‘g‘risida”



Tadgiqotning respublika fan va texnologiyalari rivojlanishining ustuvor
yo‘nalishlariga mosligi. Ushbu dissertatsiya ishi Ozbekiston Respublikasi fan va
texnikasini rivojlantirishning ustuvor Yyo‘nalishi II. “Energiya, energiya va
resurslarni tejash”.

Muammoning o‘rganilganlik darajasi.

Qora o‘ralar atrofida massali va massasiz zarralarning harakati nazariy jihatdan
ko‘plab olimlar tomonidan ko‘rib chigilgan, jumladan, ingliz (R. Wald, J. Petterson),
rus (A. Zaxarov, V. Frolov, I. Novikov), nemis (C. Laemmerzahl, J. Kunz,
A. Grezenbach), argentinalik (L. Amarilla, E. Eiroa), chex (M. Kolos, J. Vrba),
hindistonlik (N. Dadhich, S. Ghosh, P. Joshi, M. Patil) va boshga olimlar. Biroq,
ModMax nazariyasida qora tuynuk atrofidagi zarrachaning dinamikasi hali
o‘rganilmagan. Xususan, ModMax modelida gora o‘ralar atrofida massali va
massasiz zarralarning dinamikasini tizimli o‘rganish amalga oshirilmagan.

Fotonnning harakati astrofizik modeli umumiy nisbiylik nazariyasi doirasida
mahalliy olimlar B.J. Ahmedov, A.A. Abdujabborov, B.A. Toshmatov,
F.S. Atamurotov, J.R. Rayimbaev va boshgalar tomonidan, shuningdek, xorijiy
olimlar R. Wald, S.R., F. de Felice, F. Sorge, L. Rezzolla, Z. Stuchlik, C. Bambi va
boshgalar tomonidan ishlab chigilgan. Ammo markaziy obyekt ModMax nazariyasi
orqali tavsiflanganda astrofizik modelni takomillashtirish masalasi ochigq golmoqda.

Shuningdek, qora tuynuk atrofidagi astrofizik va energetik jarayonlarga
ModMax parametriva zaryad parametri ta’sirining o‘rganilmagani ham haligacha
dolzarb bo‘lib golmogda. Qora tuynuk atrofidagi zarrachaning dinamikasini
tavsiflovchi nazariy modellarning rivojlanishi va takomillashtirilishi ModMax
nazariyasidagi model parametrlariga nisbatan cheklovlar olish uchun qo‘llanilishi
mumekin.

Dissertatsiya tadqiqotining dissertatsiya bajarilgan oliy ta’lim
muassasasining ilmiy-tadqiqot ishlari rejalari bilan bog¢‘ligligi. Dissertatsiya
Innovatsion rivojlanish vazirligi tomonidan moliyalashtirilgan F-FA-2021-510
"Modifikatsiyalangan gravitatsiyada neytron yulduzlar yadroviy materiyasini tadqiq
gilish" ilmiy loyihasi doirasida bajarilgan.

Tadgiqotning magsadi: ModMax gravitatsiya modelida qora o‘ralar yaqginida
massali va massasiz zarralar dinamikasi hamda termodinamikasini tavsiflovchi
astrofizik modellarning rivojlantirilishi va takomillashtirilishi.

Tadqigotning vazifalari:

ModMax nazariyasida gora tuynuklarning gorizont tuzilishiga zaryad va
ModMax parametrining ta’sirini o‘rganish;

gora tuynuk soyasining o‘lchami va shaklini ModMax parametriga bog‘liq
ravishda tahlil gilish;

gora tuynuk soyasining deformatsiya parametri qiymatiga ModMax
parametrlarining ta’sirini o‘rganish;

energiyaning chiqarilish tezligini, xususan, ModMax parametrlarining
maksimal samarali potensial qiymatiga ta’sirini o‘rganish;

dyonik ModMax parametrlarining, masalan, zaryad va ModMax parametrining
fotonlarning og‘ish burchagiga ta’sirini tahlil qilish;



plazma mavjudligida ModMax modifikatsiyalarining foton sferasi va soya
radiusiga ta’sirini o‘rganish;

ichki va tashgi gorizontlarning radiuslari bir-biriga mos keladigan joyda
aylanish, ModMax parametriva zaryad parametrlarining kritik gqiymatlarini aniglash;

bargaror aylana orbitaning eng ichki radiusining ModMax parametri va
zaryadga bog‘ligligini o‘rganish;

ModMax gora tuynugi atrofidagi energiya chiqarish jarayonini tahlil gilish;

ModMax nazariyasidagi qora tuynukning entalpiyasi, Gibbs erkin energiyasi,
Xoking harorati va qora tuynukning termodinamikasini to‘lig tahlil gilish.

Tadqgigot obyekti: astrofizik gora tuynuklar, massaga ega bo‘lgan va
bo‘lmagan sinov zarralar, ModMax maydoni.

Tadqgigot predmeti: qora o‘ralar yaginida test zarralarning dinamikasini
o‘rganish uchun nazariy yondashuvlar, differensial tenglamalarni yechishning sonli
va analitik usullari.

Tadqgigot usullari: hisoblash matematikasi usullari, nazariy astrofizika
usullari, zamonaviy matematik fizika usullari, maydon va zarralar harakati uchun
differensial tenglamalarni hisoblashning analitik va sonli usullari.

Tadgiqotning ilmiy yangiligi quyidagilardan iborat:

Ilk bor, ModMax nazariyasida qora o‘ra zaryadi, gravitatsiya va radial
o‘zgaruvchan plazma parametrlari foton orbitasini va gora tuynuk soyasining hajmi
kamaytirishi ko‘rsatildi.

Ilk bor, kuchsiz gravitatsion linzalanish tahlili Dyonik ModMax maydoni
og‘ish burchagini kamaytirishi aniglandi.

aylanuvchi gora tuynukning ergosfera galinligi zaryad va aylanish parametrlari
hisobiga ortishi, aksincha ModMax parametri ergosferani ingichkalashtishi
ko‘rsatildi.

Ilk bor, ModMax nazariyasida qora tuynuk atrofidagi ichki bargaror aylana
orbita (ISCO) radiusi ortishi topildi.

Tadgiqotning amaliy natijalari quyidagilarni o‘z ichiga oladi:

Birinchi marta zaryadlangan ModMax gora tuynugining termodinamikasi,
jumladan, entalpiya, Xoking harorati va Gibbs erkin energiyasi batafsil o‘rganildi.
ModMax parametrini oshishi bilan entalpiya va Gibbs erkin energiyasi kamayishi,
Xoking harorati esa oshishi ko‘rsatildi.

Deformatsiya parametri va soyaning o‘rtacha radiusi tahlil gilindi. Tadgiqot
natijalariga ko‘ra, ModMax parametrini oshishi bilan soya radiusi kattalashishi,
lekin deformatsiya parametri kamayishi aniglandi.

Hodisalar Gorizonti Teleskopi ma’lumotlariga asosan, ModMax nazariyasida
gora tuynuk soyasi radiusiga mos keladigan gora tuynuk zaryadining maksimal
giymatlari hisoblandi.

Tadqgigot natijalarining ishonchliligi. Zamonaviy tasdiglangan matematik
fizika, hisoblash matematikasi, nisbiylik nazaryasi va astrofizika usullaridan
foydalanish bilan ta’minlangan. Natijalar umumiy nisbiylik nazaryasi va nazariy
fizika matematik apparati doirasida olingan. Shuningdek, zamonaviy sonli va
analitik hisoblash usullari go‘llanilgan bo‘lib, natijalar mavjud kuzatish



ma’lumotlari va boshga mualliflar natijalari bilan taqgoslangan. Dissertatsiya
xulosalari, ixcham obyektlarning astrofizikasi asosiy qoidalariga mos keladi.

Tadgiqot natijalarining ilmiy va amaliy ahamiyati.

Tadqiqot natijalarining ilmiy ahamiyati shundaki, ModMax gravitatsiya
modelidagi qora o‘ralar yechimlarining tahlili ushbu model doirasidagi turli
astrofizik jarayonlarni o‘rganish uchun foydali vosita bo*lishi mumkin.

Tadgigot  natijalarining amaliy  ahamiyati esa  shundaki, ular
modifikatsiyalangan gravitatsiya nazariyalarini sinab ko‘rish va qora tuynuk
parametrlarini qora tuynuklarning soyasi kuzatishlari orgali cheklovlar olishda
yordam berishi mumkin.

Tadgqigot natijalarining go‘llanilishi: ModMax nazariyasida foton va zarra
harakati uchun ishlab chigilgan nazariy modellar quyidagi magsadlarda qo‘llanildi:

Zarra va fotonlar harakati bo‘yicha olingan ilmiy natijalar Shanxaydagi Fudan
universiteti (FU, Xitoy, 2024-yil 23-sentabrdagi ma’lumotnomasi) olimlari
tomonidan foydalanilgan;

Birinchi marta zaryadlangan ModMax gora tuynugining termodinamikasi,
jumladan, entalpiya, Xoking harorati va Gibbs erkin energiyasi batafsil o‘rganilib,
ModMax parametrini oshishi bilan entalpiya va Gibbs erkin energiyasining
kamayishi, Xoking haroratining oshishi aniglangan.

Zarralarning dinamikasi bo‘yicha natijalar xorijiy tadgigotchilar tomonidan
yugori impact faktorli xorijiy jurnallarda (Physics Letters B, Volume 854,
1d.138758, Web-Sc, IF-4.4; Communications in Theoretical Physics, Volume 76,
Issue 8, id.085402, Web-Sc, IF-2.4; Pramana, Volume 98, Issue 3, id.92, Web-Sc,
IF-2.219 va boshgalar) chop etilgan 5 dan ortiq ilmiy maqolalarda qora tuynuk
atrofidagi zarra harakatining ta’sirini tasvirlash uchun qo‘llanilgan.

Bu natijalar modifikatsiyalangan gravitatsiya nazariyalari doirasida kompakt
ob'ektlar atrofidagi zarra dinamikasi haqida ma’lumot olishga imkon berdi.

Tadgiqot natijalarining aprobatsiyasi. Mazkur tadgigotning asosiy natijalari
1 ta xalgaro va 3 ta Respublika miqgyosidagi ilmiy-amaliy konferensiyalarda
ma’ruzalar qilinib, tegishli muhokamalardan o‘tkazilgan.

