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Kupuiu (¢an gokropu (DSc) auccepramnusacura aBropedepar)

JuccepTanysa MaB3yCMHMHI [013apO/siurd Ba 3apyparu. KaxoHja
X03UPrd KyH/a W/IFOD W/IMMM MapKasjaap TOMOHHW/AH rajakTHMKa/JapHUHT aKTHB
SAPOA MapKa3/apyuHU, Kopa ypajiapHUu Ba 00Illka KOMMAKT 0ObeKT/IapHU TaIKUK,
KWIWII Macajajapura ajoxyja axamust OepuiMokKZa. X03Upru KyHra Kemuo,
TeXHOJIOTUSJIADHUHT  DUBOJKJIAHWIIM  HaTWKacuJa acCTPOHOMMK Ky3aTyBJap
HadakaT acTpodu3WK OOBeKTIapJaH KelaéTraH »37eKTPOMAarHUuT TYIKWHIAp
BOCHTacH/ia Ba siHAa yJjap/iaH aXpajraH TPaBUTALIMOH TYJKUH/IAp OpKaau Xam
amasira OIIMPUIMOK/Aa. Xap 6up acTpodr3uK 0OBEeKT FasaéH/IaHUII HaTWKachja
dakatruHa y3ura xoc Oy/raH rpaBUTALMOH TYJIKWH YAKAPaZW Ba Y OpKaIu Ou3ra
00BEKT Ba YHMHT (GU3UK XYCYCHATIApH XaKWAAa MabIyMOT OJIUII WMKOHWHH
6epagu. IIlyHuHr yuyH XxaM XO03Upru KyHjAa HadakaT [JeTeKTOp/JIapHUHT
AHUKJIUTUHU OIIMPUII UIulapyu onub GOpu/MOK[a Ba siHa Xap XWI TpaBUTAl[Us
Hazapusiylapy/ia KOMIIaKT 00beKT/IapHUHT T'PaBUTALIMOH TYIKWH/IapU HabMYHaslapy
yCTH/la Ha3apui UIllyiapra ajnoxua YbTHO0p KapaTUaMOK/a.

’KaxoHza 5/1eKTpOMarHUT Ba TpaBUTALMOH TYJKWH/IAp BOCHTacHja Kopa
ypajlapHUHT (PU3MK XYCYCHUSITJIapUHU, yap aTpoduaa KeyaéTraH >kKapaéHJIapHUHT
JUHAMWKAaCMHU Ba KyuIM TpaBUTALMOH MakloHAa Oumsra Mabaym (usmk
KOHYHUSIT/ITADHUHT KaHUYa/IMK YPUH/IW SKaH/JIUTMHU aHUKJ/Iallra KapaTuiraH WiMuan
TaAKUKOT/Iap o/ib OopwiMoKZa. Ym0y uyHammiga, avHukca LIGO (Jlazep
Wutepdepomerp ['paButaiion Tyakunaap O6cepBaTopusici) Ba Bupro uamwii
XaMKODJIUTU TOMOHUZIAH KA/l STWIraH Kopa ypasiap Ba HeWTPOH IOJIY3/IapHUHT
KYLIWIWIIWIAaH aXpanraH rpaBuTaiuoH TynkuHiaap Ba EHT (Xogucanap
I'opusont Teneckonu) WAMHUI T'ypyxM TOMOHMJaH Kys3atuiaraH ComoH Wymm
rajakTMKaMH13 MapKasu/ari yTaMaccus Kopa ypa Ykotap A* Ba M87 ranakTukacu
MapKa3yjara kKopa ypa TaCBUp/apy YIIIOy W3/aHUIIIADHUHT aCOCUHU TalllKH/I
sTMokza. IIly OumaH Oupra, Kopa ypalapHUHT OWpalIMIIMJaH XOCHUI Oy/raH
SKYHUN OOBEeKTHUHI XYCYCUSITJIaDUHU 111y >KapaéHJa akpajraH TpaBUTALIMOH
TYJIKUHHUHT ~ KBa3WHOpPMa/l  pEeXUMJ/IAPUHUA  YpPraHWlll  OpKalu  aHUKJIall
MYMKHUH/IATH YMYMUN HUCOMIIMK Ha3apusCH Ba YHTa MYKOOW/ Ha3apHs/apHUAHT
TYFPWINTUHA TEKIIMPHUII Ba KYy/Ulalll dYerapajapuH Oejrwianl WMKOHUHHU
OepMoOKa.

PecniybrvkamMu3ga Kopa YpaJlapHUHT — PeSITUBUCTHK — acTpodu3rKach
coxacuzaru (yHAaMeHTan TaJKUKOT/Iapra Karra bTHOOp Oepub KenMHMOK/a.
XycycaH, Pecriyosmivkamu3 — [IpesufieHTM  TOMOHHWZAH  WIrapu  CypHU/raH
MaM/IakaTumusga uaM-panay 2030 Huiraya pUBOK/IAHTUPUII KOHLITILAACA Ba
¢u3MKa COXaCMHU PHUBOXKJIAHTHUPHILNTA OHJ KapopHza® MaM/IaKaTUMU3[a HIIM-
(aHHUHT rOKcanuiM, GyHZaMeHTa/l TaJKUKOTJIapPHUHT MyXUM HyHa/uIIUIapyd Ba

! ¥36ekucron Pecniy6nukacu IMpesugentuaunr 2020 iiun 29 okrabpaaru Ne ITd-6097-coHnu
“Unm-pannu 2030 Huiraya pPUBOKJIAHTHUPUIL KOHLEMUSCUHU TaCAMK/IaIl TYFpUCHAA TU
DapMOHH.
2 Y36ekucton Pecriybmkacu ITpesupentunudr 2021 #iun 19 maptaaru Ne ITK-5032-connu
“dusmKa coxacuiaru TabjJuM CU(paTUHU OIIUPUIN Ba WIMHUN TaJKUKOTIAPHU PUBOXKIaHTUPUIII
yopa-Tagoupnaapu Tyrpuckaa’ru Kapopu.
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yJIapHUHT XaéTra TaZOWK Kuiauil Basudanapyd Kypcatub Oepunrad. by
BasudanapHy OakapHIlJja TPaBUTALIMOH KOMIIAKT OOBEKTIApHUHT PeJISTUBUCTUK
acTpodm3rKacy, >Kym/asiaH, Kopa ypaiap Ba HEMTPOH HO/Ily3/IapHUHT SHEPreTHK,
ONTUK XYCYCUAT/IAaDUHU YPraHWIl Ba TPaBUTALMOH TYJIKWH/IAD TYTHIUIINA
HaTWkKacuza sipaTWIraH aCTPOHOMUSIHUHT SIHTM WYHa/MILIW, TPaBUTALMOH TYJIKUH
aCTPOHOMHUSICHHUHT MaM/laKaTUMU3/ia MIONIeBOPUHU KYUUIIT MyXUM XHUC0b/1aHaiu.

Ymby auccepTalys WIIM JaBlaT MeLEpUil XyxoKaTaapuza, Y30eKUCTOH
Pecnybnmukacu Ilpe3upeHtuHuHr 2020 viun 29 oktabpgaru I[1P-6097-connu
“Unm-dbanan 2030 uuiaraya pUBOXK/IAHTUPUIN KOHLIENIUSICUHU — TaCAWK/Ialll
Tyrpucyuga’tu ®apmonuga, 2021 vinn 19 maprtaaru [1K-5032-conmm “@Pusuka
coxacMjaru TabauM  cudaTMHA  OLIMPUII Ba WIMHUW  TaJKWUKOTJapHU
PUBOK/TAHTUPHUII Y0pa-Taf0Mp/Iapy TYFPUCHAA TH KAapOPH, XaM/ia yiily coxajiaru
bomka MebEpUM-XYKYKUM XyX@oKaTiapAa OesrwiaHraH BasudanapHd amasra
olMpuIa ymoly AuccepTanus TaJKUKOTU MyalsiH Japa)kaZia Xu3maT KUaaiu.

TapKMKOTHUHT pecrny0/MKa (aH Ba TeXHOJIOTUS/IapPH PHUBOX/IAHUIIIN-
HUHT YCTYBOP iyHa/iMuiapura 0or/mmKaury. lyuccepraiys TaJKUKOTH pecy0-
nvKa ¢aH Ba TeXHOJIOTUSIZIapU PUBOXXJIAHUIIMHUHT II. «OHepreTvka, 3Heprus Ba
pecypc Te>KaMKOPJIMTU» YCTYBOP UYHA/IUILIUTAa MOC KeJa/iy.

JTuccepranus MaB3ycH 0yilMya XOPHXKUI WIMHA-TaJKUKOT/Iap apXu’.
Kopa ypanapHUHT KBa3MHOpPMaJs PeXMMJIapy Ba FPaBUTALMOH TYJIKWH 3(QeKTia-
pUHM Ypranui OvmaH OOF/IUK Ky3aTyB/ap, XyCycaH, Kopa ypajapHWHT OWpJ/ialiiu-
IIMJAard TPaBUTALIMOH HypJaHUIUIAD, KOpa YpajJapHUHT Ky4Id TpaBUTaL[MOH
MaliJJOH/Iapu/iaryd 3/IeKTPOMarHuT Ba CKasisip HypJIaHMIILIap Ba KOpa ypa/lapHUHT
XYCYCHUSIT/IaDUHU YPraHUILra KapaTWiraH WiMHUM TaAKUKOT/Iap )KaXOHHUHT eTaKuu
WIMUM Mapkasiapu, kXymaagadn Kamudopuus TexHosmorus Wucrturytu (AKII),
Pumuaunr Jla Canuensza yHuBepcutetn (Utamus), Makc Ilnank Homwuzaaru
['paBuTarion ®u3mKa UHCTUTYTH - Ayibept DWHINTeWH WHCTUTYTH (I'epMaHmus),
JIuccabon TexHuka yHuBepcutetu ([TopTyranusi), YHUBepcuTeTapapo ACTPOHO-
musi Ba Actpodusrka Mapkasu (XuHgucToH), Cune3ust yHuBepcurety (Yexus),
JlomoHocOoB Homuzard MockBa paBnaT yHuBepcutetd (Poccusi), Pygan
yauBepcutet (Xutoii), Hasapbaes ynusepcutetn (Ko3orucToH), ¥Y36ekucroH
Pecniybnvkacu @annap akaZleMUsICUHUHT ACTPOHOMMSI MHCTUTYTH Ba LyJiap Kabu
OolllKa eTakuy TaJIKUKOT MapKas/iap TOMOHH/AaH aMaJjira OLMpPUIMOK/A.

K¥ymanokaaru kKopa YpanapHUHT OUpJAIMIIMHUHT PUHTAAyH OOCKUUHzA

VWKKUTa KOMIIAKT OOBEKTHUHT OMP/AILWIIM HaTWXXacha XOCWI OYiraH KOJIWK,
00BEKT dYacTOTasiapy KBasuHOpMasn Zie6 HOMJIaHYBUM TPAaBUTALIMOH TYIKWUHJIAP
HYpJIaHTUMPUILI OpKa/M MyBO3aHaT XoJsiaThra Kejazu. KBasuHopMman uacToTanap
KOMTIIJIeKC COHH O0yub, ynap dakat Kopa ypa nmapameTpsiapu 6viaH aHUKTaHAIH.
Mynpati  kuaub, ymapaudr LIGO-Virgo XaMmKop/urd TOMOHHZAaH —Kopa
YpanapHUHT OUPJIAIIUIIKAH aXXpairad rPaBUTALIMOH TYJIKUHIApAA KAl STHIUIIN
6u3ra Hadakat “coucus TeopemMa” HY Ba yMyMUM HUCOMM/IUK Ha3apUsCHUHU, Oanku
OomKa 5K30THMK OK Yypanap, HOMPOHKO3MK TelluKiapd, O030H /y3/apH,

* www.caltech.edu, www.uniromal.it, www.aei.mpg.de, https:/tecnico.ulisboa.pt, www.iucaa.in, www.slu.cz,

www.msu.ru, www.nu.edu.kz, www.astrin.uz
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rpaBacTapjap Kabu oObekTiaapHU OalioparT KWIyBUM a/ITePHATHB Ha3apUsIapHU
TeKITUPUO KYPHUIIT UMKOHUATHHU Oepasiu.

MyaMMOHHMHI' YPraHWITaH/IMK JapaXkacu. PensTUBUCTUK acTpodu3uK
o0BeKTIap aTpodugard CKaasip, 3/eKTPOMarHuT, TPaBUTAI[MOH MaWj0OH/Ap Ba
3appajsiap [AWHaMHMKacu Kyriiab osumuiap, macanaH, amepukamuk (K. Toph, K.
Yunn, 3. IlouccoH, 3. beptun), nopryranusinuk (B. Kapgoco, K. Xepgeripo, X.
Jlemowr), wramusyik (I1. Ilanm, 3. bapaycce, B. ®eppapu, P. Pyddunn),
uexusiik (3. Ctyxmuk, P. Komomns, I'. Jloykec-T'epakomoynoc, M. Buuak),
repmanusiiik (K. Kokkorac, JI. Pemonna, b. Iyty, A. byonanHo, f.
[Mtatinxod), 6pasumusmuk (JI. Kpucnuao, C. Maceno, A. »Ku/ieHKO), SITIOHUSITAK
(K. Maega, XK. Cozma, A. Numbanm, X. Kogama), poccusiiuk (. Tanbiios, K.
BbponHukoB), KaHaganuk (B. ®posos, []. KybusHuak) Ba Oolllkajap TOMOHHUZAH
ypraHwiraH Ba MyXoKaMa KWIWMHTaH. ByHAaH Tallkapy, KOMITaKT OOBeKTJap
aTpoduza ¥3 aliaHUI MOMeHTHra (CIMHUTa) 3ra 0y/ITaH 3appaHyHT AMHAMUKACH
Kymab osmmnap, >kymnazgaH, repManHusyiik (1. IIrtaiaxod, FO. Kyxm, [I.
[Tyeudenn, O. Kyucrt), uramusnuk (. bunmn, 3. bapaycce, [I. Manadapuna),
smonusuk (I1I. Cy3yku, K. Maepga), yexusimuk (I'. Jlykec-T'epakonoynoc, .
KoBapx, O. Cemepak), poccusinuk (I'. bucHoBatiin-Koran, O. I{ynko, FO. O6yxog,
A. Jlepurna3oB) Ba 6o111Kaiap TOMOHU/IAH YPraHU/ITraH.

Pecnybnvkamusga Kopa YpajlapHUHT TpaBUTAlL[MOH FaslaéH/IaHUIIIApH,
OyHUHT HaTWKacuzia yJjapjiaH aXpaaubd UMKA[WraH TPaBUTAL[MOH TYJIKWUHHUHT
XYCyCUSIT/IapU Ba Y3 alJaHWIII MOMEHTHra 3ra Oy/raH 3appaHHHT Kyu/Id
rpaBUTALMOH MaWJOHAAru xapakaTura OWJ, UIMUM TagkukoTaap b. Axmenos, A.
Ab6ayxab6apos, A. TypcyHOB/Iap TOMOHH/]AH aMaJ/iTa OIIKMPH/ITaH.

lapuu Kopa ypajapHUHT >KyZAa KyTaab XyCycUsIT/apu TaAKWK KWIMHTaH
6yncaga, perynsp Kopa YpaJapHWHT KeHT CHHGU 11y >KymyiaZiaH, HOUW3UKJIN
yekTpoguHamuka (HDJ]) OwmaH yMymuid  HUCOMIJIMK — Ha3apUsCHHUHT
Oupraiukiard euMMJIADUHWHT  CKajsip, J/7eKTPOMAarHWT Ba TpaBUTAI[MOH
FaJlaéH/IaHUIIUIAPDVHYHT KBa3WHOPMaJl YaCTOTa/llapyd Ba SBOJIOLIMSCU Xa/d TYJIHK,
ypraawimarad. Illy 6uman Oupra, aijlaHWIII MOMEHTHra 3ra OyiraH 3appaHHWHT
xapakatu (akat chepuk €KW aKIUs/T CUMMETPHK, aCUMIITOTHMK TeKUC (a30BUM
BakT/iap OWaHTMHA UYeKJaHraH Ba aCUMITOTHK HOTeKHWC OynaraH Ba
nedopMarusinanrad ¢ha30Bul BaKT/apra ypraHuimaraH.

