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KHUPUII (dpancada noxropu (PhD) quccepramusicn aHHOTAMSACH)

Juccepraumss MaB3yCHHHHI [0J13ap0juru Ba 3apypatu. byryHru kyHnaa
xKaxoHna, X-Hyp OuHap cuUCTeMalapiard IOJIIYy3CMMOH Ba YyTa MacCuB Kopa
VpanapHUHT (U3UKACHHU YPraHUIIAa 3aMOHABUM aCTPOHOMHMK Ky3aTyBlIap €paaMua
Oup Katop TyKJIapra spuiiian. bynnan Tamkapu, TYFpuaaH TYFpU Kal KWJIMHTaH
GW150914, GW151226 Ba GW170104 rpaBuranuon tynkuniaap (GWSs) Ba Ice-Cube
Heiitpuro oOcepBaropusicuma Ka OSTHITAH IOKOPH DHEPTHSUIM  HEUTPUHOIAp
170922A xopa ypaslapHu Ky3aTHIIIa dPUIIAITAH I0TyKIapHu Tacaukiaian. LIGO Ba
VIRGO nabGoparopusiiapuia KaijJ KWJWMHTAH IOJYy3CUMOH Kopa YpaJlapHUHT
KYIIWINIINA HATHKACUa XOCHII OVJraH rpaBUTAlMOH TYJIKUHIAP Ba TFaJTaKTUKAHUHT
aktuB  simponapupan  (FASI) umkaérram (L, ~10%-10"erg/s) Xap Xui

quasar
KYpPUHUIIATH, STbHU, IOJAy3 [IAMOJIA Ba PENATUBUCTUK JDKETra yXIail
AJIGKTPOMArHUT HypJaHMIUIapHU peHtreH, Very Long Baseline Interferometry
(VLBI) Ba y-Hyp TeieckoIUiapy OpKaId Ky3aTWJIMINU cababd actpodusmkaza kKopa
YpamapHUHT MaBXyUIMTH MyaMMOCH MapKa3uil YpUHHH STrajulaMOK/Ia.

XKaxoHma KOCMHK IIeH3ypa THIIOTE3aCHHM TEKIIUPHINIA Ba KOopa YpaiapaaH
SHEPrusl KpalUIl >KapaCHUHU TYpJIM XWJI MEXaHuU3MIIap, *KyMJjaJaH, Kopa ypara
TYIIYBYM CHUHOB 3appajiap Ba KOMIAKT OObEKTIap arpoduiard MarHuT MaiioHIap
OpKaJIM MOJISJUIANITHPHINIA aHWK Ha3apwil W3JIaHWII Ba TaxXJwoiap onub Oopwuii
3aMOHAaBUI Hazapuil acTpOPU3MKAHMHT MYXUM MacaiajapujgaH Oupu XucoOiaHuoO,
KOpa YpanapHUHT (PU3UK XyCYCUSTIApH TYFPUCUIATU SIHTU MAabIyMOTJIAPHU OJIUIITA,
Ep, KOMHOT THNM TEJECKOIUIapU OpPKAJIW OJHHTaH Ky3aTyB MabIyMOTJIAPHHA
TaCAMKJIAIITa XU3MaT Kuiiaan. Kywin rpaBUTalMoH MaiIoH pekuMuIa Kopa ypaiap
SAKUHHUJIATH acTpOPU3UK >KapaCHIapHUHT 001 (PEHOMEHOJIOTUSCUTA DIIEKTPOMArHUT
MalJIOHJIap TAbCUPUHU YPraHWII Ba UIy OPKAIM YMyMHUN HUCOMMIUK Ha3apUsICHUHU
TEKIIUPHUII Xamja ymoy HyHanumiaa >KaxoH MHUKECHAA (PyHIaMEHTan TaaKUKOTIap
onu® OOpuUIN XO3UPrd 3aMOHABHM acTpPO(U3MKAHMHT MYXUM MacajalapuaaH
oupuup.