Tadqiqot natijalarining e’lon qilinganligi. Tadgiqot mavzusi bo‘yicha jami
12 ta ilmiy ish, jumladan 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 6 ta ilmiy
magola (1 ta xorijiy jurnalda) chop etilgan.

Dissertatsiyaning tuzilishi va hajmi. Dissertatsiya kirish, to‘rt bob, xulosa va
foydalanilgan adabiyotlar ro‘yxatidan iborat. Dissertatsiya hajmi 81 bet.

DISSERTATSIYANING ASOSIY MAZMUNI

Dissertatsiyaning kirish qismida mavzuning dolzarbligi va zarurligi,
tadgiqotning respublika ilm-fan va texnologiyalarini rivojlantirishning ustuvor
yo‘nalishlariga mosligi, muammoning o‘rganilganligi darajasi, dissertatsiya
o‘tkazilgan oliy ta’lim muassasasining tadqiqot rejalari bilan bog‘ligligi, tadgigot
maqsadi, vazifalari, obyekti, predmeti, usullari, ilmiy yangiligi, amaliy natijalari,
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natijalar ishonchliligi, natijalarining ilmiy va amaliy ahamiyati, natijalarni
amaliyotga joriy etish, natijalarni tasdiglash, natijalarni nashr etish, shuningdek,
dissertatsiyaning tuzilishi va hajmi haqida qisqacha ma’lumot keltirilgan.

Birinchi bob “Aylanuvchi zaryadlangan ModMax qora tuynukning soyasi”
deb nomlanib, zaryad (Q) va ModMax parametri(y) parametrlarining aylanuvchi
zaryadlangan ModMax qora tuynuklarining gorizont va silueti xususiyatlariga ta’siri
muhokama qilinadi. Bundan tashqgari, ushbu tadgiqot nol geodezikalarining xatti-
harakatini o‘rganadi, bu esa qora tuynuk siluetining ko‘rinadigan shaklini yaxshiroq
tushunishimizga yordam beradi, shuningdek, yugorida gayd etilgan parametrlar
ta’sir etadigan deformatsiya parametri va siluetning taxminiy radiuslarini o‘rganadi
va ma’lum zaryad parametrlarining Event Horizon Telescope (EHT) ma’lumotlariga
mos keluvchi giymatlari aniglanadi.

Shuni ta’kidlash joizki, deformatsiya parametri va siluetning taxminiy
radiuslarini o‘rganish natijasida, y oshishi siluet radiusining (R,) ortishiga olib kelsa,
shu bilan birga deformatsiya darajasining (&) kamayishiga sabab bo‘ladi. Aksincha,
zaryadning oshishi R ni kamaytiradi, buning natijasida & esa oshadi. Shuningdek,
gora tuynuk parametrlarining samarali potensialga va energiya chiqarishga ta’sirini
tahlil gilamiz va energiya chigarish tezligining maksimal giymati ModMax
parametri(y) oshishi bilan kamayishini, zaryad parametrlarining (Q) yuqori
giymatlari bilan esa oshishini aniglaymiz.

ModMax elektromagnitizmining Lagrangiani quyidagicha ifodalanadi:

Lyoamax(X,y) = —xcoshy ++/x?+ y?sinhy (D

bu yerda elektromagnit Lorentz invariantlari quyidagicha aniglanadi: x:=
1 1

4@vF“V,y:=Z@vF””V. Elektromagnit tensor esa F,, va uning duali F,:=

%eﬂpr 9P Dilan berilgan. ModMax Lagrangianidan foydalanib, Plebanski dual
o‘zgaruvchisi quyidagicha aniglanadi:
By = —LyEy — LyFy,
uning duali esa quyidagicha:
x . " ysinhy . . . .
Wsmh ]/] Fuv + m&v#(g) Biz sferik simmetrik

gora tuynuk (BH) yechimini quyidagi Boyer-Linquist koordinatalarida ifodalaymiz:
1
ds? = —f(r)dt? + ——dr? + r2(d8? + sin? d¢?) (4)

P = [coshy —

f()
Bu yerda \(f(r)\) quyidagicha aniglanadi:
1 2M  Q%e™Y :
fO)=1-—+"73— (5

Bu formulalar ModMax nazariyasidagi qora tuynuklarning xususiyatlarini
tushunishga yordam beradi.
Aylanuvchi ModMax qora tuynugining (BH) atrofidagi bo‘shliq va vaqt quyidagi
chizigli element bilan ifodalanishi mumkin:



A pX
ds? = 3 (dt — asin® 8d¢)?* + Zdr2 + Xdo?

Bu yerda metrik funksiyalar quyidagicha aniglanadi:

2 =124 a2cos? O#(7) 4 =12+ a? — 2Mr + Q%e "#(8)
1-rasmda separatrix chiziglari ekstremal qora o‘ralar (r, = r_) uchun mos

keladigan chegarani ko‘rsatadi va qora o‘ralar hududini qora o‘ralar yo‘q hududidan
ajratadi. Rasmga ko‘ra, y parametrining oshishi bilan gora o‘ralar hududi kengayadi
va gora o‘ralar yo‘q hududi torayadi.
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1-rasm. Separatrix chiziglari ekstremal qora o‘ralar (BH) bilan yo‘q
gora o‘ralar (no BH) o‘rtasidagi chegarani ko‘rsatadi, bu esa tanlangan
vy parametrining qiymatlariga mos keladi.

a a

2-rasm. Gorizont radiusi r; ning qora tuynuk (BH) aylanish parametr
aaa ga bog‘ligligi, zaryad Q va ModMax parametriy uchun belgilangan
giymatlar asosida ko‘rsatilgan. Buyerda M = 1.



Qora tuynuk (BH) gorizonti uchun ragamli echimlarning grafik ifodasi Rasm
2 da ko‘rsatilgan. Chap va o‘ng panelda gorizontning ichki va tashqi radiuslari spin
parametri bo‘yicha turli y va Q giymatlari uchun Q=0.5 va y=0.2 parametrlarining
belgilangan giymatlari asosida ko‘rsatilgan. Rasm 2 dan ichki (Cauchy) va tashqi
gorizont radiuslari hagida ma'lumot olish mumkin: Q zaryadini va y ekranlash
omilini ozgartirish orgali radiusning ganday o‘zgarishini ko‘rish mumkin. Rasm 2
ga ko‘ra, gorizont radiusi Q=0.5 uchun y oshishi bilan ortadi, va y=0.2 uchun esa

radius Q parametrining oshishi bilan kamayadi.
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3-rasm. Grafika radially effektiv potensial V.¢¢ ning turli a,Q, vay.
giymatlari uchun bog¢lanishini ko‘rsatadi. Bu yerda M = 1.

Hamilton-Jacobi formulasi yordamida ModMax nazariyasidagi BH atrofidagi

fotonning harakat tenglamalarini olish mumkin. ModMax nazariyasida fotonning

radial harakat tenglamasini dr/dt ifodasidan foydalanib quyidagicha yozish mumkin:
2

dr
Bu yerda ekvatorial tekislikda (6=n/2) radial harakatning effektli potensiali

quyidagicha ifodalanadi:
11



AK + (L — aE)?) — ((a® + r2E —aL)’

eff = A #(10)

Yugoridagi (10) ifodadan foydalanib, ModMax nazariyasida turli parametrlar

a,Q va y uchun radius koordinatasiga bog‘liq effektli potensialning grafiklarini
chizdik. Rasm 3 dan foton orbitlariga nisbatan effektli potensial V¢ ning umumiy
xulg-atvori qora tuynuk parametrlarining turli giymatlari bilan bog‘liq ekanligi
ko‘rinadi. Shuningdek, belgilangan y va a uchun zaryad Q oshgani sari foton
orbitiga tegishli effektli potensialning eng yugori giymatlari o‘sib, chapga siljishini
ham ko‘rishimiz mumkin. Natijada, belgilangan y ikki potensial chiziq orasidagi
hududni gisgartiradi. ModMax parametriy va spin parametri a giymatlari oshganda,
effektli potensialning eng yuqgori giymati pasayadi va belgilangan a va Q,Q va y
uchun ongga siljishini ham ko‘rish mumkin.

A
r+ ZA_IZ(A, —rA") > 0#(11)

a=03; Q=06 a=0.5 ; 0=0.6 a=0.7 ; 0=0.6

a
0=04;y=-02 Q=06;y=02

oy

2 =2 ° 2 4 6 " = 0 2 ! 6 =3 0 3 7 3

4-rasm. Grafiklar ModMax parametrlarining turli giymatlari uchun gora
tuynukning soyasini ko‘rsatadi. Bu yerda M=1.
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4-rasmda gora tuynukning soyasi zaryadlangan gora tuynukning ModMax
parametrlarining belgilangan giymatlari: aylanish a, zaryad Q@ va ModMax
parametriy uchun ko‘rsatilgan. Olingan natijalardan ko‘rinib turibdiki, gora tuynuk
soyasining o‘lchami y parametrining qiymati oshgani sari kengayadi (yuqori panel)
va a va Q parametrlarining belgilangan giymatlari uchun. Boshga tomondan, Q
parametrining oshishi bilan gora tuynuk soyasining o‘lchami kamayadi (o‘rta
panelda a va y belgilangan). Pastki panel esa gora tuynuk soyasining a spin
parametrining oshishi bilan kamayishini ko‘rsatadi (Q va y belgilangan). Bundan
tashqari, qora tuynuk soyasining shakli BH spin parametrining o‘sishidan o‘ng
tomonga deformatsiyalanadi.

52
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5-rasm. Zaryadlangan aylanadigan ModMax qora tuynuk soyasining o‘rtacha
radiusi R ning uning parametrlariga bog¢ligligi. Yugori panelda ModMax
parametriy ning a parametriga va tanlangan Q ga nisbatan bog‘ligligi
ko‘rsatilgan. Pastki panelda esa Q parametrining a ga va tanlangan y ga
nisbatan bog‘ligligi ko‘rsatilgan. Bu yerda M = 1.

a=0.5 a=0.5

0.025¢
0.020}
0015}

0010}

0.005+

0.000+

202 -0l 00 0.1 02 035 0.40 045 050
Y 0
6-rasm. Zaryadlangan aylanadigan ModMax gora tuynuk soyasining
deformatsiya (og‘ish) 8 parametrining uning parametrlariga bog¢ligligi.
Yuqori panelda ModMax parametriy ning a parametriga va tanlangan Q ga
nisbatan bog¢ligligi ko‘rsatilgan. Pastki panelda esa zaryad Q ning a ga va
tanlangan y ga nisbatan bog‘ligligi ko‘rsatilgan. Bu yerda M = 1.
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32cm | y,a=05 | Q,a=0.5
-0.5 0.46114
M87" | 0 0.59212
0.5 0.76293
32cm | -05 0.672056
SgrA* | 0 0.8629381
0.5 1.08034

Jadval 1: M87* va SgrA* uchun turli belgilangan y ga nisbatan kuzatuv ma'lumotlaridan olingan
minimal radius uchun ba’zi Q giymatlari.

