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KWUPUII (pancada nokropu (PhD) nuccepranmusicn aHHOTAIHASICH)

Juccepranus MaB3yCHHUHI J0J13ap0JMru Ba 3apypatu. byryHru kyHjaa
KaxOH/Ja PEIITUBUCTUK KOMMAKT OOBeKTIap arpoduga ONTUK Ba SHEPrETHK
xKapa8Hiap Ha3apud TAAKUKOTH 3aMOHaBUMl  acTpOoU3UKAHHHT  J0J3ap0
dbyHIaMeHTall MacaJapyuHu Xall KAJIHIITa KaTTa axaMusT 6epuamMokaa. MabliyMKH,
Kopa ypa KypuHMac 00bEKT, aMMO YHU €pyF POoHIa Ky3aTcak, y cosira ailjlaHaJu Ba
KOpa YpaHW Ky3aTWIl HMKOHHATH Taijgo O0ymamu. Event Horizon Telescop (EHT)
Ba Black hole Cam (BHC) noiiuxacununr xam maxcaaun M87 Ba ComoH Hynu
rajlakTUKajgsapy Mapkasuja >KOWJalraH, Kopa Vypamap OYIUIIM MyMKUH 11€0
TaxMUH KWIMHTaH 00beKTIap (HOM30J Kopa ypajap)HUHI COSCUHUHI TaCBUPUHU
onuul. ["anakTukamus Ba M87 Mapkasuaaru cyrepMaccuB HOM30 Kopa YpallapHu
JABOMHI Ky3aTHIIUIapAaH MaKcaj XaMm allHaH YHUHT COsiCMHU aHukiamaup. Kopa
Ypa COSICMHM Ha3apuid YpraHUMIHUHT  JOJ3apOdUId  KywId TpaBUTalUs
peXKUMHUAArd Ha3apusulap XyCyCUSTIAQpPUHHM COSHUHI IIaKjIura OOFIMKJIMIUHU
aHUKJIALLANP.

MyCTakMuIMK Wrimapuaa MamiakaTUMHU3 WIM-(AHUHUHT PUBOXKHUIA KaTTa
axamHAT OepUIMOKJAa. AWMHHMKCA, PESITUBUCTUK acTpO(U3UKAHUHT (DyHIaMEHTal
MyaMMOJIApUHU Xaj KWIWIJA Ha3apui Xamja aMalluid TaJKUKOoTiIap oJinb
Oopwiid Ba CaJMOKJIM HaTWkKalapra OSpUIIMWIIU. [paBUTaLMsIBUN JIMH3a
CHUCTEeMAaJIapUHU, alfHUKCa, Kopa Ypanap cosuiapu Ba (pa3o — BaKT XyCyCUSTIAPUHU,
KOMIAKT OOBEKTJIap PENATUBUCTUK acTpopu3MKacu jaoupacuja (QpyHIaMeHTal
TaJIKMKOTIIAp OpKAIM Ha3apHi XaM/aa Ky3aTyBJap OpKalH YPraHumI Y36eKHCTOHHH
sHaJla pUBOXKJIAHTUpUIL OYinya XapakaTiap cTpaTeruscuja MyXUM axaMusaTra
ra.

Xo03upru KyHJa Kopa VYpajJapHUHI ONTUK XyCycusTiapu Ba (a3o-BakT
Ty3WIUIINHU YpraHuil XamJa yMyMHUd HHCOMIJIMK Ba OOIIKA TpaBUTAIUS
HA3apUAJIADUHUHT  SIHTM  KUPPAJIApUHU  OYMII  3aMOHAaBUM  PENSTUBHCTHK
acTpo(U3UKAHUHT SHT MyXUM Basudanapuaan Oupuaup. ['paBUTAUUSHUHT Typiu
Hazapusjapyaa Kopa ypanap cosulapd Ba TpaBUTALUs JIMH3AJAPUHU YPraHMII
YHUHT (yHIaMEHTan XyCyCUSATIapuHM aHrjiamra ¢Epnam Oepagu. bynnait
UMKOHUSTHM OH3ra amaija, TaJakKTUKaMHU3 MapKasuja >KOWialliraH MapKasui
OOBEKT sAKMHUAA OYnaérraH >kapaHJapHM Ky3aTHII Ba YHAAH MabIyMOTJIapHH
omumiga, Black Hole Cam (BHC) sa Event Horizon Telesop (EHT) Xankapo
JolrXacu TakauMm iTa osaau. FOKopuaa KeNTUpUIIraHjiap Ma3Kyp WYHalIunigaru
WIMHMNA W3JTaHUIUIAPHUHT T100aJ1 Japa)aaard 1013apOIuruiu KypcaTaiu.

Ymly TaakukoTiap pecnyOIMKaMU3HMHT HU30MJAa Ky3/la TYTWITaH
XyXOKaTlIapura Ba Iy Gunan Gupra ¥Y36ekucton Pecrry6mukacy ITpesuieHTHHIHT
2013 #iun 1 maptaaru 11K-4512 connmu “MykoOun sHeprus ManOamapuHu sHaA
PUBOXKIAHTUPUIN OViimua wmap T1yrpucuaa’ru, I1K-2789-conmu “Enunru
sHepretuka Tyrpucuna’tv, 2017 Wun 17 ¢eBpanparn “PDannap axkaaemMusicu
baonusATHHM SHAJAa TAKOMWUIAIITHPHUILN, WIMHUN HWIUIAPHA TAlIKWJI DTHIL,
OOLIKapuIl Ba MOJUsIAIITHUpUII OViimya yopa Tagoupnap Tyrpucuaa’ru, 2017
fiun 7 depanmarn “V3bexkucToH PecnyGNMKACHHM SHAJA PUBOMIAHTHPHII
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oyiinua Xapakarnap crparerusicu Tyrpucuaa’ tu [1K-4947 connm kapoprnapura
MOC KeJaJHu.

TaakuKOTHUHT pecny0jaMKa (paH Ba TEXHOJOTMSJIAPH PUBONKJIAHUIIU-
HHUHI YCTYBOP HyHAJIMILJIapura MocJuru. Maskyp TaaKUKOT pecrnyosuka Qan
Ba TexHojorusmapu puBoxjgaHumuHUHT Il. «OHeprertuka, sHeprusi Ba pecypc
TEXAMKOPJIMTH» YCTYBOP WYHAIMUIIM JOUpacuia OakapuiraH.

MyaMMOHMHI YpraHwiranjauk aapaxkacu. JKaxoHHUHT OWUp KaTop Kys3ra
KYpuHraH onumiapu, xymiagan: repmanusuiik (C. Laemmerzahl, J. Kuntz, E.
Hackmann, A. Grezenbach, V. Perlick), xuaauctormuk (N. Dadhich, S. Ghosh, P.
Joshi, M. Patil), uramusimuk (C. Bambi, L. Rezzolla, L. Modesto, D. Malafarina, O.
Zanotti), poccustmuk (O. Tsupko, G. Bisnovati-Kogan, A. Zaxarov, D. Galtsov),
yexmsuik (Z. Stuchlik, M. Kolos, J. Schee, J. Kovar, V. Karas), y30exkucTonmmk
(b. AxmenoB, A. A6myxab6opoB, B. Mopo3oBa) Ba Oomka Kymiad oymmiiap
TOMOHMJIAaH TYpJM XWJI Hazapui H3JaHUILIAp, Ky3aTyBlapia Kopa ypanap coscu
XamJia YHUHT SIKWHUJIATH SHEPTeTHK KapaéHiiap YpraHuira.

V36exucronmx onmumnap (b. Axmeno, A. A6nyxa66opos, B. Mopo3osa Ba
0.) orpunanran  ($azo-BakTtna MakcBel  TEHIJIaMaJapUHUHT  aHAJIUTHK
CUMMJIAPUHU OJIMII METOJM Ba Kopa ¥pa COsJIapuHU TaBCUGDIAIIHUHT SIHTH
dbopMaU3MUHU UILUIA0 YUKUII OYitnda Ha3apuil TAAKUKOTIIAp OJU0 OOpHIITaH.

OnuHrY UMUK UIIap/a TPaBUTALUSIBUIN JTUH3AJAPHUHT (aKaTTUHA KYUCH3
rpaBuTanysra 3ra Oynarad, cpepruK CUMMETPHUSIIN KOMIIAKT O0OBEKTIAp arpopuaaru
s dexTnapu ypranuwiarad. BUpoK Kydiu rpaBUTaIis MaiOH peXUMUIA dca Ky4du
rpaBUTalUsl JMH3a €KW PETPOJICH3UHT 3(P(EKTIIApUHM HMHOOATra OJMII Kepak
oynamu. by sddextnap opkamu rpaBuTalMs HA3APUSICUHUHT KywWId MaWI0H
PEKUMITAPUIATH XyCYCHUATIAPUHU TSKITUPHIIT MYMKHH.

Kopa Vpanap cosicu tyrpucuaaru ross XX acpHuHr 70-duinapuaad O6o1uiad
MabiayM OVncanma, 2000-immmapra kenn® yHu COMOH WYIM TalaKTHUKACH
MapKa3uIarn Kopa YpaHWHI TacBUpHUra TAaTOMK KHJIMII Foscu wik Oop Falcke
TOMOHH/IAH YOIl ATWJITaH WIMHN MakoJyanga wirapu cypwirad. CoSHUHT MIaKIu Ba
yiuaMu Kopa YpaHMHT MaccacH Ba ainaHummra 6ormukaup. Kopa ypa coscuHuHr
IIaKJIW YHUHT DJIEKTp 3apsaad, OpaH-mapaMeTpu Ba aiJIaHUIl YKUHUHT OFHUII
Oypuarura OOFIMKJINTY KYTITHHA a1a0uéTiap/ia KeITUPUIITaH.

AMMO YHUHT MYKOOWJI TpaBuTallvs Hazapusuiapuaard 3¢ GeKTiapu KeHr
yprauunmarad. fAeau aepopmanus, Born-Infeld, HYT napamerpnapra sra 6ynaran
Ba 5D Myers-Perry kopa ypaapHUHT cOsJIapu X03uprada TaJIKUK KAJTUHMAaraH.

Juccepranus MaB3yCHHUHT JUCcCePTALMs 0aKapUIraH MIMMIA-TAAKHUKOT
Myaccacacd WIMHI-TAAKUKOT HIIAPHU OWJIaH OOFIMKJINIM. /[uccepranns Uim
Anpo pusukacu Ba ACTpOHOMHUS MHCTUTYTIApUAATU KyHuaaru WIMHUIA Joiurxanap
noupacuga onubd Oopunau: D2-OA-O113 "PenstuBuctuk actpodusvka Ba
KOCMOJIOTHSi]a ~ TPaBTUTAllMOH  Ba  DJIGKTPOMArHUT  JKapaéHiap,  MacT
TeMmeparypanapaaru 6osonnap cuctemanapu" (2012-2016); ED2-DA-0-12477
"KommakT rpaBuTamus OOBEKTIapHU SKUHHIA DJIEKTPOMATHUT MaWJOHJIAPHUHT
TapKaJMWIIM Ba ainaHyB4YM 3appamap xapakatu" (2014-2015); BA-DA-D2-008



"CrauuoHap Ba JTWHAMUK PEISTUBUCTHK TPaBUTAIIMOH OOBEKTIapAa acTpopu3uK
xapaéumap" (2017-2020).

TagKNKOTHHHT MAaKCaaM aliJlaHyBYM KOpa Ypa COACUHUHT PaJNyCH Ba IIAKI
y3rapuiy, XxamJa aWjJaHyBYM KOpa YpaHUHI HUCCHUKJIMK HYpJIAHUIIWHU
TaBCU(IAIIHUHT Ha3apUi METOJIMHU PUBOXKIIAHTUPUIIJIAaH HOOpaT.

TaagkuKoTHUHT Basudaaapu:

rpaBUTAMABUN JUH32 3G (DEKTIIapu opKau EPYFINK HYpJIapUHUHT Kopa ypa
SAKAHUJIATH OFUI OypyYaKIapuHU, TACBUPUHU Ba YHUHT EPKUHIUTUHU YPTraHUII,

KOpa YpaJapHUHT UCCUKIWK HYpJIaHHUIIN OPKAJIN SHEPTUAIApUHN OaxoJial;

KOpa ypanap SKMHUAA 3appajapHUHT TYKHAITYBJIAPUHU TaJAKUK KUJIHILL

Typiu TpaBUTalUs MOJEUIapuia Kopa Yypajap COSCHHUHI IIaKiId Ba
yidamjiapyura yJIapHUHT TYpJIH TapaMeTpiiapy TaAbCUPUHH aHUKJIALLL;

TypJI TpaBUTALMS MOJEIUIapUAa Kopa Yypajap XoAucajaap TOPU30HTH
TY3WINILINATA YIAPHUHT TYPJIM HapamMeTpiiapu TAbCUPUHU TaXJIWJ KUJIUILL

alJIaHyBYM KOpa YpaJlapHUHT 3HEPrys HypJIAHUII MEXaHU3MIIAPUHU YPraHUII
Ba HYPJIAHUII YHEPTUSICH YUYH PHT KaTTa KHAMaTHU OaxoJialir;

KOpa YpallapHUHT cosulapuHM 4 YIIYOBIM Ba Ky YIJIYOBIM TpaBUTALIUS
HazapusIapuaaru napaMmeTpiiapuHyd TAaKKOCIAII.

TaagKMKOTHUHT 00beKTH pEISTUBUCTUK KOMIAKT OOBEKTIap, Kopa
Yypanapaan ubopar.

TagKUKOTHUHT NpeaMeTH KOpa YpaJlapHUHI ONTUK XYyCYCHUSTIapH, Kopa
Vpasiap/iaH SHEprust aXXpaauiliv Ba HypJIaHUIIHN XUCOOTaHaIH.

TagKUKOTHUHT yCy/UIapu. Y MyMU HUCOUNITUK HA3apUSICUHUHT MaTEeMaTUK
amamiapu, aud@epeHnnan reoMeTpusi METpUKach, Kopa ypamap arpodujaru
3appajap  XapakaTd  Ba  MalJIoHiapHu  xucoOnamjga — auddepeHuuan
TEHIJIAMAIAPHUHT AaHAJIUTUK Ba paKaMJIM €YUl yCyJIapHu.