MamnakaTuMu3aa pensTUBUCTUK acTpo(u3uKka Joupacuia amaniuid Ba Hazapui
Ba my OwnaH Oupra QyHIamMeHTan TAAKUKOTIAPHUHT XalKapo dapakaia TalIKHII
KWJIMHHUININTA KaTtTta 3bTHOOp Kapatmiamorma. 2017-2021 #ummapna V36ekucron
PecnyOnuKacuHU sIHaja PMBOKIAHTHPHMIN OYiiMua Xapakariap cTpareruscuzia’
MamJIakaTUMHu3a uiM-paH puBOXH, (yHIAMEHTaNd TAJAKUKOTIAPHUHT MYXUM
WyHanuuuiapu, GyHIaMeHTan TaAKUKOTIAp HATHKAJApUHU XaéTra TaTOUK KUJIMIII
Wymmapu axc orrupwirad. IlyHmaHn kenmm0 YHMKKAH —XOJAa, PETSITHBHCTUK
acTpou3uKa JOUpacuia TallKd MAarHUT MAHJOHHUHT TPABUTAIMOH KOMITAKT
o0BeKTIIap arpoduaaru 3apsiaiau 3appajJapHUHT XapakaTura TabCHPWHU Hazapuil Ba
Ky3aTyB MablIyMOTJIADH OpKaJIM VYpraHWIl KOCMHUK II€H3ypa THIIOTE3aCHHU
TEKITUPHIIAA, YerapaBUil W30YacTOTAM alHWUTAH OPOWUTANAPHU TaXJIWI KUJIHIIA

1 V36exucTon Pecrybmmkacu Ilpesunentnannr 2017 jiun 7 despannarn Ne IID-4947 commm @apmonn
«2017—2021 inmnapaa Y30ekucToH PecryOnukacMHN pUBOMXIAHTHPUIIHUHT OellTa YCTYBOp HyHanuimu Oyiinda
Xapakatiiap CTpaTerusiCu.



XaMJa Kopa Ypamap arpoduaard SHEPreTHK >KapaCHJIapHU MOJEIUIAITHPHIIIA
MyXHM axaMuAT KacO ATa/Iu.

V36exucron PecriyGmukacu Ipesunenturnnr 2017 imn 7 depannaru K-
4947-connu “Y30exucToH PecryOnuKacHHH sSHAga PHBOMKIAHTHPHUIN Oyiinda
Xapaxkatiap crpaterusacu Tyrpucuna’, 2017 iiun 17 despannaru I1K-2789-connu
“@annap axkageMusicd (QaoTUATHHU SHAJA TAKOMWUIAIITUPHIL, WIMUAN HILJIapHU
TaITKWJI DTHII, OOIIKApUII Ba MOJUSUIAMITUPHIN Oyin4Ya dYopa Taaoupiap
tyrpucuna”, 2017 wwmn 14 cenrsopmarum [1K-3275-conmn  “Mup3o  YiyrOek
HOMUJIATY UXTHCOCIAIITHPWITAH [aBliaT YMYyMTablIUM MaKTaO-UHTEpHATHHU Ba
AcTpoHOMHS Ba a’pOHABTHKAa OOFMHM TalIKWJI 3TUIN TyFpucuaa ru Kapoprnapu,
xamJa ymoy coxajgard OollKa MEebEpUM-XYKYKUU XyxoKaTiapjaa OenruiaHraH
Bazu(alapH amaira olupuiga ymly AuccepTalus TaAKUKOTH MyaisH
Japakaaa Xu3MaT KHJIaau.

TaakMKOTHUHT pecny0juKa (paH Ba TEXHOJOTHSJIAPH PUBOKIAHUIIM-
HUHI  YCTYBOp HyHajquuuiapura MyBOouUKJMId. Maskyp  TaaKuKOT
pecnyOnukana gaH Ba TEXHOJOTUSIADHU PUBOXIAHTUPUIIHUHT |l. «DHeprerTuka,
SHEPTHUS Ba PECypC TEKAMKOPIUTHU» YCTYBOP MYHATUIIM IoUpacuia Oaxapuiras.