5-rasmda R Kko‘rinadigan parametri qora tuynukning y va zaryad
Q parametrlariga bog‘lig sifatida tasvirlangan. O'rtacha radius R, gora tuynuk
soyasining ModMax parametriy oshishi bilan ortishini (yuqgori panel) va zaryad
Q oshishi bilan kamayishini (pastki panel) ko‘rish mumkin. Shuningdek, 6-rasmda
(yugori panel) kamrog deformatsiyalangan bo‘lib, y o‘sishi bilan 6_s kamayishini
va (pastki panel) soyasining shakli zaryad @ oshishi bilan ko‘proq
deformatsiyalanganini (Q o‘sishi bilan &5 oshishini) kuzatamiz.

M87* va SgrA* uchun EHT hamkorligi tomonidan tagdim etilgan
ma'lumotlardan foydalanib, biz metrikaga muvofig y ning turli belgilangan
giymatlari uchun Q zaryadi uchun yugori chegarani topishimiz mumkin.
Biz quyidagi ifodadan foydalanib, soyani diametrini anigladik:

D@
dy = —-#(12)

bu yerda 6,D va M qora tuynukning burchak diametri, gora tuynukning
Yerdan masofasi va gora tuynuk massasi mos ravishda. M87* uchun bu giymatlar
Oms7» =42+ 3us , Dygy. = 168Mpc  va Mygs. = 6.5+ 0.90 x 10°M,
SgrA* uchun esa 0sgy-4. = 48,7 + 7u, Dsgra. = 8277 £ 33pc Va Mgy, = 4.3 £
0.013 x 10°M. Qora tuynuk soyasining diametrlarini quyidagi ma'lumotlar

asosida hisobladik: dM87* = (11 + 1.5)M va d 9™ = (9.5+ 1.4)M. Biz
bilamizki, qora tuynuk soyasining radiusini quyidagi ifoda yordamida topish
mumkin: d; = 2R,. Hisoblangan minimal radiuslar M87* va SgrA* uchun mos
ravishda RM87* = 4.75M va R;9"** = 4.05M. 1-jadvalda belgilangan ekranlash
faktoriy vaa = 0.5 uchun zaryad parametri Q ning baholangan maksimal giymatlari
hisoblangan bo‘lib, ular tagdim etilgan ma'lumotlardan olingan radiuslarga mos
keladi. O‘sib borayotgan y bilan maksimal Q@ giymati oshishini ko‘rish mumkin va
bu 5-rasmga muvofiq keladi.

Ikkinchi bob, ""Plazmada dyonik ModMax qora tuynuki atrofidagi zaif
gravitatsion linzalanish™ deb nomlangan, biz qora tuynuk atrofidagi zaif
gravitatsion linzalanish ta'sirini o‘rganib, Dyonik ModMax (DM) fazosidagi soyani

14



radiusini aniqgladik. Shuningdek, biz noaniq plazma tagsimoti bo‘lgan modellarni
ham ko‘rib chiqdik. Turli gravitatsion linzalanish modellari uchun biz vakuum
linzalanishiga nisbatan plazmadagi gravitatsion ta'sir va plazma noanigligi tufayli
bo‘lgan tuzatishlarni tagqosladik. Issiq gaz holatida gravitatsion ta'sirni aniglash
mumkinligini ko‘rsatdik.

~~
S~

§ " § 3.0
=028 Sy 2

Zo/Mwy? =0.0 s 29 zo/Mw,? =0.0

- = = z,/Mw,=0.3 - = = z,/Mw,?=0.3
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————— z/Maw,? =0.5 ——mmm 2, /M, =0.5

, , : , ‘ , 2.7 , , ; ,
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7-rasm. Q (chap panel) va y (o‘ng panel) nisbatan r,,/M ning
o‘zgarishini tasvirlaydi, bu galaktika klasterining gravitatsion maydoni
uchun wg = zo/r holatidir.

Biz DM da gora tuynuk atrofidagi fotonlar orbitalaridan boshladik. Bundan
tashqari, biz bunday qora tuynuk atrofidagi soyani va gravitatsion zaif linzalanishni
o‘rganamiz. EHT loyihasining M87* va SgrA* bo‘yicha kuzatuv ma'lumotlaridan
foydalangan holda, biz DM gravitatsiyasida parametrni cheklab qo‘ydik.
Keyinchalik kuzatuvlar bilan bog‘lash uchun, biz linzalanish natijasida shakllangan
tasvirlarning kattalashtirish va joylashishini o‘rganamiz, va nihoyat turli galaktikalar
yaginidagi manbalar uchun zaif og‘ish burchagi va kattalashtirishni o‘rganamiz.

Biz bir jinsli bo‘lmagan plasma mavjudligida foton sferalarini o‘rganamiz,
bunda plasma chastotasi quyidagi oddiy kuch-gonuniga mos kelishi kerak:

Z
w3 (r) = 7"#(13)
bu yerda z, - erkin parametr. Kuch-qonun modelining asosiy xususiyatlarini tahlil
gilish uchun biz quyidagi holatlarga cheklanib golamiz: wf, (r) ~ % - manfiy massa
divergent linzani to‘g‘ri takrorlaydigan doimiy. (4) va (13) - tenglamalardan
foydalanib, biz noxil plasma muhitida foton sferasining radiusini hisoblaymiz, bu
esa 7-rasmda ko‘rsatilgan. Ushbu profil, Q/M parametri oshgani sayin, foton
sferasining radiusi kamayishini ko‘rsatadi. Biroq, y qiymatini oshirish foton
sferasining kattalashishiga olib keladi. Boshga tomondan, plasma muhitining ta'siri
wf,(r) = z,/r qonuniga amal qilgan tagdirda foton sferasining radiusini
kengaytiradi, qora tuynuk atrofida plasma mavjudligi foton radiusini biroz
gisqartiradi. Bundan tashqari, w,%(r) = z,/r holatidagi foton radiusi va a)zz,(r) =
const holatidagi plasma o‘rtasidagi farq yetarlicha kichik. Bu esa gora tuynuk

atrofidagi g‘ovak plasma bilan bir xil plasma orasida test gilish va farglashni juda
giyinlashtirishi mumkinligini ko‘rsatadi.
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Biz supermassive qora o‘ralar M87* va SgrA* ni sferik simmetrik va statik
deb hisoblaymiz. Birog, Event Horizon Telescope (EHT)dan olingan kuzatuvlar bu
taxminni to‘lig go‘llab-quvvatlamaydi. Shunga garamay, tadgiqot EHT loyihasi
ma'lumotlaridan foydalangan holda Q va y parametrlariga cheklovlarni o‘rganadi.
Q va y parametrlarini aniglash uchun EHT loyihasi supermassive qora o‘ralar M87*
va Sgr A* ning qora tuynuk soyalaridan olingan kuzatuv ma'lumotlaridan
foydalanadi. M87 galaktikasidagi qora tuynukning soyasining burchak diametri,
quyosh tizimidan masofa va gora tuynukning massasi quyidagicha: 2yg7. = 42 +
3uas,D = 16.8 £ 0.8Mpc, va Myg,. = (6.5 + 0.7) x 10°M mos ravishda. Sgr
A* uchun EHT loyihasi tomonidan yaginda olingan ma'lumotlar: 2gg,.4. = 48.7 &
7pas,D = 8277 £ 9 + 33pc va Mggyrg, = (4297 £ 0.013) X 10°M. 8-rasmda
Dyonic ModMax qora tuynukining fazo-vaqt parametrlarini kuzatishimiz mumkin.

-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4

8-rasm. M87* (chap panel) va Sgr A* (o‘ng panel) gora tuynuklarining
kuzatuv soyasi burchak diametri orgali parametrlarni cheklash. Qora
chiziglar M87* uchun gora tuynuk soyasi burchak diametri 8¢, = 39ua va
Sgr A* uchun 6, = 41. 7uas (0‘ng panel) mos ravishda.

Ushbu hududlar M87* (chap panel) va Sgr A* (o‘ng panel) qora
tuynuklarining soyasi 1-c cheklovini ganoatlantiradi va ma'lum giymatlarga ega
bo‘lib, ular kuzatishlar bilan mos kelishi mumkin. Birga keltirilgan rasm ushbu
giymatlarni parametrik fazoda ko‘rsatadi. Qora chiziglar M87* uchun gora tuynuk
soyasi burchak diametri 6, = 39ua (chap panel) va Sgr A* uchun 6, = 41.7ua
(o°‘ng panel) mos ravishda. Bu shuni anglatadiki, Q/M = 1, ga yetganda, Sgr A*
(o°ng panel) uchun y = 0 bo‘lishi kerak.

Uchinchi bob ""ModMax qora o‘ralar atrofidagi zarrachalar dinamikasi"'
deb nomlangan bo‘lib, biz aylanayotgan ModMax qora tuynugi horizonti va
ergosferasi tuzilishini o‘rganamiz. Sinov zarrachalarining harakati ichki eng
barqgaror aylana orbitasi (ISCO) va samarali potensialning xususiyatlarini o‘rganish
orgali tahlil gilinadi. Ushbu tadgigotda aylanayotgan ModMax qora tuynugining
turli giymatdagi screening omili y va Q zaryadini o‘rganamiz.

Bizning asosiy natijalarimizning gisgacha bayoni:
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Qora tuynuk va qora tuynuk bo‘lmagan hududlar y va Q parametrlarini
ishlatib ko‘rsatildi. y oshgani sayin, zaryadning ruxsat etilgan giymatlari ham oshadi,
Q zaryadi oshganda esa y uchun ruxsat etilgan hudud torayadi.

