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KIRISH (Fan doktori (DSc) tagdimnoma annotatsiyasi)

Mavzuning dolzarbligi va zarurligi. Umumiy nisbiylik nazariyasidagi
(GR) so‘nggi yutuglar kosmik tuzilishdagi bir nechta astrofizik hodisalarga
qiyin inqiloblarni olib keldi va shuningdek, tortishish kuchidan foydalangan
holda bir nechta qiziqarli tajribalarga olib keldi. Zamonaviy o‘rganish davrida
gora o‘ralar (BH) kuchli tortishish maydonlarining eng ajoyib xususiyatlaridan
biri hisoblanadi. Qora o‘raning kuchli tortishish zonasi har qanday narsaning
hodisalar gorizontidan chiqib ketishiga yo‘l qo‘ymaydi, lekin u atrofdagi
hamma narsani ham yutib yuboradi. Qora o‘ra geometriyalarining fizik
xususiyatlari bilan bog‘liq kvant tebranishlarining hayratlanarli oqibatlari har
doim bo‘lgan. Yagonalik nuqtasi fazoviy vaqtning asosiy mintaqasi bo‘lib, u
erda zichlik va fazo-vaqt egriligi farqlanadi va fizik qonunlar bekor qilinadi.
Yagonalik nuqtasining mavjudligi qora o‘ra fizikasining asosiy
muammolaridan biridir.

Xususan, Xoking bug‘lanish jarayoni, chalkashlik va axborotni yo‘qotish
paradoksi boy tarixga va chuqur natijalarga ega bo‘lgan qora o‘radagi kvant
tortishish jarayonlarining natijasidir. Qora o‘ra o‘ziga xosliklari halga kvant
tortishish kuchi va renormalizatsiya-guruhni yaxshilash (RGI) texnikasidan
kelib chigadigan kvant tortishish effektlari bilan hal qgilinadi, ular so‘nayotgan
yulduzning gravitatsion qulashi paytida yagonalikning paydo bo‘lishini oldini
oladi yoki yo‘q qiladi. Xoking nurlanish jarayonida qora o‘ra tarqalib ketganda,
fazo-vaqt egri chizig‘ining ochiq yagonalik nuqtasi ochiladi.

Statik sharsimon geometriyadagi vaqtga o‘xshash yupga qobiq
kosmologik senariylarning keng doirasini tahlil qilish uchun ishlatilishi
mumkin bo‘lgan ajoyib kosmologik konfiguratsiyalardan biridir. Yupqa
gobiq — moddaning fazo-vaqt birikmasi vazifasini bajaradigan cheksiz yupga
gatlami deb ataladi. Yupga qobiq ma’lum bir materiya tagsimotini
birlashtirganligi sababli, u tegishli fazo vaqtining haqiqiyligini tasdiglovchi
ma’lum energiya cheklovlarini qondirishi kerak. Ushbu shartlar bosim-
energiya tensori orqali geometrik strukturaning tashqi egriligi bilan bog‘liq
bo‘lishi mumkin.

Eynshteyn tenglamalarining matematik yechimlari bo‘lgan qora o‘ralar
deb nomlanuvchi astrofizik obyektlar keng e’tirof etilgan. Yaqinda
koinotimizdagi qora o‘ralar haqida ikkita muhim kuzatuv haqida xabar berildi.
Birinchisi, qora o‘ralarning qo‘shqavatlaridan  keladigan tortishish
to‘lginlarining kashfiyoti, ikkinchisi - galaktikamizning M87 va Sgr A*
markazlaridagi qora of‘ralarning fotografik isbotining topilishi. Ammo
uzoqdagi kuzatuvchilar hodisa ufgidan tashqgarida yoki hatto ular paydo
bo‘lishidan oldin sodir bo‘layotgan hodisalarni kuzatishi kerak. Natijada,
astrofizik obyektning hodisa gorizonti bor yoki yo‘qligi hali ham aniq emas.
Bir gancha mualliflar katta yulduzning gravitatsion qulashi qora o‘ralardan
tashgari eng zich samoviy jismlarni ham yaratishi mumkinligini taxmin
qilishgan. Ushbu g‘oyani hal qilish uchun Mazur va Mottola tortishish
tizimidagi Bose-Eynshteyn kondensatsiyasining kengaytirilgan
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kontseptsiyasini o0°‘z ichiga olgan tortishish vakuum yulduzlari yoki
"gravastars" deb nomlanuvchi yulduz jismlarining qulashining yangi
nazariyasini tagdim etdilar. Gravastar qora o‘ra o‘rnini bosuvchi vosita sifatida
taklif qilingan, u ham kvant effektlarini hisobga oladi. Gravastar modeli
an’anaviy qora o‘ralar bilan bog‘lig muammolarni hal qilishni taklif giladi, shu
bilan birga yulduzlar evolyutsiyasining barqaror yakuniy nuqtasi uchun barcha
nazariy talablarga javob beradi. Bu nazariya shuni ko‘rsatadiki, kvant vakuum
tebranishlari kollaps dinamikasida muhim rol o‘ynaydi, bu fazali o‘tishga olib
keladi, bu esa qulab tushadigan jismni muvozanatlashtiradigan va r = 2m
chegarasi yaqinida ufq (va o‘ziga xoslik) shakllanishiga to‘sqinlik giladigan
repulsiv de Sitter yadrosiga olib keladi. Biroq, bu hodisa chegaraga juda yaqin
sodir bo‘lib, begona odam uchun gravastar va haqiqiy qora o‘ra o‘rtasidagi
fargni qiyinlashtiradi.

Mazkur ilmiy tadqiqot ishi quyidagi davlat me’yoriy hujjatlari bilan
belgilangan vazifalarga mos keladi: O‘zbekiston Respublikasi Prezidentining
2017-yil 7-fevraldagi “O‘zbekiston Respublikasini yanada rivojlantirish
bo‘yicha Harakatlar strategiyasi to‘g‘risida”gi PF-4947-son Farmoni,
O‘zbekiston Respublikasi Prezidentining 2017-yil 18-fevraldagi “Fanlar
akademiyasi faoliyatini yanada takomillashtirish, ilmiy-tadqiqot faoliyatini
tashkil etish, boshqarish va moliyalashtirish chora-tadbirlari to‘g‘risida”gi PQ-
2789-son qarori va boshqgalar.

Tadqiqotning Respublika fan va texnikasini rivojlantirishning asosiy
ustuvor yo‘nalishlariga muvofiqligi. Dissertatsiya tadqiqoti O‘zbekiston
Respublikasi fan va texnikasining ustuvor yo‘nalishlariga muvofiq olib
borilgan: II. "Energetika, energiya va resurs tejamkorligi".

Muammoni bilish darajasi. Kompakt obyektlar termodinamikasi butun
dunoyo olimlari(Z. Stuchlik, J, Schee, A. Abdujabbarov, B Ahmedov, J. Kunz,
N. Dadhich, S. Ghosh, P. Joshi, F. Atamurotov) tomonidan o’rganilgan. Biroq,
kompakt obyektlar parametrlarining termodinamik kattaliklariga ta’siri tizimli
ravishda turli modellar va nazariyalarda tizimli ravishda o‘rganilmagan.

Qora materiyaning muntazam qora o‘ra atrofidagi astrofizik jarayonlarga
ta’siri ham o‘rganilmagan. Bunday obyektlar atrofidagi zarralar dinamikasini
tavsiflovchi matematik modellarni ishlab chiqish va takomillashtirish
tortishishning o‘zgartirilgan va/yoki muqobil nazariyalarining parametrlari
uchun chegara giymatlarini olishga yordam beradi.

Dissertatsiya mavzusi mavzusini dissertatsiya olib borilayotgan oliy
o‘quv yurtlari va ilmiy-tadqiqot muassasalarining ilmiy ishlari bilan
bog‘lash. Dissertatsiya Innovatsion rivojlanish  vazirligi tomonidan
moliyalashtirilgan ilmiy loyihalar doirasida bajarilgan. F-FA-2021-510
"Modifikatsiyalangan gravitatsiya nazariyasi doirasida neytron yulduzlardagi
yadro moddalarini tadqiq etish".

Tadqiqot maqsadi renormalizatsiya guruhining takomillashtirilgan
tortishish nazariyasi va kompakt obyektlar uchun tegishli yechimlar uchun
nazariy modellarni ishlab chiqish va takomillashtirishdir.

Tadqiqotning vazifalari:



ichki yassi fazo-vaqt va tashqi RGI Shvartsshild Qora o‘ra bilan yupqa
qobigning geometrik konstruktsiyasini kesish va yopishtirish usuli orqali
o‘rganish;

ushbu tuzilgan geometriyalarning dinamik tenglamasini ishlab chiqadigan
gipersuratdagi Eynshteyn maydon tenglamalarining qisqartirilgan ko‘rinishidan
kuchlanish-energiya tensorini hisoblash;

metrik funktsiyaning grafik harakatini tahlil qilish va KG va saqglanish
tenglamalari yordamida massasiz va massiv skalyar maydondan tashkil topgan
yupga qobiqning dinamik konfiguratsiyasini o‘rganish;

muvozanat qobig‘i radiusi bo‘yicha chiziqli radial tebranish bilan
kvintessensiya, quyuqgenergiya va fantom energiya turi EoSdan keyin materiya
tagsimoti bilan to‘ldirilgan ingichka qobigning barqaror konfiguratsiyasini
o‘rganish;

qobiq radiusining muvozanat holatini hisobga olmagan holda, yupqa
gobigning samarali potentsiali va qobiq radiusidan foydalangan holda skalyar
maydon kontekstida yupga qobiq dinamikasini tahlil qilish;

to‘g‘ri vaqt fonida samarali potentsial, qobiq radiusi va skalyar maydonning
harakatini o‘rganish uchun saglanish tenglamasi va KG tenglamasini ko‘rib
chiqish; fantomga o‘xshash EoS fonida qobiq radiusi bo‘yicha chiziqgli radial
tebranishlardan foydalangan holda ishlab chiqilgan strukturaning barqaror
konfiguratsiyasini o‘rganish;

modifikatsiyalangan materiya manbai doirasida Eynshteyn maydoni
tenglamasini ishlab chiqish va gravastar tuzilishi va ularning fizik xossalarini
hisoblash;

chiziqli radial tebranish orqali gravastarlarning barqarorligini o‘rganishda
ajoyib rol o‘ynaydigan kuchlanish-energiya tensorining tarkibiy qismlarini
aniqlash.

Tadqiqot obyekti - astrofizik kompakt obyektlar, gravastar yulduzlar,
tortishishning muqobil nazariyalari, qorong’i materiya.

Tadqiqot predmeti ixcham gravitatsion obyektlar, gravitatsion
yulduzlar uchun aniq analitik yechimlarni o‘rganish uchun nazariy modellardir.

Tadqiqot usullari hisoblash matematikasi usullari, nazariy astrofizika
usullari, matematik fizikaning zamonaviy usullari, maydon va zarralar harakati
uchun differentsial tenglamalarni hisoblashning analitik va ragamli usullaridan
iborat.

Tadqiqotning ilmiy yangiligi quyidagilardan iborat:

Birinchi marta kuchlanish-energiya tensorining komponentlari ushbu
tuzilgan geometriyalarning dinamik tenglamalarini ishlab chiqadigan
gipersuratdagi Eynshteyn maydon tenglamalarining qisqartirilgan shaklidan
hisoblab chiqildi. RGI Schwarzschildning hodisa gorizonti pozitsiyasi
Schwarzschild qora o‘rasidan kamroq ekanligi kuzatildi. Muvozanat qobig‘i
radiusi bo‘yicha chiziqli radial tebranish bilan kvintessensiya, quyuq energiya
va fantom energiya turi EoSdan keyin materiya tagsimoti bilan to‘ldirilgan
ingichka qobigning barqaror konfiguratsiyasi o‘rganildi.



Skayar maydon kontekstida yupga qobiq dinamikasi, qobiq radiusining
muvozanat holatini hisobga olmagan holda, nozik qobigning samarali
potentsiali va qobiq radiusidan foydalangan holda muhokama qilinadi. Tegishli
vaqt fonida samarali potentsial, qobiq radiusi va skalyar maydonning harakatini
o‘rganish uchun saqglanish tenglamasi va KG tenglamasi ko‘rib chiqildi.

Birinchi marta fantomga o‘xshash EoS fonida qobiq radiusi bo‘yicha
chizigli radial buzilishdan foydalangan holda ishlab chiqilgan strukturaning
barqaror konfiguratsiyasi o‘rganildi. Ma’lum bo‘lishicha, yupga qobigning
grafik tahlili ingichka qobigning asosiy sharti bo‘lib, qobiq radiusi hodisa
gorizonti radiusidan kattaroq bo‘lishi kerak.

Ta’kidlanishicha, yupga qobiq ham kvintessensiya, ham quyuge nergiya
tipidagi moddalar tarkibi uchun barqaror harakatni ifodalaydi. Yupga qobiq
EoS fantom energiya turi uchun jismoniy parametrlarning har bir tanlovi uchun
beqaror konfiguratsiyani ifodalaydi. Aniqlanishicha, quyuq energiya tipidagi
moddalar tarkibi kvintessensiya tipidagi moddalar tagsimotiga qaraganda
ancha barqaror konfiguratsiyaga ega. RGI Shvartsshild qora o‘rasini tanlashda
Shvartsshild qora o‘rasiga nisbatan yupga qobiqning barqarorligi pasaygan
degan xulosaga keldi.

Birinchi marta modifikatsiyalangan materiya manbai doirasida
Eynshteyn maydon tenglamasi ishlab chiqildi. Bundan tashqari, gravastar
tuzilishi va ularning fizik xususiyatlari hisoblab chiqilgan. EoS ni ichki
mintagaga qo‘llash va harakat tenglamalari va saqlanish tenglamalarini tahlil
qilish orqali yechimning yagonaligi yo‘qligi aniqglandi. Bundan tashqari,
tizimning energiya zichligi va bosimi doimiy bo‘lib qoladi, bu quyuq energiya
bilan bog‘liq xususiyatlarga mos keladi.