TaaKUKOTHUHT MJIMHUIA SHTWJIMTY KyHugarumapaad noopar:

Braneworld rpaButanus monenuaa Kopa ypalapHUHT Ky4CU3 TPABUTALUSIBUN
JUH3a peXUMUIa EPYFIUK HYPJIApUHUHT OFUIN Oypdakiapu yuyH udogamap
TONHMITaH Ba OpaH MApaMETPUHMHT YyidaMcH3 KuiiMatd Oaxomann6, WY/R® =
0.96-10" xuiimatu OJIMHIaH,;

Kopa Vpanap 6pan 3apaaiapuHUHT OPTHUIIN SHEPTUS YUKAPHUIIT KapaGHUHUHT
KyJaiiummra oJiu0 KeTuIu Ba 5-YIIHOBIM KOpa YpalapHUHT SHEPTUs HYpJIaHUIITN
allIaHMII TApaMETPUHUHT OPTUILY OWJIaH Ky4aluIu KYypCcaTUiraH;

Kerr-Taub-NUT wmoxmenuma Kopa YpaJapHHHT XOJaWcangap TOPU30HTH
IPAaBUTOMArHETUK 3apsIHUHT OPTUINM OWJIaH KaTTaJalluIIM KYypcaTWITaH Xamjia
ymyamcn3 rpaButoMaraut 3apsn [/M<0.85 Ba nmedopmanmsi mapamerpu ydyH
|| <80 uerapaBuit KuiimMaTIap OJUHTaH;

Einstein-Born-Infeld monenunma aiimaHuin MmapaMeTPUHUHT €KW DIIEKTP
3apAIMHUAHT OPTUINM OWJlaH 3appajlapHUHT MapKa3uid O0O0BEKTra SKUHPOK
XapakaTJaHMIIU KypCaTUITaH.

TaagKMKOTHUHT amMaJIuii HATUKAJAPH Kyiuaaruiapaan nuoopar:



Jepopmanusiianran — ailiaHyBuM  Kopa ypa artpoduaard  acTpou3HK
Kapa€HJIapHU TaJAKWK STUIIIA OJIMHIAH HATHXKanap y3apo TabCUP HA3apUsIIapUHU
Ky4WIM TPaBUTALlMOH MAiIOH [IAPOUTHAA CUHAII YUYYH KYJJIAHUJITaH.

Pentren wmanOamap MabIyMOTJIApMHU KaiiTa wummamaa aedopmarus
napamMeTpUHUHT YIIOY MIIJIa OJMHTaH YerapaBuil KWHMaTHHU XUCOOTa OJUII Kopa
VpallapHUHT TypJiu MapaMeTpliapuHU aHUKJIAIITHPUINTra ONUO Kelaau, YyHKH
napamMeTpJapHUHT YerapaBuil KuiMaTiapu actpodpusukaga (pa3o-BaKTHUHT
CTPYKTypacu Ba KOMIIAKT OOBEKTIAp aTpoduIard DSHEPreTHK KapaCHIapHU
TaBcu(Iamga KyITaHUITaH.

Typnu rpaBuTanys MOJEIIAPU YUYyH OJIMHTAaH KOpa ypajap COsUIAPUHUHT
IIaKJ/UTApU Ba IMapaMeTpiiapu y €ku Oy rpaBUTallds HA3apUSCUHU TEKITUPHII YIyH
Ky3aTyB MabJIyMOTJIapyd Ba HA3apuil HaTWXKaJIaAp COJMIITHPMA TaxJIMIIMAA
KYJUTAaHWUITaH.

TaakukoT HATWKAJTAPUMHMHI WIIOHWIManrn Hazapuil ¢usukanuar Ba
YMymMuil HUCOMIUIMK Ha3apUSCHHUHT 3aMOHABMM METOJIapu Xamjia OKOpHU
AHUKJWKJIArd pakaMJIM METOoJylap Ba ailropuTrmiiapiaH QoiianaHuIraHInury;
Hazapui Wy OuilaH OJIMHTaH HaTWXalap Ky3aTyB MabiyMOTJIapu Ba OOIIKa
MyanmudIapHUHT [y — WIIra  JIOWp  OJIMHTAH  HaTwkajmapu  Oyiinua
TEeKIIUPWITAHIUTH OWIaH acocliaHaju; XyJiocajgap TpPaBUTALMOH KOMIAKT
O00BEKTIIap HA3aPUSICUHUHT aCOCUN KOUJalapura Moc KeJa/iu.

TagKUKOT HATWKAJTAPUHUHI WJIMMHA Ba aMajiMil axamMusiTH. TaakukoT
HATWOKAJApUHUHT  WIMHMH  axaMUSITH  SIKMH  KEeJaXakJgaru  TaJIaKTHKa
MapKazjapujard CynepMacCcuB Kopa ypanap cosuiapu OwWsiaH YpraHuiraH Kopa
ypanap COSJIapMHM TaKKOCJIaraH XojJa TypJid TpaBUTALMS Ha3apusuiapura
YEKJIOBJIap KYWHUII yUyH KYJUJIall MyMKUHJIUTH OWJIaH aHUKJIaHAIH.

TaaKUKOT HAaTHKAJAPUHUHT aMaJlui aXxaMUSTH TUCCEPTALNs UIIUAA Ha3apHil
OJIMHFaH HaTWKaJlapHU TPaBUTALMOH JIMH3ajJapra JOUp Ky3aTyB HaTUXajlapH
OwJiaH TaKKOCJIaraH XoJija, MYKOOWJ TpaBHTAIMs Ha3apusCHU JOMpacuia, Kopa
Vypanap mnapameTpiapuHu Oaxonam €Kd TaXMUHUN KUUMAaTJIapUHU  OJIMINIA
KYJUTAaHWIAIH.

[Iynunraex, HaTWXKaudap TaOuaTAaru TrpaBUTAllMS ¥3ap0 TabCUPHHUHT
dbyHIaMEeHTaI TAMONMIUIAPUHYU TYITUHTUPHIILIA (HONTaTaHIIIaH.

TagKUKOT HATHXKAJIAPUHUHI JKOPUM KWJIHHMIIM. [paBUTOMAarHeTHK
3apsara sra OYnraH aiJlaHyBYM KOpa YpallapHUHT coslapura OWJI OJIMHTaH
HATW>Xajaap Ba yJapHUHI TPABUTOMATHETHK 3apsAHUHT Ky3aTyB MablyMOTJIapUra
OOFJIMKJIUTH, TPaBUTALUSHUHT OOIIKA MOJE/UIapu XamJa pakamiId CUMYJISIIUs
épmamuga OJIMHTaH Kopa ypa cosulapu OwiaH Kuécnaimiga XOpPWXKUW WIMUM
xypuamapaa (Physical Review D, 2017; Astrophysical Space Sciences, 2017;
European Physical Journal C, 2017; Monthly Notices of Royal Astronomical
Society, 2015) doitnananniarad. MnMuii HaTWKaAHUHT KYJUIAHWIAIIA [TYHIAKH,
Kopa Ypanap costiapu Oyiinda OJMHTaH HaTWXKajgap TPaBUTAIMOH MOJEIIap yIyH
yerapaBuil KNAMAaTIIApHU AaHUKJIAITa XU3MaT KAJITaH.

FOkopu yn4oBiM Ba y3rapTUpWIraH rpaBUTalds MOJEIUIApU/Ia OJIMHIaH Kopa
YpallapHUHT SHEPTEeTUK Ba ONTUK XYCYCHSATIApHU TYpPT Ba IOKOpU YmdoBiu (hazo-
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BaKTJIApH TPABUTAIIMOH ¥y3ap0 TabCUPJIAPUHHUHT (PYHIaMEHTAT TaMOWWJIIAPUHU
PUBOXKIAHTHPUO Oepuiiia Oup Karop xankapo kypHamiapaa (Physical Review D,
2017; Astrophysical Space Sciences, 2017; European Physical Journal C, 2017;
Monthly Notices of Royal Astronomical Society, 2015) kopa ypajlapHHHT coslapu
Xamjia TpaBUTALMSHUHT OOIIKa MoJeiiapy OujaH TaKKOCHAIIHU aHUKJAIIra
XU3MaT KUJITaH.

TaagkukoT HATHKAJIAPUHUHT  anpodamusich.  Maskyp  TaJKUKOT
HaTWKalapy 8 Ta Xalkapo Ba MaxaluIMd WIMUN aH)XyMaHjapaa MyXxokama
KWJIMHTaH.

TaakKuKOT HATHKAJAPUHUHI bJOH KWIMHMIIM. J[MccepTanus MaB3ycu
noupacuna xxamu 20 Ta wiMuii Makonanap, mynapaad 9 tacu PhD nuccepranuscu
yayH Y36exucron Pecry6mukacu Ommii ATrectamms Komuccmscn TOMOHHMAAH
TaBCHSI STUJITAH XaJKapo WIMHUM KypHaUIapAa 4ol 3THIITaH.

JluccepTanMsIHUHT TY3WIHIIHA Ba Xa:kMH. J[uccepranus TapkuOu KUPHIIL,
TyprTa 0600, Xyjnoca, QolganaHwiran agabu€tiap pyhxatumaan uoOopar.
JuccepranustHUHT XakMu 119 OETHH TaITKKIT dTaIu.



JINCCEPTAIIUSIHUHI ACOCUM MASMYHH

Kupum xucMuia yTKa3uiaral TaJIKUKOTIAPHUHT JOJ3apOSUru Ba 3apyparu
acocjiaHTaH, TaJKUKOTHUHI MakcaJau Ba Ba3udanapu, OOBEKT Ba MpEAMETH
TaBcu(IIaHTaH, pecny0auka ¢paH Ba TEXHOJIOTHSIIAPU PUBOKIAHUIIIMHUHT YCTYBOP
WyHamuuuiapura MOCIWUTUA KypcaTWITaH, TAJAKUKOTHUHT WJIMHUW SIHTWIWTH Ba
aMaJInil HaTHXKanapy 0aéH KUJIMHTAH, OJMHTaH HaTMH)KAJIAPHUHT WIMHI Ba aMaJTii
aXaMHATH Ooun0 OepwiraH, TAAKAKOT HATWIKAJAPUHA aMaIMETTa KOPWUW KHUJIHIIL,
Hallp OTWITaH WIUIap Ba JUCCEpTalMs TY3WIUIIM Oyinya MabIyMOTIap
KEJITUPUJITAH.

Hucceprauussauar  “I'paBUTallMOH  JIMH3a Ba  PeTPOJIEH3UHI”  1e0
HOMJIAaHTaH OupuHYM O00M T1UIa3Ma MaBxymauruga Braneworld wmonenuna
IpaBUTALMSABUN JIMH3A XOJIMCACUHU YpraHuIIra OaruijiaHTaH.

Braneworld rpaBuTanmon monenuaa cTraTMK Ba cEepuUK CUMMETPHUK Kopa
Yypanap ¢azo-BaKT METPUKACH KyHHAAaru KypuUHUIIIa OEpUIIraH:

ds* = —f(r)dt* + —dr® + r*(d#* + sin? 8de*),
f(r) (1)
f(r) pyHKIMAHUHT KYPUHUIIN KyWHIaruya:
2M W3
flr) = 1——— R
7 7 (2)
bynna W — Opan 3apsau (1) xypunumgaru ¢a3o-BakT METpPUKACH

MaTeMatuk kypuHuid Reissner-Nordstrom eunmura yxmai, papku W 3apsiaHuHD
MaH(puHIUIrUaa.

Ymby 606xa Braneworld Momenu BakT (azocu reomerpuscupa Iuiazma
MaBxkyumaraga (1) MeTpuk TeH30p KOMITOHCHTalapujaH ¢oiiajanrad XoJaa
EPYFIUKHUHT OFHIl Oypuaru nudomacu Kyduaara KypUHHUIIIIA TOTTHAIIA/IH.

2

X / ® 9 R, W2 z
(83 = —_— _
’ o Ob Vb2 + 22 r2 } b2 4 22

L1 R W\
-2 \VEr 2 )| 3)

bu3 Tabcup mapamMeTpuHU KyHWaaruda KUpHTIUK: b? = x?¥ + x5, Oy epaa X;
Ba X, J1ap Z YKU TEKUCIIMK KoopanHaTanapu. [lmazma nmapamerpiapu

y 4AmeN(r) ., wi
W() — W —_—
uC f(r) (4)

by epna w, Ba w Moc Xonga Iuia3Ma Ba (DOTOH dYaCTOTANAPH, W
YaCTOTACHHUHT YEeKCH3JIMKAard KuiiMaTtd. [l7asma 3uuaurd ydyH gapaxa
kypunuimmaard ¢yuknus tammaimMus N(r)=roNo/r, No 1uiasmMa 3UWIMTHHHAHT [
nard kuiimata.  l-rpadukaa  OofFMIn  OypyarMHMHT  MMIIAKT — [apaMeTpra
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Oornukaurn OpaH 3apsSAMHUHT TypiAM XU KUUMAaTiapuaa KeNTHpPUJITaH.
['paBUTAIMOH JMH3a TEHIVIaMacu Kyiujaruia Oepuiras:

0D, = ']Dq + aDjs , (5)

300 1 3.0F 1
1 2s5f-. 3
1 zof_ -l ]

1 1sf S .

R TV 1 wof —SEne.l, ]

0.5: 1 1 1 1 |-.-. 05 1 1 1 1 1

1-pacm. Oruiun OypUYaruHUHT HMMIAKT MapaMeTpUura 0orTuKIuru W opan 3apsiiuHUHT
TYPJIM XUJ KHIIMATJIapH Y4YyH: W? = 0 kaumn ymsuk, W2 = 0.5 Y3YK-y3yK YM3HK and W=
0.99 y3yk-HyKTa Yn3uK. Yan TOMOHIaru BaKyyM Ba YHT TOMOHJIATH 3¢a MJIa3MaJIH X0J1aT

by epna B ky3aryBum Ba JuH3a YKM OuiaH MaHOa opacupard Oypyak,
EPYFIUKHUHT « Oypyakka OFMINM HaTIKacuAa XOCHJ OyiraH TacBUPHUHT
oypuarn, Ds; and Dys map mMoc Xoima Ky3aTyBuujaH MaHOarada Ba JIMH3aJaH
Epyriuk ManOauwravya Oynran macoda. Mmmakt mapamerp b=D,9, 0y epma D,
Ky3aTyBuMJaH JauH3arada wmacoda. bu3 Kyitmmarm myHocabaTHM aHUKJIAJMK:

D F(8)1

D,-,. Dg g (6)
F(6)=|ay(8)|D\6 Oy stHru kKupUTHITaH KaTTAJIHUK.
TacBup €pKUHIUTH YUYH KyNalluil napaMeTpuHu Kyiuaara udona épaamuaa
XucoOa MyMKHH:

B=0-—

pl, ol,
T TA LT

1200

[&;]

[ — P

-

= 2 020 99 /

1.05F

1.00F

1072 0.1 1 10 100 1000

1
2-pacM. p.g /I, Ba pP'/u_ TacBMpiapHH KAaTTAIAIITHPHILIAPH BAKYYMIA Ba I1a3Maaa
Opan 3apsaauHuAr W2 Typam Xuia KuiiMaT/Iapu y4yH KeJTHPHITaH
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, k=12 .35,

. Lior . O dfy,
=5 =%)(5) (@)

2-rpaduKaa Kynaluill mapaMeTPUHUHT Xg ra OOFJaHUWINM Typid XWI OpaH
3apsqjIapyu y4yH KEITHpUITaH Ba OyHJa OpaH 3apsau Kymaluin mapameTpUHUHT
OpTUIINTA OJIUO KEJIUIITUHU KYPUILL MyMKHH.