Ichki va tashqi horizontlarning radiuslari bir-biriga to‘g‘ri keladigan kritik
giymatlar a = a.,y =y, va Q = Q. aniglangan. Qora tuynuk parametrlarining
boshga qgiymatlarida, ikki horizont (Cauchy va vogea) mavjud yoki umuman gora
tuynuk yo‘q.

Qora tuynukning ergosferasining galinligi Q va a oshgani sayin oshadi, lekin
y oshganda, u ingichka bo‘ladi.

Qora tuynukning eng ichki bargaror aylana orbita (ISCO) radiusi y va Q ga
boshgacha ta'sir giladi: y oshgani sayin, ISCO radiusi oshadi, Q zaryadi oshganda
esa, u kamayadi.

Umuman olganda, tadgiqotimiz zaryadlangan ModMax qora tuynukining
dinamikasi va termodinamikasining turli jihatlarini yoritib, uning chuqur
tushunilishiga hissa go‘shadi.
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9-rasm. Ekstremal qora tuynuk uchun radial koordinata r ga bog‘liq bo‘lgan
markaziy massaning energiyasi E -y ning turli screening faktor y, burchak
momenti L va zaryad Q giymatlari uchun ta'siri.

9-Rasmda markaziy massaning energiyasi E., va radial koordinat r ning
screening faktori vy, burchak momenti L va zaryad Q ning turli giymatlari uchun
bog‘lanishini ko‘rsatadi. Rasmda qora tuynuk yaginida CM energiyasi keskin
oshishi va cheksizlikka borishi ko‘rinadi.

To‘rtinchi bob "ModMax qora tuynuklari atrofidagi termodinamika va
energetik jarayonlar" deb nomlangan bo‘lib, gora tuynukning entalpiya, Hawking
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temperaturasi, Gibbs erkin energiyasi va entropiya kabi bir gancha termodinamik
miqdorlarini o‘rganamiz. Shuningdek, bu gora tuynukka bog‘lig bo‘lgan ma'lum
parametr giymatlari uchun ikkita zarra (ekstremal va noekstremal holatlarda)
to‘gnashuvi natijasida hosil bo‘lgan markaziy massaning energiyasini (CM)
gisqacha tahlil gilamiz.

Qora o‘ralar zarralarni tezlatishi mumkinligini ikki zarra to‘gnashuvini tahlil
gilib muhokama gilamiz va keyin bizning metrikamiz uchun ushbu to‘gnashuv
natijasida ishlab chigarilgan markaziy massaning energiyasini tahlil gilamiz.
Chegaraviy ekstremal qora tuynuk holati yaqginida ikkita og‘ir test zarra
to‘gnashganda, natijada ekvatorial tekislikda (6 = 0) ultrabaland markaziy
massaning energiyasi ishlab chigariladi.

y==0.75; a=0.7; 0=0.3 y=0.1; a=0.7; 0=0.5

9= | e Ly =1.00; Ly=—4.5328
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10-rasm. Noto‘g¢ri ekstremal BH uchun markaziy massalar energiyasi E ¢y va
radial koordinata r o‘rtasidagi bog‘lanishni ko‘rsatadi.

10-Rasmda esa noekstremal holat uchun markaziy massaning energiyasi E¢y,
va radial koordinat r ning bog‘lanishi ko‘rinadi.

Shuningdek, biz ModMax gora tuynukning termodinamikasini muhokama
gilamiz. Hisob-kitoblarni osonlashtirish uchun jarayonlarni ekvatorial tekislikda
ko‘rib chigamiz.
a=0.7;, 0=0.5 a=0.7; y=0.5
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11-rasm. Ufqi radiusiga nisbatan entalpiya o‘zgarishi.
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11-Rasmda entalpiya H va ufq radiusi r, ning bog‘lanishi ko‘rsatilgan.
Biz ko‘rishimiz mumkinki, screening faktori y oshgani sayin gora tuynuk (yoki
massa) uchun entalpiya kamayadi, lekin zaryad Q oshganda esa u ortadi. Hawking
temperaturasi kabi muhim termodinamik miqgdorni topish uchun gora tuynukning
burchak tezligi 2 = _gt¢/g¢¢ ifodasini olishimiz kerak.

a=0.5:0=0.5
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12-rasm. Ufqi radiusiga nisbatan temperaturaning o‘zgarishi.
Ushbu rasmdan ke‘rinib turibdiki, agar zaryad parametri Q oshsa,
QT "soviydi', lekin y ning oshishi uni "issitadi®".

12-Rasm hodisa ufgi radiusiga nisbatan temperaturaning harakatini
ko‘rsatadi. Nozichizigli elektrodinamik maydon zaryadi hodisalar gorizonti
haroratini kamaytiradi and ModMax maydon parametri esa uni orttiadi. Ammo,
gorizont ro‘lchami kattalashgan sari gora o‘ra zaryadi va ModMax maydon ta\sirlari
sezilarsiz bo‘lib boradi.

XULOSALAR

Falsafa doktori (PhD) dissertatsiyasi uchun “Qora o‘ralar atrofidagi astrofizik
jarayonlarga nochiziqli elektrodinamikaning ta’siri (ModMax nazariyasi misolida)”
mavzusida olib borilgan tadgiqotlar asosida quyidagi xulosalar taqdim etiladi:

1. ModMax parametriningoshishi qora tuynuk hududini kengaytirishi, gora
tuynuksiz hudud esa torayishini ko‘rsatib o‘tildi. Shuningdek, zaryadlangan
aylanayotgan ModMax qora tuynugida zaryad va ModMax parametriningo‘zgarishi
bilan hodisa gorizonti tuzilishi quyidagicha o‘zgarishi aniglandi: zaryadning
belgilangan giymatlarida ModMax parametrioshganda gorizont radiusi kattalashadi,
belgilangan ekranlash omilida esa radius zaryad parametrining oshishi bilan
kichrayadi.

2. Ichki (Koshi) gorizont radiusi kamayishi va tashgi gorizont esa ModMax
parametriningoshishi bilan kattalashishi qayd etildi. ModMax parametriningoshishi
bilan qora tuynuk soyasi Kattalashishi aniglandi. Shuningdek, ModMax
parametrioshishi  bilan soyaning radiusi kattalashishi, ammo soyaning
deformatsiyasi kamayishi gayd etildi.
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3. Energiya  chigish  tezligining  maksimal qgiymati  ModMax
parametriningoshishi bilan kamayishi, qora tuynuk zaryadi oshishi bilan esa
ko‘payishi ko‘rsatib o‘tildi. Dyonik ModMax parametrlarining, ya’ni zaryad va
ModMax parametriningmavjudligi burilish burchagi kamayishiga olib kelishi
aniglandi. Shuningdek, plazma parametri oshishi bilan foton va soya radiusi
kamayishi qgayd etildi. Plazma mavjudligida burilish burchagi va tasvirlarning
kattalashishi ko‘payishi ham ko‘rsatildi.

4. Ichki va tashqi gorizontlarning radiuslari bir-biriga mos keladigan aylanma,
ModMax parametriva zaryad parametrlarining kritik qiymatlari aniglangan holda
hisoblandi. Qora tuynukning ergosfera galinligi zaryad va aylanish parametrlarining
oshishi bilan ko‘payishi, ModMax parametrioshishi bilan esa kamayishi aniglandi.
Eng bargaror aylanish orbitasi radiusi ModMax parametriningoshishi bilan
ko‘payishi, zaryad parametrining oshishi bilan esa kamayishi gayd etildi.

5. ModMax gora tuynugi atrofidagi energiyani olish jarayonini tahlil gilish
shuni ko‘rsatdiki, ekstremal holatda markaziy massaning energiyasi cheksizlikka
o‘tishi mumkin. ModMax parametriningoshishi bilan entalpiya va Gibbsning erkin
energiyasi kamayishi, Hawking harorati esa oshishi aniglandi. ModMax qora
tuynugida zaryadning termodinamik xususiyatlarga ta’siri qarama-garshi ekanligi
ham ko‘rsatildi.
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INTRODUCTION (Annotation of PhD dissertation)

Topicality and demand of the theme of the dissertation. The advancement
and refinement of theoretical and astrophysical models related to various
astrophysical phenomena around black holes are among the top priorities in modern
relativistic astrophysics. Over the last decade, significant discoveries in
observational astronomy have accelerated the development of theoretical and
mathematical frameworks to understand astrophysical events near compact
gravitational objects. Simultaneously, the pursuit of a unified theory in fundamental
physics requires exploring new alternative or modified theories of gravity which are
beyond the current general relativity paradigm. This involves comparing these
theories with observational and experimental data, as well as determining the values
of field/model parameters through mathematical simulations of optical and energetic
processes occurring near black holes.

Alternative and modified gravity theories are essential to address several
shortcomings and inconsistencies within general relativity. These theories aim to
bridge the gaps between general relativity and quantum mechanics, explain
phenomena like dark matter and dark energy, and provide insights into gravitational
behavior under extreme conditions, such as within black holes. Additionally,
investigating these alternative theories enhances our understanding of the
fundamental nature of space-time and gravity, potentially leading to breakthroughs
in our comprehension of the universe. Consequently, the study of curved space in
astrophysical research concerning compact objects makes astronomical observations
highly relevant.

In recent years, our country has increasingly focused on advancing
fundamental and applied research, particularly in astrophysics, which is a promising
area of study. The main directions for fundamental research and development, along
with their practical applications for the successful progression of science in our
country, are outlined in the Strategy for the Further Development of the Republic of
Uzbekistan from 2022 to 2026. Therefore, studying the modified theories of gravity
remains a pressing issue in fundamental research.

This dissertation work corresponds to the tasks by the following state
regulatory documents: Decree of the President of the Republic of Uzbekistan No.
PD-4947 "On the Strategy of Actions for the Further Development of the Republic
of Uzbekistan" dated February 07, 2017, Resolution of the President of the Republic
of Uzbekistan No. PR-2789 "On measures for further improvement of the activities
of the Academy of Sciences, organization, management and financing of research
activities" dated February 18, 2017, and others.

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

The degree of knowledge of the problem. The theoretical description of the
massive and massless particle motion around black holes have been considered by
many scientists, including British (R. Wald, J. Petterson), Russian (A. Zakharov, V.
Frolov, I. Novikov), German (C. Laemmerzahl, J. Kunz, A. Grezenbach),
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Argentinian (L. Amarilla, E. Eiroa), Czech (M. Kolos, J. Vrba), Indian (N. Dadhich,
S. Ghosh, P. Joshi, M. Patil), etc. However, the particle dynamics around black hole
in ModMax theory has not been studied. Particularly, there is no systematic study of
the massive and massless particle's dynamics around black holes in ModMax model.