Tadqiqotning amaliy natijalari quyidagilardir:

Bu oralig qobiq holatiga mos keladigan va tegishli metrik potentsialni
aniqlaydigan EoS deb hisoblanadi. U tashqi manifold sifatida gatorli bulut va
kvintessensiya bilan o‘ralgan aniq qora o‘ra yechimi bilan foydalanilgan.
Gravastar tuzilishi Darmois-Isroil rasmiyatchiligini hisobga olgan holda ishlab
chigilgan. Chiziqli radial tebranish orqali gravastarlarning barqarorligini
o‘rganishda ajoyib rol o‘ynaydigan kuchlanish-energiya tensorining tarkibiy
gismlari olindi. Kvintessensiya maydoni parametri ortishi bilan barqaror
mintaganing kamayishi ko‘rsatilgan.

Tahlil shuni ko‘rsatadiki, qobiq mintagasining entropiyasi qobiq qalinligi
bilan to‘g‘ridan-to‘g‘ri proportsionaldir. Xuddi shunday, biz qobigning
entropiyasini tekshiramiz, chunki biz uning qalinligini qatorli bulutning turli
qiymatlari uchun o‘zgartiramiz. Shuni ta’kidlash kerakki, entropiya ham
qalinligi, ham qgatorli buluti parametri ortishi bilan ortadi.

Birinchi marta jismonan magbul bo‘lgan yagonaliksiz yechim ishlab
chiqildi. Shuni ta’kidlash joizki, ishlab chiqilgan aniq yangi yechimlar gatorli
bulut va kvintessensiya maydonlari yo‘qligida aniq Mazur va Mottola
modeliga qisqartiriladi.

Tadqiqot natijalarining ishonchliligi matematik fizika, hisoblash
matematikasi va relyativistik astrofizikaning zamonaviy tasdiqlangan usullarini
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qo‘llash orqali ta’minlanadi. Natijalar qat’iy ravishda umumiy nisbiylik va
nazarly fizikaning matematik apparati doirasida olingan. Hisoblashning
zamonaviy raqamli va analitik usullari ham qo‘llaniladi va natijalar mavjud
kuzatuv ma’lumotlari va boshqa mualliflarning natijalari bilan tagqoslanadi.
Tezisning tuzilgan xulosalari ixcham ob’ektlar astrofizikasining asosiy
qoidalariga mos keladi.

Tadqiqot natijalarining ilmiy va amaliy ahamiyati. Tadqiqot
natijalarining ilmiy ahamiyati shundan dalolat beradiki, gravastarlarning
yechimlarini tahlil qilish tortishishning yangi nazariyalarini ishlab chiqishda
yordam berishi mumkin.

Tadqiqot natijalarining amaliy ahamiyati shundaki, ular tortishish
nazariyalarining model parametrlari bo‘yicha yuqori chegara va cheklovlarni
olishda rol o‘ynashi mumkin.

Tadqiqot natijalarini amalga oshirish. Kompakt obyektlar uchun
ishlab chiqilgan nazariy modellar asosida: Zarralar harakati bo‘yicha olingan
ilmiy natijalar Shanxaydagi Fudan universiteti (FU) olimlari tomonidan
go‘llanildi (FU, Xitoy, 2024 yil 30 aprel ma’lumotnomasi).

Tadqiqot natijalarini nashr etish. DSc tadqiqoti natijalari O‘zbekiston
Respublikasi Oliy ta’lim, fan va innovatsiyalar vazirligi huzuridagi Oliy
attestatsiya komissiyasi tomonidan tavsiya etilgan nufuzli 1/2 chorak to‘rtlik
ilmiy jurnallarida chop etilgan 31 ta ilmiy maqolalarda tagdim etilgan.

ISHNING ASOSIY MAZMUNI
I qism

Taqdimotning ushbu gismida bizning asosiy e’tiborimiz taniqli kesish va
yopishtirish usuli orqali yaxshilangan Shvartsshild qora o’rasining ichki tekis
va tashqi moslashuvi orqali yupga qobigning geometrik tuzilishini olishdir.
Keyin biz harakat tenglamasi va Klein-Gordon tenglamasi orqali skalyar
maydondan (massiv va massasiz) tashkil topgan yupga qobigning dinamik
konfiguratsiyasini muhokama qilishga qizigamiz. Nihoyat, yupga qobigning
barqaror konfiguratsiyasi xayoliy holat tenglamasi, ya’ni kvintessensiya, quyuq
energiya va fantom energiyasi bilan muvozanat qobiq radiusi bo‘yicha chiziqgli
radial tebranish yondashuvi orqali kuzatiladi. Ta’kidlanishicha, yupqa
gobigning barqaror/beqaror xatti-harakati tashqi manifoldning hodisa
gorizontining kutilgan pozitsiyasidan keyin topiladi. Takomillashtirilgan
Shvartsshild qora o‘ralarining renormallashtirilgan guruhiga nisbatan
Shvartsshild qora o‘ralarini tanlashda yupga qobigning barqarorligi kattaroq
degan xulosaga kelindi. Biz r = w(T) radiusli 2 bilan ifodalangan (2 + 1) —
D yupqga qobigni yaratamiz, bu yerda T to‘g‘ri vaqt. Bu qobiq ikki xil
manifoldni bog'laydi, ya’ni tashqi mintaga (r>w) Qora o‘ra fazo vagqti sifatida
tanlanadi, ichki mintaga (r<w) esa tekis geometriya bilan belgilanadi. Ushbu
geometriyalar uchun chiziq elementi quyidagicha yozilishi mumkin:

dsi =— f (r)dt?+ (f,(r))~'dr? + r2(d6? + sin? 6d ¢?),



bu yerda n = i, e mos ravishda ichki va tashqi rayonlarga mos keladi.

Yupqa qobiqda h, ; metrik funktsiyasi y! = (1,0, ¢) koordinatalari bo‘lgan
vaqtga o‘xshash 2-sferani ifodalaydi, uni quyidagicha ifodalash mumkin:

ds®=h;dy'dy) =—dt* + w?d6” + w’sin> 6d $.

Yupga qobiq ichki fazo vaqtini tashqi qismdan ajratib turuvchi chegarani
bildiradi. Yupqa qobigning fizik hayotiyligi uchun yupgqa qobiqdagi
induksiyalangan metrikaning uzluksizligi va tashqi egrilik uzluksizligi kabi
ulanish sharoitlari talab qilinadi [?]. Shuningdek, biz ushbu geometriyalar
uchun sirt kuchlanishlarini Lanczos deb nomlangan nozik qobigli maydon
tenglamalari orqali olamiz. Biz qobiqdagi jismoniy xususiyatlarni (tashqi

egrilik uzilishlarini keltirib chiqgaradigan) bosim-energiya tensori Slj

yordamida hisoblashimiz mumkin. Yupqa qobiqdagi materiya komponentlarini
quyidagicha yozish mumkin:

T 1
S =pw) =———(x,(w) — x;(w))
41w
50 = 5% = Pw) = — X (W) + X, (W) +ZW+f'e(w) 2wt fw)
8mw 16my ,(w) 16m y,(w)

Bu yerda

x:w) = VF,w) + w2, x,(w) = VF,(w) + w?

p(w) va P (W) energiya zichligi va tangensial bosimni ifodalaydi, ortigcha
nuqta va chiziq esa mos ravishda vaqt va radial koordinata w.r.t hosilalariga
mos keladi. Demak, bizda quyidagicha kelib chiqgadi:

Vw21 [, (w) — Vw2 + f,(w)
4w
L W W) 2w W) VW T ) — VWE (W)

P=—A

811 2VW2+fe(W)_2VW2+fi(W) w

),

Muvozanatli qobiq radiusida wy = \;;/0 = 0. Shunday qilib, biz quyidagilarni
olamiz:
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\/fe(WO) - ‘/fi(Wo)

41w,
_ 1 VT ) —VFwy)  fewo)  fi(wo)
Bo = P(wy) = 811 ( we + 2\/—fe(W0) — 2\/—fl-(Wo)) :

Po = p(wy) =—

Minkovskiy fazoviy vaqt uchun ichki geometriyada materiya tarkibi yo‘qligi
sababli qobiq ichida tortishish mavjud emas. Tashqi qismi ham vakuum
sifatida olinadi, lekin tortishish maydoni Qora o‘ra tomonidan belgilanganidek

mavjud. Ushbu ko‘rsatkichdagi massa parametri m gravitatsiyaviy potentsial
energiyani, kinetik energiyani va fazoviy vaqtning dam massa energiyasini
boshgaradigan qobigning tortishish massasi bilan bog‘liq bo‘lishi mumkin. Biz

qobiqning massasini M = 4mw?p deb belgilashimiz mumkin. Bundan
tashqari, saqlash tenglamasi quyidagicha hosil bo‘ladi:

li_ 2 li_ 2\ —
‘BdT(WHdT(pW)—O

bu esa quyidagini hosil giladi
: 2
p =——(P(p,w) +p).
w
Sirt energiyasi zichligi (6) quyidagi kabi harakat tenglamasini aniq beradi:

w2 + TI(p(w), w) = 0

Buyerda II(p(w),w)  quyidagi tarzda berilgan qobiqning samarali
potentsialini ko‘rsatadi:

II(p(w), w)
fefi fzz fi fz fe

2 _64112W2p2+ 2

 32m2w?p? - 6412w?p?
— 4mw?p?

Renormalizatsiya guruhi usullari kvant effektlarini Shvartsshild qora o‘ra
geometriyasiga kiritish uchun ishlatiladi. Ushbu modifikatsiya natijasida
fazoviy vaqtning o‘ziga xosligi yo‘q qilinganligi sababli, tegishli manifold nol,
bir yoki ikkita ufqga ega bo‘lishi mumkin. Buyerda biz ichki tekis va tashqi
RGI Shvartsshild qora tuynugini kesish va yopishtirish usuli yordamida yupga
gobigni ishlab chigishdan manfaatdormiz. Shvartsshild qora o‘raining ichki
tekisligi va tashqi ko‘rinishidagi mos metrik funktsiyalari quyidagicha
ifodalanadi:
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Filr) =1 for) =1="=(——+

bu yerda m - Shvartsshild qora o‘rasining haqiqiy konstantalari Q va y
bo‘lgan massasi. 2 = 0 uchun u GRda Shvartsshild eritmasiga gaytariladi.
Qora o‘ra hodisa gorizontining pozitsiyasi metrik funktsiya nolga aylanadigan
radial pozitsiyaga to‘g‘ri keladi. Demak, f_(r) =0 yordamida hodisa
gorizonti o‘rnini quyidagicha aniglashimiz mumkin:

8¥2m?

T

]

=g +22/3'Vh(r)+4m)

r

bu yerda

h(r)y =m3(16 —9(3y +2)Q)
+3V3VQOmo ((9y 3y + 4) — 4)Q — 32y + 4Q?2)

Jer)

LOF

0.5+

0.0

-0.5¢

/
-1.0r |

Event horizon

— =0

— =02

0=03

fe()

05¢

-0.5F |

—1.0+

Event horizon

L0y

|
0.0/

— Q=0
— 0=0:2

\ - 0=03

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

I-rasm: m = 0.1 (chapda) va m = 0.2 (o‘ngda) r bo‘lgan y = 0.05 bo‘lgan
metrik funksiya grafigi.

9-shaklda biz fizik parametrlarning mos qiymatlari uchun metrik funktsiyaning
harakatini muhokama qilamiz. RGI Schwarzschild qora o‘ra uchun hodisa

gorizontining pozitsiyasi kamayadi ((r, kamayishi bilan () ortadi). Natijada,

ry Shvartsshild va yaxshilangan Shvartsshild qora o‘ralari uchun massaning
yuqori giymatlari uchun katta bo‘lishi aniglandi.

Shunisi qizigki, "Qora o‘ra massasi" Qora o‘raning hodisa gorizontida
joylashgan haqiqiy massani anglatadi, bu yerda tortishish shunchalik kuchliki,
hech narsa, hatto yorug‘lik ham qochib qutula olmaydi. Boshga tomondan,
qobigning "tortishish massasi" hodisa gorizontidan tashqaridagi jismlar
tomonidan seziladigan tortishish kuchiga hissa qo‘shadigan massani anglatadi.
5- va 14-tenglamalardan foydalanib, qobigning tortishish massasi va massasi
o‘rtasidagi munosabatlarni quyidagicha topamiz.
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X W)= x,(w)==—M/w, y,(W)+ x;(w)
B 2wim
- MW+ m2Q(w + ym))

Skayar maydondan tashkil topgan qobiq dinamikasini uning harakat

tenglamalarini tahlil qilish orqali o‘rganamiz. Harakat tenglamalarini (W? +
IT(w) = 0) integrallashning ikkita usuli borligi ko‘rsatilgan. Birinchisi, qobiq
bosimini uning radiusining aniq funktsiyasi sifatida hisobga olishni, ikkinchisi
esa qobiq bosimi va energiya zichligini bog‘laydigan holat tenglamasining
mavjudligini taxmin qilishni o‘z ichiga oladi. Yuqorida aytib o'tganimizdek,
w? + II(w) = 0 tenglamasi har ganday vaqtda "kinetik komponent" w? va

"potentsial komponent" II(w) yig'indisi nolga teng ekanligini bildiruvchi
energiyani tejash qonuniga mos keladi. Bu dinamik tenglamadan ko‘ra ko‘proq
cheklovdir, chunki tizimni rivojlantirish uchun o‘zboshimchalik bilan
boshlang'ich shartlarni berish mumkin emas, lekin faqat shu shartlar saqlanish
tenglamasini qanoatlantiradi.