JuccepTallusiTHUHT “AMJaHYBYH KOPa YPAJAPHUHI TOPU3OHT TY3WJIHMIIHU
Ba yJapJaH JHePrusi a;KpaTumu’ €0 HOMJIAaHTaH UKKUHYM 000uaa ailllanyBYn
KOpa YpalapiaH »SHEprusi axpalulld Ba YJIapHUHT XOAHcCalap TOPU30HTHU
Ty3WIUIIH ypranuinaan. byHman Tamkapu, Ou3 KymmMm4a Tap3ga Kopa ypanapaa
abCoIOT KOpa JKUCMHUHT HypJaHuil 3¢eeKTUHU YpraHIuK.

Slxkunna aimanyBum FEinstein-Born-Infeld kopa Vypamap yuyH ¢a3o-BakT
MeTpUKacHu Tonwiran Ba y Boyer-Lindquist koopauHaTanapu opkaiu Kyiujaarnia
é3nmnanu:

(7)

A—asin’d , p?

ds* = 7 dt® — A dr*
: A — a?sin® 0 L.
+2a sin” f (1 — {“::};111 ) dt d¢ — p* do*
: : . A — a?sin? @ .
— sin’f [,02 + a?sin? 6 (‘_ - a 25111 : )] do? |
& (8)
OyHJ1a
A =71 =2GMr 4+ Q*(r) 4+ a? and p? = r? + a® cos* . 9)

a, M, Q Ba g mapamerpiap MOC X0jiIa KOpa YpaHUHT alJIaHWII, Macca, JJIEKTP
3apsaau Ba Born-Infeld mapamerpunup.

buz 3-pacmpa xap xun snektp 3apsau Q, B mapaMmeTp Ba alIaHUII
napameTpiiapyu Y4yH XoAucalap TOpu3oHTMHU um3guk. Kerr-Newman kopa
Vpanapura yxma0, aitnanyBu (8) ¢azo-BaKTu XaM UKKHUTA TOPU3OHTIA Ara: TAlIKU
Ba XOJMcCaJIap TOPU3OHTH. 3-pacMa UKKUTA, MUKU Ba TAlIKA TOPU3OHTIIAP Xap XHJI
napameTp Kuiimatiapuga TtacBupianrad. Eynshteyn-Born-Infeld kopa ypanapu
YUyH OSHEpPrusi HYpJaHUII TE3JIUru Kyhugarn udoma OuiaH KeATHUPUITaH:

dZE(“w‘) B QTL—QUJ‘JNJ 3
dwdt — expw/T—1 (10)

byuna T=k/2n Hawking xapopaTé Ba CHPT TpaBHTAIUsICH. 4-pacMmia dHEPIus
HYpJaHUII TE3JUTMHUHT YacToTara OOFJAHMIIM Typiu 3JekTp 3apsau Q Ba p
napamMeTp KuhWMaTiaapuaa Kentupwirad. KypuO TypraHuMu3neK,  dJIEKTp
3apaauHUHT Q €KM f TapaMeTpUHHUHI OPTHILM, TOPU3OHTHHUHI KUYpAWWIIN
XUCOOUTa PHEpPrusi YMKAPHUII TE3MUTMHUHT SHT KaTTa KUMMAaTWHU KaMaWluIura
0110 KeJIaau.
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3-pacM. AiJIaHMIII NApaMeTPUHUHT Xap XWJI 3J1eKTp 3apsaau Q Ba f napamerpJap yuyH
paanajg KoopAuHATAra 00rJIaHUIIMN

030 . . . . .
015f g
F P - Q=03 1 o5k iy ===x 5=0.05
i ~ 1 - ’. ,
FAERNY -—- Q=04 i by -— p=01
i AN 1 020f ; 3
010 ;’- RN - Q=05 7 s A% memm B=0.3
e [ 3 % 1| w2 ! 5,
‘%| b H i W W %l = 015} 1 = »
F g W g = . . AY
L W, ] N ,
005 N, ] o10f LT N N
A [ -“\;‘ ] "'f" ._. oy \’
[ A ] Hy oM, hS
oy, 005k AN e
[ " ] f Teaves .
0.00 : ! C — y 000 : . T i
00 0.1 02 03 04 05 06 0.0 01 02 03 04 05 06
w [7]

4-pacm. Einstein-Born-Infeld kopa ypana sneprust nypaannum. Yan romon Q=0.5 Ba
yHr Tomon = 0. 05 xoJatap yuyH

HucceprauvsiHUHT "AKCHAJ CHMMETPHUK KOMIIAKT Oo0beKTJiap atpoduaa
3appajgap xapakatu" 1e0 HOMJIAHTaH Y4YyuHYM OO0OM aljnaHyBYM Ba
alllaHMaliinran TypJiM TapaMmeTpiapra sra Oyiran Kopa Yypamap arpoduia
EpYFIMK HypJIapd XapakaTWHHW YypraHuiira OaruinuiaHaad. bu3 wmaccara osra
OYJMaraH 3appaHUHT XapaKaTHHU Macca Ba TPaBUTOMArHETHK 3apsiira ara OyiraH
Kopa Vpa atpoduna ypranamus. byHpali kopa VpaHuHr (Pa3o-BakT METpUKACH
KyWuJaru KypyuHUIITa ora:
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. 1 . . :
ds* = — (—\ — a* sin 9) dt® + [(T + ay)?sin® @ — x*A] do?

{_J

] =

(11)

OyHaa Ou3 Kyiuaaru OenrunaHuniapaad GonganaHraHMH3:

N=rP+ad®>—1P—2Mr, Y =r’+(l+acosl)? \=asin’f— 2lcosd,

I"amuibpTOH SIKOOM TEHTIIAaMacu
as 1 308 08

or 29 Ox® dxh’ (12)
maH (oimamanu0, 3appa y4yH XapakaT TEHIVIAMAJapHH TOIMUII MYMKHH:
- dt r? 4+ a? 412

g _rrewe £ — (e
dr A [(r +a* 41 ) }—‘_Hlﬂ r—?( \)
do a 1

e _ g 2\E — al (L —yE).

7 = A+ +F)E —al] + (L - xE),

% _ /e

OyHnaru R(r) A ©(0)R(r) Ba O () OenrunaHuIap KyHuaaru KYpuHUIITa 3ra:
R = [(P*+a>+11)E—aL]’ = A[K+ (L —a&)?],

112 2
O = K+ [(a2 £ ) = ‘['2 } cos® § + 4lE ((18 — i ) cosf.

sin” 6 sin” @ sin

tenrmamanapaa K Oy Kaprep moumwmiicu. Maccara sra Oynmaran 3appa y4yH
sddextuB morenumanuu (dr/dr)’=Ves kypunnmma uboxanad, EpyFIuK Hyplap
y4yH TPaBUTOMArHeTWK 3apsjl MaBXY/[UIMTHAA paaual XapakaTHH YpraHWII
MyMKHH. 5-pacMaa paauan EpyrIMK HypJapu XapakaTh Y4yH 3(Q(deKTuB
NOTCHIMAIHA paJnal KOoOpAWHAaTara OOFIaHUINM KenTupwirad. 5S-Pacmaan
KYPUHAJAUKM, TPAaBUTOMAarHETUK  3apsiAHUHT  OpTHIIM  OunaH 3¢ dexTus
NOTCHUMSJTHUHT MUHUMYM KUHAMaTH XaM OpTagd Ba y Ky3aTyBYd TOMOH
CIDKUIIM. ByHU YHUHT TOPU30OHTHUHHU KEHTAWWIM OWIaH TYHIYHTHPHII MyMKHH.
byHnpnan Tamkapu, MUHUMYM KMMMAaTHUHT OPTUIIM HaTHKacuaa €pyFMK Hypiapu
cepaHUHT HOTYPFYH OYIMIIUTa XaM 010 KeTUIIUHUA KYPUIL MyMKHH.

Xynmu myHnaid uyn oOunan Einshteyn-Born-Infeld xopa ypamapu yuyn
EpyFIuK Hypiapu cdepa TEHIIaMaJapuHM XaM OJHII MyMKHUH. O-pacMjia
Einshteyn-Born-Infeld xopa ypamapu atpodumaru Epyriuk Hypjapu XapakaTH
YUyH 3JIEKTp 3apsSAMHMHT Xap XWJI KuiimaTiapuaa 3((EeKTUB MOTCHIMSITHUHT
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panuan 6ornanuimm kentupuirad. llyHu kypuin MyMKUHKH, 3JIEKTP 3apsIdHUHT
€KM aillaHMIll TApaMETPUHUHT OPTUIIM TPOEKTOPUSHUHI MapKa3zui OObEeKTra
SKUHJIAIINAIINTA OO0 KeTau.

04f

Ver

0.2F

0.0F

r/'M

5-pacm. 'paBUTOMArHETHK 3aPSIHHHT Xap XHJI KHAMATIapH YYYH EPYFIHK
HYPHHHHI PaJHAJ XapaKaTu y4yH 3G (eKTHB MOTEHIMAT IHEPTHSIHUHT PaTHall
KoopauHaTara ooraanuimm: |/M=0 kaaun ynsuk, I/M=0.5 y3yk-y3yk un3uk, Ba |/M=0.9
Y3YK-HYKTA YH3HKJIApH OUJIAH KeJITHPUITaH

JluccepTauusiHUHT “AKCHAJ CHMMETPHSAra 3ra KOMIAKT O0beKT/Iap
COSICM Ba ONTHK XyCycHSITJIapu” 1e0 HOMJIaHTaH TYpTHHYM OoOujga Kopa
YpanapHUHT cosicu EpyFIUK Hypiaapu chepacu épaamuna yprauunau. Kopa ypanap
cosicu KomHOTIA ynapHMHI MaBXYJUIMTHHH KypcaTaauraH KeJa)XxakJard MyXHM
TyLIMHYaJIapiaH OUpUIup.

Mynaait kunub, 6u3 Kopa ypanu €pyr HoH oyura Kyiicak, y Mapkasziaa Kopa
cog cudaruga KypuHaJAM Ba YHUHI HIAKIM Kopa Ypa uerapaiapu Ousad
xapaktepianaau. Krucka TYIKUHIAp AUANo30HUAArY KyJda y3yH 0a3alld YU3UKIU
unteppepomerp (very long baseline interferometry(VLBI)) épnammuna onu6d
OopuiaérraH Ky3aTyBiap SKUH Kelakakaa Kopa Yypamap artpoduiaru
AKKPELMSIHUHT Ky/1a KaTTa aHUKIUKIArH TACBUPUHM OJMII UMKOHHUSITUHHU Oepaju.
OCMOH KOOpAMHATaJIapu:

. 5 ., do od
a = lim (—-rﬁ sin Ay d-?’) . :.-'_-] = lim rﬁd—f

Vg —00 Pp—+00

OCMOH KoopJuHaTajapuiaH ¢oijalanrad XoJjj1a, OCOHTMHA Kopa Ypa COSCHHH
KEJITUPUII MyMKHH. AWIIaHyBYM KOpa ypayiap YUyH COSICH IIaKiIu OWiIaH OOFJIHMK
OynraH WKKWTA Ky3aTWJIaJWraH TMapaMeTpHU KYpHIil MyMKUH. bupunumman, 7-
pacM/la KYpUHTaHUJIEK, COSHUHT TAXMUHUN [AKIA aiJlAaHAHUHT 3 Ta HYKTacUJaH:
IOKOpHUJIaH, TIacTJAaH Ba YHT TOMOHHaH yTaau. CosHUHT paauycu ymilOy aiimaHa
pamuycu OwiaH XapaktepiaHaau. CossHMHT Oy3wiuin mnapameTpu  8s=Dcg/Rq
dbopmylia oOpKadu aHMKJIAHAIW. ACTPOHOMHK Ky3aTyBlapia yIIOy HKKUTa
KaTTaJIMK MyXUM caHaiaau: §s Ba Rs. 8-pacMaa Kopa ypaHuHr cosicu aedopmaius
napaMeTpUHMHT Xap XUJl KuiiMatiapuaa keatupuirad, a=0.35 (yanjgan OupuHun),
a=0.4 (yangan ukkuH4M), a=0.55 (yangan yunHuu) Ba a=0.6 (yangan TYpTUHYN).
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Hedopmarusi mnapaMeTpUHUHT OPTHUILK EPYFIMK HypJapd OpOUTaIapUHUHT
KUupaumura oaud Kenaau, SbHU TpaBUTALUSA KYWIAPUHUHT EPYFINK HypJapu

op6HTaJ1apHra Ta'bCHpI/I KaMadaau.
08 . : : .
e — (=0 P — (=0
Pty e 06 e T
06 i ——= Q=05 # e s —— Q=05
iy R
04 "a:' Q=07 04
%— !" — (=09 .
IH G
= o2 f > 02
LH
00 I 0.0
H
]
i -02
020 g
|'l7 1 1 1 L 1
2 3 4 5 3 7 1.
rimM
= e=05 06
m— g0 -
m——— =07 0.4
mmme o) 8 N 02 :
[1]
>
0.0
5 — =05
mmm g=06
=== =07
wman o= 8

=02
40 45 50

-04
20 25 30 35
riM

riM

6-pacM. DJIeKTp 3apsAaAMBA AHJIAHUII NAPAMETPHHUHT Xap XMW KUAMaTJIapuaa

EépyFJIMK HYPUHHMHT PAJMaJ XapakaTH Y4yH 3¢ (eKTHB NOTeHIHAJ JHEPTUSIHUHT Pagual
KOOpAMHATAra 0OFJIaHMIIN KeJITHPUJITaH

7-pacMm. Ky3aryBaa aiiianyBYu Kopa ypajJapHUHI IIAKJIU OHJIaH OOFJIMK Oyiaran

KaTTaaukaap: 6ysap paguyc R Ba 6y3uwium napamerp §s=D/Rs. By epaa D¢ cos 6unan
AIJTAHAHMAT HT YeKKAa HYKTACH opacuaaru macoda
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]

o

[T

8-pacm. 0=1/2, nepopmanus € Ba aiiJaHNII & TapaMeTPJIapu MaB Ky X0JLJIapAaru

B ’ b.
9-pacm. O=m/2 Bar

Pa

non-Kerr Kopa ypa COSCHHHHI TACBUPH

@

a

/ aelB ™,
o oot “,__ :

=

N ’ d ;
BUTOMATHETHK 3apsS/IHHHT TYPJH KUMATIapH YYyH Kopa ypa
COSICHHUHT TacBHpH KeaTtupwirad. By epna |/M=0.1 kanun un3uk, I/M=0.5 y3yk-y3yk
YU3MK, Ba |/M=0.9 y3yk-HyKTa YH3MKJIapH OWJIAH KeJTHPHUJITAH

A

] i PLE]
s Baam

"

N

10-pacm. DaekTp 3apﬂ1m.Q, Born-Infeld napamerpu  Ba napamerpura

MapaMeTPUHUHT Xap XWJI KHAMaT/JIapuia aljIaHyBYd KOpPa YPAJapHUHT COAIapH
KeJTUPWITaH
; I ?;: ______________________________________ j
50} 504,
[T -
1
1
~, 1
- ~, 4 \
“l — p=10and - G T
[ -_—p= o0 @ -
¥ ¥ ‘,‘ — Q=0
LT 1] ﬁ:" \‘ L L] Q:OS
40 mme =01 0N wee Q=05
-—- =005 N -
B . Q=07
35[ - P=0.01 il TSz Q209
C-I.D I 072 I DT-{ 06 08 C:D EITE- 170 1I.5 ZTEI 2I.5
Q B
11-pacm. Ky3aryBaa Kopa ypaJapHUHI IIAK/JIH OWJIaH O0FJIMK OYIran
KaTTaJMKJIapAaH 6upu paguyc Ry HuHT 3J1eKkTp 3apsian Q Ba Born-Infeld mapamerpu S ra

OorsiaHuIIM KeaTupuiarad. Yam romonaa xap xui Born-Infeld mapamerpu £ Ba yur

TOMOH/IA 3¢a IeKTP 3apsiau Q HUHT KHIIMAT/IapH KeJITHPHJITaH

by myc6ar nedopmarusi xucobumaH KAYUKPOK HMMIIAKT IMapaMeTpra ira

EpyFIIUK HypJapu XaMm IOTUIMacAaH YTuO KeTummHH Oungupand. Mandwuii
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nedopmanust  Kuiimatnapuga sca Kepp Kopa Vpamapuna ooTHIMaciaH yra
OJJAUTaH HWMIIAKT MapaMeTpAard EpyFlIuK HypJiapd XaMm MapKa3uil OOBEeKT
TOMOHH/IA FOTHIINO KOJIa]IH.