The astrophysical model of the photon motion has been developed within the
general relativity by local scientists B.J. Ahmedov, A.A. Abdujabbarov,
B.A. Toshmatov, F.S. Atamurotov, J.R. Rayimbaev and others, and Foreign
scientists R. Wald, S.R., F. de Felice, F. Sorge, L. Rezzolla, Z. Stuchlik, C. Bambi
and others. However, the question of improving the astrophysical model for the case
when the central object is described by the ModMax theory remains open.

The influence of screening factor and charge parameter on the astrophysical
and energetical processes around a black hole also remains unexplored. The
development and improvement of theoretical models describing the dynamics of
particles around black hole may be used to obtain the constraints on model
parameters of ModMax theory.

Connection of the topic of the dissertation topic to the scientific works of
higher education and research institutions, where the dissertation is carried
out. The dissertation was done in the framework of the scientific projects funded by
the Ministry of Innovative Development. F-FA-2021-510 "Investigations of nuclear
matter of neutron stars in modified gravity".

The aim of the research is the development and improvement of
astrophysical models for describing the dynamics of massive and massless particles
and thermodynamics in the vicinity of black holes in ModMax gravity model.

The tasks of the research:

to study the effects of charge and screening factor on horizon structure of the
black holes in ModMax theory;

to analyze the size and for of the black hole shadow depending on the
screening factor;

to study the effect of ModMax parameters on the value of distortion parameter
of shadow of black hole;

to study the energy emission rate, particularly, effects of ModMax parameter
on the maximum value of the effective potential;

to analyze the effects of Dyonic ModMax parameters such as charge and
screening factor on the deflection angle of photons;

to study the effects of ModMax modifications on photon-sphere and shadow
radius in the presence of plasma;

to find the critical values of rotation, screening factor and charge parameters
have been obtained, where the radii of the inner and outer horizons coincide;

to study the radius of innermost stable circular orbit dependence on screening
factor and charge;

to analyze the energy extraction process around ModMax black hole;

to study the enthalpy, Gibbs free energy, Hawking temperature of te black
hole in ModMax theory, to perform full analysis of the thermodynamics of the black
hole.

The object of the research are astrophysical black holes, test particles with
zero and nonzero rest mass, ModMax field.
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The subject of the research are theoretical approaches for studying test
particle dynamics near black holes, numerical and analytical methods for solving
differential equations.

The methods of the research are methods of computational mathematics,
methods of theoretical astrophysics, modern methods of mathematical physics,
analytical and numerical methods of calculating differential equations for field and
particle motion.

The scientific novelty of the research is the following:

for the first time, in the ModMax theory, black hole charge, gravity, and
radially variable plasma parameters causes decreasing in the orbit of a photon and
the size of a black hole's shadow.

for the first time, a weak gravitational lensing analysis found that the Dyonic
ModMax field defines the location of the deviation.

the increase of the rotating black hole due to the high load and parameters of
the ergosphere, the setting Max parameter of the ergosphere was shown to fix the
ergosphere.

for the first time, the ModMax theory found an increase in the radius of the
inner black circular orbit (1SO) around the hole.

The practical results of the research are the following:

For the first time the thermodynamics of the charged ModMax black hole,
including enthalpy, Hawking temperature, and Gibbs free energy have been
explored in detail. It has been shown that the enthalpy and Gibbs free energy
decreases with the increase of screening factor, while the Hawking temperature
increases.

The rate of distortion parameter and average radius of shadow have been
analyzed. It has been shown that with the increase of the screening factor the radius
of shadow grows, but distortion parameter reduces.

For the first time the maximum values of black hole charge which corresponds
to radii of black hole shadow which came from Event Horizon Telescope data have
been calculated.

The analysis shows that the peak of energy emission rate falls off with
increasing screening factor and moves up with growth in the values of charge.

The reliability of the research results provided by applying modern proven
methods of mathematical physics, computational mathematics, and relativistic
astrophysics. The results were obtained strictly within the mathematical apparatus
of general relativity and theoretical physics. Modern numerical and analytical
methods of calculation are also used, and the results are compared with available
observational data and the results of other authors. The structured conclusions of the
thesis correspond to the basic rules of astrophysics of compact objects.

The scientific and practical significance of the research results. The
scientific significance of the research results is found that the analysis of solutions
for black holes in ModMax gravity model can be a useful tool for studying various
astrophysical processes within this model.

The practical significance of the research results is that they can play to
construct the test of the modified theories of gravity and get constraints on the black
hole parameter using the observations of shadow of black holes.
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Application of the research results. The developed theoretical models of the
photon and particle motion in the ModMax theory have been applied to the
followings:

scientific results obtained on the motion of particles and photons have been
used by scientists from Fudan University (FU) in Shanghai (FU, China, September
23, 2024, reference);

For the first time the thermodynamics of the charged ModMax black hole,
including enthalpy, Hawking temperature, and Gibbs free energy have been
explored in detail. It has been shown that the enthalpy and Gibbs free energy
decreases with the increase of screening factor, while the Hawking temperature
increases. Results on the dynamics of particles have been used in the works of
foreign researchers, in foreign journals with a high impact factor (Physics Letters B,
Volume 854, id.138758, Web-Sc, IF-4.4; Communications in Theoretical Physics,
Volume 76, Issue 8, id.085402, Web-Sc, IF-2.4; Pramana, Volume 98, Issue 3, i1d.92,
Web-Sc, IF-2.219 and others) are used in more than 5 published scientific papers to
describe the effects of particles around a black hole;

as a result, it was possible to get information about the dynamics of particles
around compact objects within the modified gravity theories.

Testing of the research results. The research results were reported and
discussed at 1 international conference and 3 local scientific conferences.

Publication of research results. 9 research papers were published on
research results, 1 of them — in the international scientific journals recommended by
Supreme Attestation Commission at the Ministry of higer education, science and
innovations of the Republic of Uzbekistan.

Volume and structure of the dissertation. The dissertation consists of an
introduction, four chapters, a conclusion and references, all in 81 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 'The Shadow of a Rotating Charged ModMax Black
Hole' discusses the impact that the parameters of charge (Q) and screening factor
(v) have on properties of the horizon and silhouette of rotating charged ModMax
black holes. Furthermore, the study explores the behavior of null geodesics, which
can help us better understand the apparent shape of the black hole's silhouette, as
well as the distortion parameter and approximate radii of the silhouette that are
influenced by the aforementioned parameters and there are some values of parameter
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Q which corresponds to data from Event Horizon Telescope (EHT). Notably, we
explore the distortion parameter and approximate radii of the silhouette, revealing
that while an increase in y leads to a growth in silhouette radius (Ry), it
simultaneously reduces the distortion rate (§;). Conversely, heightened Q charge
results in a reduction of R; accompanied by an increase in §;. We also analyze the
effects of black hole's parameters on the effective potential and energy emission that
the peak of the energy emission rate experiences a decline as the screening factor
(y) increases, while it ascends with higher values of the charge parameter (Q).

The Lagrangian of ModMax electrodynamics is given by

1
Lyoamax (6, ¥) = —xcos hy + (x* + y?)2sinhy (1)
with the electromagnetic Lorentz invariants x: = ib}wF’“’,y: = %FWF*“’, and the

electromagnetic tensor is F,, with its dual FNMVZ=%E”VGPFG'D. The ModMax

Lagrangian the Plebanski dual variable are

P,

w = _LXF;lV - LyF~uv (2)

with its dual

X ik ) ysinhy
(x2 + y2)1/2 sinhvy Flw + (x2 + y2)1/2 Eﬂ/ (3)
We consider spherically symmetric BH solution described by the line element
written in Boyer-Linquist coordinates

Py, = |coshy —

2 _ _ I S VS S 2
ds® = —f(r)dt +f(r) drc +r=(d6° + sin® 6dp*~) (4)
with
1 2M  Q%e7Y :
F)=1-"2 4 (5)

The spacetime around rotating ModMax BH with the spin parameter a can be
represented using the line element

A Y
ds? = _E(dt — asin? 6d¢)? +Zdr2 + 2d6? (6)
where the metric functions are defined as

2 =124+a%cos?6 (7) 4 =r2+a?—2Mr+ Q%" (8)

Fig. 1 shows separatrix lines which are the border corresponding to extreme
BH(r, = r_) and separates BH region from no BH region for selected values of y.
According to Fig. 1 BH region expands and non black hole region narrows with the
increase of y parameter.

27



1.5¢

No Black Hole

Q/M

Black Hole REAHA
A

0.0' i N i L L . 1 N L L
0.0 0.2 0.4 0.6 0.8 1.0

a/M
Figure 1: The separatrix lines indicate the border corresponding to extreme
BHs which separates BHs from no BHs for selected values of y parameter.

The graphical representation of the numerical solutions for the BH horizon is
shown in Fig. 2. Left and right panels show the dependence of inner and outer
horizons of BH from spin parameter for the different values of y and Q for the fixed
values of parameters Q = 0.5 and y = 0.2, respectively. From the Fig. 2 one may
get information about inner(Cauchy) and outer radius of horizon: how radius modify
by varying charge Q and screening factor y. According to Fig. 2 the horizon radius
increases with rising y for fixed Q = 0.5 and for fixed y = 0.2 radius sees lowering
with rising Q parameter.

a a

Figure 2: Dependence of horizon radius 7, on BH spin parameter a for the
fixed values of parameters Q and y. Where M = 1.
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Figure 3: Graphs show the radial dependence of the effective potential

Vess for different values of a, @ and y. Where M = 1.
where M is the BH mass, Q is charge and y is screening factor.

Using the Hamilton-Jacobi formulation one may get the equations of motion
of photon around BH in ModMax gravity. One can rewrite the radial equation of
motion of the photon around BH in ModMax theory using the expression dr/dt as

2
9)

dr
where the effective potential of radial motion in the equatorial plane (6 = /2)

reads as
_ 2\ 2 2N 2
AK + (L — aE)?) — ((a® +r?)E — al) (10)

eff = 24
Using above expression (10) we have plotted the plots of the dependence of
the effective potential on radius coordinate for different values of parameters a, Q
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and y in ModMax gravity. From Fig. 3 it can be represented that the general
behaviour of the effective potential V., with refer to photon orbits for different
values of black hole's parameters. And also we may see that a peak values of the
effective potential which refer to photon orbit grows and shifts towards the left
direction with the growing charge Q for fixed y and a. As result fixed y contracts
region between two potential lines expands. And rise of the values screening factor
y and spin parameter a peak of effective potential fall off and there is also shifting
towards right for fixed a and Q, Q and y, respectively.