MyaMMOHHMHI YPraHWITaHJINK Japaskacu. XO03UPrd BaKTIa >KaXOHHUHT
Oup KaTop Ky3ra KypuHraH ojumiiapu, Macanad. smonusuiuk (. Takahisa, H.
Tomohiro, K. Masashi), xunaucronmuk (N. Dadhich, S. Ghosh, P. Joshi, M. Patil),
utamusanuk (C. Bambi, L. Rezzolla, L. Modesto, D. Malafarina, O. Zanotti),
poccusutuk (M. Yu. Piotrovich, Yu. N. Gnedin; A. Zakharov, D. Galtsov),
yexusmuk (Z. Stuchlik, M. Kolos, J. Schee, J. Kovar, V. Karas), repmanusuink
omumiap (C. Laemmerzahl, J. Kuntz, E. Hackmann, D. Kunst, V. Perlick) Ba
OolIKasap TOMOHHMJAH KyIjaad Hazapuid M3JaHULUIAp Ba Ky3aTyBiapAa Kopa
Vpasap atpoduiaru 3HEpreTuK kapaéniap, YHUHT SIKHHUJATH 3appajiap XapakaTu,
M304acToTajlap IIYHUHTAEK KOCMHMK ILIEH3ypa Ba Kopa ypajap y4yH OBEpCIUH
(kopa ¥pa xoucanap TOPU3OHTUHUHT OY3WJIMINHN) >Kapa¢HIapu XaM YpraHHJITaH.
bynnan Tamkapu, y30ekucrommk onmumiap xam (b. Axmenos, A. A0ayxa00apos,
B. Mopo3zoBa, ®. AramypatoB, A. TypcyHos, b. TommaroB Ba Gormikanap) Kopa
ypanap TypJid MmapaMeTpJIapUHUHT IOKOpW YeTrapacMHU TabMUHJAII Y49yH TaIlKd
MarHuT MailJIOHHUHT UYKU TypryH ainaHa opoutara (MTAQO) tabcupuHu TaxJui
KWIKIIIa Ba MYKOOWI TpaBUTallds HAa3apUsICH JOWpPACH]a ACUMITOTUK OUp
KUHCJIM TallKM MarHUT MalJoHAa >KOWJamraH Kopa Yypamap artpoduma
MarHUTJIaHTaH 3appadyajlapHUHT OpOUTANapUHU Xama TypJid XuJ mapaMmerpiapra
ra Kopa VYpallapHUHT ONTHUK XYCYCHSTIAPUHU YpraHuUiAa KEHr KyJaamjaaru
Ha3zapuil W3JIaHUILIap 0110 OopHIlTaH.

OnpuHru TaaKUKoTIapAa Kopa ypa arpoduiard SHEpPreTuK xapa€Hiap Ba
KOCMUK IIEH3ypa XOJIMCACH aKCHaJl CHMMETPUSIIN KOMIIAKT OOBbEKTIapHUHT (ha30-
BaKTH y4yH ypraHwirad. Jlekun, Oy kaOu acTpodu3uK >kapaéHiapHH TagOUK
KWW TalllKd MarHUT MalJIOHHUHT TabCUPUHU XaM YbTHOOPTa OJIUIT MYMKHH.
KoMmakT rpaBuTanimoH oOBEKTIAp SIKWHWJA MATHUT MaillJIOHJApHUHT POJIH KyJa
MyXUMJIUTH Ccababau YHUHT TabCUPHUJIAaH yYMYMHH HUCOWUWIUK Ha3apUSCHHUHT
(YHH) sHrm cuHOBIApuUHU sSpaTUIIQ, KOCMHUK LI€H3ypa THUIIOTE€3aCUHU
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TEKIUPUIIIA, aWJIaHyBYM KOpa YypajaplaH OKOPH DJHEPrus aXKpaJIHIInHA
TabMUHJAIJIA Ba Kopa Vypa arpodugard u304acTOTalud aWHWUraH ailiaHa
opOuTanapHu ypranuniaa QoiagaHuIl MyMKHH.