Juccepranysa MaB3yCHHHUHT JAWCCepTanusA 0Oa)kapwiraH WIMHH-
TAaAKUKOT Myaccacacd WIMHH-TQJKHUKOT HIUIapu OWiaH OOF/IMKJ/IMIH.
Nuccepranyst  Y36ekucToH Pecriybmikacu @aHnap akageMuscl ACTPOHOMHS
MHCTUTYTUHUHT E®A-ATex-2018-8 pakammu «PensTMBUCTUK acTpodusMKaza
KOMTIaKT OObeKT/ap SKUHWJArd TPABUTALIMOH Ba 3/IEKTPOMArHUT MaMI0H/Iap
xamzaa 3appaiap» (2018-2019), BA-®A-®2-008 pakammm «/luHaMUMK Ba
CTallOHAp PESITUBUCTUAK TPABUTALIMOH OOBEKT/IapAa acTpoPU3MK rKapaéHaap»
(2017-2020), BA-®A-P2-008a «Kopa ypaHuM y3 Hudra OJIraH KyIIa/loK
TA3UM/IAapAard  M30/sids  KWIMHraH Kopa  ypajlapHUHT  pellaTUBUCTUK
actpodusukacu»  (2017-2020), Y36ekucron—benopyccus pactypuHuar MRB-
AN-2019-29 pakamiu «AcTpodu3rK 00beKTIapHU MO/Ie//IalITUPHIL Ba YJIaPHUHT
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Ky3aTuil xycycusitiapuad PT-70 teneckoru rapametpsiapy Ba ['amma-400 pyc
opbuTan Te/lleCKONM mMapaMeTpiapu OumaH  Koppesnsuusiiam»  (2019-2021)
MaB3yCHaryd WIMHM JIoHHXanapy foupacyia Oa>kapuiraH.

TagKUKOTHUHT MaKCaJd YMyMUM HUCOUNMIMK Ha3apUsCHAArd acTpodU3nK
KOpa Vypasap KeHTr CHHOWHAHT KBa3WHOPMa/l 4YaCTOTaJIApUHUHT Oatadcus
TaBCU(U, yJapHUHT TPaBUTAL[MOH TYJKWHIAPUHUHT XYCYCUSITIapU Ba slIalll
BaKT/lapy, rajaKTUKajap MapKa3uJaru yTa MacCUB KOpa ypaJapHUHT XOCHJ/
O6ynuin MexaHW3MH, KOpa ypanap sSKWHHAArd aijaHaéTraH 3appajiap XapakaTu
Kabu 6up KaTop XoAucanapHy TaBcuduiaiiiiad uobopar.

TagkuKoTHUHT Ba3u(anapu:

H3/[] 6unan Ouprasvkaa yMyMuid HACOMWMMK Ha3apusCH JOHMPACH STHTH
peryJisip Ba CUHTYJISIp KOpa ypa euMMJIapUHHA OJIUILI;

KOpa YpaHUHT 3apsi/i TYPUHU YHUHT atpouard Epyr/vK HYpU XapakaTu
BOcUTacuza dapk/aail MyMKUHIUTAHA aHUK/Ialll;

KOpa YypaJapHUHT CKaJjsp, 3JIeKTPOMAarHUT Ba TpaBUTALIMOH FaslaéH/a-
HUIIVIADUHA YPraHWIll Ba Y/AApPHUHT XapakKTepiu TeOpaHWIl dYacTOTaJapyuHU
xucobarir;

3apsi/i/laHraH Kopa ypa/lapHUHT Fa/laéH/IaHUIIIADUHUHT  SIIIall BaKT/IapUHU
OaxoJialll Ba y/lapHU rajlakTUK yTaMacCUB Kopa ypasapra KyJ/uiaii;

rajJlakTMKaJapHUHT MapKa3ujia yTaMacCUB KOpa YpaHUHT Maio Oy/iuiim
cababuHM TYITYHTHUPHII YUYH TTOJMTPOIHK chepa MOZAETMHU UITLIa0 YMKHIIL;

3appasap CIMHAHUHT YHUHT XapakaTura TabCUPUHU TYPJIU XU
(medopMarnivsiaHTaH, KOPOHFY Heprusi xucobra oiMHraH) Kopa ypanap coxacuza
TaJKUK KUTULLL.

TagKUKOTHUHT 00beKTH crdaThia CKassip, 3IeKTPOMAarHuT, IPaBUTAL[OH
Fa/aéH/IAHNIIIIAp Ba YKoTap A*, M87* Kopa ypasiapy Ba MUUTUCEKYH//IU ITyJicap
OJIUHTaH.

TaJKUKOTHUHT NpeJMeTH Kyu/u rPaBUTAL[MOH COXaJa Kopa ypaJapHUHT
CKaJisip, 3JIeKTPOMAarHUTHK Ba FPaBUTALIMOH FajlaéHJ/IaHUILIADUHUHT KBa3MHOPMaJl
TeOpaHUIIJIADUHUHT CTIeKTpJIapyu Xamza 11y OwusiaH OOF/IMK Ky3aTyB IPAaBUTALIMOH
TYJKHAH/Iap MabIyMOT/IapH.

TaAKUKOTHUHT yCyJ/uU1apHu. TaaKUKOT JKapaéHuzaa OVHILTeNH
TeHr/laMa/JlapuHM  euMiliZila aHa/JWTHK, pakamiud XxucoOmail ycCy/lapuZiaH Ba
KOMITaKT 00BeKT (ha30-BaKT/IapMHUHT FaslaéHnaHuIIapuHu  ypranviga BKB,
Jlusep, ®pobenuyc ycynnapu, bop-3ommepdens KoupanapuaaH Ba TYJIKWH
LIaK/IMHU TOTUILL YUyH AUCKPET/IAlUTUPUILL yCYyIuJaH (hoiaanaHuiras.

TagKUKOTHUHT WIMHH AHTWINTH Kylraruaapad nbopar:

BupuHUM MapTa yMyMuid HUCOMWIMK Hasapuscu Ba  HD/IHUHT
Oupranukaard 37eKTp Ba MarHUT 3apsjjaHraH MakcBesin, XaiiBapZ Ba bapaux
KOpa ypa/lapUHUHT YMyMJIallraH eYruM/Iapy OJIMHTaH;

H3l Ba yMymud HUCOMWIMK Ha3apusiCHJard Kopa YypajapHUHT
5/IEKTPOMAarHuT FajlaéH/IaHUIIIADUHYA ~ YpraHWill OpKaau HadakaT EpyFIuK
Hyp/iapy, OankKu 371eKTpOMarHut TyaKuWHAap XamM HO/lna ¢ha3o-BaKTHUHT HOJ
reo/ie3usicu 6yiinab xapakaT KWJIMaC/IUTUHU KYpCaTU/ITaH;



H3/ra KymmaraH yMyMui HUCOUNIMK Ha3apUsSCUHUHT (ha30-BaKT/IapH Xeu
KAQuOH UYKO/IMO KeTMakaurad épyFInK XaaKaaapura sra 0yumm ucOoT/iaHraH;

H3/Ira kyimirad yMyMui HUCOMITUK Ha3apUsICUAATH FOKOPH 3apsifijlaHTaH
Kopa Ypasap >/eKTPOMarHUT FajlaéHJaHUIIUIADHA CYHAUpMacAaH TebpaTuiim
KypCaTWIraH;

371eKTp (MarHuT) 3apsijii Kopa YPaHUHT Ky(QT-XKy(PTIUKIA 371eKTPOMarHuT
FaJlaéH/IaHUIIUIAapY Ba MarHUT (371€KTP) 3apsifiyid Kopa YPaHUHT TOK-KY(TIUKIH
3/IeKTPOMArHUT FajaéHIaHMILIapM  M30CTeKTpaja, sSbHA OUp XWI uacToTaau
SKaHJ/IUTM KYpCaTH/ITaH;

yMyMui ~ HUCOMWIMK  Ha3apuscuja TMOAUTPONUK  cdepaja  KAYMK
rPaBUTALIMOH  Fa/laéH/aHUIUIADHA TaJKWK KWIMII OpKalau rajakTHKasap
MapKa3uja yTa MacCUB Kopa ypasap TMaizo OY/IHIl MeXaHU3MHHH TYIITYHTUPYBUH
MO/ies1 sipaTUIraH;

KODOHFY SHEPTUSHUHT MaBXKyAauru cababim Kopa ypanap atpoduga daxat
YyeKJIaHTaH COXa/larvHa ailjlaHMa TYPFyH opOuTanap X0ocus Oy Iuiy KypcaTUiraH.

TaAKUKOTHUHT aMa/IMd HaTWKalapy Kyhiuaaruiapaad nbopar:

3apsifylaHraH Kopa ypa aTpoduja 8pyf/MK Hyp/apy XapakaTh OpKaau Kopa
YpaHUHT 3aps TYPUHHM aHWK1a0 OYnMaciuru KypcatuiaraH Ba Oy Hatwka EHT
XAMKOPJIUTH YUYyH KOpa ypasap 3apsi/j/lapuHu 6axosialll yuyH oiijan;

H3/ra kyumnraH ymMyMuid HUCOMMIMK Ha3apusicHard Kopa ypanap Xap
JIOUM MYK0/IMO KeTMaluraH épyFIMK Xa/IKaCura 3ra 9KaH/IMTU KypcaTh/araH Ba Oy
Ky3aTyBuW/apra Kopa ypa TYPMHH aXpaTHuIl YUyH XU3MaT KWJiau;

Ky3aTyBJia KOpa YPaHUHI CEKWH CyHaJUraH €KW Xeu KauyOH CyHMauJuraH
3JIEKTPOMArHUT TYJIKWHIAPUHUHT TYTHIMIIKA YHUHT MaHbacu HD/Ira 6GornaHraH
YMYMHM HUCOUUNMMK Ha3apUsACHAArd IOKOPH 3apsijlaHraH Kopa YpaJlapHUHT
57IeKTPOMarHuT FajiaéHIaHUIIIapU SKaHIUTU KyPCaTU/ITaH;

rajlakThKajap MapKasuja yTa MacCHMB Kopa ypa maijo 0yiumn cababu xamm
XaM TYJIUK TYIIYHUO eTW/MaraH Ba WIUIa0 UMKWITAH TIOJUTPOTNMK MOJEN YIIoy
MyaMMOHU Xa/1 KWinija (ovjanaHuIagu.

TaJKUKOT HATWKA/TAPUHUHT HUIIOHWIM/IMTH [JIUCCepTalys  UIIW/a
MaTeMaTUK Ba Ha3apui (DU3MKaHUHT CTaHZApT YCy/Ulapy, Iy >Kym/aZiaH FOKOpU
caMapaid pakam/d YCy/ulap Ba JacTypiapfaH ¢oujanaHuIraH/JInrd, OJIMHTaH
Ha3apyuid  HaTWXKaJapHUHT  MaBXyJ Hasapuil  MabaymoT/japra, Ky3aTyB
Mab/lyMOT/Iapyura Ba OOIIKa OMMMJIADHUHT HaTWKajapura MyBOMUKIUTH TYIWK
TeKIIUPUITAaHIUTH OuaH TabMuHMAaHgU. LIIyHUHTEK, KeaTUpWIraH XyJjocaiap
TPAaBUTAI[MOH KOMIIAKT OOBEKT/Iap Ha3apUsICMHWHT acOCHW XojaTjaapydra MocC
KeJTUIIN OmlaH U30X/1aHa/Iu.

TaJKUKOT HATWKA/IADUHUHI WIMHMH Ba aMa/lMi axaMHMATH. TaJKUKOT
HaTWKaJapUHUHT WIMHK aXaMHUSTH [JUccepTaiusifa wiiab uYukwirad Kopa
ypaJlapHUHT  3JIeKTPOMAarHuT, TPaBUTALIUOH, CKa/isdp Fa/laéH/IaHUIIIADUHUHT
SBOJIFOLMSICMHY TaxjIWl KWIALI (POpMaIuM3M/IapUHUHT Ba acTPO(PU3MK Kopa
ypa/lapHUHT TPaBUTALMOH TYJKWH/IapU Ky3aTyBJjapuJaH OJIMHTaH Mab/JyMOT/Iap
acocyzia Kopa ypaJlapHUHI TYp/JM TapameTpjapd Ba XyCYCHATIapu TyFpUCHA
MabJIyMOT OJIMII MexaHU3MJIapy OusiaH acocIaHau.



TagKUKOT HaTWXKaJIaDUHUHT aMajiuii  aXaMUSTU OJIMHTaH HaTwKasap
épJlaMuzia Kopa ypanap €Ky HeWTHUPOH HOJIAy3/IapHUHT OWpJIAIUIIM HaTWKachaa
XOCUN OynraH KOMIAKT OOBeKT/Iapu[aH a)kpajraH TPaBUTAI[MOH TYIKWUHIIAP
OpKai  yMyMUM HUCOMMIMK  Ha3apuscura MyKOOWI  Ha3apHsIapHUHT
rapaMeTp/Iapu KUHMaTIapyuHU Ba KYJUTaHUII YerapajgapyuHu b6axosnaiil, yiby uiiiga
XMCO0OJ/IaHTaH Mal/JOH/IaDHUHT BaKT 3BOJIIOLMSCHHN TaXJIWI KWIWI YCYyJ/ITapUHA
xycobra omb, OFUp COHJIM yCyJijlapra Mypo)kaaT KW/amac/aH, Kopa ypaJapHUHT
KeHr CMH(WHUHT KBa3MHOPMaJl Pe)KUMHHU Te3 Ba aHUKJIMK OMIaH O/UIlTa UMKOH
Gepurii, Kopa ypanap aTtpoduaa xapakaT/laHaéTraH Y3WHUHT XyCYCHUM aliylaHWII
MOMEHTHIa S5ra 3appaHUHT opOuTasapyu OpKaau MapKa3uil KOMIIaKT OOBeKT
rapaMeTpJsiapuHu Oaxosaill 6uaH U30X/1aHa Iu.

TagKMKOT HaTWKa/JAapUHUHT JKOPUHA KWIMHHMION. PesiTUBUCTHK
acTpodm3rK 00bEKT/IaDHUHT CKaJsp, 3/IeKTPOMarHUT, TPaBUTALIMOH FaslaéH/IaHUILI-
71ap Ba 3appanap JUHaMUKAaCUHU TaJIKUK KWINLLI acOCUa:

H3/l Ba ymymuii HUCOWUMMK Ha3apUsCHHUHT OWpJIAIIUIIMAAH OJIMHTaH
SHTU KOpa ypa euMM/lapd Ba YJIaDHUHT Fa/laéH/IaHUII-JIapd Ba LIYHUHIJEK,
rajakTkKa MapKa3ujJa yTamacCHMB Kopa ypa Xocua 6yiuin Mmozaenu OumnaH OOFJIHK,
HaTwKamap  Yexus  wiM-paH  >KaMFapMaCUHUHT 19-03950S,  Yexus
PecriybmikacuHuHr  OmaBa  miaxpugard  Cusie3usi  YHUBEPCUTETHHUHT
SGS/12/2019, SGS/14/2016 Ba AnbbepT DHIUTENMH HOMHJAruM TpaBUTALUS Ba
actpodu3uka MapkasvuHUHT 14-37086G pakamau rpaHT/Iapu goupacuza (Yexus
PecriyOomukacuauHr  OmaBa miaxpugard  Cusesuss  yHuBepcuteTd  Pu3sMka
VHCTUTYTH XaTd W/OBa KWIWHAM) Ba OMD HeuTa XOPWKUM TaJKUKOTUMIIAp
tomoHugaH (Nature Astronomy, 2017; Journal of High Energy Physics, 2018;
Living Reviews in Relativity, 2019; Physical Review D, 2019; Physics Letters B,
2019) daon ramakTUK sApoiapAa >KOW/AILTaH yTaMacCHB Kopa ypanaap OumaH
OOFUK, TYP/IM XU/ X0/IMCallapHU Yprauuija GoiaanaHuiraH.