A
r+ ZA’Z Q' —-ra")>0 (11D)

a=0.3; 0=0.6 a=0.5; Q=06 a=0.7 ; Q=06

_0=06;y=02

Figure 4: Plots show BH shadow for different values of ModMax parameters.
Where M = 1.

Fig. 4 displays the shadows of the charged BH for fixed values of the ModMax
BH parameter: spin a, charge Q and screening factor y. From the obtained results
one can see that the size of the BH shadow is enlarged with growth of the value of
parameter y (Upper panel) for fixed a and Q. On the other hand with rising Q
parameter the size of the BH shadow reduces, for the fixed a and y (Middle panel).
Lower panel gives information about decreasing in size of BH shadow with
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increasing spin parameter a (for fixed Q and y ). Moreover, shape of BH shadow
deforms towards right under influence of growing values of BH spin parameter a.

a=0.5

44/

—04 —02 00 02 04 06 0.2 04 0.6 0.8

Figure 5: The dependence of average radius R, of charged rotating ModMax

black hole shadow from its parameters. Upper panel is for dependence from

screening factor y for fixed a and selected Q. Lower panel is for dependence
from Q parameter for fixed a and selected y. Where M = 1.

a=0.5 a=0.5

0.025F
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0015}
&

0.010+

0.005 -

0.000 +

Z02 = 0.0 0.1 02 035 0.40 045 0.50
Y o

Figure 6: The dependence of the distortion(deviation) 8, parameter of
charged rotating ModMax black hole shadow from its parameters. Upper
panel is for dependence from screening factor y for fixed a and selected Q.

Lower panel is for dependence from charge Q for fixed a and selected y.

Where M = 1.
32cm | y,a=05 | Q,a=0.5
-0.5 0.46114
M*7* | 0 0.59212
0.5 0.76293
32cm | -0.5 0.672056
SgrA* | 0 0.8629381
0.5 1.08034

Table 1. Some values of Q for minimum radius of M87* and SgrA* which comes from
observational data for different fixed y
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In Fig. 5, the observable parameter R, is represented as a function of BH's
parameters y and charge Q. One may see that average radius R, of the BH shadow
rises with increasing screening factor y (Upper) and declines with rise of charge Q
(Lower). And also we observe in Fig. 6 that (Upper) less distorted with swelling y (8
reduces with growth of ) and (Lower panel) shape of the shadow is more distorted
with rising Q (8, rises with growth of Q).

By using the data for M87* and SgrA* which was provided by EHT
collaboration we may find upper limit for Q charge different fixed values of y
according to metric. We have learnt diameter of the shadow by using:

DO

ds = W (12)

here ,D and M are the angular diameter of BH shadow, the distance of BH from
Earth and mass of the black hole, respectively. For M87* these quantities are
Omg7» =42+ 3us , Dygz. = 16.8Mpc and Myg,. = 6.5+ 0.90 x 10°M, and
for SgrA™0sgrar = 487 £7u, Dggrar = 8277 £33pc and Mggrg, = 4.3 £
0.013 x 10°M,. Diameters of BH shadow which are calculated from data df'87* =

(11 + 1.5)M and d59"** = (9.5 + 1.4)M and we know that it can be find radius of
BH shadow by following expression d; = 2R,. And from this calculated minimum

radii for M87* and Sgr A* are RM87* = 4.75M and R>9"** = 4.05M, respectively.
In Tab. 1 we have calculated for fixed screening factor y and spina = 0.5, estimated
maximum values of charge parameter Q which are conformed to radii from provided
data. It can be seen that for rising y maximum value of Q increases, and it
corresponds to Fig. 5

The second chapter entitled 'Weak gravitational lensing around dyonic
ModMax black hole in plasma’ we have studied weak gravitational lensing effect
around black hole and determine shadow radius in Dyonic ModMax(DM)
spacetime. We also consider models with a nonuniform plasma distribution. For
different gravitational lens models, we compare the corrections to the vacuum
lensing due to the gravitational effect in plasma, and due to the plasma
inhomogeneity. We have shown that the gravitational effect could be detected in the
case of a hot gas in

3.2

3.0

V,,;,/M

zo/Mwy? =0.0

2.6

0.0 0.1 0.2 0.3 0.4 0.5 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
oM ¥

Figure 7: describes a variation of r,, /M with respect to Q (left panel) and y
(right panel) for the case wf, = z,/1 the gravitational field of a galaxy cluster.
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We started with orbits of photons around black hole in DM. In addition, we
have studied shadow and gravitational weak lensing around such black hole. By
using observational data of EHT project for the M87 * and SgrA *, we have got
constrains parameter in DM gravity. Further to make a connection with observations,
we investigate magnification and position of images formed as a result of lensing,
and finally weak deflection angle and magnification for sources near different
galaxies.

We probe photon spheres in the presence of a non-uniform plasma, where the
plasma frequency must satisfy a simple power-law of the form

_Z
W3(r) = (13)

where z, is the free parameter. To analyze the primary features of the power-law
. . . 2 1
model, we restrict ourselves to the following cases: w;, (1) ~ - and z, as a constant

which reproduces the negative-mass diverging lens exactly. Using Eqgs.(4) and (13),
We obtain the radius of the photon sphere based on a numerical scheme for the
inhomogeneous plasma medium, as illustrated in Fig. 7. This profile shows that the
radius of the photon sphere decreases when the Q/M parameter increases. However,
increasing the value of y leads to photon sphere's also increasing. On the other hand,
the plasma medium leads to the widening of the photon sphere radius if its
distribution obeys w3, () = z,/r law, the presence of plasma around the black hole
slightly shrinks the photon radius. Furthermore, a difference in the photon radius in
the case of wj(r) =z,/r and with wj(r) = const plasma is enough small.
This suggests that testing and distinguishing the homogeneous plasma from
inhomogeneous plasma around black holes based on their shadows may be quite
challenging.

We consider supermassive black holes M87* and Sgr A* * as spherically
symmetric and static. However, observations from the Event Horizon Telescope
(EHT) do not fully support this assumption. Despite that, the study investigates
constraints on the parameters Q and y using data from the EHT project. To determine
the parameters Q and y, the EHT project utilizes observational data from the black
hole shadows of supermassive black holes M87* and Sgr A*. The angular diameter
of the shadow, the distance from sun system and the mass of the black hole at the
centre of the galaxy M87, are 0,g7. =42+ 3uas,D =16.8+ 0.8Mpc and
Myg7. = (6.5 1 0.7) X 10° M, respectively. For the Sgr A* the data recently
obtained by the EHT project is Q54,4 = 48.7 + 7uas, D = 8277 £ 9 &+ 33pc and
Msgrar = (4297 £0.013) x 10°M, .

Regions contained within it satisfy M87*(left panel) and Sgr A* (right panel)
black holes shadow 1- o bound. exhibit certain values that could potentially coincide
with observations. The accompanying image represents these values in parametric
space. Black lines correspond to black hole shadow angular diameter 8¢, = 39ua
for M87* (left panel) and 6y, = 41.7ua for Sgr A* (right panel), respectively.
This means that As we get Q/M = 1, parameter y = 0 for for Sgr A* (right panel)
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Figure 8: Constraining parameters via observational shadow angular
diameter of M87* (left panel) and Sgr A* (right panel) black holes. Black lines
correspond to black hole shadow angular diameter 6y, = 39ua for M87*
(left panel) and 64, = 41.7uas for Sgr A* (right panel), respectively.

In Fig.(8) We can observe that the spacetime parameters of the Dyonic
ModMax black hole.

In the third chapter entitled 'Particle dynamics around ModMax black holes'
we investigate the structure of the horizon and ergosphere of a rotating ModMax
black hole. The motion of test particles is analyzed by studying the characteristics
of the innermost stable circular orbit (ISCO) and the behavior of the effective
potential. Different values of the screening factor y and the Q charge of the rotating
ModMax black hole are explored in this study.

The summary of our main findings:

The black hole and no black hole regions were illustrated using the y and Q
parameters. As y increases, the allowed values of charge also rise, while growing
charge Q results in a narrowing of the allowed region for y.

Critical values a = a.,y = ¥., and Q = Q. were identified, where the radii of
the inner and outer horizons coincide. For other values of black hole parameters,
either two horizons (Cauchy and event) are observed, or there is no black hole at all.

The thickness of the black hole's ergosphere increases with growing Q and a,
but with rising y, it becomes thinner.

The innermost stable circular orbital (ISCO) radius of the black hole depends
on y and Q differently: with increasing y, the ISCO radius increases, while with
growing charge Q, it decreases.

Overall, our study contributes to a deeper understanding of the charged
ModMax black hole, shedding light on various aspects of its dynamics and
thermodynamics.
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Figure 9: The center-of-mass energy E .y dependence of the radialcoordinate
r for an extremal BH for various values of screening factor y, angular
momentum L and charge Q.

Fig. 9 shows dependence of center-of-mass energy E,, and radial coordinate r for
different values of screening factor y, angular momentum L and charge Q.
From the figure it can be seen that near the horizon CM energy sharply grows and
goes to infinity.

In the fourth chapter entitled "Thermodynamics and energetic processes
around ModMax black holes', we examine several thermodynamic quantities
such as Enthalpy, Hawking temperature, Gibbs free energy, and entropy
of the black hole. Additionally, the center-of-mass-energy (CM) generated
by the collision of two particles (both in extremal and non-extremal cases)
Is briefly investigated for specific parameter values associated with this
black hole.

We discuss how black hole can be the accelerator for the particles
by analysing two-particle collision and then we analyze center of mass energy
which is produced by this collision for our metric. For the limiting extremal
black hole case at the near the horizon two massive test particles collide and
as a result of collision here produced ultrahigh center-of-mass energy in the
equatorial plane (6 = 0).
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Figure 10: Plot showing the behaviour of the center-of-mass energy Ecp VS.
the radial coordinate r for a non-extremal BH.