Kocmuk nensypa tyrpucunaru rost uik 6op I[leHpoy3 Tomonuman Taxiaud
KWJIMHTaH Ba yHra OWHOaH, Kopa Ypa maijgo Oynuin xapa€HuAa CHUHTYJISPIUK
BY)Ky/Jra KejlaJd Ba y BOKeaJlap TOpU30HTH OwiaH VpairaH OYiau0, Tamiku
Ky3aryBuura kypunmaiinu. Sxkungarusa LIGO Ba VIRGO oGcepBaropusiiapuaa
GW150914 pakamu OunaH KailJ KAJMHTaH IOJIIY3CUMOH KOpa YpallapHUHT y3apo
TYKHAITyBUJaH XOCWJI OViraH TpaBUTAIIMOH TYJIKWHIAp cabab, KOMHOTAA KOpa
VpallapHUHT MaBXYJIMTH XaKWKaTra SKHHPOK Ba acTpodu3ukama MapKa3wid
VpuHHU srajuiamoka. KocMuk rieH3ypa xoaucacu Oup KaTop WIMHIA MakKoJanapaa
KOpa YpaHUHT Xap XWI MapamMeTpiaapu opKaiu O0atadcui EpUTHITaH.

Kocmuk nensypa runoresacu ucOoTiaHMaral Oynuimmra KapamaciaH Xaiu
XxaHy3 ¢aos UWIMUANA U3MaHUILIAP 00BEKTU OYINO KOIMOKIA. AMMO, TalllKi MarHUT
MaWJJOHHUHT KOCMHUK II€H3ypa THUIOTe3acura, Kopa YpajgaH axpajaJuraH
SHEPTUSHUHT MUKJOpUTa Ba Kopa ypa aTpoduaaru u304acToTalld aifHUTaH ailiaHa
opOuTanapura Tabcupu 6atadcui YpranuiMaras.

Auccepranmsi TAAKMKOTHHUHI JHCCepPTAlUsl OasKapujiran WJIMUMIi-
TAAKUKOT MyaccacacM WIMHH-TAIKUKOT MWIUIApU  pexajapd OujiaH
OOFJIMKJINTH.

Hucceprammsi TagkukoTu Sapo ¢uszmkacu Ba ACTpOHOMHUS HHCTUTYTJIApU
WIMUR-TaAKUKOTIap pekacuHUHT ED-2A-DA-1-10 “PensTUBUCTHK TpaBUTAIUS
00BEKTIIapH SKUHHUAA dJICKTPOMArHUT MaiOHIap Ba 3appajjap XapakaTH, KOPOHFH
Heprus Ba “FOMPOHKO3WK~  ypamapuman”  (2010-2011), DE2-OA-D113
“PelsTUBUCTHUK acTpoPU3MKa Ba KOCMOJIOTHSAA TPAaBUTALMOH Ba AJIEKTPOMATHUT
kapaéniap, KyiHu Xapopatmiapaard 0o3omiap cucremanapu” (2012-2016), ED2-
DOA-0-25046 “T'paBUTallMOH KOMITAKT OOBEKTIIAp SKWHUIATW aljaHWINTra dra
3appajap XapakaTH Ba 3JCKTPOMArHUT TYIKUHIApHUHT Tapkaaumu” (2014-2015),
BA-OA-®2-008 “TypryH Ba AMHAMUK PEISTUBUCTUK T'PABUTAIMOH OOBEKTIAp/Aa
actpodusuk xapaéunap” (2017-2020) wimuit nolinxanap Joupacuaa oakapuiras.

TagKMKOTHUHT MAaKCAaJW TallKU DJIEKTPOMArHUT MaWIOH MaBXKyJIUTH]IA
alilaHyBUd Kopa Vpanap arpodujard IOKOPU SHEPTreTUK KapaCHJIapHU, KOCMHK
[IEH3ypa TUIMOTE3aCMHM  TEKIIMPUINJA XOAHCAIap TOPU3OHTH  OY3WIIMII
KapaCHUHUHT TUHAMHKACHUHU, 3apsJIJIaHTaH 3appajlapHUHT H309aCTOTAIN aifHUTaH
aiimanMa opOwTamapu >kapa€HUHU TYIIYHTHUPYBYM Ha3zapuil (GopMan3MIapHU
PUBOXIIAHTUPUIIIAH HOOpAT.