Bundan kelib chiqadiki, ruxsat etilgan yechimlar faqat samarali potentsial
manfiy yoki nolga teng bo‘ladi, ya’ni II(w) < 0 yoki II(w) = 0. Ikkinchi
holat (II(w) = 0) statik konfiguratsiyaga yoki w2 = 0 ga olib keladigan
burilish nuqtalariga, ya’ni ekstremal radiusi Wz = 0 orbitalariga mos keladi.
IT(w) > 0 tenglamasi qobiqning tarqalishiga ruxsat bermaydi. Birinchidan,
biz massasiz va massiv skalyar maydonlar uchun birinchi holatni (W * 0)
ko‘rib chiqamiz va skalyar qobiqning dinamikasini kuzatamiz. Saqlash

tenglamasi va Klein-Gordon (KG) tenglamasi kabi birlashtirilgan differentsial
tenglamalar tizimining raqamli integratsiyasi, masalan, boshlang‘ich radiusi

w(T) va Y(T) va Y(T) ning boshlang‘ich giymatlarini belgilash orqali
amalga oshiriladi.

V (Y) = 0 ni hisobga olsak, kuchlanish-energiya tensorining komponentlari
EoS (P = p) orqali bog‘lanadi. Tegishli KG tenglamasini quyidagicha yozish
mumkin
wY +2wY =0
bu esa quyidagini hosil giladi
g =w2Y

bu yerda integrallashtiruvchi konstanta & bilan ifodalanadi. V (Y) = 0 dan
foydalanib, biz massasiz skalyar qobigning quyidagicha yuqori samarali
potentsialini olamiz:
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T(w) m?w1° mw?
W) =— —
A?EA(M2Q(ym+w) + w2 m?2Q(ym+ w) + w?
HZC‘()T4
— +1
W6

Massasiz skalyar maydon uchun biz 10 va 3-rasmlarda ko'rsatilgan (w # 0)
kabi boshlang'ich shartdan foydalanib, samarali potentsial va qobiq radiusini
tahlil gilamiz. Massasiz skaler maydonning samarali potentsialining harakati
monotonik kengayuvchi qobigqa (10 va 3-rasmlarga qarang), ya'ni markazdan

uzoqda musbat boshlang'ich tezlik bilan ma'lum bir radiusdan boshlab w = 0
ravishda abadiy kengayadigan qobiqga mos keladi (3-rasmga garang).

Endi biz V (Y) = m?Y? tenglamasi bilan belgilangan massiv skalyar maydon
ishtirokida evolyutsiya jarayonida skalyar qobigning harakatini tekshiramiz:

2m2Y2=0g—-P,Y2=0 + P.

iy ‘ ‘ q OF;
_ 10000} ~50000}
= _ —100000}
= -20000} £
= — =04 = —150000¢
-30000} A
ko ~200000
~40000} ] ~250000
16 o vie g ) op Bleap s I g A 80) wi B 0 g e 0] g Be g 5 (] Lo ve o i e pwall woaw BPogew e faem wnly g ew ]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
w 1

2-rasm: m = 0.2 (chapdagi chizma) va m = 0.5 (o‘ngdagi chizma) satrlarning
massasiz skalyar maydonning samarali potentsiali bo‘yicha qobigning
dinamikasi w turli xil giymatlari bo‘lgan & va y = 0.5, Q = 0.5.

0.60

1 057}
0.58+ ] 0.56F
0.55F
0.56 + _—
B 1 & 054
= 054} f 2 053F
i 0.52F
0.52+
] 051F
0.50t; ‘ . : ; ; . 0508 . o
0.00 005 010 015 020 025 030 0.00 0.05 0.10 0.15 0.20
T T

3-rasm: QQ = 0.1 (chap chizma) va Q = 0.5 (0o‘ng chizma) uchun massasiz
skalyar qobiq radiusi to‘g‘ri vaqtga nisbatan w[0] =05 val A =0.2,m =
0.3,y = 0.5uchunw > 0.
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Statik kuzatuvchiga tegishli dinamik tenglamalarni qurish uchun biz yupqa
gobiqdagi sirt materiyaning massasi va 0 o‘rtasida bog‘lanish hosil gilamiz.
Buning uchun biz qobiqdagi sirt moddasi sirt energiyasi zichligi va bosim
o‘rtasidagi chiziqli munosabatga mos kelishini taklif gilamiz, ya’ni P =
Bye™*%, bu yerda z va By doimiylardir. 11-tenglamadan foydalanib, P ning
maxsus tanlovi bilan biz quyidagi tenglamaga ega bo‘lamiz

2B
o = 24 + OZF(Z,WZ)

w?  (w2)

bu yerda y integrallashtiruvchi konstantani va I'(2, wz) = | ;";Z v3e~?dvp ni

ifodalaydi. 20-tenglamada 0 va P ning ifodasini hisobga olgan holda, biz
quyidagini olamiz:

Y%= lﬁ Bo{e™?W +

w (wz2)

Yo% _, Bo
2m?w?  2m? (wz)?

21"(2,wz)}

'ewz)—e*%“},

bu esa KG tenglamasiga ergashadi. Bundan tashqari bizda quyidagi yuzaga
keladi:

By
2

811
M=4nw?o =4y +
Y

I'2,wz)

Massiv skalyar maydonlar uchun integratsiyaning ushbu tartibi 4 va 5-
rasmlarda ko‘rsatilgan bo‘lib, ular samarali potentsialni va kvadratik skalyar
potentsialga ega bo‘lgan kengayuvchi qobigni tavsiflovchi tenglamalar
(saglanish va KG tenglamalari) yechimlari uchun mos ravishda skalyar

maydonni tasvirlaydi. 4-rasmda biz samarali potentsial II(w) ning xatti-
harakati skalyar maydonga aniq bog‘ligligi tufayli skalyar maydonga
bog‘ligligini ko‘ramiz. Shuni ham ta’kidlaymizki, qobiq kengayishi bilan
IT(w) nolga intiladi va shuning uchun kengayish sekinlashadi. Bu Y ning

xulg-atvoriga ta’sir giladi, ya’'ni w ° katta bo‘lganda amplituda harakatning
boshida yuqori darajada so‘ndiriladi, lekin keyin 5-rasmda ko‘rsatilganidek,

w’ kichikroq bo‘lganda u oddiy garmonik tebranishga o‘xshaydi.
Holat tenglamasi yuqori sirtda joylashgan har xil turdagi moddalar tarkibining
yupga qobiqli tuzilmalarning barqaror/beqaror xususiyatlariga ta’sirini

tushuntirish uchun juda muhim tushunchadir. Buyerda biz EoS holatining
0°ziga xos turini ko‘rib chigamiz
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rasm: Y =05y =1,m=0.2,Q =05 bo‘lgan By (chap chizma) va 2z
(o‘ng chizma) oyatlarining turli qiymatlari uchun massiv skalyar maydonning

samarali potentsiali orqali qobiq
dinamikasi.
20! ] bl
08}
15] ] aak
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S5-rasm: m = 0.2 (chap chizma) va m = 1 (o‘ng chizma) uchun mos vaqtga

nisbatan massiv skalyar maydon y =0.5,Q=05 uchun w(0) =

0.5, Y[0] = 1.5, Y[0] = 1.5. Tebranishlar qobigning kengayishi hisobiga W >
0 katta bo‘lganda, boshida yuqori darajada susayadi.

Quintessence type EoS (=-0.1) Quintessence type EoS (8=-0.1)

045F
0.8F
0.40F
0.7
0.35F
s L 0.6¢ — 00
E’é 0.30f :§ 0560 — Q=02
£ 0=03
0.25 04l
0.20F 0.3L
(0 E a0 025
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

wo wo
6-rasm: m = 0.1 (chap chizma) va m = 0.2 (o‘ng chizma) y = 0.05 bilan w,
versiyalari uchun kvintessensiya tipidagi moddalar tarkibi bilan to‘ldirilgan

yupga qobiqning barqgarorlik tahlili.
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Dark energy type EoS (8=-0.4) Dark energy type EoS (8=—-0.4)
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7-rasm: m = 0.1 (chapdagi chizma) va m = 0.2 (o‘ngdagi chizma) y = 0.05
bilan wg versiyalari uchun qorong‘u energiya turidagi moddalar tarkibi bilan
to‘ldirilgan yupga qobigning barqarorlik tahlili.

Phantom energy type EoS (5=-1.5) Phantom energy type EoS (8=-1.5)
~185" ~
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B _150] B -7t
~155} =18
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8-rasm: m = 0.1 (chap chizma) va m = 0.2 (o‘ng chizma) y = 0.05 bilan w
versiyalari uchun fantom energiya turidagi moddalar tarkibi bilan to‘ldirilgan
yupga qobiqning barqarorlik tahlili.

fantomga o‘xshash EoS quyidagicha ifodalangan:

Bw) = Bp(w),

bu yerda B < 0 EoS parametrini bildiradi. Tenglama holati parametrining turli
diapazonlari materiya tarkibining har xil turlarini quyidagicha ifodalaydi:

e If B <— 1 bu fantom energiya holatini ifodalaydi.

e If 0> B >— 1/3 keyin bu kvintessensiya tipidagi materiya tarkibini
ifodalaydi.

e If B <— 1/3 keyin bu qorong'u energiya holatini ifodalaydi.

Endi biz takomillashtirilgan Shvartsshild qora o‘ra fonida yupga qobigning
barqaror va beqaror xususiyatlarini 6-8-rasmlarda ko‘rsatilganidek, fantomga
o‘xshash EoS uchun IL,, . yordamida grafik tarzda o‘rganamiz. Shuni

ta’kidlash juda qizigki, yupga qobigning barqaror/beqaror harakati yupqa
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gobigning asosiy shartiga mos keladi, bu qobiq radiusi hodisa gorizonti
radiusidan kattaroq bo‘lishi kerak (hodisalar gorizonti uchun 9-rasmga garang
va nozik qobiq konfiguratsiyasi uchun 6-8-rasmlarga garang). Demak, yupqa
gobigning barqarorligi bilan bog‘liq biz xohlagan natijalar hodisa gorizonti
pozitsiyasidan keyin hosil bo‘ladi.

Aniqlanishicha, yupga qobiq Shvartsshild uchun ham, yaxshilangan
Shvartsshild qora o‘ralari uchun ham kvintessensiya tipidagi moddalar
tarkibiga to‘la barqaror harakatni ko‘rsatadi (6-rasm). Ta’kidlanishicha,
Shvartsshild qora tuynugiga nisbatan takomillashtirilgan Shvartsshild qora
tuynugini tanlashda yupga qobiq barqarorligi pasaygan. Yupqa qobigning
barqarorligi massaning yuqori qiymatlari uchun ortadi. Xuddi shunday, biz
quyuq energiya turidagi moddalar tarkibini tanlash uchun bir xil natijalarga
erishamiz (7-rasm). Qorong‘i energiya turidagi moddalar tarkibi kvintessensiya
tipidagi moddalar tagsimotiga qaraganda ancha barqaror konfiguratsiyani
ko‘rsatadi. Fantom energiya turi EoS uchun nozik qobiq har bir jismoniy
parametr tanlash uchun beqaror harakatni ko‘rsatadi (8-rasm). Shunday qilib,
yupga qobiq kvintessensiya va EoS quyuq energiya turini tanlash uchun
bargaror konfiguratsiyani ifoda etdi.

2 qism

Qora o‘ralarga nazariy muqobil bo‘lgan gravastarlar o‘zining noyob
xususiyatlari  tufayli  olimlarning astrofizikaga qiziqishini  uyg‘otdi.
Taqdimotning ikkinchi qismi umumiy nisbiylik doirasida Mazur-Mottola
usuliga asoslangan yangi gravastar modelining aniq yechimini, xususan,
qatorlar buluti va kvintessensiyani o‘z ichiga olgan holda yanada tadqiq
qilishga bag‘ishlangan. Gravastar tortishish maydoni va energiya zichligini
tahlil qilish orqali koinotdagi ixcham jismlarning tabiati hagida qimmatli
tushunchalarga ega bo‘lish mumkin. Gravastarlarning barqarorligini tushunish
qora o‘ralar va muqobil kompakt ob’ektlarni tushunishimiz uchun ham juda
muhimdir. Buning uchun biz Eynshteyn maydon tenglamalarini
modifikatsiyalangan modda manbai bilan taqdim etamiz va gravastarlarning
ichki va oraliq mintaqalari uchun aniq echimlarni hisoblaymiz. Tashqi mintaqa
torlar va kvintessensiya buluti bilan o‘ralgan qora o‘ra sifatida ko‘rib chiqiladi
va fazoviy vagtlar Darmoise-Isroil formalizmi yordamida mos keladi. Chiziqli
radial tebranish yordamida gravastarlarning barqarorligi bo‘yicha tadqiqot
o‘tkaziladi.

Bundan tashqgari, qobigning to‘g‘ri uzunligi, energiya tarkibi va
entropiyasi hisoblab chiqiladi. Gravastarlarning barqarorligi satrlar buluti
parametrining kuchayishi bilan ijobiy bog‘liq bo‘lsa, kvintessensiya maydoni
parametrining o‘sishi bilan salbiy bog‘ligdir. Biz topilmalarning qisqacha
mazmuni va ularning astrofizika va kosmologiya sohasidagi oqibatlari bilan
yakunlaymiz.
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Biz sferik simmetrik va statik bo‘lgan va sferik sirt bilan
chegaralangan 4 o‘lchovli fazoga e’tibor qaratishdan boshlaymiz.
Shvartsshild  koordinatalaridan  foydalanib, tegishli  ko‘rsatkich
quyidagicha taqdim etiladi:

ds? = e¢Mdt? — efMdr? —rsin? 0d¢? — r2d6?

bu yerda vaqtinchalik va radial koordinatalarning tortishish funksiyalari mos

ravishda € (r) va £(r) bilan belgilanadi. Moddaning o‘zgartirilgan shaklidan
foydalangan holda, 26-metrik uchun tegishli Eynshteyn maydon tenglamalari
quyidagicha bo‘ladi.