The dependence of the center-of-mass energy E,, and radial coordinate r for
non-extremal case in Fig. 10.
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Figure 11: Enthalpy variation with horizon radius.

We also discuss thermodynamics of ModMax black hole. For making
calculations easier we see processes in equatorial plane. The dependence of the
enthalpy H and horizon radius r, is illustrated in Fig.11. We can see that with
Increasing screening factor y enthalpy for the black hole (or mass) decreases, but it
grows when charge Q have rise. In order to find one of the crucial thermodynamical
quantities, Hawking temperature we need get expression for the angular velocity of
the black hole 2 = —gtd)/gqbqb.
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Figure 12: Variation of temperature with horizon radius different values of y
and Q. It can be noticed from this figure that if charge parameter Q sees rise
it ‘cools down' BH , but increasing values of ¥y ‘warms up' it.

Figure 12 depicts behaviour of temperature with respect to the radius of event
horizon for different values of the black hole charge and ModMax field parameter.
The nonlinear electrodynamic field charge event horizon increases the temperature
and the ModMax field parameter increases it. However, as the horizon size
increases, the black hole charge and ModMax field effects become negligible.

CONCLUSIONS

The following conclusions were presented on the basis of research carried out
on the topic of “Effects of Nonlinear Electrodynamics on Astrophysical Processes
Around Black Holes (Examples of Modmax Theory)” for the Doctor of Philosophy
(PhD) dissertation:

1. It has been demonstrated that increasing the screening factor causes the black
hole region to expand while the no black hole region narrows. It has been also shown
that the event horizon structure of the charged rotating ModMax black hole will be
modified by varying charge and screening factor as follows: the horizon radius
grows with the increase of the value of the screening factor for fixed values of
charge; for fixed screening factor the radius decreases with the increase charge
parameter.

2. It has been stated that inner (Cauchy) horizon radius decreases and outer
horizon increases with increasing screening factor. It has been found that the size
of the black hole shadow is enlarged with the increase of the screening factor. It has
been also stated that with the increase of the screening factor the radius of shadow
increases, however, the distortion of the shadow decreases.

3. It has been shown that the maximum value of the energy emission rate
decreases with the increase of screening factor, while it increases with the increase
of charge of the black hole. It has been shown that the presence of Dyonic ModMax
parameters such as charge and screening factor causes the deflection angle to
decrease. It has been also obtained that photon and shadow radius decreasing with
increasing plasma parameter. It has been indicated that the deflection angle and
magnification of the images increase in the case of the presence of plasma.
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4. The numerical values of the critical values of rotation, screening factor and
charge parameters have been obtained, where the radii of the inner and outer
horizons coincide. It has been shown that the thickness of the black hole's ergosphere
increases with the increase of the charge and rotation parameters, while it decreases
with the increase of screening factor. It has been found that the radius of innermost
stable circular orbit increases with the increase of screening factor, while with the
increase of charge parameter the radius of the innermost stable circular orbit
decreases.

5. The analysis of the energy extraction process around ModMax black hole
has shown that in the extremal case, the center-of-mass energy may diverge. It has
been shown that the enthalpy and Gibbs free energy decrease with the increase of
screening factor, while the Hawking temperature increases. It has been shown that
the effect of the charge on thermodynamical properties of ModMax black hole is
opposite.
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BBEJIEHUE (anHoTauus guccepranuu 10kropa ¢puiocopun (PhD))

Henr  wmccaegoBanusi —  pa3paboTKa W YCOBEPIICHCTBOBAaHUE
acTpo(U3NUEeCKUX MOJENIEeH I OMMCAHMS TUHAMUKN MAaCCUBHBIX U O€3MacCOBBIX
YacTHIl, a TaKXe TEPMOJUHAMUKHU BOJM3U UYEPHBIX JBIP B MOJEIU TPaBUTAIIUU
ModMax.
3agaum ucciae 0BaHNA:

W3yunTh BIusHME 3apsaa U (pakTopa SKpaHUPOBAHUS HA CTPYKTYPY TOPU30HTA
4y€pHbIX IbIp B Teopun ModMax;

[Ipoananu3upoBath pasmep U GpopmMy TeHH YEPHOU JIbIPHI B 3aBUCUMOCTH OT
dakTOpa SKpaHUPOBAHUS;

Uccnenosatrs BnusiHue mnapametpoB ModMax Ha BenMuuMHy mMapamerpa
VICKaXCHHSI TEHU YEPHOU ABIPHIL;

N3yunTh CKOpPOCTH H3IIYyYEHHs] SHEPIHHM, B YACTHOCTHU, BIMSHUE Mapamerpa
ModMax Ha MakcuMalibHOE 3HaYeHHUe 3P(HEKTUBHOrO MOTEHIINANA;

[Ipoananu3uposats BiusiHue napameTpoB Dyonic ModMax, Takux Kak 3apsij
1 (aKTOp IKPAaHUPOBAHUS, HA YTOJI OTKJIOHEHHS ()OTOHOB;

N3yuuts Bmusinue momudukanuii ModMax Ha (oroHHyIO chepy U paauyc
TE€HU B MIPUCYTCTBUHU IJIA3MBbl;

Haiitu  kputhueckue 3Ha4yeHUsT MapaMeTpoB  BpaileHus, ¢akropa
DKPAaHUPOBAHUS M 3apsAla, NPU KOTOPBIX paJlyChl BHYTPEHHUX M BHEUIHUX
TOPU30HTOB COBNAJAIOT;

HccnenoBaTth 3aBUCHUMOCTH paauyca CcaMOW BHYTPEHHEHW YCTOWMYMBOM
KPYroBO#l OpOUTHI OT (PaKkTOpa SKpAaHUPOBAHUS U 3aps/a;

[Ipoananu3npoBaTh NPOLIECC M3BJICUECHHS SHEPIUU BOKPYT UYEPHOM IbIPHI
ModMax;

N3yuuth sHTanmbmmio, cBOOOMHYIO sHepruto ['mb6ca, Temneparypy XOKHHTa
y&pHOU IbIpel B Teopur ModMax, MpoBEeCTH MOJHBIN aHAIN3 TEPMOJMHAMHUKHU
YEPHOU JBIPHI.

O0bekTOM MHCCIEeIOBAHUS SBISIOTCS acTpodu3nMveckue YEpHBIC bIPHI,
IpOOHBIE YaCTHIIHI ¢ HYJICBOM M HEHYJICBOM Maccol MOKOos, a Takxke rmojae ModMax.

IIpeamMeToM HMccCIe0BaAHMSA SBISIOTCS TEOPETUYECKHUE TIOAXOABI K U3YUYEHHUIO
JTUHAMUKHA TECTOBBIX YaCTUIl BOJIM3HM YEPHBIX NIBIP, YACICHHBIC M aHATUTHYECKHE
MeTO/IbI petieHus TudPpepeHnanbHbIX YpaBHEHH.

MeTtoabl UCCAeA0BAHUA BKIIOYAIOT METOAbl BEIYMCIUTEIBHON MaTeMaTUKH,
METOJbl TEOPETHUUECKON acTpO(PU3MKH, COBPEMEHHBIE METOAbl MaTeMaTUYEeCKOU
¢u3nku, a TakKe aHAJUTUYECKUE M  YWCJICHHBIE METOJbl  pEIIeHUs
muddepeHnnaTbHbIX YPABHEHHUH JIs1 IBUKEHUS TTOJICH U YaCTHII.

Hay4yHasi HOBH3HA HCCIEI0BAHUSA 3AKII0YACTCH B CJICAYIHOLIEM:

N3ydeHa cTpykTypa ropu30oHTa W ypaBHEHHS IBUKEHHSI (DOTOHOB BOJIU3H
4EPHOU JBIPHI, a TAK)KE WX BIHUSHUE HA d()PGEKTUBHBINA MOTEHIMAT U POpMYy TCHH
yépHOM AbIpbl. KpoMme TOro, MCCieqoBaHO BIMSHHUE MapaMETPOB YEPHOM IBIPHI
ModMax, Takux Kak CIiHH, 3apsii U PaKkTop SKpaHUPOBAHUS, HA MPOLECC U3TYUCHUS
sHeprum. I[loka3zaHo, uTo yBelMueHHe TMapaMmeTpa (akTopa IKPAHUPOBAHUS
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MPUBOJUT K PACIIMPEHUIO0 00J1aCTH YEPHOU BIPHI U CY>)KEHHIO 00JIaCTH, Tie YEPHOU
JIBIPHI HET.

CtpykTypa TOpU30HTA COOBITUN 3apsiKEHHOM Bpallalomieiicss Y€pHOU ABIPHI
ModMax u3meHsieTcs ClAeAyomuM 00pa3oM: paJnyc TOPU30HTa YBEITUUUBAETCS C
poCTOM 3HayYeHUs (akTopa HKPAHUPOBAHUS M YMEHBIIAETCS MPU YBEIUYCHUU
napameTpa 3apsga. I[lokasano, uto paguyc BHyTpeHHero (Komu) ropuszonra
YMEHBIIAETCS, a BHEIIHUA TOPU30HT YBEIMYMBAETCS C pOCTOM (akTopa
SKpPaHUPOBAHMS.

[loka3zaHo, 4ro MUK 3¢ (PEeKTUBHOTO MOTEHIIMANA, COOTBETCTBYIOIINI opOuTe
¢oToHa, yBeNMUMBAETCS W CMEUIAETCS BJIEBO NPU YyBEIUYEHUU 3apsna, a
(¢ukcupoBaHHBIN (HaKTOp SKpaHUPOBAHUS YMEHBIIAET O0JACTb MEXKAY JBYMs
MOTEHITUATLHBIMU JTUHUSMHU.

C nomouipto GopmynupoBku ['amunbroHa-fAk00M W MeTona pasaeraeHus
NEPEMEHHBIX BBIBEJICHO YpaBHEHHUE JBIM)KEHHMS (POTOHA BOKPYTr YEPHOM JBIPHI.
Hcnonb3yst ypaBHEHHs Teojie3MYecKHUX, Oblia TojiydeHa Buaumas ¢opma TEeHH
4EPHOU JIBIPHI B HEOECHBIX KOOPAMHATAX. Y CTAHOBIIEHO, YTO pa3Mep TEHU YEPHOU
JBIPBI YBEJTUYMBAETCS C POCTOM 3HAaYEHUS (haKTOpa SKPAaHUPOBAHUA.