HNedopmariusi KM KOPOHFYy SHEPrysi xucobwra Typiau Xwil (UMK
XyCycusiTid - acTpodu3uk o0BekT/iap aTpoduia XapakaTaaHAa8TraH Y3WHWUHT
XYCyCUM ailaHWIl MOMeHTWra sra OyiraH 3appavyaHyHI AuUHAMHUKacu Oyiinua
TafIKUKoTAap Ko3oructoH Pecriybsvkacu TabauMm Ba3UPIUTMHUHT MaKCa/lTu
JlacTypu foupacugaru “@yHgaMeHTan Ba amaaui (pU3nKa pUBOXK/IAaHUII MapKas3u”
Homm  IRN:BR05236454 Ba Ha3ap6oeB yHUBEPCUTETUHUHT (aKy/JATEeTHU
PUBOXJ/IAHTAPHUIN  Oyiimua  pakobarbapgoml  WIMWK-TagKUKOT  TpaHT/IapH
090118FD534, 090118FD5348 (Ko3oructon Pecnybnmkacu  Ha3sapOoes
YHUBEDCUTETUHUHT XaTW W/IOBa KWIWH/[W) Ba TYypJid T'DaBUTALUsS Haszapusjiapuja
Kopa ypasap Ba y/ap arpoduaarua akpersi 6umaH 00F/IUK TaAKUKOT/Iap yUyH OHp
katop xopwkuii Taakukotuunap (Physical Review D, 2018; European Physical
Journal C, 2019; Galaxy, 2020; Universe, 2020) ToMOHU/IaH UILIJIaTU/ITaH.

bup >XUHC/IW YaHT@H sicajiraH CpepuK IIapHUHT JWHIITeUH-I"aycc-boHHeT
KOpa TyWHYrura KoJjularicd OyiWYa TagKWKOT/Iap HaTWKaaapyd XWHIAWCTOHAArH
YHuBepcuTeTIapapo  TpaHT  KyMUTach  JioMuxanapu  XUHAUCTOHHUHT
YHuBepcuTeTapapo TpaHT KyMUTacH AacTypJapu goupacyja (XuHAUCTOHHUHT
YHuBepcuTeTnapapo TpaHT KymuTacuHuHr 2021 vwumn 28  sHBapjaru
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MabJIyMOTHOMAcH) Ba LIYHUHTEK, XOPWXIUK onumiap ToMoHuzAaH (Journal of
High Energy Physics, 2020; Physics Letters B, 2020; Physics of the Dark
Universe, 2020; European Physical Journal C, 2020) Jiiniurelin-I"aycc-boHHeT
Ha3zapuscUjard Kopa YpajJapHUHT (U3UK XYCYCUSITIapUHU  YpraHuiiyia
(holianaHu/ITaH.

TaAKUKOT HaTWKA/ITADUHUHT anpodanusicd. Ma3Kyp TaJIKUKOT HaTiKa-
napu 14 Ta xankapo Ba pecnyO/MKa WIMUN aHKyMmaHIapJa MyXOoKamaZaH
YTKa3WIraH.

TagKMKOT HaTWKaJapUHUHT YON 3TWITaH/JAurd. /lucceprauys MaB3ycCu
6yiimua 33 Ta WIMMII WIUIAp HAIIp KWIMHTAH, IIy/JapAaH Y306eKUCTOH
Pecniybrmikacu Onuiii aTTecTalyiss KOMUCCHUSCHHUHT JTOKTOP/MK AWCCepTaLUsiiapu
aCOCHM UIMHU HaTW)KaJIapUHU YOI 3THUIL TaBCUS STW/ITaH WIMMH Haip/japga 19 ta
WMWK MaKoJ/ia XOPWXKUHW )KypHa/l/IapZa.

JuccepTalMAHMHT TY3WIMINM Ba Xa)XKMH. [luccepTauysi KUPUIL KUCMU,
Gerrta 600, xysnoca, 200 Ta doiganaHuiTaH afabuétnap pyixatuzadH ubopart.
JrccepTaliUSIHUHT Xa)KMHU 224 O€THU TaIlKWT STa/Iu.
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IVICCEPTALIUSTHUHI ACOCHUIA MA3MYHU

JvccepTalMAHMHT KMPUII KUCMHU/JJA TaHIaHTaH MaB3YHUHT [10/13ap0Jiiru
Ba 3apypaTH acociaHrad 6ymmb, omb Gopwirad TaAKUKOTHUHT acOCHH MakCaau
Ba Basuanapu, o0ObeKT Ba mpeaMeTnapu TaBcudsaHraH, Pecrybsvka daH Ba
TeXHOJIOTUS/IaDU  PUBOXKJIAHWIIMHUHT ~ YCTYBOD  WyHa/MILIZIapUra  MOC/IUTH
KypcaTuiaraH, TaJKUKOTHUHT WIMWW SIHTWIMTH Ba aMa/ldii HaTwKajaapud OaéH
KWIWHTaH, OJIMHTaH HaTVyKaJapHUHT WIMHIK Ba aMa/iMi aXaMUsATH 0unlb OepuraH,
Halllp JTWITaH WIUIAp Ba [JUCCepTalvs TY3WIMIIM OylirWdya MabayMOT/iap
KeJITUPW/ITaH.

HOuccepraimssHudr  «Kuckaya  acrtpogu3uk  Mabiaymoraap»  febd
HOMJIaHTaH OupuHUM 606M1a X03UPryu acTpoU3UKaHUHT 1013apb MyaMMo/iapy Ba
yJIapHUHT [JUCCepTalusi MaB3ycura [JOUPJIUTK XaKuJa KHUCKaua MabayMOTJiap
KeJITUPW/ITaH.

JuccepTalUsiHUHT «YMYMHH HUCOMA/IMK Ha3apusick 0oFJIaHraH
HOUYM3MK/IH /IeKTPOJMHAMHKA/Ia Kopa ypaiap» aeb HoM/laHTaH UKKUHUYA 0001
YMYMHM HUCOWNIMK Ba HOUM3HWKIM 3jeKTpoavHamuika (HO/I) HazapusiapuHu
OofslaraH XoJija SHTU KOpa YypajapHUHT eurdM/IapMHH O/MII Ba ymiOy Kopa
ypajJapHUHT  3apsUHUHT TYPUHU EpyFIMK HYpU BOCUTacua aHUKJAlll
9XTUMOJITMK/IADUHU TaIKUK ITUIITA Oaruiiuiadrad. HO/JHUHT yMyMH HUCOMMIAK
HasapusCUAArd acocui axaMusiT/apuZiaH OupuM IIyHAaH uOopaTkd, MakcBesu
(UM3UKJ/IA) 37EKTPOAWHAMMKACH Ba yMYMUM HUCOUWIMK Ha3apusch TYp/H
Haszapusuiap Oynuinvra KapamacjaH, yjiap CUHTY/SPAUK [ie0 aTajyBud yMyMHM
Xald XaM XajJ KWIMHMaraH MyamMMoJiaH as3usT ueKaju. JluccepTalysiHUHT
OvpuHuM O0OWHWMHT OWpMHUM sipMHJA OW3 3/eKTp,  MarHUT Ba JUOHHUK
3apsiiylaHTaH Kopa ypa euuMMJ/IapUHU OJIMIIHU Ba YJIapHUHT XYCYCHUSITIapUHU
Hamoium stamu3. H3/Ira GofnaHraH yMyMuid HUCOWUWIWMK Ha3apUsCH KyhduJaru
TabCUp OWsaH TaBcUiaHaN:

S=— | d*xv=g(R-1L), (1)
167

By epga L HO/uunar narpamk 3uuiurd OYnmub y 37eKTpOMarHAT MaioH
KYUWIaHUIIMHUHT QYHKUUSICH. (1) yUyH 3HT KMCKA TabCHUP TaMOWWIMHU KyJljlaraH
xonma, ©.. =T, DHHIOTelH Maiif0OH TeHrJamanapd ojuHazu, Oy epga 1.
H3/JHuHr sSHeprus-umnyJsic TeH30pd. OWHWTeMH Ba HOJl yuyH Makcsenn
TeHT/IaMa/lapUHU CTaTHK, CGhepuK CUMMETPUK HWHTEepBal YuyH euub 37eKTp
3apsiiyii, MarHyT 3apsifijid Ba JAOHUK S'TbHU OUp BaKT/[a 3JIeKTP Ba MarHUT 3apsi/ijiv
Kopa ypa euuMM/apuHUA ONAWK. MacanaH, Oy eunMM/IapHUHT YMyMUM Kywuaard
KYPHHUILLTA 3Ta:

oM it (2)

.f(T):l—W

Arap Oy TeHr/iamanap YM3UK/M 37eKTPOANHAMUKA YUYH eumnsica, (a30-BaKTHUHT
Mapkasuila CUHTyaspaurd Oynran  Mamxyp PeiiccHep-Hopzactpom — Kopa
ypacveunMu onuHagu. Metpuk dyHkuus (2) Hadakar bapaun (u=2, v=1) Ba
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XatiBapg (y=3, v=1) eunM/lapUHH YMYMJIAIITHPAAA Ba IOKOPU TapTHUOIapurava
TY/AAUpaau, OasKu ysiapra KylimMda ssHr MakcBesin Tunuaard (u=1) edrMiapHu
¥3 murra onagu. llyHunr yuyH, 6u3 ymwby sHru euumMHU «MakcBesi» Kopa ypa
eunMu 1e0 HoOMIaZAUK. By eunm 371eKTp 3apsiiv OY/UIlK XaM MYMKWUH, aMMO Oy
XO0//la YHWHT JlarpaHkK 3WWINTH MarHUAT 3apsiyIMHUKWra HucbataH OoIKa
KypuHuira sra 6ynaau. By HO/IHUHT siHa OUp >Ky/a MyXUM XyCYCUSITUHU O4Ynb
6epasiy, AbHU YMyMU HUCOUMTUK Ha3apysCU Ba UM3UK/IN 371€KTPOIMHAMUKAHUHT
Oupra/vkaard euuMuziard xosatiaH dapkau yiaapok, HO3J/lma xap KaHzai
JlarpaHX 3WU/MTM MarHUT Ba 3JIeKTP 3apsianv (a3o-BakTjap y4yyH Oup xui
eurM/IapHU OepMaiiIu.

buprHun 600HMHT MKKWHYM SpMHJa Ou3ra aBBaijaH MabiayM OYJTraH WIMHN
(akT SbHU 3/IeKTPOMAarHUT TYJKWH/IAp BaKyyM Ba UW3UK/M 37€KTPOJMHAMHKAAA
($a30-BakTHUHT HOM Treofe3usicd OVinabd Tapkazaaw, amMmo y HO/lma da3o-
BaKTHUHT HOJ reojie3uscu Oyiirda TapKanMmaaud. ByHpaH Taikapu, OYJTUMHUHT
oupuHun sipvuza HOJI 6unan GormaHraH yMyMu HACOMMIMKAATU (pa30-BaKT/iap
9/IEKTp €KA MarHuT 3apsAjiu  OY/IvIM MyMKWHJIUTHA, 3/7€KTpP Ba MarHuT
3apsijlaHraH oup xwi (a30-BaKT/JIapHUHT Jarpalk 3UWIMK/Iapyd 3Ca Xap Xui
9KaH/IUTU KYpCaTWiiud. YOy JanvsuiapHyd xucoOra onraH Xosja, 0u3 Epyriuk
HYPUHUHT XapakKaTH OpKaJu Kopa YpaHWHT 3apsifi TYpUHHU (apK/ail MyMKHAH €KU
NYKIUIVHY aHMK/IaJWK. EPYF/IMK HYp/JIapMHUHT XapakaT/IaHWIIM WKKaja 371eKTp
Ba MarHUT 3apsifjiaHrad ¢a30-BakTiap yuyH 3G (eKTUB MOTeHI[Mal Ba EPYF/IUK 4-
Te3JIMTUHUHT paZiiaJl KOMIIOHEHTHMHHU TonguK. WKkana Xonataa xam (Qaso-
BakT/apjaru (oroHchepaHUHT paguycjiapy OUp XU SKAHIUTUHA KYpPCaTAVK.
Ketivnru xonatjga Ou3 EpyF/uMK HYPJIADUHUWHT 1y KOpa YpaJapHUHT SIKWHUZAH
yTraHjja rpaBUTUTALMsS TabCUPUZA TYFPU TPaeKTOPUSIAAH UeT/JaHUILMHUA Ba 11y
yeT/IaHWIII HaTW)KaCHZia YHWHT Ky3aTyBuuWra eTHO KeJWIINUJard KeuuKUIITHHU
GaxomaguK Ba ILIyHra aMuH OY/IIWKKY, yJap Xap WMKKaja XojaTja Xam Oup Xun
KYPUHHUIIITA 3Ta Ba IIYHUHT YUyH, 3apsi/i TYPUHU YyJlap OPKa/Id aHUK/Ialll UMKOHCH3.
MlyHpaii KWinubO, JUCCepTAI[USTHUHT OWPUHUM 000M WKKUHUKM KUCMUHWHT SHT
MYXUM HaTiKalapuiaH OMpH LIyHJaKW, dakaT EéPYFIUK HYPH TPAeKTOPHS/IADUHU
Ky3aTHIll OpKaIuKopa ypa 3apsii TYpUHUAHUK/1a0b 6yiMaiiivu. By HaTWKaHUHT SHT
Jon3apb amanuii axamMusATA IIyHJaH WOOpaTKW, XO3UPrHM KyHAA SHT WIFOP
Ky3artyBiap o6 6opaérran EHT unmuii noiixacy Kopa ypaJapHUHT 3apsiIUHUHT
TYPHUHU aHUKJIaW OJIMan/iy.

[uccepTalsIHUHT “YMyMHHA HHCOMW/IMK HA3apUACA Ba HOYM3HUKJIH
3/IEKTPOJUHAMHKA/Ia KOpPa Ypa/IJapHUHT Fa/laéH/IaHMNuIapu” 1e0 HOMJIaHTaH
yurHud 000M, HO/Ira OofmaHraH yMyMuid HUCOMMIMK Ha3apusaCHAArd Kopa
ypanapHUHT CKajsip, 5/€KTPOMarHUT Ba TPAaBUTALMOH FajlaéHIaHULLIAPUHU
ypraHuiira Ba yJlapHUHT XapakTep/id TeOpaHHII YacToTanapu s’bHU KBa3WHOPMall
Mo/Jia/lapyHy Xucobsaiira G6aruiiviaHrad. busra Mab/yMKH, FanaéHaaHraH 0OBeKT
rpaBUTAL[MOH TYJKUHJIAp Hyp/JaTUILLl OpPKaau MyBO3aHaT Xosatura kenazu. Ly
TYJKWH/IADHUHT YacTOTajlapy KBa3WHOpMas fieb aTanaZid, YyHKUA y/ap KOMIUIEKC
coH OwnaH udoganaHnd, O0OBEKTHUHT TMapaMmeTp-jiapy OwlaH  TY/UK,
taBcu(iaHa U, JlrccepTalfusiHUHT UKKUHUM 0001zia 613 onguHru 606/1a o/ivHraH
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yMyMuii HUCOWUMMK Ha3apusCHAard 3/1eKTp Ba MarHUT 3apsjjiaHraH Kopa
ypasapra TOK Ba Xy(dT Ky PTIUKIU 3/IeKTPOMarHUT FasiaéH/IaHULLIIaPHU KUPUTIUK
Ba ymi0y FajlaéHIaHUIITIADHUHT JUHAMUKACHHU a/IoXy/a YPraHuO YMKAUK. DJIeKTP
Ba MAarHuT 3apsifjli UXTUEPUM KYyPUHMIIAATA KOpa ypaJapHUHT TOK Ba Xy(T
KyODTIUKAAru ~ JIeKTPOMarHUT — FajlaéHIaHUIUIADUHUHT  IUHAMUKACHHUHT
yHMBepcan (opMarvM3MUHMA WILIA0 UMKAWK Ba KeMMHrd Oockuuza Ou3 yiby
dbopManu3aMHU aHUK OUp Kopa ypa euuMMmura Kysiab, ranaéHaaHUILIAPHUHT
JvHaMuKacuHU yprauavk. Iy makcazaga 6u3 aBBanru 606/a onvHraH MakcBer
Kopa ypa eunMu (2) HM Mucoa cudatvga TaHaaguK. bu3 seKTpomMarHut
FaslaéHIaHUIIAD SBOJIIOLIMACUMHY  XapakKTep/d WHTerpanus ycyau 6epaamuja
ypranauk. 1-pacmpga 6u3 HOmarm MakcBenn Kopa TYWHYTH Ba UM3UKJIU
37MeKTpoAuHaMuKazaru PericcHep-HopacTpom Kopa ypacHMHUHL 37€KTPOMAarHuT
Fa/laéH/TaHUIIUIADUHUHT BaKT Oyiirya 3BOMIOLUSICUHU OJITUK.

0.01¢ : o \\Tifhl‘y‘\“»v'\‘" v 1
1075 me % il 'v“\)‘\"nTm"‘r“‘“_'\_"\_"“"l‘yl”‘ 1074
i “"‘\‘r\'nﬂ-n.,\." 3 107}
|D| 10-8 Nm ] ‘ I rwmw |D| 10-10]

10~ 10-13}
10-14 1n-16

001 I 01 r

107 107

¥ 40 o 1071
10710

1071} ”'ny%m 10-13}

10~ 10716 e
20 50 100 200 500) 20 50 100 200 500

time time
1-Pacm. H3/[garm  MakcBeqsm  Kopa  TyuHyru(uarnja) Ba  UW3MKJIU
37eKTpoiMHaMuKazZiaru PericcHep-HopcTpom Kopa TYWHYTMHUHT 371€eKTPOMAarHuT
Fa/laéH/IaHUIIUVIADUHUHT BakT OVinua 3Boronuscu(YHTAa) 3apsSgHUHT Xap XUl
Kyungaru kumMataapuzaQ=0.2 (kopa), Q=0.6 (kyk), Q=0.8 (smmm), Ba Q=0.998
(Ku3un).