1 T
Gij=Rij—59iR="Ti 1j=0123

bu yerda
T — @ . )

bu yerda O, j qatorli bulut tufayli yuzaga kelgan materiyani, ®.. esa

ij
kvintessensiya maydonlari ta’sirida bo‘lgan materiyani tasvirlaydi. Binobarin,
bulutlar gatorlari fonida tegishli Lagranj zichligi quyidagicha yozilishi mumkin:

L =—Xsus
—— 33,

S

bu yerda ip va bivektorning tarangligi doimiy k bilan belgilanadi. Shu
munosabat bilan biz quyidagi munosabatni olamiz

dx! axJ
OATIAB’

sij = gab

bu yerda dunyo varag‘ini parametrlash munosabati A% (A% = A% A") deb

ataladi va Levi-Civita tenzori €?f bilan ifodalanadi. Induktsiyalangan
metrikani qo‘llash orqali uni satr uchun quyidagicha tavsiflash mumkin

ax! ax/J
dATAP

Nap = 93

Binobarin, ba’zi muhim identifikatsiyalar sifatida berilgan X% dan olinadi

yilayhol = o, 343y 39/ = h¥/i, v.3ilaxhol = o
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bu yerda h_ p ning determinanti h bilan belgilanadi.

Bundan tashqari, g, j metrik tensoriga nisbatan Lagranj zichligini o‘zgartirib,
biz quyidagi hosilani olamiz:

Ziazj
0. =g —2
ij ps \/—h

bu yerda p qatorli bulutning zichligini bildiradi. Quyidagi 9, (\/—_gZia) =0
ifodani 32-tenglamada keltirilgan o‘ziga xosliklarni hisobga olgan holda

olamiz. Qatorli bulutlar fonida kuchlanish-energiya tensorining tegishli
komponentlari bo‘ladi

a
@tt = ®rr =_ﬁ 699 = @d)qb =0

bu yerda a parametri qatorli bulutini bildiradi. Shuningdek, kvintessensiya
moddalarining tagsimlanishi uchun quyidagi munosabatni quyidagicha olamiz

1
L,==5970,Wo, W -V (¥).

Kvintessensiya maydoni (W) ta’sirida jismoniy yashovchan bo‘lgan stress-
energiya-momentum tensor komponentlari kvintessensiya maydonining

potentsial terminini bildiruvchi V (W) bilan belgilanadi.

A A A A Pq
Bu yerda w q V& P, mos ravishda kvintessensiya maydoni parametrini va

n

kvintessensiya zichligini bildiradi va materiya manbai T, j ishtirokida

tizimning ichki tuzilishini tavsiflash uchun ishlatiladi. Kosmik vaqtning fizik
tarkibini tahlil qilish uchun biz hududni gamrab oluvchi izotrop moddalar

tagsimotining energiya zichligini tekshiramiz. Bu yerda radial bosim p bilan
ifodalanadi va energiya zichligi p bilan tasvirlangan. Keyinchalik, kuchlanish-

energiya tensorining tegishli komponentlari T, j bo‘ladi

A A n

Tyw=p0 T, ==D.Tg=T,,=—0;

Bundan tashqari, biz modifikatsiyalangan materiya manbasi bilan aniq maydon
tenglamalaridan foydalangan holda gravastar strukturasini qatorli bulut va
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kvintessensiya fonida ishlab chiqishdan manfaatdormiz. Umuman olganda,
qatorli bulut va kvintessensiyaga ega gravastar konfiguratsiyasi quyuq energiya
tabiati va koinotning kelib chiqishiga oydinlik kiritishi mumkin bo‘lgan ajoyib
modeldir. Gravastar - bu kvintessensiya maydoni bilan yaxshiroq
tushuntirilishi mumkin bo‘lgan salbiy bosim manbai mavjudligida
materiyaning qulashi natijasida hosil bo‘lgan faraziy modeldir.

Kvintessensiya - bu koinotning kengayishini tezlashtirish uchun javobgar
bo‘lgan quyuq energiya shakli. Ushbu modelda gravastar ultra-relativistik
kosmik torlar galin qobig‘i bilan o‘ralgan teskari bosimning yupga qobig‘idan
iborat. Kosmik tor - konsentrlangan massa mavjudligi sababli fazo-vaqtning
cho‘zilishidan hosil bo‘lgan faraziy bir o‘lchovli obyekt. Gravastar
strukturasida kvintessensiya qobig‘i zarur bo‘lgan o‘z-o‘zini tortishish kuchini
hosil giluvchi kosmik tor bilan quvvatlanadi. Tizimning o°z tortishish kuchi
kvintessensiyaning salbiy bosimi bilan kuchayadi, bu barqaror muvozanatga
olib keladi. Obyekt ichida bargaror orbitalarning paydo bo‘lish qobiliyati
gravastar tuzilishining qiziqarli xususiyatidir. Buning sababi shundaki, kosmik
torli qobiq itaruvchi kuch hosil qiladi, kvintessensiya qobig‘i esa qo‘shni
massalarni tortishish bilan tortadi. Ushbu kuchlarning kombinatsiyasi gravastar
ichida orbitalar saqlanishi mumkin bo‘lgan barqaror mintagani yaratishga olib
kelishi mumkin.

Biz o‘zgartirilgan modda manbai doirasida maydon tenglamasidan
foydalangan holda gravastar strukturasini ishlab chiqdik. Shu maqsadda biz
gravastarni uch xil hududga bo‘lish mumkin bo‘lgan geometrik tuzilishini
tushunish orqali rivojlantiramiz. Ushbu hududlarning materiya tarkibining
xatti-harakati EoS ning ma’lum bir turi orqali tavsiflanishi mumkin. Bunday
geometrik struktura ichki (0 < r < r,), oraliq yoki yupga qobiqli (r; <1 <
ry) va tashqi mintaqaga (r, < r) bo‘linadi. Bu yerda r; va r, ichki va tashqi
hududlar radiusini bildiradi. Shuningdek, oraliq mintaganing galinligi r, — 14
deb ataladi. Ushbu hududlar uchun maxsus EoS quyidagicha ifodalanadi

e p =— 0 ichki hudud uchun;
e p = 0 o‘rtadagi hudud uchun;

e p = 0 = 0 tashqaridagi hudud uchun.

Endi biz gravastarning turli jismoniy xususiyatlariga qatorli bulut va
kvintessensiya maydonining ta’sirini o‘rganishni magsad qilganmiz. Shu nuqtai
nazardan, biz chiziqli tebranish orqali barqarorlikni hisoblaymiz. Keyin biz
gravastarlarning to‘g‘ri uzunligini, qobiq energiyasini va entropiyasini
kuzatamiz.

9 va 10-rasmlarda biz gravastarlarning barqaror konfiguratsiyasini
kvintessensiya va qatorli buluti doirasida o‘rganishdan manfaatdormiz. Shuni
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ta’kidlash juda qizigki, gravastarlarning barqaror hududlari qatorli bulut va
kvintessensiya maydon parametrlarining mavjudligi katta ta’sir ko‘rsatadi. 9-
rasmda qatorli buluti parametrining gravastarlarning barqarorligiga ta’sirini
o‘rganish uchun ishlatiladi. Qatorli bulut parametri ortishi bilan barqaror
hududlar ortib borishi aniqlandi. Bu ishlab chiqilgan strukturaning qatorli
bulutning ta’siri tufayli barqarorroq ekanligini ko‘rsatadi (9-rasm). 10-rasmda
biz kvintessensiya maydoni parametrining turli giymatlarini hisobga olgan
holda ishlab chiqilgan strukturaning barqarorligini muhokama qilishdan
manfaatdormiz. Aniqlanishicha, barqarorlik hududlari kvintessensiya maydoni
parametri ortib borishi bilan kamayadi (10-rasm). Shunday qilib,
kvintessensiya ham,qatorli bulut ham Gravatarlarning barqarorligini saqlashda
ajoyib rol o‘ynaydi.

a0 A0r | |
20} 201
Ao/Bo 0 Ao/Bo 0
—20 —20p o > Ao/ Bo
[ 4 when By > 0
—40[ —_40f
02 04 06 08 10 12 02 04 06
a0 ‘ ‘ a0t
201 20
Ao/Bo 0 Ao/Bo 0
—20} —20r
when B > 0
40} —401
():2 0.4 016 0:8 11() 112
Yo
T T
40/ !
I no < Ao/ By
20 __ when Bo <0 a
0
—20+ i
[ o > Ho /By
when By > 0
—40+- L}
1 1 1 1 1 | 1 1 | 1 1 L 1 1
0.2 0.4 0.6 0.8 1.0 1.2
Yo

9-rasm: Bulut parametrining a = 0.3 (birinchi chizma), a = 0.6 (ikkinchi chizma), a = 0.9
(uchinchi chizma), a = 1.2 (to‘rtinchi chizma) w, == %, p,=05C,=1y=02m=
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0.5 bo‘lgan turli qiymatlari uchun A44/By va Y, ning chizmalari.Bu yerda soyali hududlar
gravastarlarning barqarorligini, agar By > 0 (ochiq ko‘k mintaga) va By > 0 (ochiq kulrang

mintaqa) bo‘lsa, ngharakati orqali tasvirlaydi.

407 10 < Ao/ Bo
when By < 0

caih M < Ao/ By

when 8 < 0
20] ] 201

ﬂO/BO 0 ﬂ()/BO 0
—20f 70> Ao/ By . =201 > Ao/ Bo
when B > 0 when 8B, > 0
—-40+ 4 —40r
0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0 1.2
Yo Yo

e 0 < Ag/Bo\ 401 1
when B, < 0 Mo < J’IO/BO ]
20+ ] 20+ whenBy <0/ ]
Ao/By 0 Ap/By O

=20t 1m0 > Ao/ Bo -20F 0> Ao /By
when B > 0 when B, > 0
—40f —40f
02 04 06 08 10 12 02 04 06 08 10 12
Yo Yo
10-rasm: y = 0.2 (birinchi chizma), y = 0.8 (ikkinchi chizma), Y = 1.5 (uchinchi chizma),
Y = 2 (to‘rtinchi chizma) kvintessensiya parametrining turli qiymatlari uchun w q= -2/

3,0,=05C,=1a=0.2m=05.bilan A4/By va y, ga nisbatan chizmalar.

Kvintessensiya bulutining turli qiymatlari uchun to‘g‘ri uzunlik va qobiq
galinligining harakati 11-rasmning chap chizmasida ko‘rsatilgan. To‘g‘ri
uzunlik qalinlik bilan birga qatorli bulut parametri ortishi bilan ham ortadi.
Quintessensiyaning turli qiymatlari uchun qobiq qalinligiga nisbatan energiya
tarkibining grafik tahlili 11-rasmning o‘rta chizig‘ida ko‘rsatilgan. Qalinligi
bilan bir qatorda gatorlar buluti parametri oshishi bilan u ortadi.

Geometrik tuzilishdagi tartibsizlik yoki buzilish darajasi entropiya
o‘lchovi bilan bog‘ligq. Gravastar geometriyasining tasodifiyligini tushunish
uchun biz yupga qobiqli gravastarlarning entropiyasiga garaymiz. Mazur va
Mottola g‘oyasi yupqga qobiqli gravastarning entropiyasi uchun tenglamani
hisoblash uchun ishlatiladi.

S = I;Jra 4mnr?h(r)Ves"dr

Mahalliy harorat uchun entropiya zichligi quyidagicha hisoblanadi

UKB‘/P(-"—}
~Th

211

h(r)
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bu yerda n o‘lchamsiz parametr sifatida ifodalanadi. Buyerda biz Plank
birliklarini (K 5 = 1 = f olamiz, shunda qobiq entropiyasiga aylanadi.

1 v
C
—a + 3?/3e=Cay?/3 +1

Qayd etilishicha, qobiq entropiyasi ham & ga proportsionaldir. Xuddi
shunday, biz satrlar bulutining turli qiymatlari uchun qobigning qalinligi
bo‘ylab qobigning entropiyasini 11-rasmning o‘ngdagi chizmasida o‘rganamiz.

S =2V2mény?y

Ta’kidlanishicha, entropiya 6 ni, shuningdek, gatorli bulut parametrini oshirish
orqali ortadi.

0.0015F = 0.06 0.0020
— = 0.05 &3
0.0010 o3 //// 0.04 § Gy &= i g
4 7 Eo03 4 S oo e
0.0005 7~ 0.02 E | g -
/ - . 0.0005 L
0,000} 0,000~ ; ; ‘ 1 ook
00000 00005 00010 00015 00020 000000 0.00005 000010  0.00015  0.00020 0.00000 000005 0.00010 000015  0.00020
) 0 J

11-rasm: Torli bulutining turli giymatlari uchun a = 0,0.15,0.3 parametri uchun to‘g‘ri
uzunlik (chap chizma), energiya tarkibi (o‘rta chizma) va qobiq entropiyasi (0‘ng chizma)
harakati.
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XULOSA
“Kompakt obyektlar yupga qobig’t orqali  termodinamika va
turg’unligiga ta’siri ” mavzusida olib borilgan tadqiqotlar asosida quyidagi
xulosalar kelindi:

1. Ta’kidlanganidek, massiv skalyar qobiq strukturasiga olib keladigan
ma’lum parametrlarni tanlash tebranish konfiguratsiyasini ko‘rsatdi. Ushbu
konfiguratsiya potentsial va kinetik energiyaning uzluksiz almashinuvini o‘z
ichiga olgan, bu qobigning o‘zgaruvchan sirt bosimi va tortishish kuchi tufayli
mumkin bo‘lgan. Metrik funksiyaning grafik harakatidan RGI Shvartsshildning
hodisa gorizontining holati Shvartsshild qora tuynugidan kamroq ekanligi
aniqlandi.