TankukoTHUHT Basudaaapu:

ACHMIITOTUK OWp KUHCIIM MarHUT Maiionua kounamran [IBapumung kopa
ypacu SIKMHUJArM M30YacTOTaIM ailHUTaH ailllaHMa HOTEeOJIe3UK OpOuTanlapHU
YpraHuii,

OpaH mapameTpura sra OyiaraH aiylaHyBYM Kopa ypa arpoduaarud 3appaiap
XapaKkaTUHU YpraHUml Ba HProchepaHuHT KOCMOJIOTHK JOMMHMTa OOFIaHUIITUHU
AHUKJIAIT;



TalIKAd OWp KWUHCIM MArHAT MAaWJOHHWIA IKOWJIAITaH KBHUHTICCEHITUS
SHEprusicura 3ra OyJiraH aijaHyBYM Ba aillaHMalIuraH Kopa ypanap sSKAHHJA
3apsyIA - 3apPANIAPHUHT  XapakaTH Ba JJIEKTPOMArHUT MaWIOHJIApHU TaJKUK
KHJIALLL,

KOMITAaKT 00BeKTHaH axpanaérran sHeprusHuar HYT (Newmann-Unti-
Tamburino) napamerpura OOFIMKINTMHA aHUKJIALI,

TallKd OWp KUHCIM MArHUT MAaWJOHJa >KOWJAIITraH KBUHTICCEHITUS
SHEprusicura sra OynraH ailllaHyBuM Ba alllaHMalIuran Kopa ypanap atpodugaru
FOKOPH DHEPTUSUIM JKapa€HIApHU TAJKWUK KWJIWII, TAlllKd MAarHAT MauJOHWHUHT
KOpa YpaJiaH OJIMHTaH YHEPIrys caMapaiop KUMMATUTra TAbCUPUHU TAXJIAI KWW,

NeApiad  DKCTpEMall aillaHyBYM KOpa YPaHUHI XOAWCaJap TOPU30HTHU
pPaIUyCUHUHT Oy3WJIMIN >Kapa€HWHM YPraHuWIil, KOCMHK II€H3ypa XOJIUCACHUHU
TeKmmpuIaa Oy skapa€Hra MarHUT MalIOHUHUHT TAbCUPUHU OaXOJIalll.

TagKMKOTHUHT 00BEKTH DPEIIATUBUCTUK KOMIIAKT OOBEKTIap: acTpodu3UK
(ronmy3cuMMOH) Ba ¥Ta MacCUB Kopa ypasiapjaH uoopar.

TagkMKOTHUHT TpeaMeTH Kopa ypa aTpodujard M304acTOTaNIM alHWUTaH
HOT€O0/Ie3UK OpOUTaNIap, TAIIKKM MarHUT MalJJOHUHUHT ailJlaHyBYU KOpa Ypasap/iaH
aXXpaJiraH SHEPrUSHUHI CaMapaJiop KUKMaTura Ba KOCMHK LIEH3ypa XOJHCACUHU
TEKIIUPHUIIIIA AJIaHyBYM KOpa YpalapHUHT XOJHcallap TOPU3OHTUHUHT OY3WIIMIII
*apaCHJlapura TabCUpU XUCOOIaHAIH.

TagKMKOTHUHT YyCYJJIApH YMYMHM HUCOMIIMK Ha3apUsACHHUHI MaTEMaTUK
anmapatu Ba auddepeniman reometpus abGuH MeTpuKacu, 3appaiap XxapakaTu Ba
Maiiionnap yuyH auddepeHinuan TeHIVIAaMaJapHUHT aHAJIUTUK Ba COHJIH
XucobJiail ycyaapuaad uoopar.