1-pacMzaH Kypull MYMKMHKHM, u4M3uMKgd Ba HO/lmarm Kopa ypanapHUHT
3JIEKTPOMAarHuT FajaéHIaHULLIaD 3BOIOLMSCHHUHT acOCUi (apKy LIyH/aKH,
MakcBensn perynap Kopa ypaJlapUHUHT  3apsiii  KUUMaTUHWHT  OLUMIIU
raJlaéH/IaHUIIUIAPDHYHT  slllall  BaKTUHU  y3aUWTUpajy, aMMO  UYW3UKJ/IU
5/IeKTPOAMHaMUKaza Oy >kapaéH akCuMHUa KUCKapaau. ByHjaH Tamkapu, 6us
FajaéHIaHUIIVIADHUHT  KBa3sWHOpMasn  yYacToTarapuHu  xucobnaguk. By
YacToTa/lapHUHT XaKUKU KMUCMU TeOpaHMIL YaCTOTaCMHU, MaBXyM KUCMHU 3ca Oy
TeOpaHUIIJIaDHUHT CyCaWUIINHU €KY YCULLIMHY aHT/IaTaJu.
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2-Pacm. DOnektp (uarga) Ba marHuT (yHrza) 3apsand Makcsenn Ba PeiccHep-
Hop/cTtpem Kopa ypanapyHUHT 371eKTPOMAarHuT FajaéH/laHUIIapuHuHr 1=1 Ba 1=2
dbyHAamMeHTan KBa3WHOPMas 4YacToTajapu 3apsiiHUHr ¢ = 0.1 yHTepBasjaru

KUUMaT/Iapy yUyH.

byHpaH Talikapy, IOKOpU SHeprusi auMmuTHga HO/lmarn Kopa ypanapHUHT
9JIEKTPOMAarHUT FajlaéHaHUIIJIADUHNA ~ YpraHuill opKaau Ou3  WiIK MapTa
9JIEKTPOMAarHuT fanaéunanuiiap HO/lma Hon reofesvs OyiiMda rOpMac/UTHHU
KypcaTAvK. Yly TaxXJUIHUHT HT MyXUM HaTiKajapujaH siHa OUpU IIyH/aKH,
arap 3JIeKTp Ba MarHUT 3apsiiyii Kopa ypanapHUHT ¢a30-BaKTaapu Oup xus 6yiica,
MarHuT (971€KTp) 3apsi/ylaHraH Ba XyQT O >KYQTIMKIA  5JI€KTPOMarHuT
FajlaéH/IaHUIIAp 3/1eKTP (MarHWT) 3apsyii TOK J>KY(PT/IMK/IA 371eKTPOMAarHuT

FaslaéHIaHUIIIap OUp XU/ CIIeKTPAUIUP.
JKopuit 606HMHT UKKWHYM sipMuyjia 6u3 HO/lparu Kopa ypaHuHT & .. (ha3o-

BaKTHra XyJa KAYMK /1. rajaéHaaHuimey 9,.=4,. +h, . kabu kuputub, ymoy
FaslaéHIaHUIIHUHT 3BOJIIOLMSICMHUA ypraHvK. ['paBUTalMOH FajlaéH/laHUILLIaPDHU
XaM TOK (akcuwan) Ba Xyt (KyTOsin) Kucmsapra 1. =h. +h. KaOW a)KpaTHIL

MYMKHWH. DWHIITENH TeHI/IaMaCMHU FOKOpW/Iary FaslaéH/IaHUIILIap YUYyH ajJoXuja
eun0, Teruiiv 3¢ ¢deKTUB TMoTeHLManra ra 0y/araH TYJKWH TeHIJIaMaH! OJI/IVK.
KelivHuanuk, Ou3 OysapHu bapawH, XaiiBapa Ba MakcBesil Kopa ypasiapura
Ky71ab y/apHUHT KBa3WHOPMAJ YaCToTasapyuHu XrUcob/1ab ynmKavK.

Ba HuxosT, yidy 600HMHT oXupru KucMmuga 6m3 3apsiacu3 (IIBapipmmng),
PeiiccHep-HopacTpoM Kopa TyWMHYrM Ba SUJIaHFOU CUHTYJSpauryd,  bapauH,
XaviBaps, Ba MakcBenn Kopa ypaJlapUHUHT — CKalsp, 3JIEKTPOMAarHuT Ba
T'PAaBUTAI[MOH FajlaéH/IaHUIIJIADUHUHT SIIAlll BaKTJIapUHU OaxXosaiiMu3. Bu3HUHT
xucobmapuMmu3 IIyHW KYpCaTAWKW, 3apsjjiaHraH ¢a30-BakTiaap xojucasnap
TOPU30HTU WYKOMTaHAaH KeWWH XaM 3apsJHUHT MabJyM KuhMaTura Kazap
¢dotoHcdepara sra Oynaau. Ky3uru LIyHJaKW, 3apsiiHAHT SKCTPUM KUMMaTuja
yiiby a30-BaKT/IapHUHT I'DaBUTALIMOH Ba CKaJsip FasjiaéH/IaHUIIAPU XeU KAuoH
cyHMmaiian. bupok, yimby da3o-BaKT/IapHUHT 37€KTPOMArHUT FaslaéHIaHMIILIapU
TabuaTh OoITKauapok, 0y10, ynap acocaH (oTtoHbepaza »koinamiagu. H3IHUHT
(da3o-BaKT/Iapy Xeu KauoH WyK O0Y1rM0 KeTMmaiauraH oroHcdepanapra sra 6yiuo,
yJlap JOUMO 3JIeKTPOMAarHuT FajlaéH/aHMILIapHY Tapkatagu. Kuckada aidtras/a,
O6u3 FasaéH/AHUIIVIADHUHT IOKOpHW/A KypcaTWwiraH (¢a3o-BaKT/iapAa — siall
BaKT/JIADUHUHT FOKODM Ba TIACTKK dYerapajapyuHd yHTa MOC KeJjlafiuraH 3apsif
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KUMMaTUHU 1-KaZiBaa yMyM/allITUpaMu3.

OHT 3ap. OHT 3ap. OHT 3ap. OHT 3ap.
da30-BaKTIap KUCKa y3yH KHUCKA y3yH
rpas. rpas. OM M
[IBapujmmg, 51.0262 0 51.026 O 51.0262 0 | 51.026 0
2 2
PHKY 50.0378 0.73 | 55.550 1 50.0378 0.73 | 55.550 1
3 3
PH {C >55.550 >1 = 1.06 | >55.550 >1 = 1.06
3 3
Makcenn KY | 48.7728 0.62 | 57.519 1 50.0385 0.52 | 53.471 1
0 5
Makceenn HX | >57.519 >1 = 1.07 | 20.1975 2.25| 62.303 1.2
0 6
Bapaun KY >51.026 >0 | 63.031 1 51.0262 0 | 58.358 1
2 3 8
bapaun HX >63.031 >1 = 1.11 | 36.6051 2.4 | 63.174 1.24
3 9
Xaiisapg KY >51.026 >0 | 61.048 1 | >51.026 O | 55.875 1
2 9 2 8
XatiBapa HX >61.048 >1 = 1.07 | 40.5379 2.35| 58.475 1.24
9 1

Table 1. Perysnsip Kopa ypajapHUHT 'DaBUTALMOH (Ba CKasisip) Ba 3/IeKTPOMAarHuT
FaslaéH/IaHUIIIAPHYHT SIlIalll BaKT/Iapy Ba yJiapra MoC KeJlyBuM 3apsij KuiiMat/jiapu
[M/ M ,10°°] cekynp Gupruza.

Tesuchunr “ITomTponuk cdepanapaaru rpaBUTAMOH 0eKapop/IUry Ba
YHHHI Ta/IaKTHMK Trajiojlapfard CymepMacCHB Kopa Yypajapra TaTOMK,
STH/MIK” 16 HOM/AHraH TYPTHHUMA 000U, yMyMHI HUCOMMIVK Ha3apHsCHJATH
TIOJIUTPOTTUK Ccepa/lapHUHT YMyMHUN XyCyCHUSAT/Iapyira Ba YHHHT TrajakTHKa
Mapka3japuZia yTa MacCMB KOpa YpaJlapHUHT  BYXKYAra  KeIWIIAUHU
TYLIYHTUPHUINTa OaFuill/IaHTaH. OHEPIUs-UMITyJIC TEeH30pH Wjean CYHOKIUK
TeHT/laMacl KYPUHUIIIKZAA OJIMHAAW Ba £ =P T SHEPTrUs 3UWIMTH Ba P=p T
W30TPONUK OocuM Oup-Oupu OumaH KyWuzard TOJUTPOITHK XO/aT TeHTJlaMacH
opKanu OoFylaHaIu:

p=Kp'*v, (3)

By epga ™ mosuTpon wHAekcu 6ynub, =2 Ba V= 3/Z xomarmap Moc Xosza
PEJIITUBUCTUK Ba HOPEISITUBUCTUK akWHuraH @depmu ra3Hu udboganaiau.
Taxmuiap IyHH KYpcaTAuKy, TIOMTPOITHUK UHAEKC N Ba PeJIATUBHUCTUK ITapaMeTp
< KMWMAaT/IaPUHUHT OPTHUIIM OW/IaH, TIOMTPOIHUK C(HEpPAHUHT YIUYaMMHU OpTaau
Ba N HUHI eTap/Mya KaTTa KMMMaT/Iapyu yuyH Oapua MOJMTPONMK cdepagap yuyH
¢, =1 gpHM yjap XyJa KaTTta. Bolllka TOMOHZAH, TOJUTPOIMK ChepaHUHT
Ymuamu Karta Oynranu OumaH Gekapop EpYFJIMK Xa/lKAaCW JKOWIAIIraH pPainyc
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C.. N.oo=1 neapmu ysrapmaiigy. EpyF/IMKHUHT XapakaT TeHITIaMa/JapUHU eUMIII
opkamu 6u3 V.o mapaMeTpJapHUHT 0ab3u KUMMAaT/Iapy YYyH WUKKWUTAa: TYpPFYH
<. . fa Ba 0ekapop S... fAa (5...<5...) EpyFIMK Xa/lKajapy OOpIUruHU
aHUKJIaHAW Ba OyHJAM TOAUTPOIIAp TYTYBUM TIOJUTPOIUIAp  Jelusajiu.
HIyHUHTIEK, TOMUTPONUK cdepaHUHr OapKApOPIWIMHUA aHUKJIAII MaKcaaua
TIOJIUTIPONUK cdepara KAYMK TIPaBUTALMOH FaslaéH/IaHUILIIADHU KUPUTIUK. By
ep/ia 6u3 TyTyBuM rosdtporiap (<1578 <N <4) yyyH KkBa3WHOpPMas yacToTasap Ba
Fa/laéH/IaHUIIUIADHUHT BakKT OYiMua y3rapuiivHd XUcob/iafiuK. 3-pacMjia TYyTyBUH
MOMUTPOIVIAPHUHT  3(G((}EeKTUB  MOTeHLMaJMHUHT  CXeMaTWK  KYPHHUIIA
KeTTUPHU/ITaH.

A S A T
Fig. 3. TyryBuu nonutporn 3p(eKTUB MOoTeHI[UaIu Pagusii OOFTUKIUTMHUHT CXe-
MAaTHUK KYpPUHHUILNN. TyTyBuM €OXa IOTEHIMATHAHI MMHUMYMH, * ..., “. [a, Ba
MakCUMyMH, * ..., .. la TOMOHH/IAH OOIIKapUIau.

[IlyHr TabKUAJAIIMMU3 KepakKKH, TIOJUTPONHMK C(hepaHWHT TpaBUTALIMOH
Fa/laéH/IaHUIIUIAD TTOTEHIMA/JIMHUHT MHHUMYM Ba MAaKCHMYM COXaJapUHUHT
MaB)XY/[JTATH MYJITUAIION COH ¢ , TIOJIMTPOITHUHT XapaKTepHUCTHK rapamaTp/iapu -
Ba @ HUHI KUWMaT/iapura OOFIMK. Xucobmamiap IyHd KYpPCaTJuKA, MYITUIION
COHHUHT KWYMK KWWMaT/apujia TOMUTPOINUK o/Ay37ap OapKapop EpyF/IuK
Xankacu arpoduaa FanaéHaaHuIUIapra HucOatan Oekapop. Illy GumaH Owupra,
MYJITATION COHWHWHT KWUMMAaTH OPTHINM OWlaH OeKapop/vK Kamasi Gomuiaiigy Ba
10/1/1y3 GapkKapopJaiia OOoIIaiu Ba MYJITHUIION COHMHUHT KaTTa KWUMMaTt/aapuza
TPaBUTALIMOH FalaéHMIaHUIIap 4-pacMjia KYpCaTWITaHJEK J>XyZa acTa CYHHII

Ou/IaH y30K SAIaki/Iu.
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N=3.8, 0=19/25
=30 =0 N/
100 (=50 —— £=100 /\/\/\mpY ]

1 W -"'-l‘ it | N‘ f "‘lr “ i

200 400 600 800 1000

n
Fig. 4. " =22 uxuam Ba N =38 KeHrafiraH TyTyBUM T[IOJIUTPOITUK CQEPaHUHT
Gapkapop EpyF/IMK XalKach COXachjla TPABUTALMOH Fa/aéH/IaHUIIIADHAHT BakT Oyiinua
5BOJIFOLIUSICH.

FOkopuia mosuTponuK chepasapHUHT TYTHIUII COXacua y30K, SIIOBUYM OeKapop
TPaBUTAL[MOH FajlaéH/IaHUIIIaD MaBXKY/JIUTH KYPAUK. DHAW YHUHT acTpodU3MK
okubaTIapyHU TaxJIMA KAIalIMK. Y10y 0ekapopiuk Ty(aiyid TyTUIWII 30HacH
($a30CMHUHT STPUIUTH OLIMO KeTafid Ba HAaTWXKa/la IIYHWHT MUKW COXACHJaTd
Macca Mapkasra Ky/iab Kopa ypara €Ku HeWTpOH Iojiiy3ra allaHWIIN MYyMKHH.
KyTtuiaétraH KOMIakT OOBeKTHHWHI MaCCaCMHU 0OaXosalll yuyyH Ou3 TyTHIyBUM
COXAHWHT HUCOMM >KoWammiy, R: V.0 | pa ymlOy 30Haraua OyiraH MaccaHu
TIOJIUTPOITHK C(hepaHUHT TY/IMK Maccacura HUCOaTHHU MdoAaIoBUd HUCOMM Macca
napamerpy, f.N.0 | kabum KyHWuzard SHCH ~ TapaMeTpiap  KUPUTaMU3.
Xucobnauiap IIYHH KYpPCAaTAWUKH, TYTyBUM IOJMTPONMK cdepa ¥ <375 xomga
uxuam Oynub, yHMHr HUCOMN >KoMmammmm == L0 Ba OyHzall cucrema
rpaBUTAI[MOH 0eKApOpJ/IMK HaTWKacuaa xoCcra 6yiraH Kopa ypaka ioTuaub ketau.
N=3.75 pma H.= 10 raga eragm Ba F.= 10 GYiraH KaTTa TYTYBUM MOJUTPOITUK
cdepanap xocun 6ymagu Ba 6yHAa XaTTO TYTyBUM COXaja Kopa ypa Xocua 0ysica
xaM, Oy COXaHHWHT MaccacH Ba yuaMd KMUMK OYITaHIWTY y4yH, CHCTeMa Te3Ja
CcTabW/UTaMIIMHYA Ba HaTWKa/la MapKasuZia Kopa ypa MaBxyj OyiraH KaTTa
TIOJIUTPOITHK ChepaHuHT XOCHI OYJUIIMHA KYyTUIIUMHU3 MYMKWH. DHJW OJIMHTaH
HaTWKaJapHU TaflakKTUK rajora Ky/lamu3. BupuHUM xosijia arap ra/lakThK
XaJIOHUHT Maccacu M, = 107+10° M. 0yaca, MapkasZia XOCHI OyaraH Kopa
ypanuHr wmaccacu M= 10 10" M. 6ymagu. by HaTwkamap OW3HMHT
rannaktikamus ComoH Mynm Ba KymHM M87 Ba ynapHMHT MapKasiapHjaru
yTamaccrB Kopa ypa/JlapHUHT Macca/lapHUHT Maccasiapy 6viaH Moc Kenaau. By aca
O6u3 TakmMd >TaéTraH MoJen Ta/FIaKTHKasap MapKasjapuja Kopa YparTapHUHT
X0CH OY/uIl cababuHU TYITYHTUPYBUK HOM30/] MO/JIENTUD.