O-pacmpaa ainmanyBun Taub-NUT kopa YpamapHuHr pakamiid ycylija
OJINHTaH COSUIAPWHMHT IIAKIW AWJIaHWII Ba TPABUTOMArHETUK 3apSAIHUHT TYPJIH
KUiMaTiapuga KelThupuiraH. Pacmiapian Kypuil MyMKHHKH, TPAaBUTOMAarHeTHK
3aps] cosl YTYAMUHUHT KaTTaIalIUIINTa 00 Kelau.

[IlyHuHrIeK, aliaHuII TapaMEeTPUHUHT TYPJIM KUAMATJIAPUIary CosyIap Xam
kenTupwiaran (dangan yarra): a/M=0.5, a/M=0.7, a/M=0.8, and a/M=0.99. NUT
BA aWJIAHWII IMAPAMETPJIAPUHUHI KOpPA ypa COSICH Y3rapuIIura TabCUPJIAPUHHUHT
Ooup-Ouprapura KapaMma-KapIiii 3KaHUHUA KYPUII MyMKHH: TPAaBUTOMAarHETHK 3apsij
Cosl YIYaMHMHM OIIMpCA, AWIAHMII YHM KaMauTupaad. AWIaHUII [apaMeTpH
COSIHUHT aiiaHa/JaH Oy3WJIMILWTA OJUO Kelica, 3JIEKTP 3apsAAuHU OPTHUILH YHU SHA
aliyaHa XoJiMra Kaiitapa oonuiaiam.

10-pacmpua Einstein-Born-Infeld xopa ypanapununr snextp 3apsau Ba Born-
Infeld napameTpuHUHT Typyiu KURMaTIapUIATH COSIIAPH KEATUPUIITaH.

11-pacMaa cos paamycu Rs HHHr anektp 3apsad  Ba  Born-Infeld
napameTpura OOFJIaHUIIU KEITHPUITaH. 12- pacMaa sca Oy3WIHII MapaMeTpu &g
HUHT Y10y UKKUTA KaTTaJuKIapra OOFIMKIUTH KEITUPUIITaH.
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12-pacm. Ky3atyBaa Kopa ypajJapHUHI IIAKJIH OWJIaH 00FJIMK O0Y/Iran
KaTTAJIUKJIApAaH OMpH Gy3naIn napameTpu §; HUHT ekt 3apsian Q, Born-Infeld
napamerpu f Ba aitianum napaMerpu a=0.9 Japra GOFJIAHMIIN KeJITHPHITAH. YHT
ToMoHAa Xap xuJi Born-Infeld napamerpu  Ba yan ToMoHaa 3ca 3J1eKTp 3apsaau Q HUHT
KUHMAT/IapH KeJTHPHJITaH
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XVYJIO0CA

“AlTaHyBUM PEJSITUBUCTUK KOMITAKT OOBEKTIap aTpoduaa ONTHK Ba

DHEPIreTUK jkapaCHiap” MaB3yCHUJard JUCCEpTaIus HIIMHUHT HaTWXKaJlapuIaH
KeJIMO YMKKaH X0J1/1a KyHuaard Xyjaocanap KeITHPHUIIAIN .

1.

Braneworld monenuaa kopa ypanap atpoduaa Kydcu3 rpaBuUTallvs JIMH3AIAP
YU4yH EpYyFJIMK OFMII OypYarMHMHI aHWUK aHaIUTHK Hdonacu onuHau. Kopa
VpanuHr OpaH 3apsad KUMMaTd OpTUIIM OWJIaH TacBUp YI4aMH KyTaluIl
NapaMeTpUHUHT OPTTHPHUIIM KypcaTHIraH xamjaa MaHpuil OpaH 3apsau
MaB)KyJIMTUa MaHOa TACBUPUHUHI KYNAHWIIM Ba OFUILI OypYardiHUHT OPTHUILU
xaMm kypcatunan. Ky€m Oyiinda Ky3aTyB HaTwKaiap OWjiaH OJMHTAH Hazapui
HaTIKaJIapHU TaKKOCTAIl OpKaiu OpaH mapaMeTpH YUyH IOKOpH derapa OJUHAN
W2/ R*< 0.96-107".

Einstein-Born-Infeld xopa Vypamgapu xoaucanap TOPHU30HTH CTPYKTYpPacHHH
TaxJWI1 STHUII acocuia, IeKTp 3apsau Ba Born-Infeld mapamerpu oprtuim
TalKyd (MYKK) TOPU3OHT PATUyCUHUHT KaMalWIIMHKU (OPTHUILIMHU) XaMmJia Kopa
Ypanap Opad 3apsiid OPTUIIU DHEPTHUS KPAIHII KAPAaGHUHUHT Ky4auTHUPUIITN
Kypcatwiad. bem yimuoBim Kopa ypanapaa aiylaHUII NapaMETPUHUHT OPTUIIU
HaTWKacuaa DdDHEpPrus  HypjaaHUMHM  SPQGEKTUBIUTHHUHT  KaMaTHPUIIN
KYpCaTHIIN.

Epyrnuk HypnapuHMHT pajuan XapakaTd yuayH 3p(eKTHB MOTEeHIHATHY TaXJIuI
stum acocunaa, Kerr-Taub-NUT kopa ypanapuaa rpaBUTOMAarHETUK 3apsiIHHHT
OpPTHUILIHA, XOJHCAJIAp TOPU3OHTH PAAUyCH KaTTajamuiu xucoodura 3¢h@dexTun
MOTEHIMal MHWHUMYMHHHM Ky3aTyBYd TOMOH CHJDKHMIIMIa OJIMO KeJWIIN
kypcatminau. Einstein-Born-Infeld mopenuna doigananum napamerpu €Exu
ANIEKTP 3apsAMHUHT OPTHUIIM OWJlaH 3appajap Mapka3uidl OObEeKTra SIKHHPOK
XapaKaTJaHUIIU KypCaTUIIIN.

. Non-Kerr xopa ypanapna manduii gedopmaiiusi napaMeTpUHUHT OPTUILN OUIIaH

EpyFIUK HypJiapu cQepacHHUHI OPTULIM Ba TYpFyH opOHUTanap paguyCHHUHT
KaMainb Mapka3uit OOBEKTTa SKMHIIALTUIIN KYPCATUIIIH.

Non-Kerr kopa ypanapaa aedopmaius mapaMeTpUHUHT OPTHUIIA OWJIaH OOBEKT
cost ymuamu Y3rapumu KypcaTwinu. Jlepopmarus mapaMeTpUHUHT OPTHUIIH
EpyFIUK HypJiapu OpOWUTaJapUHUHT MapKa3hil OOBEKTra SKUHPOK KEJIHIIUTa
cabab Oymumum anukiaanau. [dedopmarusra sra Oyiran Kopa ypamap cosuiapu
xaMm aeopmarusuianraniura Tormuiaan. ONWHTaH HaTWKalapHU Kopa ypasap
costmapuan  EHT  noiimxacununr ky3aryB Hatwkaitapu (Rs=6M) Owian
COJIMIITHPHIN ~ OpKaau Vyimyamcus jaedopmamnms mnapamerpu  |¢|<80 Ba
rpaBuTOMarueTuk 3aps yuyH 1/M<0.85 uerapapuii kKuiimaTiiap OJUH/IN.
Einstein-Born-Infeld xopa ypamapununr cosutapu Reissner-Nordstrom kopa
Yypacu cosicura Kaparasga OuWpo3 KWHYHMK Ba KaM JedopMalusIaHTaHIUTU
AHUKJIaHIHU. Born-Infeld  mapamerpuHuHT  MaBXKyIIMTHIAa — KYIIAMYa
CHMMETpHsira dra OYIraH COSHUHT maigo Oynumm kypcartwiau. Born-Infeld
NapaMeTPUHUHT OPTHUIIM KOpa ypa COSCH IIAKIMHUHT OYy3WJIMIIHOPTHUILNTA
ONM0 KeNMUIM aHWKJIAHAW.  AMIaHWII TApaMETPUHHUHT COSl  YIIYaMUHU
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KaMaWTUpUIIWIa KapamMacllaH, TpaBUTOMArHeTUK 3apsii Ccos  YIYaMUHH
OPTTUPHILIN KYpPCATUIIN.

7.5D Myers-Perry kopa Vpanapuaa aljgaHUIIN IMapaMeTpu cos YyirdyamuHu 4
ymuoBau Kepp Kopa ypanapura aianuin mapaMmeTpura HucOaTaH Ky4dCHU3POK
KamauTupuim kypcatuiaau. Braneworldra kaparanga, SD Myers Perry xopa
Yypaslapy COSCUHUHT yI4aMu ce3uiIapiivd Japa)aja KaMaluiy aHuKJIaHIu.
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INTRODUCTION (Annotation of PhD dissertation)

Topicality and demand of the theme of dissertation. Nowadays, great
attention is paid to solving the important problems of astrophysics through study of
optical and energetic processes around relativistic compact objects. Although a
black hole is not visible, one can observe it nonetheless - it casts a shadow if it is in
front of a bright background from far source. The International Event Horizon
Telescope (EHT) and Black Hole Cam (BHC) projects, which are planning to
detect for the first time image of the black hole candidate at the center of M87 and
our Milky Way galaxies. The main goal is to obtain a shadow of M87 and
Sagitarius A* the supermassive black holes in the centers of the galaxies through
series of presently ongoing observations. The topicality of theoretical investigation
of the shadow of the black hole is related to use the shape of the silhouette to test
the corresponding theory of gravity in the strong field regime.

During these years of independence of our country, the science has been
developed by providing theoretical and experimental investigations on relativistic
astrophysics to solve fundamental problems, and as a results valuable progress
have been achieved. Theoretical and observational studies of the gravitational
lensing systems, particularly black hole shadow and spacetime structure through
the application of fundamental investigations in the area of relativistic astrophysics
of compact objects has significant value in the Strategy of Actions on Further
Development of Uzbekistan.

The investigation of the optical properties and the spacetime structure of the
black hole and construction of new tests of general relativity and other gravity
theories are now one of the most important tasks in modern relativistic
astrophysics. Theoretical study of the shadow of the black hole in the various
gravity theories and study the gravitational lensing contribute an important tool to
build the tests of the gravity models using the information events on the central
object in our galaxy and M87 within the Black Hole Cam (BHC) and Event
Horizon Telescope (EHT) International projects and understand the fundamental
properties of the gravity. These objectives justify the topicality of the global level
of scientific research.

This research corresponds to the tasks stipulated in governmental regulatory
documents and Decree of the President of the Republic of Uzbekistan No.PD-4512
“On works of further development of alternative energy sources” of 1 March 2013,
Resolution No.PR-2789 “On measures of further improvement of the activities of
the Academy of Sciences, organization, management and financing of scientific
research works” of 17 February 2017, and Decree No.PD-4947 “On the Strategy of
Actions on Further Development of the Republic of Uzbekistan” of 7 February
2017 and others.

Relevance of the research to the priority areas of science and technology
development of the Republic of Uzbekistan. The dissertation research was
carried out in accordance with the priority areas of science and technology
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development of the Republic of Uzbekistan: II. “Power, energy and resource
saving”.

Degree of study the problem. Number of scientists of the world, for example
German scientisits (C. Laemmerzahl, J. Kuntz, E. Hackmann, A. Grezenbach, V.
Perlick), Indian scientists (N. Dadhich, S. Ghosh, P. Joshi, M. Patil), Italian
scientists (C. Bambi, L. Rezzolla, L. Modesto, D. Malafarina, O. Zanotti), Russian
scientists (O. Tsupko, G. Bisnovatyi-Kogan, A. Zakharov, D. Galtsov), Czech
scientists (Z. Stuchlik, M. Kolos, J. Schee, J. Kovar, V. Karas), Uzbek scientists
(B. Ahmdeov, A. Abdujabbarov and V. Morozova) and others have done huge
number of theoretical and observational investigations to study the optical and
energetic processes around rotating black hole.

Uzbek scientists (B. Ahmedov, A. Abdujabbarov, V. Morozova and others)
worked on developing a new formalism of black hole shadows description and
method to derive analytical solutions of the Maxwell equations in curved
spacetime.

Earlier research works on gravitational lensing where consentrated only on
weak lensing effects around spherical symmetric compact objects. However, in the
strong gravitational field limit one may consider strong gravitational lensing or
retrolensing. These effects may be used as an useful tool to test the gravity in the
strong field regime.

The concept of the black hole shadow was known since 70s of the 20"
century but the idea to image it in the black hole in the center of our Milky Way
was first presented in a paper by Falcke in early 2000. The shape and the size of
the shadow of black hole strongly depend on the main two parameters of the black
hole: its mass and spin. The dependence of the black hole’s shadow shape on
electric charge, brane parameter and angle of inclination of the axis of rotation of
the black hole have been widely studied in the literature.