2. Yupqga qobigni grafik tahlil gilishda qobiq radiusi hodisa gorizonti
radiusidan kattaroq bo‘lishi kerak bo‘lgan yupga qobigning asosiy shartiga
amal qilish ko‘rsatilgan. Ta’kidlanishicha, yupga qobiq ham kvintessensiya,
ham qorong‘u energiya tipidagi moddalar tarkibi uchun barqaror harakatni
ifodalaydi. Aniqlanishicha, qorong’u energiya tipidagi moddalar tarkibi
kvintessensiya tipidagi moddalar tagsimotiga qaraganda ancha barqaror
konfiguratsiyaga ega. RGI Schwarzschild qora tuynukni tanlashda Shvartschild
qora o‘rasi bilan solishtirganda yupga qobiqning barqarorligi pasaygan degan
xulosaga keldi.

3. Eynshteyn maydon tenglamasi birinchi marta modifikatsiyalangan
materiya manbai doirasida ishlab chiqildi. Bundan tashqari, gravastar
strukturasi uchun yechim olindi va eritmaning o°‘ziga xos xususiyati yo‘qligi
aniglandi. Bundan tashqari, tizimning energiya zichligi va bosimi doimiy
bo‘lib qoladi, bu quyuq energiya bilan bog‘liq xususiyatlarga mos keladi.

4. Birinchi marta gravastar strukturasi Darmois-Isroil formalizmini
hisobga olgan holda ishlab chiqilgan. Qayd etilishicha, gatorli buluti parametri
gravastarlarning barqaror hududlarini kuchaytiradi va chiziql parametri
kamayishi bilan barqarorlik pasayadi. Kvintessensiya maydoni parametri
ortishi bilan barqaror mintaqaning kamayishi ko‘rsatilgan.

5. Qobiq qalinligi va uning to‘g‘ri uzunligi o‘rtasidagi bog‘liglik tahlili
shuni ko‘rsatdiki, qatorlarning galinligi ham, buluti ham parametri ortishi bilan
to‘g‘ri uzunlik ham ortadi. Tahlil shuni ko‘rsatadiki, qobiq mintaqasining
entropiyasi qobiq galinligi bilan to‘g‘ridan-to‘g‘ri proportsionaldir.

6. Birinchi marta jismonan maqgbul bo‘lgan yagonaliksiz yechim olindi.
Ushbu yechimlar gatorlar buluti va kvintessensiya maydonlari yo‘qligida aniq
Mazur va Mottola modeliga qisqartirilganligi ko‘rsatilgan.
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INTRODUCTION (presentation abstract)

Relevance and necessity of the topic. Recent advancements in general
relativity (GR) have brought challenging revolutions to several astrophysical
phenomena in the cosmic setup, and have also led to several fascinating
experiments using gravity. In the modern era of study, black holes (BHs) are
considered to be one of the most remarkable features of powerful gravitational
fields. A BH's powerful gravitational zone prevents anything from escaping its
event horizon, but it also swallows anything that becomes entangled in its
surroundings. There have always been astonishing consequences of quantum
fluctuations related to the physical characteristics of BH geometries.
Singularity is a core region of spacetime where density and spacetime
curvature diverges and physical laws are rendered invalid. The presence of
singularity is one of the fundamental problems in BH physics.

Particularly, the Hawking evaporation process, entanglement, and the
information loss paradox are all results of the quantum gravitational processes
in BHs, which have a rich history and deep results. The BH singularities are
solved by the quantum gravity effects that stem from loop quantum gravity and
the renormalization-group-improvement (RGI) technique, which either prevent
or eliminate the emergence of a singularity during the gravitational collapse of
a dying star. As the BH dissipates during the Hawking evaporation process, the
naked singularity of the spacetime curve is revealed.

A timelike thin-shell in a static spherical geometry is one of the
fascinating cosmological configurations that can be used to analyze a wide
range of cosmological scenarios. A thin-shell is referred to as an infinitesimally
thin layer of a substance that serves as a spacetime junction. Since thin-shell
integrates a certain matter distribution, it must satisfy certain energy constraints
that validate the validity of the respective spacetime. These conditions can be
related to the extrinsic curvature of the geometrical structure through stress-
energy tensor.

Astrophysical objects known as black holes, which are the mathematical
solutions to the Einstein equations, are widely acknowledged. Two significant
observations about black holes in our universe were recently reported. The first
1s the discovery of gravitational waves coming from black hole binaries, and
the second is the discovery of photographic proof of black holes at the centers
of our galaxy's M87 and Sgr A*. But distant observers should be able to
observe phenomena that happen outside the event horizon or even before they
form. As a result, it is still unclear whether an astrophysical object has an event
horizon. Several authors have suggested that the gravitational collapse of a
massive star could make the densest celestial objects other than black holes. To
address this idea, Mazur and Mottola introduced a new theory of collapsing
stellar objects known as gravitational vacuum stars, or “gravastars”, which
incorporates the expanded concept of Bose-Einstein condensation in the
gravitational system. Gravastar has been proposed as a black hole substitute
that also considers quantum effects. The gravastar model is believed to offer a
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solution to issues associated with traditional black holes, while also meeting all
theoretical requirements for a stable endpoint of stellar evolution. This theory
suggests that quantum vacuum fluctuations play a significant role in collapse
dynamics, leading to a phase transition that results in a repulsive de Sitter core
that balances the collapsing body and prevents the formation of a horizon (and
singularity) near the bound of r=2m. However, this phenomenon occurs very
close to the limit, making it challenging for an outsider to differentiate between
a gravastar and a true black hole.

This research 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. Thermodynamics around
compact gravitating object have been investigated by the different researcher
worldwide (Z. Stuchlik, J, Schee, A. Abdujabbarov, B Ahmedov, J. Kunz, N.
Dadhich, S. Ghosh, P. Joshi, F. Atamurotov). However, the effect of black hole
parameters on thermodynamical quantities have not been systematically
studied in different models and theories

The influence of dark matter on the astrophysical processes around
a regular black hole also remains unexplored. The development and
improvement of mathematical models describing the dynamics of particles
around such objects contribute to obtaining limit values for the parameters of
modified and/or alternative theories of gravity.

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
theoretical models for the renormalization group improved gravity theory and
corresponding solutions for the compact objects.

The tasks of the research:

to study the geometrical construction of thin-shell with inner flat spacetime
and outer RGI Schwarzschild BH through a cut and paste approach;

to calculate the stress-energy tensor from the reduced form of Einstein field
equations at the hypersurface which develop the dynamical equation of these
constructed geometries;
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to analyze the graphical behavior of the metric function and to explore the
dynamical configuration of thin-shell composed of the massless and massive
scalar field by using KG and conservation equations;

to explore the stable configuration of thin-shell filled with matter
distribution which follows quintessence, dark energy, and phantom energy type
EoS with linearized radial perturbation about equilibrium shell radius;

to analyze the thin-shell dynamics in the context of scalar field by using the
effective potential and shell radius of thin-shell without considering the
equilibrium position of shell radius;

to consider conservation equation and KG equation to explore the behavior
of effective potential, shell radius, and scalar field in the background of proper
time; to explore the stable configuration of developed structure by using
linearized radial perturbation about equilibrium shell radius in the background
of phantomlike EoS;

to develop the Einstein field equation in the framework of a modified matter
source and to calculate the gravastar structure and their physical properties;

to determine the components of the stress-energy tensor that play
remarkable role in exploring the stability of the gravastars through linearized
radial perturbation.

The object of the research are astrophysical compact objects,
gravastars, alternative theories of gravity, drak matter.

The subject of the research are theoretical models for studying exact
analytical solutions for compact gravitational objects, gravstars.

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 the components of the stress-energy tensor are
calculated from the reduced form of Einstein field equations at the
hypersurface which develop the dynamical equations of these constructed
geometries. It has been observed that the position of the event horizon of RGI
Schwarzschild is less than the Schwarzschild BH. It has been explored the
stable configuration of thin-shell filled with matter distribution which follows
quintessence, dark energy, and phantom energy type EoS with linearized radial
perturbation about equilibrium shell radius.

The thin-shell dynamics in the context of scalar field are discussed by
using the effective potential and shell radius of thin-shell without considering
the equilibrium position of shell radius. It has been considered conservation
equation and KG equation to explore the behavior of effective potential, shell
radius, and scalar field in the background of proper time.

For the first time, the stable configuration of developed structure
explored by using linearized radial perturbation about equilibrium shell radius
in the background of phantomlike EoS. It has been obtained that the graphical
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analysis of thin-shell follows the basic condition of thin-shell that the shell
radius must be greater than the radius of event horizon.

It is noted that thin-shell expressed stable behavior for both quintessence
and dark energy type matter contents. Thin-shell represented unstable
configuration for every choice of physical parameters for phantom energy type
EoS. It is found that the dark energy type matter contents show a more stable
configuration than the quintessence type matter distribution. It is concluded
that the stability of thin-shell is decreased for the choice of RGI Schwarzschild
BH as compared to Schwarzschild BH.

For the first time it has been developed the Einstein field equation in the
framework of a modified matter source. Further, it has been calculated the
gravastar structure and their physical properties. By applying the EoS to the
interior region and analyzing the equations of motion and conservation
equation, it has been established that the solution does not have a singularity.
Additionally, the energy density and pressure of the system remain constant,
which is consistent with the characteristics associated with dark energy.The
practical results of the research are the following:

It has been considered the EoS that follows the intermediate shell
condition and also determined the respective metric potential. It has been used
the exact black hole solution surrounded by a cloud of strings and quintessence
as an outer manifold. The gravastar structure has been developed by
considering Darmois-Israel formalism. The components of the stress-energy
tensor have been obtained that play remarkable role in exploring the stability of
the gravastars through linearized radial perturbation. It has been shown that the
stable region decreases as the quintessence field parameter increases.

The analysis reveals that the entropy of the shell's region is directly
proportional to the thickness of the shell. Likewise, we examine the entropy of
the shell as we vary its thickness for different values of the cloud of strings. It
1s worth noting that the entropy increases as both the thickness and the cloud of
strings parameter increase.

For the first time a singularity-free solution has been developed that is
physically acceptable. It is interesting to mention that the developed exact
novel solutions are reduced to the exact Mazur and Mottola model in the
absence of the cloud of strings and quintessence fields.

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 the
solution of gravastars may be helpful for developing new theories of gravity.
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The practical significance of the research results is that they can play a role
in the obtaining the upper limits and constraints on the model parameters of
gravity theories.

Implementation of the research results. Based on the developed
theoretical models for compact objects: scientific results obtained regarding
particle motion were used by scientists from Fudan University (FU) in
Shanghai (FU Reference, China, April 30, 2024).

Publication of research results. The results of DSc research have been
presented in 31 peer-reviewed articles published in prestigious Q1/Q2 quartile
scientific journals recommended by Supreme Attestation Commission at the
Ministry of higer education, science and innovations of the Republic of
Uzbekistan.

MAIN CONTENT OF THE WORK
Part 1

In this part of presentation our main concern is to obtain the geometrical
structure of a thin-shell through the match of inner flat and outer the
renormalization group improved Schwarzschild black hole through a well-
known cut and paste approach. Then, we are interested to discuss the
dynamical configuration of thin-shell composed of a scalar field (massive and
massless) through an equation of motion and Klein-Gordon's equation. Finally,
the stable configuration of thin-shell is observed through the linearized radial
perturbation approach about equilibrium shell radius with a phantomlike
equation of state, i.e., quintessence, dark energy, and phantom energy. It is
noted that stable/unstable behavior of thin-shell is found after the expected
position of the event horizon of an exterior manifold. It is concluded that the
stability of a thin-shell is greater for the choice of Schwarzschild black hole as
compared to the renormalized group of improved Schwarzschild black holes.

We develop a (2 + 1) — D thin-shell represented by 2 with radius r = w(T),
where T is the proper time. This shell connects two different manifolds, i.e.,
the exterior region (rr > w) is chosen as a BH spacetime while the interior

region (r < w) is defined by a flat geometry. The line element for these
geometries can be written as

dsi =—f (r)dt?>+ (f,(r)~'dr? + r2(d6? +sin” 6d¢?), (1)

where n = 1, e correspond to the interior and exterior regions, respectively.
At thin-shell, the metric function h, ;j Tepresents a timelike 2-sphere with

coordinates y! = (T, 0, @) which can be expressed as

ds*=h;dy'dy) =—dt*+ w?d0* + w?sin> 0d¢>.  (2)
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A thin-shell refers to a boundary that separates interior spacetime from
the exterior one. For the physical viability of thin-shell, junction conditions like
the continuity of the induced metric at thin-shell and extrinsic curvature
discontinuity are required. We also derive the surface stresses for these
geometries through the field equations of thin-shell named Lanczos equations.
We can compute physical features at the shell (causing extrinsic curvature

discontinuity) by using stress-energy tensor S;. The matter components at

thin-shell can be written as

:
S. = pWw) =———(x,(W) = x;(W)) (3)
4w
0 _ gt _ _ S XWX, w) 2w (W) 2w+ fy(w)
So = Sd> =Pw) somw ¥ 6y, (w) 16my,(w) 4
where . .
Xi(w) =V (w) +w? x (w) =Vf (w)+w? ()

p(w) and ‘B (w) represent energy density and tangential pressure while
overdot and dash correspond to the derivatives w.r.t proper time and radial
coordinate, respectively. Hence, we have

VwZ+ 1 (w) —VwZ + f,(w)

= (6)
4w
BRI P U R H VOB (T IR e T SISO
8m 2VW2+fe(W) 2VW2+fi(W) w |

At equilibrium shell radius wg = wgy = 0. Hence, we get

_ \/fe(WO) - ‘/fl(Wo)

41w,
_ 1 VT W) —VFwg) | fewo)  f(wo)
Fo=Plwo = 81 ( Wy i 2V f ,(Wo) 2‘/fi(Wo)).