Ba HuxosaT, “AKUHAJI CHAMMETPHMK KOMIAKT 00BeKT/Iap arpodujga
aii/laHaINTaH 3appavyaHUHT AMHAMHKacu” 1e6 HOMJIaHTaH Te3WCHUHT OermmHurd 600M
KOMITakT 00beKT/Iap aTpodu/ja XxapakaT/JIaHyBUM Y3UHUHT XYCYCHI aiiJlaHWIII MOMEHTHTa
3'a CMHOB 3apPa4dCUHUHT JUHAMHWKACUT'd Oaruiianrad. CUHOB 3dppacuv AsKUH/IaIIUIIN a4
6u3 aiiylaHaéTraH 3appauyaHUHT XapakaTWUHU "'MOHOMOJI-AUMON"  SIKWUHJIAITyBU/a
xucobaiimmu3. CriMH-3TPUIMK y3ap0 TabCUPUHU Tydaiiiv, 3appa 3HU reofie3us Oyiinya
XapakaT/aHMaiau. ByHaii TaBcrdaa xapakaT/iaHaéTraH 3appaiap Xapakatd MaThCCOH-
[Tamanietpy-dukcon (MII/]) Tenrsamanapu OwinaH udoganaHaau. IIlyHpaéi kummo,
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VUXTUEPHUM CTaTUK, aKCUSITT CUMMepPHK KOTIAaKT 00BeKT arpodu/ja XxapakaTaaHaéTraH
Y3UHUHT XYCYyCHM ailJlaHWILI MMITYJICUTa 3ra 3apPaHUHI XapakaT TeHIJ/laMajapyuHu
KenTupub umkapavk. Ketinaru 6ockuuza, 6u3 0y gopmanu3mMau Typid xumn daso-
BaKT/lap/la XapakaT/JaHaéTraH 3appajiap YYyH Ky/ulaJyK.

3appaHuHT XapakaTura (pa3o-BakT Ae(OpMalUSICUHUHT TabCUPWUHU aHUKJalll
yuyH 6u3 3unoii-Bopxuc ¢a3o-BakTH (SbHU y-MeTpUKa) HU TaHaab onguk. y=1 aa
(da3o-BakT ceprK KypuHHUILTa Kenaaaud Ba IlIBapuiimig meTpuKkacura aiiaHaju.
0<y<1 Ba y>1 XonaT/apy MOC paBHIli[ja Uy3WiraH Ba CUKWIraH JieopMaliysiiapiu
MaHbOanapHu aHryatagyd. KysaTyB HyKTau HasapuiaH SHI MyxuM opbutanapjaH
Obupu Oy sHr Wuku Oapkapop aiinaHa opbutacuaup (ISCO). Kyiinga Gepuiran 5-
pacmza Aedopmalvsi TMapaMeTPUHWHT Xap XW1 KWWMaTtiapu yuyyH Y (aso-
BaKTH/laTy aviaHyBuM 3appaHuHr [ISCOcu 6epunraH.
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-1.0 -05 0.0 05 10

5-Pacm. [ledopmarivst mapamMeTpUHUHT Xap XU KuiiMaTaapy/a Yy (pa3o-BakTHgaru
avnaHyBuu 3appaHuHr ISCOcu. Yusuknu Ba HyKTaaM YW3WKJIAD MOC paBHILZA
L. =0 pa Ll <0 xonarnapra Tyrpu Kenaau.

CHHOB 3appPaCHHMHI CIIUHM = Ba Oypuak mMomeHTH -, wuiopamapura Kapab, 5-
pacMiaH IIIyHA KypamMu3Kh, = Ba { HuHT OepwiraH aHWK KWWUMaTh Y4yH
Frooo solo=lh=r o s, Lo=0 myHocabar YpuH/m.

byHgan Taimikapu, yii0y OOOHHMHT UWKKWHYM spMuja OW3 KOpPOHFY
SHEPrUsIHUHI aljlaHaéTraH 3appajiap XapakaTura TabCUPWHU ypraHguk. byHpaau
da3o-BaKTIapZiaH UWKKUTACHJa: KOCMOJIOTUK JOWUMUWHK Y3 WUWdra OJira
[IBapiymmng gAe-CuTTep Ba KBUHTECCEHCHsI TTapaMeTPUHU Y3 WuWra oJjraH ¢aso-
BaKT/lap/la XapaKaT/aHaéTraH aiJlaHyBuUd 3appaHUHT [JUHAMWKACHHU YPraH[uK.
Ku3ury 1myHAaky, ¢a3o-BaKTaap aCUMIITOTHK HOTEKWC OyiraHauru cababiiu,
OyHzmai ¢a3o-BakTiap/ia MapKa3uii MaCCAaHWHT TOPTHILHII KyYd KOCMUK WUTApHII
OvaH MyBO3aHaT/AIlIraH CTaTUK paguyc (7. ) MaBXyZ Ba aiilaHMa opOuTamnap
dakar cratukpaauycraua 0ysiraH macodasapga XoCcua OYIUIM MyMKUH (7<1..).
KeiivH, OM3 AWKKATUMU3HU acTPOPH3UK >KUXATJAaH 3HT MyXWM opOuTtanapjaH
6bupura, 6apkapop aiyiaHa opbuTtasapura Kapatauk. by Xonia, acUMOTOTHUK TeKWUC
da3o-BakTnapAaryad dapkau ynapok, 6apkapop aitiaHma opOuTanap Hadakart
ISCO ne6 HOMMaHraH WUKM pajdyc OwlaH uerapajiaHaZiy, Oa/lkKuM KOPOHFY
SHEPrUSHUHT UTapyBuu Xycycustv Tydaiimm yrmap OSCO ge6 HOMIAHTaH TalllKU
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pajuyc OwiaH XaM uyerapajgaHaju. YJIapHUHT XYCycUsTIapu 6-pacMja
KypCaTH/ITaH.

T
no circular orbi . .
o circular orbits no circular orbits
~ L W T 1~ -
o [ W& Tl ®) .
O [ W T O
7 S R - -~ A TN A L % Tt
@] =40 | & Tl
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2 1
() et
= =
—~ - 1=
..........
W Tl 7 .y
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.- e | shrsmemwmem@eitETTTT a1 |
____________________
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0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.000 0002 0004 0006 0008 0010 0012 0014
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6-Pacm. IlIBapummng ge-Cutrep (uam TaHen) Ba KBUHTeCCeHC (pa30-BaKT/aapuza
xapakat/jaHaétraH aiaHyBud 3appaHuHr ISCO Ba OSCO paauyC/lapUHUHT KOPOHFY
JHeprusi mapameTpura 60oFauKIUryu. by epza rpaUKHUHT MacTrd Ba IOKOPU KHWCMIapu
ISCO Ba OSCOra 1y¥pu Kesaau. HyKTamm 4n3WK CTaTUK paJuyCHU OUIAUPaIN.

Actpodusukazia Ky3aTWaaZuraH OOBEKTIapHUHT aKCApUATUA Y3/IapUHUHT
Oypuak ummysciaapura (CridHaapura) 3ra OY/iraHIMrd Ba Ky3aTHIIIAp KOPOHFY
9HEepPUSHUHT KOWHOTHUHI KeHTaWMIlWra TabCUPWHHU TaCAWKJaraHauru cababsu,
IOKOpYJla auThb YTWiraH ypraHuiuiap >XyZa MyxuMm 3au. KemuHr, sHAu
rajakTMKaMi3 Mapkasuja maccacd M =10°M . 6ynran Ykorap A* jramaccus
Kopa TyWHyru arpoduja xapakaT/jaHaJiuraH MUWUIMCEKYHJ, TiyJcap YuyH
XUCOOalJIapUMU3HA  Ky/UTalauK.  KOCMOJIOTMK —~ JOMMUWHUHT  KUMMaTH

A=10 "km *, M=1.2M . maccanu MWIIHMCEKYH]| MyJCapHUHT CMUAHKA 5 = U .45
9KaH/JMTUHU Xucobra osicak, ISCO ramakTHMKa MapKasufaH oo~ L0
macodaga, OSCO 7= L0 kw= 10" napcex macodafa, SbHU ralakKTHKA OuiaH 6up

XWJT pafiniyc/ia OYTHUIITMHN aHHUKTaIVK.
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XyJ1oca

Kyuuga auccepraumsiila KeITUPWITaH WIMHKA HaTW)KaJIaDHUHT aCcOCUWJIapy

KMCKaua KeJTUPU/ITaH.

1.

Ymymuii HUCOMIIMK Hazapusicura HJJI KyiiraH xo/sa 3/eKTp Ba MarHUT
3apsiyTi  KOpa YpalapHUHT SIHTM euMMJIapUHK  OJUIl  (hOpMasIi3MUHU
HaMOMMIII 3TAWK Ba ymiOy ¢opManu3M Aoupacu/ia SHIM eYUMHHA HaMOMHIII
3TAuK. By euum Hacdakatr Ousra mMabaym Oynaran XebiBopa, bapauH Kopa
Ypanap euumsiapuHu OMpAILTAPAIY, OasKK y/lapHU FOKOPU Jlapakajiapraua
KeHravitupagu. Illy Ownan Oupra, y Kydcu3 MailioH SIKUHJIAIIUIIKAA
MakcBe/UTHUHT UM3UK/IM 37IeKTPOMarHeTUK MaiIoHUTa MOC KelyBUuu SIHTH
TypAard euuM/JapHu V3 Wuura osiagu. by euumiapHUHT  (QU3MK
XYCyCHUSIT/IaDU YPraHUIIH.

Iy Hapca KypcaTWinAuKW, arap Kopa ypa 3apsjiaHrad 6ysca, yHWHT
3apSIMHYHT TYPH, STbHU 3JIeKTP €KW MarHUT 3aps/jIi YKaHIUTHHU Kopa ypa
atpodua xapakaraaHaéTraH EpyFIMKHU Ky3aTHIl OpKaau aHUK/Ia0
Oy maiiu.

HO3/lmaru 3/1eKTp Ba MarHUT 3apsijid KOpa YpaJapHUHT 37eKTPOMAarHuT
Fa/laéH/IAaHUIIUVTADUHUHT KBAa3WMHOPMA/ DeXUM/apyd CIEeKTPJIapu  UW3UKJIN
3/IEKTPOIMHAMUKaiaruiaH  (papkIv paBUIla W30CMEKTpal 3Mac/IuTUHU
KYypCaTAuK.

ONeKTpPOMarHuT FajlaéHIaHUILIIAD YM3UK/IM Oy/IMaraH 37eKTpoAMHaMUKaAa
épyFIMK Hypu (a30-BaKTHUHI HOM Teofe3usick Oyiinua HOpMaciuK
XOJMCACUHU TaCAWKJIOBUM KyWIHd BOCHTa OY/IUIIM MyMKHUH/IUTH KypCaTAVK.
byHgaH Taillkapu, 9/1eKTp (MarHMT) 3apsijjii Kopa YpaHUHT Ky(]T-
KY(DTIMKIN 3/1eKTPOMArHUT FaslaéH/IaHUIIIAD CTIEKTPU Ba MarHuT (371eKTp)
3apsiyIi KOpa YpaHUHT TOK-KY(TIUK/IN 3/eKTPOMAarHUT FasiaéH/aHUILIap
CTIeKTPHU U30CTIeKTPas SKaHIUTMHU KYPCaTAUK.

H3/lra KyummnraH yMyMdd HUCOMHIMK  Ha3apUSCUHWUHT  KOMITAKT
o0BeKT/Iapu Xeu KauoH Uykoamaiiaurad goroHcdepanapra ara.

YMyMuil HUCOMIIMK Ha3apusichjia TOJUTPONUK cdepa eUMMUHU OJIIUK Ba
rpaBUTAL[MOH FaslaéHyiaHuIiapra Hucbaran Oy cdepa GeKapop SKaHIUTUHU
KypcaTavk. Kwusurm, Oy Oekapopyik Oekapop (oroHcheparaua OyiraH
TYTYBUM coxazia OyminvHy Ba Oy ¥3 HaBOaTH A 1y epjard Macca MapKasra
Kynab Kopa ypa XOCWI KWIMIIMHU Ky3aTAuK. [lomuTport mapamMeTpUHHHT

V=375 guiiMatsapy/ia arap Ta/UIaKTUK TaJlOHUHT Maccacy M ... = 10" M

O6ynca, yHMHr MapkKa3uaa Xocun OymaauraH Kopa YpaHMHI Maccacu
Mypp=10 M. OY/IMIIMHU Ba XaTTo 0ab3y KuMMat/apyja YHWUHT Maccach
Mpy=10"M raya eTUIIMHU KypcaTAuK. by HaTwkamap OW3HUHT

rannakTikamus ComoH Mymu Ba KymuHy M87 Ba yapHUHT MapKas/iapuaru
yTamaccrB Kopa ypa/JapHUHT Maccajapy OuiaH MOC KeJTUIINA KyPCaTU/IAH.
Bu3 xycycun annaHul MOMEHTUra 3ra 3appaHuHr akumaa CUMMETPUK, CTaTUK KOMMAKT
obbekTnap atpoduaa xapakatmra $paso-BakT AedOPMaUMSACUHUHT Ba KOPOHFY
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SHEPTUAHUHT TabCUPJIAPUHM aloxpuaa ypraHAuK. OIMHIaH HaTUXKanapHU ranakTUKaMus
MapKasuga >koinawraH Ykotap A* Kopa ypacu atpodupa xapakaTaaHaéTraH
MUANIMCEKYH, NMyAcap Y4YH KYan1ab WyHU KYpcaTAMKKK, nyacapHuHr ISCOcM MapKasaaH
Fieo=10 kM Macodama, OSCOcu 3ca rowo=10  Km=10" mnapceK
Macodaza, SHHH TaJlakKTHKa OwiaH OWp Xuna paguycia  OVIUIIMHM
aHWKIa/IMK.
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INTRODUCTION (Annotation of doctoral dissertation)

Topicality and demand of the theme of dissertation. Nowadays a research
on active galactic nuclei in the center of galaxies has become one of the main
targets by the leading research centers in the world. As a result of current
development of technologies, astronomical observations are being carried out not
only through the electromagnetic waves coming from the astrophysical objects, but
also via the gravitational waves extracted from them. Every astrophysical object
emits different gravitational wave as a result of merging or perturbation that allows
us to distinguish it from other objects and estimate their properties. Therefore, a
great efforts are put not only on increasing sensitivity of the current detectors, but
also on the theoretical study of the gravitational waveforms of compact objects in
different theories of gravity.

At present, scientific research on determining the physical properties of
black holes by means of electromagnetic and gravitational waves, the dynamics of
the processes taking place around black holes and how appropriate the physical
laws known to us in a strong gravitational field. In this direction, a recent
triumphant discoveries such as the detection of the gravitational waves from the
coalescence of two black holes in binary by the LIGO (Laser Interferometer
gravitation Wave Observatory) and Virgo scientific collaborations and the images
of the supermassive black holes (SMBHs) Sagittarius A* (Sgr A*) in the center of
the Milky Way and the center of the extragalactic elliptical galaxy M87 captured
by the Event Horizon Telescope (EHT) group are guiding all these researches. At
the same time, the fact that the properties of the final object formed from the
merging of black black holes in binary can be determined by studying the
quasinormal modes (QNMs) of the gravitational waves extracted in the process
one can not only verify the General theory of relativity (GR) but also constrain the
correctness of alternative theories gravity.

Our Republic pays great attention to fundamental research in the field of
relativistic astrophysics of black holes. In particular, the the concept of the
development of science in our country by 2030 and the decision on the
development of physics in our country, put forward by the President of our
Republic showed the important directions of fundamental research and the tasks of
their implementation. In carrying out these tasks, it is important to study the
relativistic astrophysics of gravitation compact objects, including the energetic,
optical properties of black holes and neutron stars, and lay the foundation for the
gravitation wave astronomy in our country which is a new direction of astronomy
created as a result of the detection of the gravitational wave.

This dissertation work is aimed at implementing the tasks approved in state
regulatory documents, in the Decrees of the President of the Republic of
Uzbekistan No. UP-6097 “About approval of the concept of development of
science till 2030” dated October 29, 2020, as well as Decree of the President of the
Republic of Uzbekistan No. PP-5032 "On measures to improve the quality of
education and improve scientific research in the field of physics" dated March 19,
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2021.

Conformity of the research to the main priorities of science and
technology development of the republic. The dissertation research was carried
out in accordance with the priority direction of the development of science and
technology in the Republic of Uzbekistan II. “Energy, energy and resource
saving”.