TagKUKOTHUHT MJIMHUI STHTHJIMIH KyHuaaruiapaad noopar:

TalllKU ACUMITOTUK OUP JKUHCIM MarHuT MalJoHuAa KOWJIaIlraH
[IBapummig Kopa YPAaCUHUHT TPAaBUTALMS MAWMJOHUIATH M30YACTOTAIM AWHHUTaH
HOTEOJIC3UK OpOMTANapU MAaBXKYIJIUTH Xamja HW304acTOTald allHUTaH coxa
CUPTHHHHT TallIKU MarHUT MaiOHUTa OOFIMKIUTY aHUKJIaHTaH;

acTpodu3uKka HYKTau HazapujaH TallKd MarHUT MalJoHM Kopa ypaiap
TOPU3OHTUHUHT OY3WIWIN >KapaéHWTra eTapiiiya TabCUpP KWJIUIIM Ba KOCMHK
LEH3ypa XOAUCACUHU KalUTa TUKJIAIINA KYPCATUIITaH,

Kepp-Tayo-HYT (Kerr-Taub-NUT) ¢da3o-Baktumaru aiimaHyBYM Kopa
VpamaH axpanyBuM SHEprussHUHr lleHpoy3 >xapaéHu opkaau coaup OYiauiun
XAKMKaTra SIKMHPOK JSKAaHJIWIM KypCaTWITaH XaMmJa Kopa YpalaH a)XpalyBuH
sHeprussain HYT mnapamerpu (rpaBUTOMAarHuTt 3apsin) | ra TYFpU  OOFIUKIUTH
TOIWJITaH,;

KOCMOJIOTHMK JIOMMHM Ba OpaH mMapaMETPUHUHT TabCUPHU HATHXKACH]IA
3appaJlapHUHT  TYKHAIIYBUJAH  @XpallaJiuraH >KyJa IOKOPU DHEPrUSHUHT
camapaiop KHiMaTH 4eKIIM OYJIMINY KYpcaTUJITaH Ba HUKHU TypFYyH ailaHa opOuTa
PAaANYCUHUHT TOPWU3OHT pPaJANYyCHUJAH axpaauimu cababmu Oy YeKIUITUK
MEXaHHM3MHU BYXKYJra KeJIUIIU TOMUITaH.

TaagKMKOTHUHT amMaJuii HATUKAJAPH Kyiuaaruiapaad noopar:



M30YacTOTAIM alHWTaH HOTEOJIe3MK aijaHa opOuTamap Xocwi Oymagurax
COXaHMHI KaMaWMIIM IOJAY3CUMOH Kopa Yypanap arpoduiard TallKd MarHuT

MaiioranET B ~10° —10" I'aycc  KmitmMatimapu  ydyH (7 —10) % HM TaIIKWUI

STHUILU TOIIWJITaH,
TAIIK¥ MardHUT MaiJOHW Y3UHWHI aHUK KPUTHK KuiiMatd B, =0.6872 nan

KeMMH KOCMHK IIeH3ypa BazudacuHu OakapuIllv KYpCcaTUiraH;

yHYa KaTTa OyiamMaraH MarHuT MaWJIOHM XaM axpajaJural >SHEeprus
caMapaJiopJITd  Japakacura Kywid TabCUp KYpCcaTUIId MYMKHHJIUTH Ba
KBUHTACCEHCHUSI DHEPIrUsACHra sra Kopa YpaJaH 3apsuiM 3appanap €paaMuia
aXxpanaural dHEpPrusi MUKJIOPUHU OLIMPHUIIAA MyXUM poOJ YHHAIIM HATHXKACHUIA
Kepp kopa ypacuman axpanaauraH SHEprussHUHT 42% nu yerapa KuiMaTura
COJIMIIITUPTaH/ia, MATHUT MaWJOHU SHEPIUsl CaMapaJOpJIMTHMHUHT IOKOpU uerapa
kuiiMatuau 50% rava OMMPUIIUIMTH KYPCATUJITaH;

TalllKM aCUMIOTOTUK OUp JKMHCJIM MarHUT MalJIOHUAA Koilallirad aijlaHyBYU
KBUHTAICCEHIIUS DHEPrusicura sra Kopa ypa arpoduaarud 3JeKTpOMarHUT MaiioH
yUyH aHAIUTUK Udojanap OJUHTaH Ba KBUHTAICCEHIIMS MailoHU mapamerpu €
HUHT MAaBXYJIUTH 3apsijUid 3appajlapHUHT YEKCU3 KaTTa SHEeprusuiap OusiaH
TE3JAIITUPUINIINTA TYCKUHIIMK KAJIWIIN aHUKJIAHTaH;