Po = P(Wq) = (8)

(9)

For Minkowski spacetime, gravity does not exist inside the shell due to
the absence of matter contents in the interior geometry. The exterior part is also
taken as a vacuum but the gravitational field exists as it is defined by BH. The
mass parameter M in this metric can be related to the gravitational mass of the
shell which governs the gravitational potential energy, kinetic energy as well as
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the rest-mass energy of the spacetime. We can define the mass of the shell as
M = 4mw?p. Additionally, the conservation equation yields

P-L (W) +-- (pw?) = 0 (10)
which yields
p == (Bo.w) +p). (an

The surface energy density (6) explicitly yields an equation of motion as
w2 + TI(p (W), W) = 0 (12)
where I1(p(w), w) shows effective potential of the shell given by

fof i S I R P
II(p(w),w) = 32m2w2p? | 64miwip? +?—m+7— 41'[2W2p2 (13)

The renormalization group methods are used to incorporate the quantum
effects into the Schwarzschild BH geometry. Since spacetime singularities are
eliminated as a result of this modification, the respective manifold can have
zero, one, or two horizons. Here, we are interested to develop a thin-shell by
using an inner flat and outer RGI Schwarzschild BH through cut and paste
technique. The corresponding metric functions interior flat and exterior
improved Schwarzschild BH is expressed as

m2Q

r2

Fir) =1, fo(r) =120 QR8T ), (14)

where m is the mass of Schwarzschild BH with real constants () and y. For
Q) = 0, it is reduced to a Schwarzschild solution in GR. The position of the BH
event horizon coincides with the radial position at which the metric function
become zero. Hence, we can determine the position of the event horizon using

f o (r) = 0 as follows

1 (8V§m2
® Vh(r)

rh +223Yh(r) + 4m)

where

h(r)y=m3(16 —9(3y +2)Q)
+3V3VQme((9y 3y + 4) — 4)Q — 32y + 4Q?)
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In Fig. 1, we discuss the behavior of the metric function for suitable values of
physical parameters. The position of the event horizon decreases for RGI

Schwarzschild BH (rj, decreases as ) increases). It found that r; becomes
large for higher values of mass for both Schwarzschild and improved

Schwarzschild BHs.

Event horizon
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Figure 1. Plots of metric function for m = 0.1 (left) and m = 0.2 (right) verses r with y =
0.05.

It is interesting to mention that the "mass of BH " refers to the actual
mass contained within the event horizon of a BH, where gravity is so strong
that nothing, not even light, can escape. On the other hand, the "gravitational
mass" of the shell refers to the mass that contributes to the gravitational force
felt by objects outside of the event horizon. Using Egs.(5) and (14), we find
relations between the gravitational mass and mass of the shell as

2widm

LeW) = x;(w) =—M/w, y,(W) + x;(w) = (16)

T MW3+m2Q(w+ym))

We study the dynamics of a shell composed of a scalar field by
analyzing its equations of motion. It is demonstrated that there are two ways to

integrate the equations of motion (w? + IT(w) = 0) . The first involves
considering the shell's pressure as an explicit function of its radius, whereas the
second involves supposing the existence of an equation of state connecting the

shell's pressure and energy density. As we mentioned, the equation w? +
I[I(w) = 0 corresponds to the energy conservation law which states that the
sum of the "kinetic component" w? and "potential component" IT(W) equals
zero at any time. This is more a constraint than a dynamical equation in the
sense that one cannot give arbitrary initial conditions to evolve the system, but

only those conditions that satisfy the conservation equation. It follows that the
solutions allowed are only those for which the effective potential is negative or

zero, i.e., IT(w) <0 or II(w) = 0. The second case (II(w) =0) will
correspond either to a static configuration or to the turning points which lead to
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w? = 0, i.e., orbits of extremal radius w. The term IT(w) > 0 does not permit

the propagation of the shell. First, we consider the first case (W # 0) for both
massless and massive scalar fields and observe the dynamics of the scalar shell.
The numerical integration of the coupled system of differential equations like
conservation equation and Klein-Gordon (KG) equation is carried out by

specifying, for example, an initial radius w(T), and the initial values of Y (T)
and Y (T).

By considering V (Y) = 0 the components of the stress-energy tensor are
related through EoS (P = p). The respective KG equation can be written as

wY +2wY =0 17)

which yields
& =w2Y (18)

where the integrating constant is represented with &. By using V (Y) = 0 we

obtain the respected effective potential of the massless scalar shell becomes
m2w10 mw?2 m2&4

T Am2EA(m2Qym+w)+wd)?2  m2Q(ym+w)+wd  wb

TI(w) = +1 (19

For a massless scalar field, we analyze the effective potential and shell

radius by using the initial condition as (W # 0) shown in Figs. 2 and 3. The
behavior of effective potential of the massless scalar field corresponds to a
monotonic expanding shell (Figs. 2 and 3), that is, a shell which, starting from

a specific radius with positive initial velocity away from the center w = 0, will
expand forever see Fig. 3.
Now, we investigate the behavior of the scalar shell as it evolves in the

presence of a massive scalar field, denoted by the equation V (Y) = m?Y? :

2m?Y? =0 - P, Y? =0 + P. (20)
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Figure 2. Dynamics of shell via effective potential of massless scalar field m = 0.2 (left plot)
and m = 0.5 (right plot) verses w with different values of & and y = 0.5, Q = 0.5.
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Figure 3. Massless scalar shell radius versus proper time for O = 0.1 (left plot) and Q =

0.5 (right plot) with with initial condition w[0] = 0.5 and w >0 for A =0.2,m =
0.3,y = 0.5.

We create a link between the mass of the surface matter at thin-shell and

O to build the dynamical equations concerning the static observer. To do this,
we propose that the surface matter at the shell complies with the linear

relationship among surface energy density and pressure as, i.e., P = Byje™*",

where z and B, are constants. Using Eq. (11) with the particular choice of P,
we have

_ L ZBO
o=-5+ ol I'2,wz) (21)

here y represents the integrating constant and I'(2, wz) = f:/z vie~vdv.

By considering the expression of 0 and P in Eq. 20), we get

12=2% 4 By~ +

w (wz2)

~T'(2,wz)) (22)

Y2=

£ BO{ 2 (2, wz)— e 2%} (23)
2m2w?  2m? (wz)? '

which follows the KG equation. Also, we have

8HBO
y2

M=4nw?o =4y + (2,Ww2) (24)

For massive scalar fields, this procedure of integration is shown in Figs.
4 and 5 which depict the effective potential, and the scalar field, respectively,
for solutions of the equations (conservation and KG equations) describing an
expanding shell with a quadratic scalar potential. In Fig. 4, we notice that the

behavior of effective potential II(w) depends on the scalar field due to its
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explicit dependence on the scalar field. We also remark that as the shell

expands, IT(w) tends to zero, and so the expansion slows down. This affects
the behavior of Y in the sense that the amplitude is highly damped at the

beginning of the motion when w is large, but then it becomes like an ordinary

harmonic oscillator when w is smaller as shown in Fig. 5,

The equation of state is an extremely important concept to understand to
explain the impacts of various kinds of matter contents placed at the
hypersurface on the stable/unstable characteristics of thin-shell structures. Here,
we consider a specific type of EoS state named phantom-like EoS expressed as

Bw) = Bp(w), (25)

where B < 0 denotes the EoS parameter.
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Figure 4. Dynamics of shell via effective potential of massive scalar field for different
values of By (left plot) and z (right plot) verses w with = 0.5, y = 1,m = 0.2,Q = 0.5.
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Figure 5. Massive scalar field versus the proper time T for m = 0.2 (left plot) and m = 1
(right plot) with initial conditions w(0) = 0.5,Y[0] = 1.5,Y[0] = 1.5 for y = 0.5,Q =
0.5. The oscillations are highly damped at the beginning when w > 0 is large due to the
expansion of the shell.

38



Quintessence type EoS (=-0.1) Quintessence type EoS (8=-0.1)

045F
0.8F
0.40F
0.7¢
0.35F
s L 0.6¢ — 00
E'g: 0.30¢ :§ o5k — 0=02
L 0=03
0.25 04t
0.20F 03f
(0 E a0 5 025
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Wy wo

Figure 6. Stability analysis of thin-shell filled with quintessence type matter contents for
m=0.1T (left plot) and m =0.2 (right plot) verses wgy with y = 0.05 .
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Figure 7. Stability analysis of thin-shell filled with dark energy type matter contents for
m=0.1T (left plot) and m =0.2 (right plot) verses wgy with y = 0.05 .
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Figure 8. Stability analysis of thin-shell filled with phantom energy type matter contents for
m = 0.1 (left plot) and m = 0.2 (right plot) verses w, with y = 0.05.

The different ranges of equation state parameter denotes the different
types of matter contents expressed as:

If B <— 1 then it represents phantom energy state.
If0 > B >— 1/3 then it represents quintessence type matter contents.
If B <— 1/3 then it represents dark energy state.
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Now, we explore the stable and unstable characteristics of thin-shell in

the background of improved Schwarzschild BH by using I, .. for

phantomlike EoS graphically as shown in Figs. 648, It is very interesting to
mention that the stable/unstable behavior of thin-shell follows the basic
condition of thin-shell that shell radius must be greater than the radius of event
horizon (see Fig. 1 for event horizon and Figs. 6 —8 for thin-shell
configuration). Hence, our desired results related to the stability of thin-shell
are formed after the position of the event horizon. It is found that thin-shell
shows stable behavior for both Schwarzschild and improved Schwarzschild
BHs filled with quintessence type matter contents (Fig. 6). It is noted that thin-
shell stability is decreased for the choice of improved Schwarzschild BH as
compared to Schwarzschild BH. Thin-shell stability increases for higher values
of mass. Similarly, we obtain the same results for the choice of dark energy
type matter contents (Fig. 7). The dark energy type matter contents show a
more stable configuration than the quintessence type matter distribution. For
phantom energy type EoS, thin-shell shows unstable behavior for every choice
of physical parameters (Fig. 8). Hence, thin-shell expressed stable
configuration for the choice of quintessence and dark energy type EoS shows
unstable behavior for phantom energy type EoS.

Part 11

Gravastars, theoretical alternatives to black holes, have captured the
interest of scientists in astrophysics due to their unique properties. The second
part of the presentation is devoted to further investigate the exact solution of a
novel gravastar model based on the MazurMottola method within the
framework of general relativity, specifically by incorporating the
cloud of strings and quintessence. By analyzing the gravitational field and
energy density of gravastars, valuable insights into the nature of compact
objects in the universe can be gained. Understanding the stability of gravastars
is also crucial for our comprehension of black holes and alternative compact
objects. For this purpose, we present the Einstein field equations with the
modified matter source and calculate the exact solutions for the inner and
intermediate regions of gravastars. The exterior region is considered as a black
hole surrounded by the cloud of strings and quintessence, and the spacetimes
are matched using the Darmoise-Israel formalism. An investigation is
conducted on the stability of gravastars using linearized radial perturbation.
Additionally, the proper length, energy content, and entropy of the shell are
computed. The stability of gravastars is positively correlated with the
enhancement of the cloud of strings parameter, while it is negatively correlated
with the growth in the quintessence field parameter. We conclude with a
summary of the findings and their implications in the field of astrophysics and
cosmology.
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We start with the focusing on the 4-dimensional spacetime that is
both spherically symmetric and static, and it is bounded by a spherical
surface. Using the Schwarzschild coordinates, the respective metric is
presented as follows

ds? = e¢Mdt? — et dr? — r?sin? 0d¢? — r?d6? (26)

here the gravitational functions of temporal and radial coordinates are denoted

by €(r) and £(r), respectively. By using the modified form of matter, the
respective Einstein field equations for the metric (26) become

_ 1 _ ff - - _
where
ff _ - A
T3 =0;+T;;+06; (28)

here O, ; represents the matter due to cloud of string and 6 N depicts the matter

influenced by quintessence fields. Consequently, in the background of strings
of clouds, the respective
Lagrangian density can be written as

L,=-23U%,, (29)

S

where the tension of the string and bi-vector is denoted by a constant K. In this
regards, we obtain the following relation

ij = paBox ox)
2 RS TINVE (30)

here relation for the parameterization of the world sheet is referred as

A% (A% = A% A" and Levi-Civita tensor is represented by €?f . By using
induced metric, it can be described for the string as follows

axt oxJ
h,g= 9ij55a328 (€29)

Consequently, the some important identities is obtained from X/ given
as

yilazhol = o, ziay 30J = h3Ji, v.3ilazhol = o (32)
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where the determinant of h 5 is denoted with h.

Further, by varying the Lagrangian density concerning the metric tensor g; It
we get
ziaz)
0 =prs7 (33)

where p. denotes the density of the string cloud. We obtain the following

expression 0, (\/—_gZia) = 0 by considering the identities mentioned in
Eq.(32). In the background of string clouds, the respective components of the
stress-energy tensor become

0, =0, =—50y,=0,,=0 (34)

rr r

where the parameter a denotes the cloud of strings. Also, we obtain the
following relation for quintessence matter distribution as follows

L,=—59"0,Wo,W -V (). (35)
The stress-energy-momentum tensor components that are physically

viable under the influence of the quintessence field (W) is specified by V (W),
which denotes the potential term of the quintessence field.

A A P
6,=06,,=0,0,=0,,=—"0Bw,+1) (36

where w q and p q denote the quintessence field parameter and quintessence

density, respectively, and are used to characterize the system's internal makeup

in the presence of the matter source T'; It To analyze the physical composition
of spacetime, we examine the energy density of an isotropic matter distribution
that covers the area. Here, the radial pressure is represented by p and the
energy density is depicted with p. Further, the respective components of stress-

energy tensor T'; i become

n

Tttzp' T..==p. T99=T¢¢ == Dy (37)

Further, we are interested in developing gravastar structure in the
background of the cloud of strings and quintessence by using the exact field
equations with a modified matter source. Overall, the gravastar configuration
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with the cloud of strings and quintessence is a fascinating model that may shed
light on the nature of dark energy and the origins of the universe. Gravastar is a
hypothetical model that is formed from the collapse of matter in the presence
of a negative pressure source which can be better explained by quintessence
field. Quintessence is a form of dark energy that is believed to be responsible
for the acceleration of the universe's expansion. In this model, the gravastar
consists of a thin-shell of negative pressure, surrounded by a thick shell of
ultra-relativistic cosmic string. The cosmic string is a hypothetical one-
dimensional object that is formed from the stretching of space-time due to the
presence of a concentrated mass. In the gravastar structure, the quintessence
shell is supported by the cosmic string, which generates the required self-
gravity. The system's self-gravity is enhanced by the quintessence's negative
pressure, which results in a stable equilibrium. The ability for stable orbits to
occur inside the object is an intriguing feature of the gravastar structure. This is
because the cosmic string shell generates a repulsive force, while the
quintessence shell pulls on neighboring masses gravitationally.The
combination of these forces can lead to the creation of a stable region within
the gravastar where orbits can be maintained.