Review of international scientific researches on dissertation subject. The
research of QNMs of black holes and associated observational gravitational wave
effects, in particular, gravitational radiation from merging black holes,
electromagnetic and scalar radiations of fields in the strong gravitational fields of
black holes, and studies of the properties of black holes, are carried out by leading
research centers and higher educational institutions, such as the California Institue
of Technology (CalTech, USA), Max Planck Institute for Gravitational Physics -
Albert Einstein Institute (Germany), Technical University Lisbon (Portugal), La
Sapienza University of Rome (Spain), Inter University Center for Astronomy and
Astrophysics (India), Silesian University in Opava (Czech Republic), State
Astronomical Institute, P.K. Sternberg (Russia), Fudan University (China),
Nazarbayev University (Kazakhstan), Astronomical Institute of the Academy of
Sciences of the Republic of Uzbekistan (Uzbekistan) and others.

In the ringdown phase of coalescence of black holes in binary, the remnant
resulting from the merger of two compact objects relaxes to its equilibrium state by
radiating the gravitational waves whose frequencies are called QNMs, since they
are complex and subject to decay through the imaginary part and they are
determined solely by black hole parameters. Thus, their registration in gravitational
radiation during the coalescence of black holes by the LIGO-Virgo collaboration
gives us a chance to test not only the no-hair theorem, and hence GR, but also the
alternative theories of gravity which predict more exotic objects such as white
holes, wormholes, boson stars, gravastars their interpretation in various theories of
gravity.

Degree of study of the problem. Since, in the linear approximation, the
field equations in the vicinity of the black hole are reduced to the wave equation
with some effective potential, the mathematical problem of calculating the QN
frequencies is reduced to a problem on the eigenvalues of a linear differential
operator. Most of the existing solution methods can be conditionally divided into
semi-analytical and numerical. The choice of method for finding the QNMs
depends on the context in which the QNMs are studied. For example, the methods
developed on the basis of the Wentzel-Kramers-Brillouin (WKB) approach for
effective potentials such as potential barriers are well applicable to astrophysical
black holes and are the simplest, but approximate ones are not very accurate and in
a number of cases the third order after the eikonal approximation is not sufficient
for an adequate description of the QNMs.

The dynamics of scalar, electromagnetic, gravitational perturbations and
particles around relativistic astrophysical objects have been studied and discussed
by many scientists, among whom are, for example, Portuguese (V. Cardoso, C.
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Herdeiro, J. Lemos), American (K. Thorne, C. Will, E. Poisson, E. Berti), Russian
(D. Galtsov, K. Bronnikov), Canadian (V. Frolov, D. Kubizniak), Uzbek (B.
Ahmedov and others), italian (P. Pani, E. Barausse, V. Ferrari, R. Ruffini), czech
(Z. Stuchlik, R. Konoplya, G. Loukes-Gerakopoulos, J. Bicak), german (K.
Kokkotas, L. Rezzolla, B. Schutz, A. Buonanno, J. Steinhoff), brazilian (L.
Crispino, E. Abdalla, C. Macedo, A. Zhidenko), japanese (K. Maeda, J. Soda, A.
Ishibashi, H. Kodama) and many others. However, the QNMs of scalar,
electromagnetic, gravitational perturbations for a wide class of black holes,
including regular ones in GR in combination with nonlinear electrodynamics
(NED), have not yet been fully studied.

Moreover, dynamics of the particle possessing its own angular momentum
(spin) around compact objects is one of the vital phenomena for astrophysical
observations and measurements as most of the astrophysical objects have their own
angular momenta. Therefore, this topic has also been studied and discussed by
many scientists, among whom are, for example, german (J. Steinhoff, J. Kunz, D.
Puetzfeld, D. Kunst), italian (D. Bini, E. Barausse, D. Malafarina), japanese (S.
Suzuki, K. Maeda), czech (G. Lukes-Gerakopoulos, J. Kovar, O. Semerak), russian
(G. Bisnovatyi-Kogan, O. Tsupko, Y. Obukhov, A. Deriglazov) and many others.
However, these studies have only been restricted in spherically or axially
symmetric, asymptotically flat spacetimes and not been extended to the
asymptotically non-flat and deformed spacetimes.

Connection of the topic of dissertation with the scientific works of
scientific research organizations, where the dissertation was carried out. The
dissertation was performed within the framework of scientific projects of the
Astronomical Institute of the Academy of Sciences of the Republic of Uzbekistan
YFA-ATeh-2018-8 “Particles and strong gravitational and electromagnetic fields
in the vicinity of compact objects in relativistic astrophysics” (2018-2019), VA-
FA-F2-008 “Astrophysical processes in stationary and dynamic objects of
relativistic gravity” (2017-2020), VA-FA-F2-008a “Relativistic astrophysics of
isolated black holes in close binary systems containing black holes” (2017-2020);
Belarusian-Uzbek project MRB-AN-2019-29 “Modeling of compact astrophysical
objects and correlation of their observational characteristics with the parameters of
the RT-70 telescope and the Russian orbital telescope Gamma-400” (2019-2021).

The aim of the research is a detailed description of the QNM behavior of a
wide class of astrophysical black holes in GR, in particular, coupled to NED
transforming into the Reissner-Nordstrom black holes in the linear electromagnetic
field approximation, as well as the application of the results to the description of a
number of observed phenomena, such as the frequency of gravitational waves and
their decay times, characteristics of supermassive black holes at the center of
specific galaxies, the motion of spinning particles in the vicinity of black holes,
etc.

The tasks of the research:

Obtaining new regular and singular solutions for black holes in the
framework of GR in combination with NED;
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study of the possibility of distinguishing the type of charge of a black hole
by the motion of photons in its immediate vicinity;

study of scalar, electromagnetic and gravitational perturbations of spacetime
of black holes and calculation of their characteristic vibration frequencies (QNMs);

to estimate the upper and lower ranges of relaxation times of perturbations
of charged black holes and apply them to the galactic SMBHs;

development of a polytropic star model to explain the possible formation of
a SMBH in the center of the Galaxy;

to study the influence of the spin of particle on its motion in the field of
various (deformed, spherically symmetric, in particular, including dark energy)
black holes.

The objects of the research are the processes of evolution of scalar,
electromagnetic and gravitational fields in the vicinity of regular black holes in
NED and candidates Sgr A*, M87, millisecond pulsar.

The subjects of the research are the spectra of QN oscillations of the
scalar, electromagnetic, and gravitational perturbations, which give the oscillation
frequency and decay rate of QNMs of black hole under astrophysical conditions in
the strong gravity regime, as well as the associated observational gravitational
wave data.

The methods of the research. In the current research we encounter highly
nonlinear partially differential equations that will be solved analytically, semi-
analytically or fully numerically. Moreover, perturbations of the black hole
spacetimes is described by the Schrédinger-like wave equation with complex
eigen-frequencies that are to be found we use WKB, Leaver’s and Frobenius’
continued fraction methods, Bohr-Sommerfeld rule and to find the waveform we
use the discretization method.

The scientific novelty of the research is in the followings:

for the first time correct, electrically and magnetically charged Maxwellian,
Hayward ad Bardeen black hole solutions in GR coupled to NED has been
obtained;

for the first time we show by studying the electromagnetic perturbations of
the black holes in NED that not only the light ray but also the electromagnetic
waves do not follow the null geodesics of the spacetime in NED;

for the first time it is shown that the spacetimes of GR coupled to the NED
have never vanishing light rings;

for the first time it is shown that highly charged black holes in NED
oscillates electromagnetic perturbations with very small or even without damping
rate;

for the first time it is shown that QNM spectra of the axial electromagnetic
perturbations of magnetically (electrically) charged black hole and polar
electromagentic perturbations of the electrically (magnetically) charged black hole
are isospectral;

for the first time we present a formalism by solving the Einstein equations
for the polytropic equation of state and introducing small perturbation to this

27



spacetime that the formation of the SMBHs in the galactic center;

for the first time the effect of spin of the particle to its motion around black
holes with deformation and dark energy is presented.

Practical results of the research are as follows:

obtained new analytic black hole solutions in GR coupled to the NED.

it has been shown that the through the motion of light ray around charged
black hole, one cannot distinguish the type of charge the black hole possesses.
These may be useful for the EHT collaborations to estimate parameters of two
black hole candidates, M87 and Sgr A*, if these black holes are considered as
charged.

it has been proven that the black hole in NED has always got nonvanishing
lightring and this fact may also be used to distinguish the type of black hole from
observations in the near future.

The electromagnetic perturbations of highly charged black holes in GR
coupled to NED oscillates slowly or never damping electromagnetic waves. If such
signal is detected in observation, one can easily extract information it on the
source.

The formation of SMBH in the center of galaxy is still not solved problem
and developed polytropic model could address this unresolved phenomenon.

Reliability of the research results ensured by the fact that in the
dissertation work standard methods of mathematical and theoretical physics were
used, including highly efficient numerical methods and programs, a thorough
check of the correspondence of the obtained theoretical results with the available
theoretical data in limiting cases, observational data and the results of other
scientists was carried out, as well as the fact that the given the conclusions are in
good agreement with the main provisions of the theory of the field of gravitational
compact objects in the regime of strong gravity.

Scientific and practical significance of the research results. The scientific
significance of the research results is determined by the ability of the formalisms
developed in the dissertation to analyze the temporal evolution of electromagnetic,
gravitational, scalar fields and perturbations of astrophysical black holes and the
mechanisms for extracting information from observations of gravitational waves
from astrophysical black holes in order to obtain data on various parameters and
properties of black holes. In addition, future observations of gravitational waves
from mergers of black holes and neutron stars may provide observational
constraints on the presence of electric and magnetic charges in a black hole, which
play a decisive role in observational processes around black holes.

The practical significance of the results of the dissertation lies in the fact that
they can be used to obtain the values of the parameters of alternative theories of
gravity in a strong field regime and gravitational compact objects formed as a
result of the merger of black holes and neutron stars. The results can be useful for
analyzing the frequency and decay time of gravitational waves, in the development
of observational tests, criteria for the detection and identification of various types
of compact black holes. Taking into account the methods for analyzing the time
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evolution of the fields calculated in this work makes it possible to quickly and with
good accuracy obtain the QNM of a wide class of black holes without resorting to
cumbersome numerical methods. The obtained characteristic spectra of
gravitational perturbations in the vicinity of black holes can be useful in the
analysis of experiments on the detection of gravitational radiation from black
holes.

The practical significance of the results of research includes the followings:
they can be used to estimate parameters of black holes via their electromagnetic
and gravitational signals; they can serve as one of the serious models of the
formation of the SMBHs in the galactic centres; they can also be used to estimate
parameters of the central compact object through the orbits of the spinning particle
around it.

Application of the research results. Based on the study of dynamics of
scalar, electromagnetic, gravitational perturbations and particles around relativistic
astrophysical objects:

the results related to the derived new black hole solutions in GR coupled to
the NED and their perturbations as well as the model of formation of the SMBH in
the galactic center have been used in the Silesian University Grants No.
SGS/12/2019, No. SGS/14/2016, the Albert Einstein Centre for Gravitation and
Astrophysics under the Czech Science Foundation Grant No. 14-37086G and
Czech Science Foundation GACR project No. 19-03950S (letter from Institute of
Physics, Silesian University in Opava, Czech Republic) and were used by several
foreign researchers (cited in highly ranked journals such as Nature Astronomy,
2017; Journal of High Energy Physics, 2018; Living Reviews in Relativity, 2019;
Physical Review D, 2019; Physics Letters B, 2019; etc..) to study various
phenomena related to the SMBHs hosted in active galactic nuclei;

the research on dynamics of the particle possessing angular momentum
around astrophysical compact objects with various properties such as the one
possessing deformation or dark energy, have been used in the frame of the
Ministry of Education of the Republic of Kazakhstan’s target program: “Center of
Excellence for Fundamental and Applied Physics”, IRN: BR05236454 and
Nazarbayev University Faculty Development Competitive Research Grants No.
090118FD534, No. 090118FD5348 (letter from Nazarbayev University,
Kazakhstan). They were also used by several foreign researchers (cited in refereed
scientific journals as Physical Review D, 2018; European Physical Journal C,
2019; Galaxy, 2020; Universe, 2020; etc..) to study the orbits of the particles
around and accretion of black holes in several gravity theories.

study on the gravitational collapse of a sphere made of homogeneous dust to
black hole in the Einstein-Gauss-Bonnet gravity have been used in the frame of
programs supported by the projects of the Indian Inter-University Grant Committee
(letter from Indian Inter-University Centre for Astronomy and Astrophysics dated
January 28, 2021), as well as foreign researchers (cited in refereed scientific
journals as Journal of High Energy Physics, 2020; Physics Letters B, 2020; Physics
of the Dark Universe, 2020; European Physical Journal C, 2020; etc..) to study the
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physical properties of the black holes in the Einstein-Gauss-Bonnet theory.

Approbation of the research results. The research results were reported in
the form of reports and tested at 9 international and local scientific conferences.

Publication of the research results. On the dissertation theme there were
published 33 scientific works, including 19 scientific papers in international
scientific journals recommended by the Supreme Attestation Commission of the
Republic of Uzbekistan for publishing basic scientific results of doctoral theses.

Volume and structure of the dissertation. The dissertation consists of an
introduction, five chapters, conclusion and 200 bibliography. The size of the
dissertation is 224 pages.

THE MAIN CONTENTS OF THE DISSERTATION

In Introduction the topicality and relevance of the dissertation theme were
justified, the aims and objectives were formulated, the scientific novelty and the
practical results of the study were set out, the reliability of the obtained results was
proved and their theoretical and practical significance were disclosed, a summary
of the application of the research results and the structure of the dissertation were
given.

The first chapter of dissertation entitled “Brief Astrophysical
Background” is devoted to the main current observational astrophysical triumphs
and their relation to the dissertation.

The second chapter of the thesis entitled “Black holes in general relativity
coupled to nonlinear electrodynamics” is devoted to the construction of black
hole solutions in GR coupled to NED and the effect of the type of charge of the
spacetime to the propagation of light ray around them. Importance of the NED in
GR is arose from the fact that despite the Maxwell (linear) electrodynamics and
GR are completely different classical theories, they both suffer from common so-
called singularity problem. The problem is more pronounced in GR, where the
occurrence of curvature singularities disrupts the causal structure of the spacetime.
The existence of curvature singularity is still one of the unsolved problems of the
theory. Many approaches have been taken and several models have been proposed
in the attempt to avoid this “spacetime pathology”. One of the methods to
eliminate the singularity from the spacetime is coupling the GR to NED. In the
first half of the furst chapter of thesis, we demonstrate the formalism of
constructions of electrically, magnetically and dyonically charged black hole
solutions and present obtained new generic black hole solution. GR coupled to
NED is described by the following action:

S d*x\=g(R-1L) , (1)

" Térn

where L is the lagrangian density of the NED. By solving the Einstein and
Maxwell’s equations in the NED for the static, spherically symmetric spacetime,
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we presented a formalism in which one can obtain electrically, magnetically and
dyonically charged black hole solutions. Afterwards, wwe obtained new regular
black hole solution whose metric function is given by

A1
2Mr! (2)
(?"U 4 q.u),u/r/

The spacetime of the black hole with metric function (2) is regular at the center of
the spacetime only for py>3 and in absence of the charge it reduces to the
Schwarzschild spacetime. The solution (2) not only generalizes the well-known
Bardeen (p=2, v=1) and Hayward (p=3, v=1) regular black hole solutions in
special cases to higher orders with arbitrary v, but fills them with new solutions
(u=1) that correspond to the Maxwell electrodynamics and behave like Reissner-
Nordstrom black hole in a weak field regime. Therefore, we named the new
solution as “Maxwellian” black hole solution. In the thesis we have shown with
great details that the lagrangian density of the NED of the electrically charged
solution is different to the magnetically charged counterpart. This reveals one very
fundamental property of the NED that unlike the case in the linear electrodynamics
in GR, in NED any lagrangian density does not give the same solutions for the
magnetically and electrically charged spacetimes.

In the second half of the first chapter based on the well-known fact that the
electromagnetic wave propagates along the null geodesics of the spacetime in
vacuum and linear electrodynamics, but it does not follow the null geodesics in the
NED, instead the paths of light can be described in terms of an effective spacetime
metric which represents a modification of the original spacetime. Taking this fact
into account we determined whether it is possible to distinguish the type of charge
of the black hole via the motion of light ray in this spacetime. We have shown that
despite the fact that the effective metrics of electrically and magnetically charged
black holes in GR coupled to NED are different, photon follows the same
trajectories and therefore, the observation of light propagation alone cannot
distinguish the two kinds of charges. One of the most important results of the
second part of the first chapter of the thesis, is that the observation of photon
trajectories alone is not able to distinguish the two kinds of charges. Therefore, the
EHT collaboration should simply give up the aim of determination of the type of
charge black holes possess.