HaGmonaercst, uro opoUTh POTOHOB YMEHBIIAIOTCS M3-32 HAIMYUS TapaMeTpa
3apsna W (dakTopa OJKpaHUpOBaHUA. AHaIU3 CJaboro TPaBUTALMOHHOTO
JUH3UPOBAHUS MOKA3bIBAET, YTO MPUCYTCTBUE MapaMETPOB TUOHHUYECKOW TEOPUHU
ModMax npuBOJIUT K YMEHBIIECHUIO YTJIa OTKIOHEHHUS.

Taxxe ObUIO MOJYYEHO, YTO PAAMYChl (POTOHOB M TEHHM YMEHBIIAIOTCS TPH
YBEJIMYEHNH MTapaMeTpa IJIa3Mbl B CIIy4ae HEOJHOPOIHOM IIa3MBbl.

[Toka3zaHo, 4uTo TonuMHa 3prochepsl YEPHON ABIPHI YBETUUUBAETCS C POCTOM
3apsia M TapaMeTpoB BpaIllEHHs, a C yBeJIWYeHUEM (aKTopa SKPAaHUPOBAHMUS
CTAHOBUTCSI TOHBIIIE.

Panuyc camoii BHyTpeHHeU yctoitunBor KpyroBoi opoutsl (ISCO) uépnoit
JBIPBI YBEJIMUUBAETCS C POCTOM (hakTOpa SKpaHUPOBAHUS, B TO BPEMsI KaK pajguyc
ISCO ymensbIaeTcs ¢ yBeJIMUYEHUEM 3apsiia YEPHOU JBIPHI.

AHanu3 mnpouecca M3BJICUYEHUS DHEPTUU B PE3YJbTAaTE CTOJKHOBEHUS ABYX
MACCUBHBIX TE€CTOBBIX YACTHUI[ BOJHM3U TOPU30HTA YEPHOM ABIPHI MOKA3al, YTO B
AKCTPEMATBHOM CIIydyae HDHEPrusi B IEHTPE MacC MOXKET OBITh CKOJIb YTOJHO
BBICOKOM, TOTJ1a KaK JJI1 HEOKCTPEMAJIbHBIX YEPHBIX JIBIP 3TO HEBO3MOXKHO.

IIpakTHyeckue pe3yabTaThl HCCACAOBAHUS 3aKIIOYAIOTCS B CIECTYIOLIEM:

BriepBrie moapo6HO ncciae10BaHa TEPMOIMHAMUKA 3apsXKEHHON Y€PHON TBIPHI
ModMax, BkJItouYasi SHTAJIBINIO, TEMIIEPATypy XOKHWHTa M CBOOOIHYIO DHEPTHIO
['u606ca. [TokazaHo, yTo PHTANBINA U CBOOOHAS dHEPrus [ MOOCca yMeHbIIAOTCS C
poctoM (¢akTopa SKpaHUPOBAHHUS, B TO BpeMsl KaKk Temrmeparypa XOKHHTa
YBEIUYHBAETCS.

[Ipoananu3upoBaHbl KO3()PUIMEHT HMCKAXKEHUS M CPEIHHA paanyc TEHHU
yépHoil AbIpbl. [lokazaHo, 4To ¢ yBenmuueHueM (hakTopa SKPaHUPOBAHMS PAJUYC
TEHH YBEJIMYUBACTCS, a KOI()PHUIIMEHT UCKAKEHNUS YMEHBILIAETCS.

BnepBeie paccunTaHbl MaKCUMajbHbIE 3HAYEHUs 3apsjga YEPHOM JbIPHI,
COOTBETCTBYIOLLME PAINyCaM TEHU YEPHOU ABIPBL, TOJYYEHHBIM Ha OCHOBE JTAHHBIX
npoekrta Event Horizon Telescope.
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AHanu3 MoKa3bIBa€T, UTO MUK CKOPOCTU U3IYUYCHUS] IHEPIUU YMEHBIIIAETCS C
pocToM (paKTopa SKPAaHUPOBAHUS U YBEITUUUBAETCS C POCTOM 3HAUCHUH 3apsa.

JocToBepHOCTDH pe3yJibTaToB HCCJIeIOBAHUS o0OecrnieunBaeTcs
MIPUMEHEHUEM COBPEMEHHBIX MPOBEPEHHBIX METOJ0B MaTeMaTH4YeCKOW (Pu3ukw,
BBIYUCIIUTEILHON MaTEMATUKHU U PEISITUBUCTCKOM acTpopu3uku. Pe3ynbTaTsl ObLIH
MOJIy4YeHbl CTPOr0 B paMKaxXx MaTeMaTUYeCKOro arrmapara oOmied Teopuu
OTHOCHUTEJIBHOCTH U TeopeTuueckor pusuku. Taxxke UCHOIb30BaHbl COBPEMEHHBIC
YUCJICHHBIC U AHAJTUTUYECKUE METO/Ibl BEIUMCIICHUH, a PE3yJIbTaThl COMTOCTABIICHHI C
JOCTYNHBIMM  HAONIOJATEbHBIMA JTaHHBIMM W paboTamMu JPYrux aBTOPOB.
CTpyKTYpUpOBaHHBIE BBIBOJIBI IUCCEPTALIMU COOTBETCTBYIOT OCHOBHBIM ITpaBUJIaM
acTpOoPU3NKN KOMIAKTHBIX 0OBEKTOB.

Hayuynasi u npakTu4deckasi 3HAYUMOCTD Pe3yJIbTATOB UCCJIEI0OBAHUS:

HayuHasi 3Ha4UMOCTh PE3yJbTATOB MCCIEAOBAHUS 3aKIIOYAETCS B TOM, UTO
aHaJu3 pelIeHU i YEPHBIX ABIP B Mojenu rpaButaniiu ModMax MoXeT OBITh
MOJIE3HBIM UHCTPYMEHTOM JIJISI U3yUCHUSI PA3TMYHBIX aCTPO(PU3UUESCKUX MPOIECCOB
B paMKax JaHHOW MOJEIU.

IIpakTHyeckasi 3HAYUMOCTH Pe3yJabTATOB MCCJIETOBAHUS COCTOUT B TOM,
YTO OHU MOTYT CIIOCOOCTBOBATh Pa3pabOTKe TECTOB MOAU(PUIIMPOBAHHBIX TEOPHI
IpaBUTAIlUM M TIOJIYYUTh OrpPaHUYEHUS Ha TMapaMeTpbl YEPHBIX JBIP C
UCITIOJIb30BaHUEM HAOIOICHUIN TCHU YEPHBIX JBIP.

Buenpenue pe3yabTaToB ucciaenoBaHusi. Pa3zpaboTraHHbIE TeopeTHUYECKHUE
MOJIeN JBUXKEHUS (OTOHOB M yacTull B Teopud ModMax ObLIM NpPUMEHEHBI K
CIEAYIOIINM 3a/1a4yaM:

HayuHnble pe3ynbTaThl, MOJyYEHHBIE MO JBUKEHUIO YaCTUIl U (OTOHOB, OBLIU
UCIIONIB30BaHbl yueHbIMH W3 YHuBepcutera ®dynannp (FU) B Illanxae (Kwuraii,
23 centsa6ps 2024 roaa, cchlIKa);

BnepBeie TepMmonuHamuka 3apskeHHON 4€pHOM apIpel ModMax, BkIro4as
SHTAJBIINIO, TEeMIepaTypy XOKHHTa H CBOOOJHYIO »3Hepruro ['ubOca, Oblia
noapoOHO wm3yuyeHa. [lokazaHo, 4TO AHTANBIUA W cBoOOaHas sHeprus [nbOca
YMEHBIIAIOTCS C YBEIWYEHHEM (akTopa OSKpaHUPOBaHUSA, B TO BpeMs Kak
Temreparypa XOKHHTa yBeJIM4HBaeTcs. Pe3ynbTaThl 10 AMHAMHUKE YacTHIl ObLIA
UCITOJIb30BaHbl B paboTax 3apyOCKHBIX HCCIeAoBaTEICH, OMyOJMKOBAaHHBIX B
3apyOeKHBIX KypHaJlax ¢ BRICOKHM uMnakT-pakropom (Physics Letters B, Volume
854, 1d.138758, Web of Science, IF-4.4; Communications in Theoretical Physics,
Volume 76, Issue 8, id.085402, Web of Science, IF-2.4; Pramana, Volume 98, Issue
3, 1d.92, Web of Science, IF-2.219 u apyrux). Otu pe3yabTaThl UCIOIb30BAIHCH
Oomee yeM B 5 OIyOJIMKOBAHHBIX HAYYHBIX CTAThSIX JJI onmucanust 3 (HEKTOB YaCTHII
BOKPYT YEPHOU JIBIPHI;

Taxum 06pa3om, y1anoch MOIyIUTh HHOOPMAITHIO O TMHAMHKE YaCTHUI] BOKPYT
KOMITAaKTHBIX OOBEKTOB B paMKaxX MOAU(PHUITUPOBAHHBIX TEOPUH TPABUTAIIHH.

Anpodanus pe3yjibTaTOB UCCJIeI0BAHMS.

Pe3ynbTaThl HMcclienoBaHUN ObUIM MpENCTaBICHBl Ha 3 pecnyOJUKaHCKUX U
1 MEeXTyHApOTHBIX HAYYHBIX KOH()EPEHIIHSIX.

Ony6,1MKOBAHHOCTH Pe3yJIbTATOB UCCJIEI0BAHMS.
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[lo Teme nuccepTallMOHHONW pabOTHl ONYOJMKOBAaHBI 7 HAYYHBIX padOT B
HAY4YHBIX KYpPHAJIaX, PEKOMEHIOBAaHHBIX BhICIIEN aTTECTAlMOHHONW KOMUCCUEN TTPU
MuHuctepcTBe BbICIIEr0 0OOpa3oBaHUsA, HAayKM M HMHHOBalMi PecnyOmuku
V30ekuctan s MyONMKAalMd OCHOBHBIX HAYYHBIX PE3YJbTaTOB JOKTOPCKHX
JUCCepTalMid, B TOM unciie 1 3apyOexHast.

CrpykTypa U 00beMm auccepranmu. Jluccepranus COCTOMT W3 BBEICHHS,
YyeTblpeX TJIaB, 3aKIIOYEHHs] M Chucka Juteparypsl. OObeMm auccepTanuu
81 cTpanuw.
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