Kopa »2Heprusi TabuaTura >xaBo0 OepyBUM KOCMOJIOTHK JoMMHII A Ba
KBUHTICCEHCHsI TmapameTrpiiapy € HUHT oMM OwiaH Kopa ypanap
AKCTPEMAJUIMTMJAH KaThU Hazap yJap arpoduia 3appajap TYKHAIIyBUAAH XOCHII
OyJnraH 3HEprus YeKJIM KuiMatra 3ra OYJIuIIi KypcaTuiraH.

TagkKuKOT HATWKAJAPUHMHI MINOHWIWIMIHK. Jluccepranusa wumuaa
YMYMUNU HUCOMNIMK HA3apUSCUHUHT SIHTU yCyJapujaH (poiiianaHuiIraHinry,
3aMOHABHM COHJIM METOUIap Ba AITOPUTMIIAD KYJUIAHWITAHIIMTH, OJIMHTAH
HaTWXanap 3aMOHABUN aCTPOHOMHUK Ky3aTyB HaTWKajlapu Owinan Oup Karopna
Oomka MyauMpIapHUHT WIMUNA UIUIAPUHUHT  HATWXKAJIapy OujaH xam
TaKKOCJIAHTaHJIUTM Ba OJIMHTAH  HATWKAJTApHUHT  XYyJIOCAJIaph  KOMIAKT
IPAaBUTAIIMOH OOBEKTIIADHUHT YMYyMHUH TaMOWWIJIapura MOC KeJHIId OuiaH
U30XJIaHaIU.

TaagKUKOT HATHKAJAPUHMHI WIMHMH Ba aMajimil axaMMATH. TaIKAKOT
HAaTWKaJApUHUHT WJIMUKA axXaMHUsTA Kopa VypanapJlaH 4YWKaeTraH »HEprus
OKMMJIADUHHM TaxJIWJI KWIWIIAA JHUCCepTAalUsl HIIWAA PUBOXIAHTUPHUITAH
MexaHu3miIap €paamuga Kopa Yypanap arpopuaa Xocwsl OYIaguraH HOKOpU
SHEPIusIM kKapaCHJIapHU TYIIYHTUPHUIITA KapaTuiaraH. Jluccepranusa uiuaa
M304YacTOTalld allHUTaH HOTEOAE3UK opOuTanap OYyiiMya OJMHTAH HaTWXKaJap,
IPaBUTALIMOH TYJKUH JIETEKTOpJIapu EpaamMuia Kalj KWJIWHrAH CUTHaI
MabIyMOTJIADUHUHT TYFPU Ba aHUK TaXJWJIWHU YpraHull TaWTUaa Y30KIaH
KeNaJUraH CUrHajulapHu Oup OupuiaH ¢apkiallHd OCOHJAIITHPUIIN MYMKHH.
ByHnan Tamkapu, oJIMHTaH HaTHXKAJapHUHT aXaMUsTH IIYHJaKH, acTpodu3nKaaa
KOCMHUK TICH3ypa XOJIMCACUHUHT MAaBXYyIJUTH CHHOB MarHUT MaugoH d(]dextu
OpKaJIM KaThbU MaTeMaTHK UCOOT/A 3 aKCUHU TOTIAIH.