The third chapter of the thesis entitled “Perturbations of black holes in
general relativity coupled to nonlinear electrodynamics” is devoted to study of
the scalar, electromagnetic and gravitational perturbations of black holes in GR
coupled to NED and calculations of their characteristic oscillation frequencies, so-
called QNMs. It is well-known that perturbed object (or system) relaxes to its
equilibrium state by radiating the gravitational (or scalar, electromagnetic) waves
whose frequencies are called QNMs, since they are complex and subject to decay
through the imaginary part and they are fully characterized by the spacetime
parameters only. By solving the field equations we had derived the formalism for
the odd-parity electromagnetic perturbations of electrically and magnetically

fr) =1~
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charged arbitrary black hole solution in GR coupled to NED, in the next stage we
apply this formalism for the concrete black hole solutions and study the dynamics
of the electromagnetic perturbations of it. In this purpose, we chose the
Maxwellian black hole solution, derived in the previous chapter. We studied the
evolution of the electromagnetic perturbations by using a characteristic integration
method. In Fig. 1, we obtained the temporal evolutions of the electromagnetic
perturbations of the Maxwellian black hole in the NED and Reissner-Nordstrom

black hole in linear electrodynamics.

||
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Fig. 1. Temporal evolution of 1=2 (top panel) and 1=4 (bottom panel) fundamental modes
of the electromagnetic perturbations of the Maxwellian regular (left panel) and the

Reissner-Nordstrom (right panel) black holes for the values Q=0.2 (black), Q=0.6 (blue),
Q=0.8 (green), and Q=0.998 (red).

One can see from Fig. 1 that the main difference of the evolution of the
electromagnetic perturbations in the black holes in the linear and NED is that an
increase in the value of the charge parameter of the Maxwellian regular black holes
prolongs perturbations, while in the linear electrodynamics, it shortens the life of
the electromagnetic perturbations. Moreover, time domain profiles of the
electromagnetic perturbations of the Maxwellian regular black holes show that

they are stable against electromagnetic perturbations.
Moreover, we calculated the QNMs of the electromagnetic perturbations of

these black holes by imposing the boundary condition that is in our case purely
incoming and outgoing at the horizon and spatial infinity, respectively.
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Fig. 2. 1=1 and 1=2 fundamental QNMs of the electromagnetic perturbations of the
electrically and magnetically charged Maxwellian regular and Reissner-Nordstrém black
hole for the whole range of the charge parameter ¢ = 0.1 . Where junctions of the
curves correspond to the ones of the Schwarzschild black hole (Q=0).

Moreover, by studying the electromagnetic perturbations of black holes in
NED in high energy limit we showed for the first time that the electromagnetic
perturbation does not follow the null geodesics in the NED. One of the momentous
results of these analysis is that if the spacetime of the electrically and magnetically
charged black holes are the same, the axial electromagnetic perturbations of the
magnetically (electrically) charged and polar electromagnetic perturbations of the
electrically (magnetically) charged black holes are isospectral, as in Fig. 2.

In the second half of current chapter we studied the gravitational
perturbations of black holes in NED by introducing linear perturbation /... to the
fixed background of the black hole .. as 9..=49.. /i, where |9 ..|>>|"1.. |. The
gravitational perturbations can be decomposed into tensor spherical harmonics and
separated into odd (axial) and even (polar) modes as /.. =f.. +h. | By solving the
Einstein equations for the odd and even parity gravitational perturbations,
separately and simplifying them, we again obtained similar wave equation with the
appropriate effective potentials. Then, we applied above formalism for the odd-
and even-parity gravitational perturbations of generic regular black hole solution
that combines Bardeen-like, Hayward-like and Maxwellian black holes and
calculated fundamental QNMs of all these solutions. One can find the detailed full
numerical results in the thesis, but here in Fig. 3 we present main features of them.

l=2, n=0 (odd—parity) l=2, n=o (even—parity)

~0.070}
~0.075}
5 —0.080¢
~0.085}
~0.090

~0.095F : ; ]

040 045 050 055 060 065 070 040 045 050 055 060 065 0.70
Mw, Muw,

Fig. 3. =2 fundamental QNM trajectories of the odd-parity (left panel) and even-parity

(right panel) gravitational perturbations of Maxwellian (black), Bardeen (blue) and

Hayward (red) black holes in the range of normalized charge parameter Q.€ 0.1

Finally, in the last section of this chapter, we estimate relaxation times of the
scalar, electromagnetic and gravitational perturbations of uncharged
(Schwarzschild) black hole, Reissner-Nordstrém black hole and naked singularity,
Bardeen, Hayward and Maxwellian black holes and no-horizon spacetimes
studying their upper and lower ranges in the high energy regime. Our calculations
had shown that charged spacetimes can have circular null geodesics even after the
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horizon vanishes till critical values of charge parameter. Interestingly, at the
extreme values of the charge parameters, the gravitational and scalar perturbations
of these spacetimes never relax, i.e., the spacetime oscillate perturbations with
normal modes and beyond these critical values they do not oscillate gravitational
perturbations. However, in the case of the electromagnetic perturbations situation
is different, as electromagnetic perturbations are mainly localized on the
photonsphere, not circular null geodesics, and the spacetimes of NED posses never
vanishing photonspeheres, they always oscillate electromagnetic perturbations. In
short, we summarize upper and lower limits of the relaxation times of the above
mentioned spacetimes in Table 1.

Spacetimes shortest CC | longest CC | Shortest CC | longest CC
grav. grav. EM EM
Schwarzschild | 51.0262 0 51.026 0 51.0262 0 51.026 0
2 2
RN BH 50.0378 0.73 | 55.550 1 50.0378 0.73 | 55.550 1
3 3

RN NS >55.550 >1 = 1.06 | >55.550 >1 = 1.06
3 3

Maxwellian 48.7728 0.62 | 57.519 1 50.0385 0.52 | 53.471 1

BH 0 5

Maxwellian >57.519 >1 x 1.07 | 20.1975 2.25| 62.303 1.2

NH 0 6

Bardeen BH >51.026 >0 | 63.031 1 51.0262 0 58.358 1
2 3 8

Bardeen NH >63.031 >1 = 1.11 | 36.6051 2.4 | 63.174 1.24
3 9

Hayward BH >51.026 >0 | 61.048 1 >51.026 0 55.875 1
2 9 2 8

Hayward NH >61.048 >1 = 1.07 | 40.5379 2.35| 58.475 1.24
9 1

Table 1. Relaxation times of the gravitational (and scalar) and electromagnetic
perturbations of the regular spacetimes in comparison with the ones of the RN and
Schwarzschild spacetimes in units of [*f /. 10 ] seconds. Where CC, BH, NS and
NH stand for the acronyms of corresponding charge, black hole, naked singularity and
no-horizon, respectively.

The fourth chapter of the thesis entitled “Gravitational instability in
polytropic spheres and its application to supermassive black holes in galactic
halos” is devoted to the formulation of polytropic spheres in the GR and its
application for the explanation of existence of the SMBHs in the galactic centers.
The first we considered that the polytropic sphere is spherically symmetric, static
and this configuration is assumed to be constituted from a perfect fluid with the
polytropic equation of state (EoS)
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p=Kp'"v, (3)

where constant ‘% denotes the polytropic index and it is = for the ultra-
relativistic degenerate Fermi gas and ™ = #/< for the non-relativistic degenerate
Fermi gas. We constructed the polytropic star by solving the Einstein equations
and the energy-momentum conservation law. Analysis have shown that with
increasing values of the polytropic index ™ and relativistic parameter < , the
extension of the polytropic sphere increases. On the other hand, extension of the

trapping zone given by the position of the unstable circular null geodesics is

always restricted to the central region as Eppy Moo =1 By solving equations of

motion for the massless particle (photon), we determined that for some values of

N.o

parameters there are two: stable at “*** and unstable at . circular null

geodesics inside the polytropic star with the relation Sns TS and such
polytropes are called trapping polytropes.

Moreover, in order to determine the stability of the polytropic star we
introduced perturbations into the spacetime of the polytropic star. Simplifying the
equations, we arrived at the wave equation with effective potential given in Fig. 4.
Interesting information is obtained by solving the wave equation approximately at
regions related to the local extrema of the effective potential. We studied the
QNMs and evolution of the gravitational perturbations in the trapping polytropes
for the value of the polytrope index 2. 13786<MN <4,

éa és gb éu éc
Fig. 4. Schematic radial profile of the effective potential of gravitational
perturbations given for a trapping polytropic sphere. The region of the classical

trapping is governed by the local minimum of the potential, Vo ,at °-, and the

g

. | eV, Vo . . ;
local maximum, ' = , at " . For “ et the turning points e, v,

are governing the real and imaginary parts of the eigen-frequencies.

We have to stress that both the existence and character of the local minimum and
maximum of the effective potential of the gravitational perturbations is dependent
on the multipole number !, and the trapping polytrope properties in dependence
on the values of the polytropic parameter " , the effective potential might not have
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any local minimum and maximum for small values of multipole number.
Calculations have shown that in small values of the multipole number trapping
polytropic star is unstable against gravitational perturbations around the stable
circular null geodesics of the spacetime. However, with increase value of the
multipole number enhancing rate of the gravitational perturbations decreases and
the star starts become more stable and in the big values of the multipole number
gravitational perturbation becomes long-lived with very small damping rate, as
shown in Fig. 5.

N=2.2, o¢=11/16
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Fig. 5. Time evolution of the grav1tat10na1 perturbations in the trapping polytroplc
spheres. The sphere with ““<:¢ is a compact one, while those with ¥~ f is
extremely extended. For small multipole numbers unstable modes occur, while in
the eikonal, the long-lived (slowly damping) modes occur.

Finally, we estimated the astrophysical consequences of existence of the long-lived
axial gravitational modes in the trapping zone of polytropic spheres, namely the
possible consequences of the conversion of the trapping zone into a black hole due
to the evolution of these unstable and long-lived modes in a subsequent curvature-

enhancing nonlinear regime. In order to estimate the fate of the expected black

: . . R. N.o
hole creation, we should compare the relative extension parameter, - , and

. N, : : .
the relative mass parameter, RM7 The relative mass function determines the

ratio of the mass of the black hole created by the gravitational instability and
collapse of the trapping zone, to the whole mass of the polytropic sphere. Their
calculations had shown that for " 7> the trapping polytropes are relatively

compact, with F:='

polytropes with R:='"
discussion, the most relevant is the relative mass function R, , reflecting the
36
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relative mass content of the trapping zone, as related to the total mass of the
polytrope that is crucial for the final fate of the polytropic sphere after expected
collapse of the trapping region to a black hole. Clearly, for compact trapping
polytropes, with mass of the black hole comparable to the total mass of the
polytrope, we could expect that in relatively short time scales the whole polytrope
mass could be captured by the created black hole. In the second branch,
corresponding to the family of very extended trapping polytropic spheres that

occurs for ¥ 277 | there is always ©='"  and ®:='" | and the stabilization
of the trapping polytrope after collapse of its small trapping zone could be realistic
and we can expect survival of the polytropic configuration after creation of the
central black hole. Such trapping polytropic spheres can be expected to represent

M= 10%=10" M

galactic halos. If such a halo has a mass , We can expect a

central SMBH with &= 10 =107 Mo grresponding to typical active galactic
nuclei that perfectly match with the well-known galactic halos such as Milky Way
and its central black hole Sgr A*, and the galaxy of M87 and its central SMBH
with the same name.

Finally, the fifth chapter of the thesis entitled “Dynamics of spinning particle
around axially symmetric compact objects” is devoted to the dynamics of the
spinning test particle moving in the field of the compact objects. We solve the
spinning particle’s motion in the “pole-dipole” approximation where expansion of
the stress energy-momentum tensor mass is cut off at the second order where the
first order term corresponds to the monopole mass while second order term
corresponds to the spin that is dipole. In such description the motion of spinning
particles is governed by the Mathisson-Papapetrou-Dixon (MPD) equations. By
solving these equations, we derived the formalism for the spinning particle’s
motion in any generic static, axially symmetric spacetime.

In order to determine the effect of the deformation on the motion of spinning
particle we applied the generic formalism we derived, to Zipoy-Vorhees spacetime
that is also known as the static, axially symmetric spacetimes y-metric. When =
, it reduces to the spherically symmetric Schwarzschild metric. The cases "=V <
and V=1 represent sources with prolate and oblate spheroidal deformations,
respectively. It is important to stress that in these cases ' = 1 | the line element does
not represent a black hole. In the analysis we mainly focused our attention on
circular orbits of the particle. One of the most important orbits from the
observational point of view is innermost stable circular orbit (ISCO). In below
given Fig. 7 the ISCO of the spinning particle in the y spacetime for the different
values of the deformation parameter is given.
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Fig. 7. Dependence of the ISCO of spinning test particles on the equatorial plane
of the y-metric on the particle's spin for different values of y. From upper to lower
crossed lines correspond to the cases of =12 | v=1.0 (Schwarzschild), and
r=0.8 respectively. Dashed and solid lines represent Lo and Lo <0 cases,
respectively.

Depending on the signs of the spin = and angular momentum I of the test

particles, since the value of the ISCO depends on ° L , one can see from Fig. 9

i 5 AT U ) L -1
that for fixed values of * and ', we have ' ° Fisco 3 )

Furthermore, in the second half of this chapter, we applied the formalism for
the spinning particles motion in the static spacetimes that include a parameter that
are arisen from the dark energy. Two of such spacetimes are the Schwarzschild de-
Sitter (SdS) one that includes the cosmological constant, ', and the
Schwarzschild in quintessence (Sq) spacetime that include the quintessence
parameter, - . By using the beforementioned equations, we obtained the equations
of motion of the spinning particle in the non-asymptotically flat spacetimes and
studied circular orbits of the spinning particle. Interestingly, as the spacetimes are

asymptotically non-flat, there exists so-called static radius limit (' ) where the
gravitational attraction of central mass is just balanced by the cosmic repulsion,
defining thus a natural boundary of gravitationally bound systems in an expanding

universe and the circular orbits can exist below the static radius (' '+ ) only. Then,
we focused our attention on one of the most astrophysically relevant orbits, the
marginally stable circular orbits. In this case also, unlike in the case of the
asymptotically flat spacetimes, the stable circular orbits are bounded not only by
the inner radius, called ISCO, but due to the repulsive behaviour of the dark energy
they are bounded by the outer radius also, called outermost stable circular orbit
(OSCO). For their behaviours, see Fig. 8.
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Fig. 8. Radii of marginally stable circular orbits of spinning particle in the SdS (left
panel) and Sq (right panel) spacetimes as a function of the cosmological parameter
A=AM"/3 and quintessence parameter = for different values of the spin. For a given
values the lower (upper) part of the curve determines the ISCO (OSCO). The dotted
curve represents the static radius. The shaded regions correspond to regions where stable
circular orbits can exist, while in the white region between OSCO and the static radius
circular orbits exist but are unstable. Beyond the static radius, circular orbits cannot exist.

Since the most astrophysical observed objects possess their own angular
momenta (spin) and observations have confirmed the significant effect of the dark
energy into the expansion of the universe, above mentioned study was very

important. Now, let us apply our calculations for the millisecond pulsar moving

around the Sgr A* supermassive black hole with mass M=10"M< " in the center of
o 1y 2 s

our galaxy. By taking into account 1=10 ~km = "'mass of the millisecond pulsar

M=1.21 o . : 04 .
M l"'f with dimensionless spin parameter °~-*> | the ISCO is located at

. e 1Y L . . e 10 b= 10% marepe- .
Fisco™ 1AM and the OSCO is located at "osco ™t AWM= IHPATSEC that i at the
same order of the galaxy.
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CONCLUSION

Below we highlight the main results of the dissertation work.

1.

We presented complete generic electrically and magnetically charged black
hole solutions in GR coupled to the NED that not only generalizes well-
known Hayward and Bardeen regular black hole solutions and extends them
to higher orders, but also it includes one more very interesting solution that
corresponds to the Maxwell one in the weak electromagnetic field regime.

. It has been shown that if the spacetime being solution of GR coupled to the

electrodynamics is charged, one cannot distinguish its type of charge
(magnetic or electric) through the motion of light ray around it.

. We have shown that the QNMs spectra of electromagnetic perturbations of

the electrically and magnetically charged black holes in the NED are not
isospectral, contrary to the case of the standard Reissner-Nordstréom black
holes in the linear electrodynamics.

It has been shown that the electromagnetic perturbations can be a powerful
tool to confirm the phenomenon that in the NED light ray does not follow
the null geodesics of the spacetime. Moreover, it also has been shown that
QNMs spectra of the odd-parity -electromagnetic perturbations of
magnetically (electrically) charged black hole and even-parity
electromagnetic perturbations of the electrically (magnetically) charged
black hole are isospectral.