We have developed the gravastar structure by using the field equation in the
framework of a modified matter source. For this purpose, we develop the
gravastar by understanding its geometrical structure which can be partitioned
into three different regions. The behavior of matter contents of these regions
can be characterized through a specific type of EoS. Such geometrical structure

is partitioned into interior (0 < r < r;), intermediate or thin-shell (r; < r <

r,) and exterior region (', < r). Here, ry and r, denote the radius of inner
and outer regions. Also, the thickness of the intermediate region is referred to

as ', — 'y. The specific EoS for these regions is expressed as

p =— o for inner region;
p = o for intermediate region;
p = 0 = o for the outer region.

Now we are aimed to examine the impact of the cloud of strings and
quintessence field on different physical features of gravastar. In this context,
we shall calculate the stability through linearized perturbation. Then, we
observe the proper length, shell energy and entropy of the gravastars.

In Figs. 9 and 10, we are interested in exploring the stable configuration of the
gravastars in the framework of quintessence and cloud of strings. It is very
interesting to mention that the stable regions of the gravastars are greatly
affected by the presence of cloud of strings and quintessence field parameters.
Figs. 9 is used to explore the effects of the cloud of strings parameter on the
stability of the gravastars. It is found that stable regions increase as the cloud of
strings parameter increases. This shows that the developed structure is more
stable due to the effects of the cloud of strings (Figs. 9). In Figs. 10, we are
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interested in discussing the stability of the developed structure by considering
different values of the quintessence field parameter. It is found that the stability
regions decrease as the quintessence field parameter increases as shown in
(Figs. 10). Hence, both quintessence and cloud of strings play remarkable role
to maintain the stability of gravatars.
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Figure 9. Plots of A4/B, versus Yy, for different values of cloud parameter a = 0.3 (first
plot), a = 0.6 (second plot), a = 0.9 (third plot), a = 1.2 (fourth plot) with w q=" 2/
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Figure 10. Plots of A4/ B, versus y, for different values of quintessence parameter y =
0.2 (first plot), y = 0.8 (second plot), y = 1.5 (third plot), y = 2 (fourth plot) with w q=

-2/3,p,=05C;,=1a=02m=05.

The behavior of proper length versus thickness of the shell for different values
of the cloud of quintessence is shown in the left plot of Fig. 11. Proper length
increases as thickness as well as the cloud of strings parameter increases. The
graphical analysis of energy content versus thickness of the shell for different
values of quintessence is shown in the middle plot of Fig. 11. It increases as the
thickness as well as the cloud of strings parameter increases.

The degree of disorder or disturbance in a geometric structure is related to the
entropy measure. To understand the randomness of gravastar geometry, we
look at the entropy of thin-shell gravastars. Mazur and Mottola's idea is used to
calculate an equation for the entropy of a thin-shell gravastar as

S = J-y+6

; anr?h(ryVesdr (38)

For local temperature, the entropy density is calculated as

_ 1Kp yptry
h(r) =— \/? (39)
where 1) is represented as a dimensionless parameter. Here, we take Planck
units (K 5 = 1= h) so that the shell's entropy becomes

e WL c2/3
V 33°/vVe 5

C6e a-=1 (40)

S =2V2nény*/

—a+323e=Cay2/3+1
It is noted that shell's entropy is also proportional to 6. Similarly, we
investigate the entropy of the shell along the thickness of the shell for different

values of the cloud of strings are shown in the right plot of Fig. 11. It is noted

that the entropy increases by increasing 6 as well as the cloud of strings
parameter.
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Figure 11. Behavior of proper length (left plot), energy contents (middle plot) and entropy of
shell (right plot) for different values of the cloud of strings parameter a = 0,0.15,0.3.
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CONCLUSIONS

The following conclusions have been presented on the basis of research

carried out on the topic of “Impact on Thermodynamics and Stability via Thin-
shell of Compact Objects”:

l.

46

It has been noted that certain parameter selections resulting in a massive
scalar shell structure exhibited an oscillatory configuration. This
configuration featured a continual exchange of potential and kinetic energy,
which was made possible by the fluctuating surface pressure of the shell and
the pull of gravity. From the graphical behavior of the metric function it has
been found that the position of the event horizon of RGI Schwarzschild is
less than the Schwarzschild BH.

. It has been shown that the graphical analysis of thin-shell follows the basic

condition of thin-shell that the shell radius must be greater than the radius of
event horizon. It is noted that thin-shell expressed stable behavior for both
quintessence and dark energy type matter contents. It is found that the dark
energy type matter contents show a more stable configuration than the
quintessence type matter distribution. It is concluded that the stability of
thin-shell is decreased for the choice of RGI Schwarzschild BH as compared
to Schwarzschild BH.

. For the first time the Einstein field equation has been developed in the

framework of a modified matter source. Further, it has been obtained the
solution for the gravastar structure and it has been established that the
solution does not have a singularity. Additionally, the energy density and
pressure of the system remain constant, which is consistent with the
characteristics associated with dark energy.

For the first time the gravastar structure has been developed by considering
Darmois-Israel formalism. It is noted that the cloud of strings parameter
enhances the stable regions of gravastars and stability decreases as string
parameter decreases. It has been shown that the stable region decreases as
the quintessence field parameter increases.

. The analysis of the connection between the thickness of the shell and its

proper length has shown that as both the thickness and the cloud of strings
parameter increase, the proper length also increases. The analysis reveals
that the entropy of the shell's region is directly proportional to the thickness
of the shell.

For the first time a singularity-free solution has been obtained that is
physically acceptable. It has been shown that the this solutions are reduced
to the exact Mazur and Mottola model in the absence of the cloud of strings
and quintessence fields.
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BBE/IEHUE (AHHOTAUsA K NPeACTABJIEHMIO)

Henabro ucciaegoBanusi ABJsieTcs pa3padOTKa U COBEPILICHCTBOBAHUE
TEOPETUYECKUX MOJIEIIEH PEHOPMIPYIIIOBOM yIYyYIIEHHON TEOPUU I'PABUTALUU
Y COOTBETCTBYIOIIUX PEIICHUN /ISl KOMIAKTHBIX OOBEKTOB.

3agaum uccjiel0BaHUA:

U3YYUTh T€OMETPUUYECKYIO KOHCTPYKIIMIO TOHKOM 000JIOUKU ¢ BHYTPEHHUM
IJIOCKUM TpOCTpaHCTBOM-BpeMeHeM M BHemHMM RGI IIBapumuneaa bX ¢
IIOMOILBIO IMOJX0/1A «BBIPE3ATh U BCTABUTHY;

paccuuTaTh TEH30p OSHEPIUU-UMIYJbCAa U3 MPUBEICHHOW  (QOpMBI
YPaBHEHUHN MOJs OWHUITEMHA Ha THIIEPIIOBEPXHOCTH, KOTOPBIE Pa3BUBAIOT
JTUHAMUYECKHUE YPABHEHUS ITUX IIOCTPOCHHBIX T€OMETPHIA;

IpOaHAIU3UPOBaTh Ipauueckoe MOBEACHUE METPUYECKOW (QYHKIUH U
UCCIIEIOBaTh TUHAMUYECKYI0 KOH(UTypaluio TOHKOM O00OJOYKH, COCTOSIIEH
U3 0e3MaccoBOr0 W MACCHUBHOTO CKaJsipHOTO Tojs, ¢ momompbio KI' u
YPaBHEHUU COXPAHEHUS;

UCCIIEIOBAaTh  CTAOWIbHYIO  KOHQUTYpalMi0  TOHKOHW  0O0OJIOYKH,
3aII0JIJHCHHOW MAaTepUel, pacCHpelesIeHHe KOTOPOW COOTBETCTBYET THITY
KBHHTICCEHIIMM, TEMHOW »HHepruu u (antomHon osHeprum EoS ¢
JMHEApPU30BaHHBIM PaJHAIbHBIM BO3MYIIEHHEM OTHOCHUTEIBHO PaBHOBECHOTO
paanyca 000JI0UKY;

aHAJIM3UPOBATh TUHAMUKY TOHKON 000JI0YKH B KOHTEKCTE CKAJISIPHOTO MO,
UCHoab3ys 3(Q(HEKTUBHBIA MOTEHIMAT U paJuyCc TOHKON 000s0uku 0e3 ydera
IIOJIO’KEHUSI PABHOBECHUS PaJinyca 000I0UKY;

paccMOTpeTh YpaBHEHHME coxpaHeHuss W ypaBHeHune KI' mia usydeHus
noBesneHuss >PQPEKTUBHOTO MOTEHIMANA, paauyca OOOJOYKH M CKAJISIPHOIO
noisi Ha (oHe COOCTBEHHOrO BpPEMEHH; HCCIEAOBAaTh  YCTONYHBYIO
KOHQUTYpAIMIO Pa3BUTOM CTPYKTYphl C TIOMOUIbIO JIMHEAPHU30BAHHOTO
paguaNbHOrO0 BO3MYLIEHUS OTHOCHTENIBHO PAaBHOBECHOI'O pajguyca 000JIOYKH
Ha Qoue ¢panTomHoro EoS;

pa3paboTarh ypaBHEHHUE TOJIs DUHINTEHHA B paMKax MOIUGUIIMPOBAHHOTO
UCTOYHUKA MAaTepUU M PACCUMTATh CTPYKTYpy IpaBa3Be3l U UX (hU3HUecKue
CBOMCTBA;

ONPEIEIUTh KOMIIOHEHTBI TEH30pa 3HEPrUU-UMITYJIbCA, KOTOPBIE HIPAOT
3aMETHYIO pOJIb B HCCIEAOBAHMM YCTOMYHMBOCTH TIpaBacTap IOCPEACTBOM
JMHEAPU30BAHHOTO PAIUAJIBLHOTO BO3MYLICHUS.

O0beKkTOM HCCJIeJOBAaHUS SIBJISIKOTCH acTPOPU3NYECKUE KOMITAKTHBIE
OOBEKTHI, TpaBacTapbl, AJIbTEPHATUBHBIC TEOPUU TPABUTALIUU, IPAKOHOBAsS
MaTepusl.

IIpeameTrom ucciIeI0BAHMS SABJISIIOTCH TEOPETHUECKHE MOJIEIH IS
U3YYEHUS! TOYHBIX AHAIUTUYECKHX PEIIECHUH KOMIAKTHBIX I'PABUTALMOHHBIX
00BEKTOB, IPABACTapPOB.

MeronamMu HMCCIeOBAHUSI SIBJAIOTCH METOAbl BBIYUCIUTEIBHOU
MaTE€MaTUKH, METOJbl TEOPETHYECKON acTpO(U3UKHU, COBPEMEHHBIE METOJIbI
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MaTeMaTU4YeCKOM (U3UKHU, aHATUTUYECKUE U YHUCICHHBIE METOJbl pacuera
mudepeHnanbHbIX YpaBHEHUH JJIs TTOJISI U IBUXKEHUS YaCTHII.

Hay4yHasi HOBH3HA MCCJIEIOBAHNS 3aKJII0YAETCHA B CICAYIOIIEM:

BnepBble KOMIIOHEHTHI TEH30pa YHEPTHUU-UMITYJIBCA PACCUMUTHIBAIOTCA Ha
OCHOBE  TpuBeJAcHHOM (GOpMBI  ypaBHEHUH TMOJs  ODWHINTEHHa  Ha
TUIEPIIOBEPXHOCTH, KOTOPHIE PAa3BUBAIOT JUHAMHYECKHUE YPABHEHUS HSTUX
IIOCTPOEHHBIX T'E€OMETpUN. DbBIIO 3aME€UeHO, YTO IIOJIOKEHUE TOPU30HTA
coobrTuii  RGI IIBapmmmnbna mensme, yem YJ[ [IBapmmmnena. beuia
UCClIeJIOBaHa CTaOWibHAs KOHPUTYypalus TOHKOW OOOJOYKH, 3amOJTHEHHOU
MaTepHueil, pacnpenesieHue KOTOPOM COOTBETCTBYET THUITY KBHUHTICCEHIMH,
TEMHOM »HHeprun u (¢GaHToMHOM sHeprun EoS ¢ nuMHeapu30BaHHBIM
paauanbHBIM BO3MYILEHUEM OTHOCUTEIILHO PABHOBECHOTO pajguyca 000J0UKH.

JluHamuka TOHKOW OOOJOYKM B  KOHTEKCTE CKaJIPHOIO  TOJIS
oOcyxmaercsi ¢ ucnojib3oBaHUEM H(G(EKTUBHOrO TMOTEHIMAda M pajauyca
TOHKOW 00O0JIOUKM O€3 ydeTa MOJOXKEHHS paBHOBECHs paauyca OOOJIOYKH.
bb10 paccMoTpeHO ypaBHEHHME coxpaHeHus] U ypaBHeHue KI' mnst m3yudeHwus
noBeZieHUsT 3(PGEKTUBHOTO MOTEHIIUANA, pajguyca OOOJOYKM U CKAISIPHOTO
noJisg Ha (hoHe COOCTBEHHOT'O BPEMEHH.