However, the effects due to the parameters of alternative theories of gravity
have been remained unstudied. The shadows of the deformed, Born-Infeld, NUT
black holes and 5D Myers-Perry black hole have not been investigated.

Connection of the topic of dissertation with the scientific researches of
the higher educational institutions, where the dissertation was conducted. The
PhD dissertation was carried out in the framework of the scientific projects of the
Institute of Nuclear Physics and Astronomical Institute: F2-FA-F113
"Gravitational and Electromagnetic Processes in Relativistic Astrophysics and
Cosmology" (2012-2016); EF2-FA-0-12477 "Motion of particles with spin and
propagation of electromagnetic waves in the vicinity of compact gravitational
objects" (2014-2015); VA-FA-F2-008 "Astrophysical Processes in Stationary and
Dynamic Relativistic Gravitation Objects" (2017-2020).

The aim of the research is the development and astrophysics application of a
theoretical method of description of radius and distortion of the black hole shadow
and thermal radiation from the rotating black holes.
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The tasks of the research:

to study deflection angle of the light rays around black hole and its images,
brightness of the compact objects using gravitational lensing effect;

to estimate the emission energy from the black hole through the thermal
radiation;

to consider the collision of particles near the black hole;

to determine the influence of different parameters of the rotating black hole in
the different gravity models;

to analyze the effects of the black hole parameters on event horizon structure
of the rotating black hole in different gravity models;

to study the energy extraction mechanism and estimate the maximal value of
the extractable energy from the rotating black hole;

to obtain and analyze a shadow of a black hole and to find the dependence of
the radius and distortion parameter of the shadow from the different parameters of
the gravity models;

to compare silhouette of the black hole shadow in four dimensional and
higher dimensional gravity theories.

The objects of the research are relativistic compact objects, the black holes.

The subjects of the research are optical properties of the black hole, energy
emission and energy extraction from the rotating black holes.

The methods of the research. The research methods are mathematical
apparatus of general relativity and metric affine differential geometry, analytical
and numerical methods for solving differential equations of motion for particles
and field.

The scientific novelty of the research is the follows:

The exact analytical expressions for the deflection angle of the light rays due
to the effect of weak gravitational lensing around black hole in braneworld have
been obtained and dimensionless brane parameter as W*/R?=0.96-10" has been
estimated.

It was shown that the increase of the black hole brane tidal charge causes the
increase of the energy release process and it was shown that with the increase of
the rotation parameter the efficiency of the energy emission decreases in spacetime
of five dimensional black hole.

It was shown, that the increase of the gravitomagnetic charge causes the
increase of the event horizon of the Kerr-Taub-NUT black hole and the upper limit
for the dimensionless gravitomagnetic charge as 1/M<0.85 and deformation
parameter as |¢|<80 have been estimated.

It was obtained that with increasing either rotation parameter or electric
charge of black hole particle is moving closer to the central object in Einstein-
Born-Infeld model.

Practical results of the research are as follows:

Results of the research of astrophysical processes in the vicinity of deformed
rotating black holes can be used to develop new tests of alternative theory of
gravity in the strong field regime.
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Processing the X-ray source data leads to more accurate evaluation of
different parameters of black holes, including deformation parameter. The limiting
values of the parameters can be used in astrophysical description of the structure of
spacetime and energetic processes in the vicinity of compact objects.

Obtained shapes and parameters of black hole shadows in various theories of
gravity can be used in comparative analysis of observational data and theoretical
results in order to test alternative theories of gravity.

The reliability of the research results is provided by the followings: modern
methods of general relativity and the theoretical physics and highly effective
numerical methods and algorithms are used; careful check of a consistence of the
received theoretical results with observational data and results of other authors is
performed; conclusions are well consistent with the main provisions of the field
theory of gravitational compact objects.

Scientific and practical significance of the research results. The scientific
significance of the research results is determined by the ability of the developed
description of black hole shadow to test the different theories of the gravity using
the comaparative analysis of the future observations of shadow of supermassive
black holes at the galactic centers and obtain constraints on the parameters of the
black hole in different gravity models.

The practical significance of the results of research lies in the fact that the
comparison of the results of this dissertation and the observational data on
gravitational lensing can be used to estimate or get the constraints on the
parameters of the black hole in alternative theories of gravity. The results can be
also used to understand the fundamental aspects of the gravitational interaction in
Nature.

Implementaton of the research results. The obtained results on shadows of
the rotating black hole with the gravitomagnetic charge and dependence of
observable parameters from the gravitomagnetic charge was used by international
journals (Physical Review D 2017, Astrophysical Space Sciences 2017, European
Physical Journal C 2017, Monthly Notices of Royal Astronomical Society 2015) to
compare the results with shadows of black hole in other gravity models and
numerical simulations. Application of the scientific results is that obtained results
on black hole shadow have been used to get the constraints on different gravity
models.

Energetic and optical properties of four and higher dimensional spacetimes in
modified theories of gravity have been used in international scientific journals
(Physical Review D, 2017; Astrophysical Space Sciences, 2017; European
Physical Journal C, 2017; Monthly Notices of Royal Astronomical Society, 2015)
to develop fundamental theories of gravitational interactions using the comparison
of the black hole shadow in different gravity models.

Testing the research results. The research results were reported and tested at
8 international and local scientific conferences.

Publication of the research results. On the theme of dissertation 20
scientific works were published, including 9 scientific papers scientific papers in
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international scientific journals recommended by the Supreme Attestation
Commission of the Republic of Uzbekistan for publishing basic scientific results of
PhD dissertations.

Volume and structure of the dissertation. The dissertation is presented on

119 pages consisting of an introduction, four chapters, a conclusion and a
bibliography.
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THE MAIN CONTENTS OF THE DISSERTATION

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

The first chapter of the dissertation entitled “Gravitational lensing and
retrolensing” is devoted to study the gravitational lensing in the presence of the
plasma and non-vanishing brane tidal charge.

Consider the spacetime metric around the static and spherically symmetric
black hole in braneworld, which has the following form

ds* = —f(r)dt* + L 2 + r*(df* + sin® 0do?),
f(r) 1)
where the function f(r) has the following form
. 2M  W?
fir) = 1————,
T = (2)

and W is brane tidal charge. The spacetime metric (1) mathematically has the form
similar to Reissner-Nordstrom solution’s and the difference is that values of W are
negative.

In this chapter the light deflection angle using the components of the metric
(1) in the bagckground geometry of braneworld space-time in the presence of the
plasma has been found in the form

| ]“’ a R, W2\ 22
ap = — - . :
" o Ob|\ VB2 r? ) b4z

dz

1 1 ( E. B U*B)
1 —w}/w? \\VB2 22 12 -

where we have introduced the impact parameter »? = x? + xZ, and X, and x, are the
coordinates on the plane orthogonal to the z axis and for the parameters of the
plasma we use

[ S%]

m f(r) ()
where w, and w are the plasma and light rays frequency, respectively, and w., is the
asymptotic value of light rays frequency. Considering the power-law plasma
density function as N(r)=roNo/r with the density number N at the radial position of
the inner edge of plasma environment r,.

In the Fig. 1. the dependence of the deflection angle on inmapct parameter b has
been shown for the different values of brane tidal charge W.
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Figure. 1. Deflection angle a;, as a function of the impact parameter b for different
brane parameters W: W? =0 is black-solid line, W? = 0.5 is red-dashed line and W?=0.99
is blue-dotted line. Left panel is vacuum case and right panel is plasma case

Consider the gravitational lens equation in the following form

where g is the angle of the real source from the observer-lens axis, g is the
angle of apparent image of the source due to lensing with the deflection angle «,
D, and D are the distances from the observer to the lens and from the lens to the
source, respectively. Since impact parameter is b=D,g, where D, is the distance
from the observer to the lens, we obtain the relation in the form

D F(0)1

o D, D; ¢ (6)

with the new introduced quantity F(8)=|an(8)|D)6.
The magnification of image brightness can be calculated using the formula

B =

Imr QF- dg?
o = — = — ;1,':]_..2,,.,,L',
=7=2(5) |35 A
PERAN (7)
12 P
120
VL —w2o
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Figure. 2. uﬂ'/m Ba pP!/p_ of the magnifications of the images in the plasma to the
same value in vacuum for different value of brane parameter W?
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In Fig. 2 the dependence of the magnification parameter on x, has been shown
for the different values of brane charge. The presence of the brane charge causes
the increase of the magnification parameter of the image source.

The second chapter of the thesis entitled “Horizon structure of rotating
black hole and energy extraction from it” is devoted to study the horizon
structure of the black hole and energy extraction from the rotating black hole. In
additional, we have also investigated the energy emission from the black hole as
black body.

Recently the rotating counterpart of the Einstein-Born-Infeld black hole has
been obtained. The gravitational field of rotating Einstein-Born-Infeld black hole
spacetime is described by the metric which in the Boyer-Lindquist coordinates is
given by

ds? = A- a.ib-ing Hdtz — E dr®
i A
A —a?sin®f

p?
N A — a%sin? ;
— sin? 6 [,02 + a®sin” @ (2 — : _}H )] de?
p*

+2asin® # (1 — ) dt do — p? d6?

(8)

with
A =7r? —2GMr + Q?(r) + a? and p* = r? 4 a® cos? 6. 9)

The parameters a,M,Q and g correspond to rotation, mass, the electric charge and
the Born-Infeld parameter, respectively.

We have plotted the event horizons in Fig. 3 for different values of mass, charge,
parameter g and spinning parameter a. Like, the Kerr-Newman black hole, the
rotating spacetime (8) has two horizons, the Cauchy horizon and the event horizon.
The Fig. 3 reveal that there exists set of values of parameters for which we have
two horizons, i.e., a black hole with both inner and outer horizons. One can also
find values of parameters for which one gets an extremal black hole where the two
horizons coincide.

It was also investigated the rate of the energy emission from the Einstein-Born-
Infeld black hole using the relation

d“}E(w‘) B 2W?U!:’m 3
dwdt  expw/T—1° ° (10)

where T=k/2r the Hawking temperature, and is the surface gravity. The
dependence of energy emission rate from frequency for the different values of
electric charge Q, parameter g is shown in Fig. 4. One can see that with the
increasing electric charge Q or parameter g the maximum value of energy emission
rate decreases, caused by horizon area decrease.

The third chapter of the dissertation entitled “Particle motion around
axial-symmetric compact object” is devoted to study the light rays motion
around rotating and non-rotating black hole in different space-time metric. We will
study light rays motion around a rotating black hole with the total mass M in the
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presence of non vanishing gravitomagnetic charge I. This black hole is described
by the space-time metric
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Figure. 3. The rotation parameter a dependence of the radial coordinate r for the
different value of electric charge Q and Born-Infeld parameter . The lines separate the
region of black holes with naked singularity ones
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Figure. 4. Energy emission of black hole in Einstein-Born-Infeld gravity. Left panel is
for electric charge Q=0.5 and right panel is for Born-Infeld parameter g = 0.05

. 1 5 L . 1 5 . . :
ds® = b (A —a*sin®9) dt* + ) [(Z 4+ ax)?sin’ 6 — x*A] do?
+¥ N +do” ) + S(Ax — a(X + ay) sin® 0)dtdo.

(11)
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where we have used the following notations

AN=r’+a® -2 —-2Mr, =1+ (I + acos 9)2, \ = asin®f — 2l cos b,

Using the Hamilton-Jacobi equation

s 1 ,,08 9s
ar 29 oreoxh (12)
one can easily find the equation of motion in the following form:
gdt _ a2 e e X (£ e
Tdr A [(} ) h }—‘_sinjﬁ( Xe),
do a 5 5 5
Y— = —|(rr+a"+1°)& —-al —(L — &),
o A [(r +a” + [%) a ]+.511128( YE),
s dr - VR
Tdr \/7’
df -
Y— = V6,
dr '

here R(r) and ©(6) are introduced notations and they have the following form:

2

R = [(?‘24—&.24-{'.9)5—&1:] _3[}@_;_([3_&5)2}1

O = K+ [({12 - i) 2 — L;} cos” 6 + 41E (af — £; ) cosf,
7 sin” #

. 3 .
sin” 6 sin”

where K is Carter constant. Defining the effective potential for light rays as
(dr/d7)>=V one may study the radial motion of light rays in the presence of
gravitomagnetic charge. In the Fig. 5 the radial dependence of the effective
potential of radial light rays motion is shown. From the figure it is seen that with
the incease of the gravitomagnetic charge the shape of the effective potential is
going to shift to the observer at infinity. This corresponds to increasing the event
horizon of the Kerr-Taub-NUT black hole. Moreover, one may conclude from the
Fig. 5 that with the increase of the gravitomagnetic charge the circular light rays
orbits become unstable.

Using the similar calculations in the spacetime of rotating Einstein-Born-Infeld
black hole spacetime described by the metric (8) one can find the equation of
motion of the S. The radial dependence of the effective potential of the radial
motion have been presented in Fig. 6. In Fig. 6 the light rays motion around
Einstein-Born-Infeld black hole for the different values of electric charge Q and
parameter have been considered. It is shown that with increasing electric charge Q
or rotating parameter a particle is going to come closer to the central object.
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Figure. 5. The radial dependence of the effective potential of radial motion of light
rays for the different values of the gravitomagnetic charge: solid line for I/M=0.1, dashed
line for 1/M=0.5, and dot-dashed line for I/M=0.9

The fourth chapter of the thesis entitled “Optical properties and shadow of
axial-symmetric compact objects” is devoted to study the shadow of the black
hole using light rays sphere. Black hole shadow is one of the important feature
showing the exist of the black hole in universe.

Now, it is general belief that a black hole, if it is in front of a bright
background produced by far radiating object, will cast a shadow. The apparent
shape of a black hole silhouette is defined by the boundary of the black. The ability
of very long baseline interferometry (VLBI) observation has been improved
significantly at short wavelength which led to strong expectation that within few
years it may be possible to observe the direct image of the accretion flow around a
black hole with a high resolution corresponding to black hole event horizon
Using the celestial coordinates

a = lim (—'i"ﬁ sin 9()2) ) = lim '?'ﬁ(fg

Ig—0C dr Tg—r00 dr '

one can easily describe the shadow cast by blak hole. In the case of rotating black
hole one may introduce two observables which approximately characterize the
apparent shape.