. We have shown that the black holes of GR coupled to NED have never

vanishing circular photon orbits and on account of this fact, these spacetimes
always oscillate the electromagnetic perturbations with QN frequencies.

We have shown that for small values of the multipole number, the polytroplc
star is unstable. The extremely extended trapping polytropes with " ,
and the resulting central black hole representing maximally 10° or even for
some close to critical values of (7 ), 10" of the total mass of system, in
agreement with observation of the supermassive black hole in the active

galactic nuclei: a typical supermassive black hole with gravitational mass

Mun=10 Mo can be related to a galaxy halo of mass ‘=107 Mo

51rn11ar to the Milky Way galaxy halo. Or the supermassive black hole with

M

mass = *® —109 M- that is located at the center of the galaxy M87 with

ML, =10 A
l'l‘laSS"!"--' M

We have demonstrated the results of study of the spinning particle’s motion
around axially symmetric, static compact objects with inclusion the effects
of deformation and dark energy, separately. By applying our equations for
the millisecond pulsar moving around the Sgr A*, we have shown that the

ISCO is located at "=v='" km and the OSCO is located at "osco='"
km= 10’ parsec that is at similar order of the galaxy.
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YaCTOTy OCUWIISILMA U cKOpocTb 3aTyxaHus KHM U/ B acTtpodu3nueckux
YCIOBUSIX B pEXUMe CWIbHOW TpaBUTALlMM, a TakKKe CBSI3aHHble C HUMU
HabsroiaTelbHbIe TPaBUTALIMOHHO-BOTHOBBIE JJAHHEIE.

Metogbl uccaepoBaHusi. MeTogpl MaTeMaTHUeCcKOW  GU3MKU  [Jjid
HaxOXJeHUs1 aHaJIMTUYeCKUX, M0JyaHaUTUYeCKUX WY TOJIHOCTbI0 YKUC/IeHHbBIX
pellleHnid CUJIbHO HeJIMHeWHbIX Ju(@epeHLMaNbHbIX ypaBHeHUM. VcciemoBaHbl
pelleHusi BYMEPHbIX BOJIHOBbIX ypaBHeHUM Tumna llIpeauHrepa ¢ KOMIJIEKCHBIMUA
CcoOCTBEeHHBIMU 3HAUEHUSIMH /i1 BO3MYII[€HHBIX COCTOSIHMM TMPOCTPaHCTBa-
Bpemenu UYJI. [Insi Haxo)k[eHUs] COOCTBEHHBIX 3HAaueHWM WCII0/Ib30BaH MeETO[|
HeripepbIBHBIX ApobOeit BKB, JluBepa u ®pobenuyca, a s HaxoKaeHUsT (GOPMBI
BOJIHBI UCII0/Ib3YeTCsl MeTO/, JUCKpeTU3aLjuu.

HayuHasi HOBU3HaA UCC/Ie{0BAHMS 3aK/IF0UaeTCs B C/IeIyIOLeM:

- BIIepBbIe MOJIyYeHbI PellleHus1 ypaBHeHu MakcBesia i 3/IeKTPUYeCcKd 1
MarHUTHO 3apsbkeHHbIX perynspHbix Y]l XaviBoppma u bapauna B OTO B
couetanuu ¢ HO/I, umerolijye rpaBubHbIe Mpee/ibHble 3HaUeHUs;
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- BIEpBbIe MOKA3aHO Ha OCHOBE aHa/u3a 3JIEKTPOMAarHUTHBIX BO3MYILEHUM
Y/l 8 H3/I, uTO He TOJILKO JIy4 CBeTa, HO U 3/IeKTPOMarHWTHbIe BOJIHbI BO BCEM
CIIeKTpe He CJIelyIOT [10 HyJ/IeBbIM reo/ie3uueCcKUM IpoCcTpaHcTBa-BpeMenu B HO/I;

- Brepsble rokasaHo, yto Y/ B OTO B couetanuu ¢ H3/I mmMeroT HUKOrJa
He Hcue3arolliie CBeTOBbIe KOJIbLIA;

- BIIepBble TI0KAa3aHO, YTO [/ CWIbHO 3apsbkeHHbIx Y/ B HI/J
3/IeKTPOMarHUTHbIe BO3MYILeHUSI KOJIeO/M0TCA C OYeHb Majold CKOPOCTBIO
3aTyXaHusl Wi fiaxke 6e3 Hee;

- BIIepBbIe TOKa3aHOo, uTo crieKTpbl KHM akcuanbHbIX Y TOJSpHBIX OM
BO3MYILIEHUMMarHuTHO (3/ieKTpruueckr) 3apsbkeHHbIX U] B OTO cBsi3aHHBIE C
H3/l aB/isst0TCA HEU30CIeKTPalbHbIMY;

- BrepBble pa3paboraH ¢opmanu3M, TIPUBOJAIIMM TIyTeM PpelleHust
ypaBHEHUU OWHIUTeWHAa JJjisl TIOJMTPOIIHOIO ypaBHEHUs COCTOSIHUSI TIpU
HeOO/BIIIOM BO3MYIIIEHWH TIPOCTPAaHCTBa-BpeMeHW K ¢opmupoBanuio CMUYJl B
LIeHTpe rajakTUKY;

- BIIEPBBbIe paccuuTaH 3(Q(eKT BIUSHHSA CIMHA YaCTULbl Ha ee JBIDKeHUe
BOKpyT Y/I ¢ medpopmariieit U TEeMHOM SHEpruen.

IIpakTHUueckue pe3y/bTaThl HCC/IEJ0BAHUSA 3aK/IIOUAIOTCS B C/IeYIOLLeM:

MOJIyueHbl HOBble aHa/JUTHUYeCcKuhe perneHus A peryiaspHeix Y/ B OTO,
cBsizaHHble ¢ HO/I.

M0Ka3aHO, UTO TMPU [JBWKEHUM CBETOBOTO Jiyua BOKPYT 3apsbkeHHOW Y/I
HEBO3MOJKHO Pa3/MUWTh THUIT 3apsja, KoTopbiM obsazaer Y. OHM MOTYT OBITh
rosie3nbl A1 Kosutabopaumu Event Horizon Telescope (EHT) anst oreHku
rapamMeTpoB ABYX KaHaugatos B U/, M87 u Crpesiery A *, ecyin 3tn U/1 ssBsitOTCSE
3apsi’KeHHbIMMU.

JlokaszaHo, uto Y/l B HO/I Bcerga uMeeT Hercye3aroljee CBeTOBOE KOJIbL[O, U
3TOT (akKT TakKe MOKeT ObIThb HCIO/Mb30BaH [jis BbifesneHus Tturma Y/ u3
acTpOHOMUUeCKUX Hab/rofieHu B OmKaiiiiem Oy yiiem.

OJIeKTPOMarHWTHble BO3MYILeHUsT CUIbHO 3apsbkeHHbIX Y/l B OTO B
couetaHuu c¢ HI/J| 3aTyxaroT MeJ[/ieHHO WIM HUKOrJa He 3aTyXalT B BUJeE
3/IeKTPOMAarHUTHBIX BOMH. Eciu Takoil curHan OyjgeT oOHapykeH TMpu
HabJ/1r0/IeHNH, U3 Hero JierKo M3BJiedb UH(OPMaLUIO.

ITpobnema obpa3zoBanuss CMU/I B 1jeHTpe Ta/lakKTUKH JI0 CHX TI0p He pellleHa,
Y pa3paboTaHHasi IOJIMTPOIIHASI MO/Ie/Tb MOJKET SIBJISIThCSI OHUM UX TIO/IXOJIOB /ISt
peIeHust 3TOM TTPOOIeMBI.

HayuHas ¥ npakTHUYecKas 3HaUMMOCTb pe3y/IbTaToB UCC/1e0BaHMsl.

HayuHasg  3HauuMMOCTb  pe3y/bTaTOB  UCCAe[0BaHUS  OIpefesiseTcs
COCOOHOCTBIO pa3paboTaHHOrO B JuccepTalyu (opMmanu3ma aHa/lIU3UpOBaTh
BPEMEHHYIO 3BOJIIOLIUIO 3/IEKTPOMAarHUTHBIX, TPaBUTALMOHHBIX, CKAJISIPHBIX M0J1e1
Y BO3MYILIeHU acTpopusndeckux Y/l 1 MexaHU3Mbl U3BJIeUeHNs MH(OPMAaLUU 13
HabO/fOfleHrt TPABUTAL[MOHHBIX BOMH OT actpodusudeckux YJ| ¢ 1ebio
MoJIyueHusl JaHHbIX 00 MX pa3/MuUHbIX MapaMeTpax W CBoicTBax. Kpome Toro,
Oyayiive Hab/rO/leHNsT TPAaBUTALIMOHHBIX BOMH OT CausiHusA Y/l ¥ HeWTPOHHBIX
3Be3, MOryT obecrieuuTh HaO/rofaTenbHble OrpaHAYeHUs] Ha HaJduyue
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57IEKTPUYECKOT0 U MarHUTHOrO 3apsifoB Y/, urparmmux pellarllyl pojib B
dusnueckuxnporjeccax BOKpyr Y/JI.

[IpakTyeckass 3HaUMMOCTb pe3y/IbTaTOB JAWCCepTaljuu 3aK/IKuaeTcs B TOM,
YTO UX MOXKHO MCI0JIb30BaTh /I TIOJlyYeHWs 3HaueHUM I[1apaMeTpOB
aZbTEepPHATUBHBIX TEOPUM TpaBUTALlMA B  peXUMe CUIBHOIO MO M
IPaBUTAL[MOHHBIX KOMITAKTHBIX 0OBEKTOB, 00pa3yroLMXCcsl B pe3y/bTaTe CAUSHUS
Y/l 1 HEMTPOHHBIX 3Be3[]. Pe3ybTaTbl MOTYT OBITh TI0JI€3HBI /I/Is1 aHA/IKM3a YaCTOTHI
Y BPeMeHH 3aTyXaHUsl TPaBUTALIMOHHBIX BOJIH, TIPU pa3paboTke HabMOAaTeTbHBIX
TeCTOB, KpUTepueB OOHapyKeHUsi W WJeHTU(UKALMKA pa3/IMUHbIX TUIIOB
KoMrtakTHeIX Y/]. Mcrionp3oBaHue pa3paboTaHHBIX B paboTe METOJOB aHaIM3a
9BOJIIOLIMM TIOJIeli BO BpeMeHM I103BOJisieT OBICTPO U C XOpOIliedl TOYHOCTBIO
nonyunth KHM mmmpokoro knacca Y/I, He mpuberast K TPOMO3AKHAM UHC/IEHHBIM
Merozam. IlosmyueHHble B fAuccepTaliud  XapakTePUCTUUECKUEe  CIIeKTPbI
rPaBUTALIMOHHBIX BO3MYIeHUd B OkpeCcTHOCTH UY/I MoryT ObITb TOJIe3HBI TIpU
aHaJIv3e SKCIIEPUMEHTOB 10 00HAPY>KeHHI0 T'PaBUTAL[MOHHOTO H3ayueHus oT Y/I.

BHejpeHue pe3y/JbTaTOB MCC/IeAOBaHUA. Pe3y/jbTaTbl, CBs3aHHble C
1olyyeHHbIMU HOBBIMM pelieHussMUA 11 Y/1 B OTO B coveranuu ¢ HI/I u ux
BO3MYLLEHUSIMU, a Takke Mozenb (opmupoBaHuss CMY/] B 1jeHTpe rajakTHKH,
ObLIM MCTI0/Ib30BaHbl B TipoekTax Cune3ckoro yHuBepcurera Ne SGS/12/2019, No.
SGS/14/2016, LleHTp rpaBUTaLMU U acTpOPU3MKK MMeHU AnbbepTa JHINITeliHA B
paMKax 1ipoekTta Yerickoro HayuHoro ¢oHga Ne 14-37086G u mpoekTa Yellickoro
HayuHoro ¢onza GACR Ne 19-03950S (rceMo MHeTuTyTa dusuky, T. 2021). 911
pe3y/ibTaThl TAaK)Ke MCI0J/Ib30BaHbI HECKO/ILKUMU 3apyOe>KHBIMU MCC/Ie[j0BaTe/IsIMU
MpU W3yYEeHWU pa3/IMUHbIX SIBJIeHWH, CBsi3aHHbIX ¢ CMYJl, Haxoagimmmucs B
AaKTUBHBIX fi/IpaX Ta/JaKTUK (LMTUPOBaHbI B TMPECTWKHBIX JKypHalaX, TaKUX Kak
Nature Astronomy, 2017; Journal of High Energy Astrophysics, 2018; Living
Reviews in Relativity, 2019; Physical Review D, 2019; Physics Letters B, 2019; u
T.7.).

Pe3ysibTaThl MCCIe[OBAaHUN AWUHAMUKK YacTHll, 001aJaromyx cOOCTBEHHBIM
YyIJIOBBIM MOMEHTOM, BOKPYI' acTPO(PU3MUEeCKUX KOMIIAKTHbIX OOBEKTOB C
pa3MuHbIMUA CBOWCTBaMH, BK/IOUas JAedopMaliii0 M TEeMHYH SHeprur, ObLIu
WCIOJIb30BaHbl B paMKax I1iejieBOM mporpamMmbl  MuHucTepcTBa 00pa3oBaHUs
Pecriyoiiku  Kasaxcran:  «lleHTp  TiepeioBoro  ombiTa B 0oOmactu
dbyHIaMeHTanbHOW Y mpUKIafHou pusnku », IRN: BR05236454 u KoHKypcHbIe
WCCie[JoBaTe/TbCKYe TPaHThl Ha pa3BuTHe (Paky/ibTeTa Hasap6aeB yHuBepcuTeTa No
090118FD534, Ne 090118FD5348 (mvceMo Hazap6aeB ynuBepcutera). OHH
TaKKe WCIOMb30BaHbl  3apybeXKHBIMU  HCCefoBaTeNssMd  (LIUTUPYIOTCS B
pedepupyeMbix HayuHbIX >XypHanax Physical Review D, 2018; European Physical
Journal C, 2019; Galaxy, 2020; Universe, 2020 u T.A.) A/ u3ydeHUs opOUT
YaCTUL] ¥ UX aKKpeLuyh BOKpYT Y/l B pa3/IMUHbIX TeOPUSX I'PaBUTALUU.

ViccnemoBaHus IpaBUTALMOHHOIO KoJularica cepbl U3 OJHOPOJHOW MbLIA B
Y/l B rpaBuTanuy JuHIITelHA-["aycca-boHHe HConp30BaHbl B paMKax Mporpamw,
NoAilep>KUBaeMbIX MpoeKTamu VIHAWKWCKOTr0 MeXyHUBEPCUTETCKOTO KOMUTETA I10
rpaHTaMm (mmMceMO VIHAWKWCKOTO MeXyHUBEPCUTETCKOrO LieHTpa aCTPOHOMHMHU U
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actpodusuku oT 28 siHBaps 2021 r.), a TakKe 3apyOe>XHBIMU HCC/IeZ0BaTeIsIMU
(uMTHpYIOTCS B pedpeprpyeMbIX HayuHbIX >KypHasiaX, kak Journal of High Energy
Physics, 2020; Physics Letters B, 2020; Physics of the Dark Universe, 2020;
European Physical Journal C, 2020; v 1. f1.) aast u3yueHusi (pU3UUECKUX CBOWCTB
Y/l B Teopun DuHIITelHA-['aycca-boHHe.

AmnpoGarusi  pe3yabTaToB  HccaegoBaHusi. OCHOBHbIe  pe3y/IbTaThl
JIMCCepPTaL[MOHHOM pabOoThI ZOK/IabIBAIUCh M 00CYKAAIMCh Ha 9 MeXX[yHapOIHBIX
Y pecriyb/IMKaHCKUX HayYHO-TIPAaKTUUeCKUX KOH(epeHLUsIX.

IlyosiuKanusi pe3ybTaTOB HMCCIeoBaHus. [lo Teme JuccepTariuu
ony6mMkoBaHo 33 HayuHble paboOTbl, B TOM uuciae 19 HayuHbIX CTaTed B
MeXIYHapOJHbIX  HAYUHBIX  JKypHa/ax, pPeKOMeH/IOBaHHbIX  Bbiciieit
aTTeCTAlJUOHHOW KomHccuel Pecnybnmuku — Y30ekucrtaH g 1myOauKamyu
OCHOBHBIX HayUYHbIX pe3y/bTaTOB AUCCEePTALUM.

O0beM M CTPYKTypa AuMccepTanuu. [luccepraijusi COCTOUT W3 BBeJEHUS,
TISITH TJ1aB, 3aK/IF0UeHUs U CITHMCKa uTepaTtypbl. O6beM cocTaB/sieT 224 cTpaHuL.
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