Brnepsrie cTabmibHas KOH(GUTypalds pa3BUTOM CTPYKTYPbI UCCIIEIOBaHA
C  HCIOJb30BAaHWEM  JIMHEAPU30BAHHOTO  PAJHAIIBHOIO  BO3MYIICHHS
OTHOCHUTEIILHO PaBHOBECHOTO pajnyca 0000ukH Ha PoHE (PaHTOMOIIOAO0OHOTO
EoS. beuio monydeHo, yto rpaduueckuii aHaJIM3 TOHKOW OOOJIOUKU CIETyET
OCHOBHOMY YCJOBHMIO TOHKOW OOOJIOYKH, COIJIACHO KOTOPOMY paauyc
000JI0UKH TOJIKEH ObITH OOJIBIIE paJryca TOPU30HTA COOBITHH.

OtMeuaeTcsi, 4YTO TOHKas o000JOYKa JAEMOHCTPUPYET CTAaOMIIBHOE
MOBEJICHUE KaK ISl COJAEpKaHUs MATEpPUU TUIMA KBUHTICCEHIIMHU, TaK U JJIS
TeMHOW 5Hepruu. ToHKas 000J0YKa MpeacTaBisiia co0OM HECTaOMIbHYIO
KOH(DUTypaluio Ipu J1000M BbIOOpE GU3HUECKUX MapaMeTpoB 1Jis (PaHTOMHOMN
sHeprun Tuna EoS. OOHapyXeHO, 4TO COJep:KaHHe MaTepUu THUIIA TEMHOMN
HEPrUM  JEMOHCTpUpYeT Oojiee  CTaOMIBHYI0 KOHQUIypalHio, YeM
pacrpeneneHe MaTepud TUla KBUHTACCeHUMH. CnenaH BbIBOJ, 4TO
CTaOMIIBHOCTh TOHKOW 00070uku cHIkaeTcs npu Beioope RGI Schwarzschild
BH 1o cpaBuenuto ¢ Schwarzschild BH.

BnepBeie pa3paboTaHO ypaBHEHHE TMOJsg OWHINTEHHA B paMKax
MOIM(UIIMPOBAHHOTO HWCTOYHWMKAa Marepuu. Jlamee Oblla paccuuTana
CTPYKTypa TpaBacTapoB W uX (Qusndeckue cpoictBa. [lpumensss YO k
BHYTPEHHEW 00JIACTM U aHAIMU3UPYs YpPaBHEHUSI JABWIKCHUSI U ypPaBHEHMS
COXpaHEHUs1, yCTAHOBIIEHO, YTO PEIICHHE He uMeeT ocobeHHocTH. Kpome Toro,
IUIOTHOCTh JHEPrUU M JABJIEHUE CHUCTEMBI OCTAlOTCA MOCTOSHHBIMHU, YTO
COOTBETCTBYET XapaKTEPUCTHKAM, CBA3aHHBIM C TEMHOM YHEPTUEH.

IIpakTHYecKHe pe3yJabTaThl HCCIAEAOBAHUSA CJIeYIOLIHNE

PaccMoTpeHO ypaBHEHHME COCTOSIHMS, COOTBETCTBYIOLIEE COCTOSHUIO
IPOMEXYTOUYHOM O0OJOYKM, a TaKKe ONPENCIIEH COOTBETCTBYIOIIMNA
METPUYECKUN TOTEeHIHal. B KayecTBe BHENIHEr0 MHOT000pasus ObLIO
UCIOJIb30BaHO TOYHOE PEILICHUE YEPHOU JIbIPbI, OKPY>KEHHOE O0JIAKOM CTPYH U
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kBUHTAcceHIMe. CTpykTypa TrpaBacTapa Obula pa3paboTaHa € Y4YETOM
dopmanusma J[apmya-Hcpasns. bbb mosiydeHbl KOMIIOHEHTBI TEH30pa
DHEPIUU-UMITYJIbCA, KOTOPBIE WIPAalOT 3aMETHYIO pOJb B HCCIEAOBaHUU
YCTOWUYMBOCTU TpaBa3Be3]l IOCPEIACTBOM JIMHEAPU30BAHHOI'O PAINUAIBHOTO
Bo3MyleHus. [lokazaHo, 4Yro crabwibHas o00JIaCTh YMEHBIIAETCA C
YBEJIMYECHHUEM MTapaMeTpa NoJIsi KBUHTICCEHIUU.

AHanu3 TMOKa3bIBA€T, YTO OJHTPONHUS 00JacTH OO0OJOYKU HPSIMO
MpPOMOPLUHUOHANIBHA ~ TOJIIMHE OOOJOYKK. AHAJOTMYHBIM 00pa3oM  MbI
UCCJIEIyEM SHTPONHIO 000JIOUKH, U3MEHSS €€ TOMUIMHY JJI1 Pa3HbIX 3HAYEHUI
oOnaka ctpyH. CTOUT OTMETUTh, YTO SHTPOIHS YBEIMUUBAETCA C YBETUUCHUEM
TOJILIMHBI U ITapaMeTpa o0aKa CTPyH.

BriepBeie monyueHo pemieHune 0e3 CHHTYJISIPHOCTEH, KOTOpPOE SIBISETCS
(bu3nuecku npuemiaeMbiM. THTEpECHO OTMETHUTbh, YTO pa3padOTaHHBIE TOYHBIE
HOBBIE DEIICHMSI CBOJATCA K TOYHOM Moaenu Masypa u MOTTONBl IIpU
OTCYTCTBHH 00JIaKa CTPYH U MOJIEH KBUHT3CCEHIIUU.

JIoCTOBEpHOCTh  pe3yJbTAaTOB  HCCAEAOBaHMII  oOecrieunBaeTcs
IPUMEHEHUEM COBPEMEHHBIX anmpoOMpPOBAaHHBIX METOJOB MAaTEMaTH4YECKOU
(U3MKYU, BBIUMUCIUTEIBHOM MaTEMaTHUKU M PEJATUBUCTCKOM acTPOPHU3UKH.
Pe3ynbTarhl OBLIM NOJYyYEHBI CTPOrO B paMKax MaTEMaTHYECKOIo armapara
oOlel Teopuu OTHOCUTENBHOCTH M  TeopeTudeckor ¢usuku. Takxke
UCIIOJIB3YIOTCS COBPEMEHHBIE YHCIICHHBIE U AHAJIMTUYECKUE METOJIbl pacyera,
pe3yibTaThl CPAaBHHUBAIOTCA C HMEIOINIMMUCS JAaHHBIMM HAOJMIONCHUA H
pe3yabTaTaMu Jpyrux aBTOpoB. CTPYKTYpPUPOBAHHBIE BBIBOJbBI AUCCEPTALMH
COOTBETCTBYIOT OCHOBHBIM IPABUJIAM ACTPOPU3HKN KOMITAKTHBIX OOBEKTOB.

HayyHnasi 3Ha4MMOCTb pe3yJIbTATOB MCCJIECJOBAHUS 3aKIIOYACTCAd B
TOM, YTO aHaJIU3 PELICHUs I'paBacTap MOXET ObITh IMOJIE3€H AJIs pa3pabOTKU
HOBBIX TEOPUI I'PaBUTALIUH.

[IpakTryeckas 3HAYMMOCTb PE3YyJbTaTOB MCCIEAOBAHUI COCTOUT B TOM, YTO
OHM MOTYT CBI'PATh POJIb B IOJIYYEHUN BEPXHUX MPEIECIOB U OrPAHUYECHUN Ha
MOJIEJIBHBIE TapaMETPbl TEOPUI TPaBUTALINN.

Buenpenue pe3yiabTaTtoB ucciaenoBanusa. Ha ocHoBe pa3paboTaHHBIX
TEOPETUUYECKUX MOJIeIIEH ISl KOMIIAKTHBIX 0OBbEKTOB:

Hay4YHbIE PE3YJIbTATHI, TOJYYEHHbIE B OTHOILIEHUN JIBUKEHUS YACTHLI, ObUIH
UCIOJIb30BaHbl ydyeHbIMU M3 Pynanbckoro yHuBepcutera (FU) B Illanxae
(cnpaBounuk FU, Kuraii, 30 anpens 2024 r.);

IIyOmkanus pe3yaibTaToOB HCCIeIOBAHMA. Pe3ynbTaThl HCClIeIOBaHUSA
JIOKTOpa HayK MpeACTaBleHbl B 31 pereH3upyeMbIX CTaThsIX, OMyOIMKOBAHHBIX
B MNPECTWKHBIX HAY4YHBIX JKypHajaX, pEKOMEHJIOBaHHbIX Bpicmiei
aTTECTAlMOHHOM KOMHCCHE mnpu MuHUCTEpPCTBE BBICHIETO 00pa30BaHUS,
HAyKH 1 nHHOBaIMil Pecrybnuku ¥Y30ekucras.
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BbIBO/IbI

Ha ocHoBe HCCHGHOB&HHﬁ, IIPOBCACHHBIX II0 TCMC «Bnusaaue Ha

TCPMOINHAMUKY H CTaOMIBHOCTD qcpe3 TOHKYIO O6OHO‘IKy KOMIIAaKTHBIX
O6’beKTOB», CACIaHbl CJICAYIOMINC BEIBOJbI:
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1.

[TokazaHo, 4TO mpU BHIOOPE HEKOTOPBIX MApaMETPOB, MPUBOSIINX K
0o0pa30BaHUIO MACCHUBHOM  CKaJIpHOM  OO0OJIOYEUHON CTPYKTYPBHI,
HaOmogaeTcss kosiebaTenbHas KoHUrypanusa. ITa KOHOUrypaius
XapaKTepu30Balach MOCTOSHHBIM  OOMEHOM  TMOTCHIMAIBHOU |
KMHETHYECKOM  JHEeprued, 4YTo CTaJ0 BO3MOXHBIM  Ojarojaps
U3MEHSIONEMYCSl TIOBEPXHOCTHOMY JIaBJICHUIO OOOJIOYKHM U  CHJIE
TsokecTd. M3 rpadmdeckoro moBeIeHUS METPUYECKOW (DYHKIHHM OBLIO
0oOHapy’KeHO, 4TO NoJiokeHre ropu3onTa cooeituii RGI IBapummnbaa
Menble, yeM Y/I [IBapummisaa.

[ToxazaHo, dro rpaduyecKuii aHAIW3 TOHKOW OOOJIOYKH CIICTyeT
OCHOBHOMY YCJIOBUIO TOHKOH OOOJIOUKH, COIJIACHO KOTOPOMY paguyc
000JI0YKK JIOJDKEH OBbITh OOJbIlE pajguyca TOPHU30HTA COOBITHH.
OtMeuaercsi, 4YTO TOHKass 000JIOYKA JIEMOHCTPUPYET CTaOMIBHOE
MOBEJICHUE KaK JJIs COJICPYKAHUSI MAaTEPUM TUIA KBUHTICCEHIIUM, TaK U
Uisi TeMHOM »Hepruu. OOHapyX eHO, YTO COJAEp)KaHWE MaTEepUu THIA
TEMHOW SHEPIHH JEMOHCTPUPYET Oojee CTaOWIbHYIO KOH(UTypaluio,
YeM paclpeieIEeHHe MaTepUu TUIa KBUHT3cCceHIMU. CaenaH BbIBOJI, UTO
CTaOMJIBHOCTh TOHKOW 000JI0YKM CHmKaercs npu BeiOope RGI YJI
[IBapummibaa o cpaBHenuto ¢ YJ1 HIBapimumnbaa.

BrnepBbie nonyueHbl MOAUGUIIUPOBAHHBIE YPaBHEHUS TPABUTAIMOHHOTO
MoJisl B paMKax MOJIU(DUIIMPOBAHHONW TOPHUM TPABUTAIIUU TPU HATUYUHU
(dbanTomHoM MaTepuu. [lomydeHo penienne ajsi CTpyKTyphl IpaBacTapa u
YCTAHOBJICHO, YTO pEIICHHWE HE HWMEET CHHIyJIspHOCcTeN. Taxxke
MOKAa3aHO, 4YTO IJIOTHOCTh JHEPTUM M JIaBJICHUE CHUCTEMbl OCTAIOTCS
MMOCTOSTHHBIMU, YTO COOTBETCTBYET XapaKTEPUCTUKAM, CBS3aHHBIM C
TEMHOMW SHEPTUEH.

BnepBbie monydeHo perieHue sl CTPYKTYphl TIpaBacTapa C Y4ETOM
dbopmammzma Jlapmya-Uzpannsa. OTmMedeHO, YTO TMapameTp «O00JIaKo
CTpyH»  YBEJIMYMBAE€T CTa0WiIbHBIE O0JIaCTM  TrpaBacTapoB, a
CTaOMJIBHOCTh CHUYKAETCS MO MEPE YMEHBIICHHUS IMapaMeTpa CTPYHBI.
[TokazaHo, 4TO cTabWibHas O0OJIACTH YMEHBIIACTCS C YBEIMUYCHUEM
rapaMeTpa Mojisi KBUHTICCEHIINU.

AHanu3 CBSI3U TOJIIMHBI 000JIOYKH C €€ COOCTBEHHOM IJIMHOM MoKa3ad,
YTO C yBEIMYCHUEM TOJIIMHBI M T[apamMerpa objlaka CTpYyH
YBEJIMUMBAETCS M COOCTBEHHas JUIMHA. AHaJIW3 TIOKa3bIBa€T, YTO
SHTpoONHUsl 00JacTh OOOJOUYKH MPSIMO MPOMOPIIMOHAIBHA TOJIIMHE
00O0JIOUKH.

BnepBbie nosydeHo perieHue 0eX CUHTYISIPHOCTEH, KOTOpOe SIBISETCS
¢m3udecku npuemieMbiM. [lokazaHo, YTO 3TH pENMICHHs] CBOIATCA K



TOYHOU Mojie’n Masypa 1 MOTTOJIBI NIPU OTCYTCTBUHU O0JIaka CTPYH H
M0JIEN KBUHTACCEHIINHU.
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