First one should approximate the apparent shape by a circle passing through three
points which are located at the top position, bottom and the most right end of the
shadow as shown in Fig. 7. The radius R, of the shadow is defined by the radius of
this circle. One can also define the distortion parameter §, of the black hole shadow
as 6;=D/Rs. Two variables (R; and &,) can be interpreted as observables in

astronomical observation.
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Figure. 6. The radial dependence of effective potential V., for the light rays for the
different values of electric charge Q and rotation parameter a

Figure. 7. The observables for the apparent shape of a rotating black hole are the
radius Rs and the distortion parameter §;=D¢/Rs. Here D¢ is the difference between the
left endpoints of the circle and of the shadow

In Fig. 8., we show the contour of the shadows of black holes with rotation
parameters a=0.35 (first plot from the left), a=0.4 (second plot from the left),
a=0.55 (third plot from the left), and a=0.6 (fourth plot from the left), for several
values of the deformation parameter e.

34



Figure. 8. Silhouette of the shadow cast by a non-Kerr black hole situated at the
origin of coordinates with inclination angle 8 = m/2, having a rotation parameter a and a
deformation parameter €

Figure. 9. The shapes of the rotating black hole shadow with non vanishing NUT
charge originated at centre of coordinates when @ = m/2. In all figures solid lines
correspond to I1/M=0.1, dashed lines correspond to I/M=0.5, and dashed-dotted lines
correspond to I/M=0.9. The region bounded by each curve corresponds to the balk hole
shadow
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Figljre. 10. Shadow of rotating black hole for the different values of Born-Infeld
parameter f, rotating parameters a and electric charge Q

From the Fig. 8., one can see that with increasing deformation parametere, the
shadow of the black hole decreases. This phenomena also related to the fact that
the increase of deformation parameter forces light rays orbits to come closer which
corresponds to the decrease of gravitational force acting on light rays. Light rays
with smaller impact parameter could escape from absorbtion by black hole in the
presence of positive parameter. In the case of negative the deflected light rays with
particular value of impact parameter could be absorbed by central object while
they could escape in pure Kerr black hole case with the same impact parameter.
This of course corresponds to increasing the gravitational potential of deformed
rotating black hole in the case of negative value of the deformation parameter.
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Figure. 11. The dependence of observable radius of black hole shadow Rs from the
electric charge Q and Born-Infeld parameter S. Left panel is showing graphs for the
different values of Born-Infeld parameter §. The right panel is showing graphs for the
different values of electric charge Q

Obtained numerical results are shown in Fig. 9. where the shape of the
silhouettes of rotating Taub-NUT black hole for the different values of the rotation
parameter and gtavitomagnetic charge are presented. From the plots one can see
that the presence of the gravitomagnetic charge will increase the effective size of
the shadow. In the figure the shapes of the silhouette of rotating black hole with the
gravitomagnetic charge are given for the different values of black hole angular
momentum a (from the left to the right): a/M=0.5, a/M=0.7, a/M=0.8, and
a/M=0.99. One can easily compare the effect of the NUT parameter and the black
hole rotation parameter on modification of the shape of the shadow of black hole.
It appears they have opposite effects on black hole shadow size. The

gravitomagnetic charge increases the size of the shadow shape while black hole’s
angular momentum decreases its size.
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Figure. 12. The dependence of observable distortion parameter of black hole shadow
&, from the electric charge Q, Born-Infeld parameter g and rotation parameter a=0.9.
The right panel is showing graphs for the different values of Born-Infeld parameter g and
the Left panel is showing graphs for the different values of electric charge Q

As is shown from the Fig. 10, the shadow of rotating Einstein-Born-Infeld
black hole has been considered for various values of electric charge Q and Born-
Infeld parameter 5. The influence of rotating parameter a on the shadow of black

hole is distorted, while with increasing electric charge of black hole the shadow
starts becoming circle.
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The two observable parameters as radius of shadow Rs and distortion

parameter &, can be used to make comparison with observation data. In Fig. 11 the
dependence of the parameter R, from the charge and Born-Infeld parameter has
been shown. Other observable parameter is distortion parameter, the dependence of
which has presented in Fig. 12.

CONCLUSION

According to the results of the research carried out on the theme of the PhD

dissertation “Optical and energetic processes in vicinity of rotating relativistic
compact objects”, the following conclusions are presented:

1.

The exact expressions for the deflection angle of the light rays have been
obtained due to the effect of weak gravitational lensing around black hole in
braneworld. It was shown, that the increase of the module of brane tidal
charge of the black hole causes the increase the magnification of the size
Image. It was also shown that the presence of the negative brane charge
sufficiently increases the image source magnification and deflection angle. A
comparison of the obtained theoretical results on the deflection angle with the
observational data for the Sun provides the upper limit for the dimensionless
brane parameter as W4/ R*< 0.96-10.

Based on the analysis of the Einstein-Born-Infeld black hole’s event horizon
structure demonstrated that outer (inner) horizon radius decreases (increases)
with the increase in the electric charge and Born-Infeld parameter. It was
shown that the increase the black hole brane tidal charge causes the increase
the energy release process. It was shown that with the increase of the rotation
parameter the efficiency of the energy emission decreases in five dimensional
black hole.

Based on the analysis of the effective potential of radial motion of the light
rays show, that with the increase of the gravitomagnetic charge the shape of
the effective potential is going to shift to the observer at infinity which
corresponds to increasing the event horizon of the Kerr-Taub-NUT black
hole. It was obtained that with increasing either rotation parameter or electric
charge of black hole particle is moving closer to the central object in
Einstein-Born-Infeld model.

It was obtained that the decrease of the negative values of the deformation
parameter of non-Kerr black holes causes the increase of light rays sphere.
The stability of circular orbits is decreasing with the increase the module of
negative deformation parameter. It was shown that the increase of
deformation parameter stable circular light rays orbits come closer to the
central object.

It was shown that with increasing deformation parameter of non-Kerr black
hole the shadow of the shape changes. This phenomena also related to the
fact that the increase of deformation parameter forces light rays orbits to
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come closer which corresponds to the decrease of gravitational force acting
on light rays. It was obtained that the deformed rotating black hole’s shadow
Is also going to be deformed independently on sign of deformation
parameter. A comparison of the obtained theoretical results on the shadow of
black hole size with the observational data (for R==6M) in the EHT project
provides the upper limit for the dimensionless deformation parameter as
le|]<80 and gravitomagnetic charge 1/M<0.85.

. It was shown that the shadow of Einstein-Born-Infeld is slightly smaller and

less deformed than that for its Reissner-Nordstrom counterpart. It was shown
that the presence of Born-Infeld parameter causes appearance additional
asymmetries in the shape of the black hole’s shadow. It was obtained that the
increase of Born-Infeld parameter causes the shape of the black hole shadow
to be more distorted. It was shown that the gravitomagnetic charge increases
the size of the shadow shape while black hole’s angular momentum decreases
its size.

. It was shown that the size of the shadow decreases with rotation parameter in

5D Myers-Perry black hole resulting in a smaller shadow than in the four
dimensional Kerr black hole. It was found that, on the contrary to the
Braneworld where the size of shadow does not changes much for fixed tidal
charged as a function of rotation parameter, the size of 5D Myers Perry black
hole shadow decreases significantly.



HAYYHBINA COBET DSc.27.06.2017.FM/T.33.01 IO MPUCYKAEHUIO
YUYEHOH CTENEHU NIPU UHCTUTYTE SAAEPHON ®U3UKH,
ACTPOHOMUMYECKOM UHCTUTYTE, HAIIUOHAJIBHOM
YHUBEPCUTETE Y3BEKHCTAHA

UHCTUTYT AJEPHOU ®U3NUKH
ACTPOHOMMYECKUHA UHCTUTYT

ATAMYPATOB ®PAPPYX IITIYXPATOBHUY

OIITUYECKHUE U DHEPTETHYECKHUE ITPOIECCHI BOKPYTI
BPAINAIOIIUXCSA PEJATUBUCTCKUX KOMITAKTHBIX OBBEKTOB

01.03.01- AcTponomusi

ABTOPE®EPAT JUCCEPTALIUU JOKTOPA ®NJITOCOPUHU (PhD)
IO ®U3NKO-MATEMATHYECKHUM HAYKAM

Tamkent — 2018



Tema auccepraumu aAokTopa ¢unocopuu (PhD) mo ¢usMKo-MaTeMaTHYECKHM HAayKaM
3aperucTpupoBaHa B Brpicmieii aTrecTaumoHHOi komuccuu Tnpu Kadunere MuHucTpoB
Pecnyosmkn Y30exkucran 3a Homepom B2017.3.PhD/FM113.

Huccepranms BbimonHeHa B MHcruryre spepHod (Gu3mkd M ACTPOHOMHYECKOM WHCTHUTYTE
Axanemuu Hayk PeciyOnmku Y30ekucTaH.

ABtopedepar amccepranvu Ha TpeX s3bikax (y30eKCKWid, aHIIMWCKHNA, PYCCKHi (pe3roMe))

pa3mMelieH Ha BeO-ctpanuie Haydnoro coBera (Www.inp.uz) u HHdopmanmoHHO-00pa3oBaTeIbHOM
mopraje «Ziyonety (Www.ziyonet.uz).

Hay4Hnblii pykoBOaAMTEIb: Axmenos booomypart Kypaesua
JIOKTOp (pr3MKO-MaTeMaTHIECKUX HayK, Ipodeccop

OdunuanbHbie ONMOHEHTHI MupragkueBa Kapomar TaxupoBHa,
JIOKTOP (PU3UKO-MATEMAaTHYECKUX HAYK, JTOLICHT

®Daiizy/uiaes bBupynn Amany/uiaesuy,
KaHauaar (bI/ISHKO-MaTCMaTI/I‘ICCKI/IX HayK, JOLCHT

Benymasi opranuzanus: Kazaxckuii HAUMOHANIBbHBIA YHMBEPCUTET MMEHbI AJl-
dapabdu
3ammra JUCCePTALMU COCTOUTCS « » 2018 rona B 4acoB Ha 3aceJaHuu

Hayunoro cosera DSc.27.06.2017.FM/T.33.01 npu HMucTtuTyTe simepHoil GU3UKH, ACTPOHOMHUYESCKOM
uHCcTUTYyTe, HanmonaneHoM yHuBepcutere Y30ekucrana (Agpec: 100174, r. Tamkenr, moc. Yiayroexk,
NA®D. Ten.: (+99871) 289-31-41; dakc: (+99871)289-31-50; e-mail: info@inp.uz).

Huccepranms 3apeructpupoBana B MHpopMalmoHHO-pecypcHOM meHTpe MHcTuTyTa saepHOn
¢u3UKH (PETUCTPAIMOHHBIA HOMED ), ¢ auccepTanmeld MoXHO o3HakomuThesi B MPLI (Ampec:
100214, r. Tamkent, mocenok Yiuyroek, HYVY3. Ten. (+99871) 289-31-19).

ABTopedepar quccepTauy Pa3ociaH « » 2018 r.
(nportoxkon pacchuIKH Ne oT 2018 r.).

M. 1O. TammeTtoB
npejcenarens HaydyHoro coBera mo npuCyXI€HUIO
YUEHOH CTeNeHH, 1.¢.-M.H., CTapIINi HAyYHBIH COTPYIHUK

P. SAlpmyxamenosn
y4eHbI cexpeTapb Hay4HOoro coera 1o npucyxJIeHuI0
y4eHOU creneHw, 1.¢.-M.H., mpodeccop

N. Hyputaunos
npeJiceaTeNlb HayYHOro ceMuHapa rpu Hayqnom coBere
IO TMPUCYKICHUIO YYEHOH! CTeTeHH, 11.¢.-M.H., mpodeccop



BBEJEHUE (anHoTamusi Auccepranuu jokropa ¢puaocodun (PhD))

AKTYaJIbHOCTh M BOCTPEOOBAHHOCTH TeMbI JUCCepTaUMU. B Hacrosiiee
BpeMs yNeJseTCsl OTPOMHOE BHUMAaHHE PEIICHHIO BaXXHBIX 3a7a4 acTpOPHU3UKH,
MOCBSILIEHHBIX HUCCIEAOBAHUIO ONTHYECKUX M SHEPreTHUECKUX MPOLECCOB BOKPYT
KOMITaKTHBIX TPABUTAIMOHHBIX OOBEKTOB. XOTSl YEPHBIC ABIPHI HEJIb3s1 HAOIIOIATh
HEIMOCPEJICTBEHHO, MOKHO HaONo/aTh WX CHIY3Thl Ha (¢QOHE SPKOro
AIIEKTPOMArHUTHOTO U3TyYEHHUS OT AAJIEKOT0 UCTOYHUKA. L[enbio MexTyHapOIHBIX
npoektoB Event Horizon Telescope (EHT) u Black Hole Cam (BHC) Taxxe
ABJIIETCSI OOHApPY)KEHHE H300paKeHHsI CHUIIYITOB CBEPXMACCHUBHBIX UYEPHBIX JIBIP
M87 u Sagittarius A* B IeHTpax TaJlaKTHK. AKTYyaJlbHOCTb TEOPETHUYECKHX
UCCJICIOBAHUM CUITyITOB YEPHBIX JBIp OOYyCIOBJI€HAa TEM, YTO OHU MOTYT
BBIIIOJIHATh POJIb MHCTPYMEHTA WJIM JJA0OpAaTOpUM IO IPOBEpPKE OO0IIel Teopuu
otHocutenbHOCTH (OTO) B pexkuMe CUIIBHOTO TPABUTAIMOHHOTO TTOJIS.

B ronel He3aBUCMMOCTH B Y30€KHCTaHE ynenseTcss OoJbIIoe BHUMAaHUE
Pa3BUTHIO  JKCIIEPUMEHTAJIBHBIX M  TEOPETHYECKMX pabor B  obOiactu
PEISITUBUCTCKOM acTpOPU3MKHU, a TaKkKe MPOBEACHUI0 (yHIaMEHTaIbHBIX
MCCJIEIOBAHUI B 3TOM HaIlpaBJI€HUU Ha MUPOBOM ypOBHE. B 3TOM muiane ynanoch
JIOCTUYb OIPEAECIEHHBIX PE3yJIbTATOB, B YACTHOCTH, B MOHUMAHHHU CTPYKTYpbI
MIPOCTPAHCTBA-BPEMEHHU BOKPYT YEPHBIX JbIp. TeopeTudeckre u HaOIoaaTeIbHbIe
MCCIIEIOBAHUS TPABUTALIMOHHO-IMH3UPYIOIIUX CHUCTEM, B YACTHOCTH, CHIIYITOB U
CTPYKTYpbl MNPOCTPAHCTBA-BPEMEHH BOKPYI UYEpPHOM [BIPbI, IyTEM IPOBEIACHUS
byHIaMEHTAIBHBIX HUCCJIENOBAHUM B O0JIACTH PEIATUBUCTCKON acTpou3uku
KOMITAaKTHBIX OOBEKTOB MMEIOT OOJbINOE 3HAUeHHE U OTpaxkeHbl B CTpareruu
JEUCTBUM 10 nanbHeleMy pa3Bututo Pecyonuku ¥Y30ekuctan va 2017-2021rr.

HccnenoBanre ONTHUYECKUX CBOWMCTB M CTPYKTYPBI MPOCTPAHCTBA-BPEMEHU
BOKPYI UEpHBIX JbIp, a TakkKe pa3pabOoTKa HOBBIX TECTOB OOIIEH Teopuu
OTHOCHUTEJIbHOCTH W aJbTEPHATUBHBIX TEOPUN TpPaBUTAIIUU SIBJSIETCS OJHON W3
BOKHEHUIIMX 3a/1ad COBPEMEHHOW PENISITUBUCTCKON acTpodusuku. TeopeTudyeckoe
UCCIICJIOBAHUE CHUJIydTa YEPHOW JBIPHI B Pa3IMYHBIX TEOPUSIX TpaBUTALUU U
UCCJIEIOBAHUE TIPAaBUTALMOHHOIO JIMH3UPOBAHMS CHOCOOCTBYIOT IOCTPOEHUIO
HOBBIX TE€CTOB T'PaBUTAIMOHHBIX MOJIEJIEH C UCIOJIb30BAaHUEM HAOII0aTEIbHBIX
JAHHBIX 00 OOBEKTax B IEHTpax Hamieil rajaktuku U M87 B pamkax mpoeKToB
Black Hole Cam (BHC) u Event Horizon Telescope (EHT) u nonumanwuto
byHIaMEHTAIBHBIX CBOMCTB T'PaBUTAIMOHHOTO B3auMOJEHCTBUS. VIMeHHO 3TH
3a/1ayd 00OCHOBBIBAIOT AKTyaJlbHOCTh HA MHPOBOM YpPOBHE JAHHOTO HAyYHOTO
VICCJIEIOBAHUS.

JlanHnass Hay4HO-UCCJIEIOBAaTENbCKasl paboTa COOTBETCTBYET 3ajadam,
npeaycMoTpeHHbIM B Ykazax lIpesunenta Pecriyonuku Y36ekuctan Ne VI1-4512
«O Mepax 1o JanbHeHIeMy pa3BUTHIO AJIbTEPHATUBHBIX HCTOYHUKOB SHEPTUM» OT
1 mapra 2013 roma, Ne VII-4947 «O Crpareruun OelCTBUM O JajJbHEHIIEMY
pazButuio PecnyOnuku Y36ekuctan Ha 2017-2021 rr.» ot 2 despans 2017 roaa,
[Toctanonenuu IIpesunenta Pecyonuku Y36ekucran Ne T111-2789 «O mepax mo
JNAIbHEHIIIEMY  COBEPIIEHCTBOBAHUIO  JEATEIBHOCTH  AKAJIEMUU  HayK,

opraHu3an, YIPABJICHUA U (I)I/IHaHCI/IpOBaHI/IH HaquO-HCCHeHOBaTeHBCKOﬁ
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nesitenbHOCT» OT 18 ¢eBpans 2017 roma, a Takke B JIpyrHX HOPMaTHBHO-
MPaBOBBIX JOKYMEHTaX, MIPUHATHIX B JaHHOU cepe.

CooTBeTCcTBHE MCCJIEI0BAHUS MPHUOPUTETHHIM HANPABJIECHUSM Pa3BUTHUS
HAYKH M TeXHOJOTuWil pecnyOauku. JluccepTrallMOHHOE  HCCIIEJOBAaHUE
BBITIOJIHEHO B COOTBETCTBHM C MPUOPUTETHHIM HAIPABICHUEM Pa3BUTHUS HAYKU U
texHosoruii B PecnyOnuke VY30ekucran — II. «DHepreruka, sHepro- u
pecypcocOepereHre.

CreneHbp HM3y4eHHOCTHM NpoOjeMbl. [0 CErogHSAIIHEro JHS BEIyLIMMHU
ydeHpIMUA Mupa, Hanmpumep Hemernkumu (C.Laemmerzahl, J.Kuntz, E.Hackmann,
A.Grezenbach, V.Perlick), magutickumu (N.Dadhich, S.Ghosh, P.Joshi, M.Patil),
utanbsackuMu  (C.Bambi, L.Rezzolla, L.Modesto, D.Malafarina, O.Zanotti),
poccuiickumu  (O.llynko, [I'.bucHoBatsiii-Koran, A.3axapos, [.I'anbios),
yemckumu (Z.Stuchlik, M.Kolos, J.Schee, J.Kovar, V.Karas), y36exkckumu (b.
AxmenoB, A. AOmayxab6apoB, B. Mopo3oBa) u ApyruMH MPOBEICH OTPOMHBIN
00BeM pabOTHI 10 TEOPETUYECKOMY U HAOIIOAATEIbHOMY U3YUYE€HUIO ONTHYECKUX U
HHEPreTUYECKHUX IPOLECCOB B OKPECTHOCTH BPAILLAOIIEHCS YEPHOU JBIPHI.

V36ekckue yuennle (b. AxmenoB, A. AOmyxa06apo, B. Mopo3oBa u
Jpyrue) NpoBEIM TEOpeTHYecKHe padboThl Mo pa3zpaboTke HOBOro (opmaan3zmMa
OMMCAHUS CHIIy3Ta YEPHOM ABIPHI U METOJOB MOJYYEHUSI TOYHBIX aHAIUTHUYECKUX
penieHue ypaBHeHH MakcBesuia B HCKPUBJIIEHHOM IIPOCTPAHCTBE-BPEMEHH.

bonee paHHHME WHCClIENOBAaHUSA 10 TPABUTALMOHHOMY JIMH3UPOBAHHIO
BKJIIOYAJIX B C€O0sl TONBKO 3(PPEKThl JTUH3UPOBAHUA B NPUOIMKEHUU CJIadOro
IrPABUTALIMOHHOTO TIOJII BOKPYT C(HEpPUUYECKH CUMMETPUYHBIX KOMIIAKTHBIX
00beKTOB. OJIHaKO B MNPHUOJMKEHUU CUIBHOTO TPABUTALMOHHOTO TMOJISI MOKHO
paccMaTpuBaTh CHJIBHOE TPaBUTAMOHHOE JIMH3UPOBaHWE WM 3(DPexT
pPETPOANH3UPOBaHUSA. DT SPQGEKTbl MOTyT OBITh HCIOJIb30BAHBI B KayeCTBE
MOJIE3HOT0 MHCTPYMEHTA JJIsl HPOBEPKU IPABUTALIMOHHBIX CUJI B PEKUME CHIIBHOTO
OJISL.

Konuenuus cumysta yepHoOil IbIpbl u3BecTHA eule ¢ 70-x rogoB XX Beka, HO
ujies MPUMEHUTh €€ K YEPHOW JIbIpe B IICHTPE HAIlle TaJIaKTUKW BIEpBbIE ObLIa
npenacrasiena B pabore @anbke B 2000 roxy. @opma u pa3zMepsl CUITydITa YEPHOU
JBIPbl CHJIBHO 3aBHUCAT OT JBYX €€ OCHOBHBIX MapaMETPOB — MAacChl U MapaMeTpa
BpallleHusl. 3aBUCUMOCTb (POpPMBI CHIIy3Ta OT OJJIEKTPUYECKOro 3apsna, OpaH
napameTpa, yria HaKJIOHa OCH BpallleHHs YEpHOM AbIPHl IIMPOKO HM3yY€HA B
JUTEpPATYpE.

Opnako »¢Q@dexTsl anbTepHATUBHBIX TEOPUM TPaBUTALMI  OCTAIOTCS
Hen3yyeHHbIMU. CHITy3Tbl 4YEepHBIX JbIlp C HEHYJEBbIMU MapaMeTpaMu
nedopmaru, bopna-Uudensna, HYT u 5S-mepHoii uepHoit npipsl Myers-Perry no
CUX IOP HE UCCIIEJOBAHBI.

CBsi3p TeMbl JAUCCEPTALMOHHOIO MCCIACAOBAHUS C IUIAHAMH HAy4HO-
HCCJIEI0BATEIBCKUX PadoT HAy4YHO-HCCJIEI0BATEIbCKOI0 Y4YpeKAeHHUs, Iae
BBINIOJIHEHA Auccepranms. JlUccepTallOHHOE HCCIEN0BAHUE BBINOJHEHO B
paMKax Hay4HbIX MPOeKTOB MHCTHTyTa simepHO (PU3UKK M ACTPOHOMHUYECKOTO
uHctuyta no temam: P2-OA-D113 «I'paBUTAlIMOHHBIE W B3JIEKTPOMATHUTHbBIC
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MPOLECCHI B PENIATUBUCTCKOM acTpodu3UKe U KOCMOJIOTUH, CUCTEMBI 0030HOB TpU
CBEpXHU3KHMX Temmepatypax» (2012-2016); E®2-DA-0-12477 «JIpuxenue
YacTHI] CO CIIMHOM U PACIpPOCTPAHEHHUE AJIEKTPOMATHUTHBIX BOJH B OKPECTHOCTH
KOMIMAaKTHBIX TPaBUTAIMOHHBIX 00BEeKTOB» (2014-2015); BA-DA-F2-008
«Actpodusnueckue  Mpolecchl B CTAallMOHAPHBIX M JUHAMUYECKUX
PEISATUBHCTCKHUX I'PaBUTAIMOHHBIX 00BbekTax» (2017-2020).

LHeabio wucciaegoBaHusi SBISETCA Pa3BUTHE TEOPETUYECKOIO METOa
OTKCAHUS paguyca U UCKaKeHUs (OPMBI CUITYITa U TEPMHUUYECKOTO M3IYYCHUS OT
BPAILAIOIIEHCS YEPHOU IBIPHI.

3agaum uccie0BaHUSA:

BBEIYHCIIUTG YTOJ OTKJIOHEHHWS CBETOBBIX Jy4ed BOKPYr YEPHOH MOBIPHI U
UCCIIeIOBaTh N300paKeHNE U CBETUMOCTh UCTOYHHUKA C MCTIOIb30BaHUEM d(PdeKTa
TPaBUTAIMOHHOTO JIMH3UPOBAHUS,

OLICHUTh DJHEPrUI0, BBIJCISIEMYI0 W3 YEPHOW JbIphl 4epe3 TeIIOBOE
U3ITy4YEHHE;

PacCMOTPETh U UCCIEA0BATh CTOJIKHOBEHUE YaCTHI] BOJIM3U YEPHOU JBIPHI;

ONPENENUTh M TPOAHATU3UPOBATH BIUSHUE PA3JIMYHBIX [apaMETpPOB Ha
CTPYKTYpPY MPOCTPAHCTBA-BPEMEHU U TOPU30HTA COOBITUI BpalllarolIeiicss YepHOM
JBIPBI B Pa3JIMUHBIX TPABUTAIMOHHBIX MOJIEIISX;

U3YYUTh MEXaHU3M U3BJICUCHHS DHEPTUU U OLICHUTh MaKCUMAaJIbHOE 3HAYCHUE
M3BJIEKAEMOM YHEPTUH U3 BPAIAIOIIECHCS YEPHOU IBIPHI;

MOJIYYNTh W TIPOAHATM3UPOBATh CHIYITHl YEPHOW IBIPHI, a TaKKe HAWTH
3aBHCHUMOCTh paadyca H TapaMeTpa HCKaKEHHUS CHIydTa OT Pa3IMYHBIX
apaMeTpOB IPABUTALMOHHBIX MOJICIICH;

MIPOBECTH CPABHUTEILHBIN aHAIN3 CHITY3TOB YEPHBIX JIBIP B YETHIPEXMEPHOM
Y BEICOKOMEPHBIX TEOPHSIX TPABUTAIUH.

O0beKTOM HCCIEAO0BAHMSA  SIBIAIOTCA  PEISTUBUCTCKHE  KOMIIAKTHBIC
OOBEKTHI, YEPHBIE JIBIPHI.

IIpeaMeTomM HcCC/IeIOBAHMS SIBJISIOTCS ONTHUYECKUE CBOWCTBA YEPHBIX JIBID,
UCTIapeHUe U U3BJICUEHUE PHEPTUN OT BPAIIAIOIIECs YePHOU JIBIPHI.

Meroabsl wuccienoBaHus. MartemaTuyeckuid anmapar oOmell Teopuu
OTHOCUTEIBHOCTH M MeTpuueckoil ad@uHHOM auddepeHnuanbHO TeoMeTpuH,
AHATMTUYECKUE W YHMCICHHBIE METOMBI pemieHus nuddepeHIMaIbHbBIX YPAaBHEHHMA
JBUKEHUS U TIOJISL.

HayuyHasi HOBU3HA HcCJIeI0BAHUSA 3aKIIIOUACTCS B CICAYIOIIEM.

[Tomy4yeHbl TOYHBIC BBIPAXKEHUS IS yria OTKIOHEHHWS CBETOBBIX JIydel 3a
cdyeT 3(ddekTa TpaBUTAIMOHHOIO JIMH3UPOBAHMUS B MPHOIMKCHHH CIA00T0 OIS
BOKPYT YEpHOW JbIphl HAa OpaHax M OIICHKAa BEJIMYMHBI Oe3pazMepHOro OpaH
napamerpa W?/ R°= 0.96:107.

[Toxa3aHo, 4TO yBeJIMYECHHE OpaH MapaMeTpa YEpPHOW ABIPHI TPHUBOIUT K
YBEJIMYCHUIO TIPOILIECCa W3BJIICUCHHUS OHEPrUH, C YyBEIMYCHHEM TapaMeTpa
BpaIliCHUS TATUMEPHOW YEepHOH HBIPhI 3(P(HEKTUBHOCTh H3BJICUYCHHUS DHEPTHUHU
YMEHBIIIACTCS.
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VY CTaHOBIEHO, YTO C YBEJIMYEHUEM IPABUTOMATHUTHOTO 3apsifa MPOUCXOIUT
yBeJIMYEHUE TOpuU30HTa coObITUH uepHoU abIpel Kepp-Tay6-HYT, mnosydens
OLIEHKM Oe3pa3MepHoro mapamerpa aedopmanuu |¢|<80 u rpaBUTOMarHUTHOTO
sapsga I/M<0.85.

[loka3aHO, 4TO C YBEJIMYEHUEM IIapaMeTpa BpAIICHUS YEPHBIX ABIP HIIU
AJIEKTPUYECKOTO 3apsiia MPOOHBIE YACTULBI NPUONMKAIOTCA K LEHTPAJIbHOMY
o0BekTy B Mojenu DiiHirelina-bopua-udensaa.

IIpakTHyeckue pe3yabTaThl HCCACA0BAHMSA 3AKIIOYAIOTCS B CIECIYIOIIEM:

[TomydyeHHblE pe3yabTaThl MCCIEIOBAHUNA AaCTPOPU3HUECKUX MPOLECCOB
BOKPYT Ae(pOPMUPOBAHHON BpalllaloONIEHCs YEpHOM ABIPHI HCIIOJIB30BAHbBI IS
pa3pabOTKM HOBBIX TECTOB TEOPUH B3aUMOJCHCTBUS B PEXUME CHIBHOTO
TPaBUTALIMOHHOTO TOJIA.

YdeT Moday4eHHOro MpEeAeNbHOTO 3HA4YeHHUs mapamerpa AedopManuu Mpu
00pabOTKE MJaHHBIX PEHTICHOBCKUX HCTOYHUKOB MPHUBOIUT K JajbHEHUIIEMY
YTOUHEHHUIO pPa3IMYHBIX I1apaMETPOB YEPHBIX [IbIP, IIOCKOJIBKY IIPEACIIbHBIC
3HAQ4YECHUA I1apaMETPOB HCIIOIB30BaHbl I ONMCAHUA CTPYKTYpBI IPOCTPaHCTBA-
BPEMEHH M 3HEPreTUYECKUX MPOIIECCOB B OKPECTHOCTH KOMIIAKTHBIX OOBEKTOB B
acTpodusuke.

[TosryueHnHbsie GopMbl U HapaMeTpbl CHIIY3TOB YEPHBIX AbIP B Pa3IMYHbIX
IPABUTALIMOHHBIX MOJEJIAX HCIIOJIB30BaHbl IIPU  CPAaBHUTEIIBHOM  aHAJIU3E
HaOJIOAATENIbHBIX JAHHBIX C TEOPETHUECKUMHU pe3yJbTaTaMu C LEJIbI0 MPOBEPKU
TOM WJIM UHOM TEOPHUH T'PABUTALUH.

JlocTOBEpHOCTH pe3yabTaToB HCCIeA0BAHUSA 000CHOBBIBAETCS
UCIIOJIb30BAHUEM COBPEMEHHBIX METOJIOB OOIIEl TEOpuH OTHOCUTEIBHOCTH,
TEOPETUYECKOW  (PU3UKH, BBICOKOI(P(PEKTUBHBIX YHUCICHHBIX METOJOB U
aNTOPUTMOB; MPOBOJAUTCA TILATEJIbHAS IPOBEPKA COIVIACOBAHHOCTHU ITOITYYEHHBIX
TEOPETUUYECKUX PEe3yJIbTaTOB C JAaHHBIMU HAONIOACHUN U pe3ylbTaTaMu JIPYruX
aBTOPOB; BBIBOJBI XOPOIIO COIVIACYKOTCA C OCHOBHBIMU IIOJIOKEHUSAMHU TEOPUHU
0JIs1 TPABUTAIIMOHHBIX KOMIAKTHBIX OOBEKTOB.

HayyHass W npakTuyeckas 3HAYUMOCTH Pe3yJbTATOB HCCIEA0BAHMS.
Hay4nas 3HaUMMOCTB pe3yJIbTaTOB HCCIECIOBAHUM OIPEAEIAETCS BO3MOKHOCTBIO
OPUMEHEHUs pa3padOTaHHOTO METOJa OINUCAaHUs CUIIydTa K Oynymum
pe3yabTaTaM HaOJIOJCHUN MO CHIIY3TY CBEPXMAaCCHBHBIX YEPHBIX ABIP B LIEHTpE
TQIAKTHK U TMOJYYEHHs] OTPAHUYEHUM Ha MapaMeTpbl YEPHOU IBIPHI B Pa3IUYHBIX
I'PABUTALIMOHHBIX MOJAEIISIX.

[IpakTHyecKkasi 3HaUNMOCTb PE3YJIbTATOB UCCIECAOBAHUS 3aKJIHOYAETCS B TOM,
YTO CpaBHEHHUE PE3yJIbTaTOB JHUCCEPTAMU W HAOIIOJATENbHBIX JaHHBIX O
IPABUTALIMOHHOM JIMH3UPOBAaHUHM MOKHO HCHOJIb30BAaTh [UJII OLEHKU WJIHU
MOJIYYEHHs] OTPAHUYECHHUI Ha MapaMeTPbl YEPHBIX AbIP B aJbTEPHATUBHBIX TEOPHUAX
rpaButanuu. Pe3ynbTaThl Takke MOTYT OBITh HCIIOJIB30BAHBI JJISi MOHUMAaHUS
(byHIaMEHTaJIbHBIX aCIIEKTOB IPaBUTALIMOHHOTO B3aUMOJICHCTBUS B IPUPO/IE.

Bueapenue pe3yabTaroB ucciaegoBaHus. IlomydeHHble pe3ynbTarsl 110
CHUJIydTaM BpALJAOLIECUCAd 4YEPHOM JAbIPpbl C TI'PABUTOMArHUTHBIM 3apsoM M
3aBHCHUMOCTh HAOJIOAAEMbIX IMapaMeTpoOB OT TPAaBUTOMArHUTHOTO 3apsia ObLIH
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UCIIONIb30BaHbl B 3apyOexHbIx xkypHanax (Physical Review D 2017, Astrophysical
Space Sciences 2017, European Physical Journal C 2017, Monthly Notices of
Royal Astronomical Society 2015) s cpaBHeHHs Pe3yJIbTaTOB MO CHIIy3TaM
YEPHBIX JbIP B IPYTUX IPABUTAIIMOHHBIX MOJEINISIX U YUCIEHHOTO MOJECIUPOBAHUS.
[lonydyeHHble pe3ynbTaTbl MO CUIYITaM YEPHBIX JbIp MCIOJIB30BAHBI IS
OTpeeIeHHs MPUJICTbHBIX 3HAUEHUH IS Pa3JIMYHBIX TEOPUN TPaBUTAIUH.
DHepreTuueckue U ONTUYECKHE CBOMCTBA YETHIPEXMEPHOTO U MHOTOMEPHBIX
MPOCTPAHCTB-BPEMEHN B paMKaxX MOJU(MUIIMPOBAHHBIX TEOPHUHA TPaBUTAIIUU
UCIIONBb30BaHbl B MeXAyHapoAHbX >kypHanmax (Physical Review D, 2017,
Astrophysical Space Sciences, 2017; European Physical Journal C, 2017; Monthly
Notices of Royal Astronomical Society, 2015) ans pa3Butus ¢pyHIaMEHTAIbHBIX
OCHOB TPaBUTAIIMOHHOTO B3aMMOJICUCTBHS IyTEM CPABHEHHUS CHIIYITOB YEPHBIX
JIBIP B PA3TUYHBIX MOJICTISIX TPABUTAIINN.
AnpobGanus pe3yabTaToB Uccae10BaHuA. Pe3ynbTaThl Uccien0BaHuii ObUIH
00CYXXJIEHBI Ha 8 MEXKIYHAPOJAHBIX U PECITyOIUKAHCKUX KOHMEPEHITUSX.
I[Myoaukanuu pe3yabTaToB HcciaenoBanms. [lo Teme auccepranuu
omyOonukoBaHo 20 Hay4yHbIX paboT, B TOM 4Hcie 9 Hay4yHbIX cTarted B
MEXIYHAPOJHBIX  HAyYHBIX  JKypHaJIaX,  pPEKOMEHIOBaHHBIX  Bricmieit
aTTeCTallMOHHOW Komuccued PecmyOmukm  VY30ekuctaH sl MyOJIuKaruu
OCHOBHBIX HaYYHBIX PE3YJIbTATOB quccepTaluu gokropa ¢puinocodpuu (PhD).
O0bemM u cTpyKTypa auccepramum. Jluccepranus COCTOUT W3 BBEACHUS,
YeThIpeX TJIaB, 3aKIIOUEHWS U chucka Jjuteparypbl. OOBeM auccepTanuu
coctasisieT 119 crpanuisl.

45



3AKJIIOYEHUE
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1.

[TonydeHbl TOYHBIE BBIPAKEHUS ISl yria OTKJIOHEHUS CBETOBBIX JIydell 3a
cueT 3¢ddexra cmaboro rpaBUTAMOHHOTO JUH3UPOBAHUS BOKPYT UYEPHOMN
IBIPBI B MOZIENIM Mupa Ha OpaHax. [lokazaHo, 9TO yBeTWdYeHUE MOy OpaH
rapaMeTpa 4epHOU JbIPbl MPUBOJUT K YBEIWUYCHUIO pazMepa HU300pakeHUs
WCTOYHMKA; HAJIWYMe OTPHUIIATETLHOTO OpaH TmapameTpa CyIIECTBEHHO
YBEIIMUMBAET pa3Mep U300pakeHus U yroa oTkIoHeHud. [loydeH BepxHuUii
mpenen Ui OespasMmepHoro OpaH mapamerpa  WY/R?<0.96-107 w3
CPaBHUTEIHHOTO aHAIN3a TEOPETUUECKUX PE3YJIbTATOB C HAOIIOJATEIbHBIMU
JAHHBIMU 10 OTKJIOHEHUIO CBETA B rpaBUTAIIMOHHOM Toie CoJHIIA.

Ha ocHoBe aHanm3a CTPYKTYphl TOPU3OHTOB COOBITUHA HYEPHOW JIBIPBI
Oiinmreiina-bopH-MHbenna nokaszano, yTo BHEMIHUM (BHYTPEHHHUI) pagnyc
TOPU30HTA YMEHBIIAETCs (YBEIMYMBACTCS) C YBEIMUYCHUEM AJIEKTPUUECKOTO
3apsiia u napametrpa bopua-Mudenbna. [lokazano, uro yBenudeHue OpaH
rapaMeTpa 4YEepHOW JbIphl BBI3BIBACT YBEIWYEHUE IIpoliecca H3BJICUYECHUS
sHepruu. OOHapyXKeHO, YTO C YBEJIMUYCHHEM IMapaMeTpa BpalleHUs
3 PEKTUBHOCTD UCTIAPEHUS PHEPTUM YMEHBIIACTCS JJIsl MATUMEPHON YepHOU
TIBIPHI.

Ha ocHoBe anamm3a 3Q(EeKTUBHOrO MOTEHIMATIA PAAUAIBHOTO JIBHKCHUS
CBETOBBIX JIy4el MOKa3aHO, YTO C YBEJIMUYECHUEM T'PAaBUTOMArHUTHOTO 3apsija
dopma >dPeKTUBHOTO TOTEHIIMANIa CMeIMaeTcs K HaOIomareno Ha
OECKOHEYHOCTH, YTO COOTBETCTBYET YBEJIMYECHHIO TOPU30HTA COOBITUI
YEpHOW JBIPhl C HEHYJIEBHIM TPAaBUTOMAarHUTHBIM 3apsigoM. OOHapyKeHo,
YTO C YBEJIMYECHUEM I[apaMeTpa BPAIICHUS WU AJIEKTPUUYECKOro 3apsjia
YEPHBIX JBIP YACTHIIBI MPUOIIKAIOTCS K IEHTPATLHOMY OOBEKTY B MOJIEIH
Oiinmrerina-bopaa-Muadensaa.

OOGHapyXeHO, 4YTO YMEHBIIICHUE OTPUIATEIbHBIX 3HAUYCHHN Tmapamerpa
nedopMan YEpHBIX JAbIP MPUBOJUT K YBEJIUYEHUIO CBETOBBIX Jyuei
chepbl. YCTOMUMBOCTH KPYTOBBIX OPOUT YMEHBINAETCS C YBEIMYCHUEM
MOAYJSl oOTpuuarenbHoro mnapamerpa gedopmanuu. [lokazaHo, 4To
yBEIIMUEHUEM TMapaMmeTpa JedopMaluv CBETOBBIE JIy4d CTaAOMIIBHBIX
KPYTOBBIX OPOUT NMPUOIMKAIOTCS K HEHTPATBHOMY OOBEKTY.

[Toka3zaHo, 4TO TMpU YBEJIUYECHUHU MMapaMmeTpa jaedopmalid YEepHOM JIbIPbHI
pasmep cunysta usMmeHsaercs. OmnpeneneHo, YTO YBEIMYEHUE MapameTpa
nedopMaIny 3aCTaBIsIeT KPYrOBbIE OPOUTHI CBETOBBIX JyUel yMEHBIIAThCH,
YTO  COOTBETCTBYET  YMEHBIICHHWIO  TPABUTAIMOHHOTO  IOTEHIMAaa,
JEUCTBYIONIETO HA  CBeTOBble Jiyun. OOHApYy>KEHO, UYTO  CHIIYIT
nehOpMUPOBAHHON BpaIIaIOMIEHCss YePHOU IBIPHI TaKKe OYIET MCKaKaThCS
HE3aBUCMMO OT 3Haka mapamerpa gAedopmammu. C  MOMOIIBIO



CPaBHUTEJIBHOTO aHAIM3a IMOJYYEHHBIX PE3YJIbTATOB IO CUIY3TaM YEPHBIX
IeIp ¢ HabmoaarenbHbIMU JaHHBIMH (Rs—=6M) Ha Teneckone EHT monyden
BEpXHUU TMpenen g Oe3pa3MepHOro mapamerpa aedopmaruu |e¢|<80 u
rpaBUTOMaruHuTHOro 3apsaa 1/M<0.85.

OOHapyXeHO, 4YTO CHIIYdT YEpHOM IbIpbl B Mojenu OJiHiTerHHa-bopH-
Nudenbna Oonee KOMIAKTEH U MeHee Je(OpMUPOBaH IO CPABHEHUIO C
CIIIYPTOM 4epHOU IpIpbl PericcHepa-Hopacrpema. IlokazaHo, yTo Hamuuue
napamerpa bopna-Uudenbaa BbI3bIBA€T MOSBICHUE JIOMOJHUTEIBHBIX
acummeTpuii B ¢dopMe cuiIydTa uepHOM AbIpbl. OOHApYy>KeHO, YTO
yBenuueHue mnapamerpa bopua-MHbenbna mNpuBOAUT K  YBEITHUYEHHUIO
UCKaXEHUS  (HOpMBI  CHJIydTa YEpHOM  JABIPHI. Ilokazano, d4TO
IPABUTOMArHUTHBIN 3apsi]l YBEJIIMUMBAECT pa3Mep CHIIydTa, a YIJIOBOM MOMEHT
YEPHOU IBIPHI YMEHBIIAET €TI0 Pa3Mep.

[Toka3zaHo, 4TO pa3Mep CHIIydTa YMEHBIIAETCA C YBEIWYEHHEM IapaMeTpa
BpaiieHus nstumepHoit Maiiepc-Ileppu uepHoii apipel. OOHAPYKEHO, YTO B
OTJIMYME OT MOJIEJIN MHpa Ha OpaHax, Tlle pa3Mep CUIydTa U3MEHSETCS He
CYLIECTBEHHO B 3aBUCHUMOCTH OT IlapaMeTpa BpallCHHs, pasMep CUiIydTa
naTuMepHor Mariepc-Ileppu 4epHO#M AbIpbI CYLIECTBEHHO YMEHBIIAECTCS.
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