Nnmuii TaAKUKOT HATHKAIAPUHUHT aMaJInid axaMUSATH YMYMHA HUCOUNITUK
Ha3apusICH acocuJa KOMIIAKT TpaBUTAIMOH OOBEKTIap arpoduaa acTtpodu3uk
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KapaCHJIapHU SPATHIN Ba TEKIIUPHUIIAaH nOopat. Jluccepranus uimmaa OIMHTAH
HATWKAJIAp HA3apud JKUXATAAH CTaHAapT TYPT VYIYOBIM Ba KYII YJIYOBIHU
rpaBUTAIMS HA3aPUACU JIOMpPACH]IA STHTH acTPO(PHU3UMK MOJACIIApHU SpaTULI YUYH
UIUTATUINIIN MyMKUH. [IlyHUHTIEK, OJTMHTaH HaTWXKanap OJIMCAArd IPaBUTALMOH
oOBbeKTIapAaH KelaéTraH CUrHaJUIApHU aHUKJIAIl Ba Oup Oupuan dapkiam yayH
Ky3aTyB HATH>KaJapUHU PUBOXKJIAHTUPUII JOUpPACUAA, TPABUTALMOH MaWJOHHUHT
JMHAMUKACH Ba TAOWATUHU TaxXJWi Kuiuiiga dhoiaanu 6yaumm MyMkuH. byHnan
TalIKapy, HKCTPEMall aillaHyBYM Kopa YpaHWHT Oy3WiauIl jkapaéHu Oyitnmda
OJIMHTAaH  HATW)XAJapHUHI  TaxJWid  SKAH  KEJaXakJa  SHICU  aBJOJ
paauoTeNeCKOIIap TapMOFU OpPKAIH OYHMK CHHTYSIPIHK Je0 HOMIIAHYBYH
OOBEKTIapHU Ky3aTHI XaMmMja YMYMHUW HHCOWWIIMK Ha3apusCHHU Ba OOIIKa
MYKOOWJI TpaBUTALMsl HA3apUsUIAPUHU KyWIM MaWJIOH PEXKUMUJA TEKIIUPHUIIL
MMKOHUHU Oepaju.

TaagKUKOT HATHKAJAPUHUHI KOPUN KUJIMHUIIM. TallKu 3JEKTPOMATHUT
MaWJIOHH MAaBXYyJIJIUTHAA KOMIAKT OO0BEeKTIap arpoduja yMyMpPEISTUBUCTUK
acTpo(u3uk kapaCHIapHU TAAKUK KUJIUII aCOCUa:

TallKd AaCUMITOTHK OWp JKMHCIM MarHUT MaWJOHHUHT W3049acTOTalu
allHUTaH HOTEOJIE3UK OpOUTAIapura TabCUP XYCYCHUSTIAPUHUHT  WUIMUN
HATWKaJIapu XaJIKapo WIMHUN KypHaJIap/ia rpaBUTAMSIHUHT OOIIKa MoIeIIapu/ia
CIMHTAa Jra 3appajapHUHT M30YaCTOTAIM aljaHMa OpOWTANApUHU  OJIMINJIA
doiinananunran (Physical Review D, 92, 024029, 2015; Physical Review D, 93,
084012, 2016; Astronomische Nachrichten, 339, 341, 2018). Wnmuii
HATWKAJAPUHUHT KYJUIAHWJIMIIA KOCMOJIOTMK JIOMMUM Ba CIHUHIH 3appajiap
TOMOHUJAH KypCaTWJIQIWraH y3ap0 TabCUPJIAP HATWXKACHAA HW3049aCTOTANIH
alfHUraH opOuTaIapHUHT (QyHIaMEHTal TaMOWWJUIAPUHU TPABUTALUSIHUHT OOIIKa
MOJIeJUTapy/ia PUBOKIAHTUPHUIIT UMKOHUHU OepraH;

acTpou3uka HyKTaW HazapuJaH TalllKi MarHUT MaiJIOHW Kopa ypauap
TOPU3OHTUHUHT Oy3WIWII >KapaéHWra eTapjuda TabCUp KWIHIIA Ba KOCMHK
IIeH3ypa XOJMCACHMHU KaWTa THUKJIAINM OyiWYa OJIMHTaH WJIMHM HaTHKaliap
XaJIKapo WIMHUN KypHajulapja TpaBUTAIMSHUHT OOIIKa Mojeiapuaa Kopa
YpalapHUHT XOJWcCallap TOPU3OHTUHHU Oy3uil >kapaéHuna QoiiiamaHuiIral
(Classical and Quantum Gravity, 33, 175002, 2016; Physical Review D, 96,
024016, 2017; International Journal of Modern Physics A, 32, 1750125-85, 2017,
Classical and Quantum Gravity, 35, 045008, 2018). MnMmuii HaTHXaJapUHUHT
KYJUIAHWIMIIM 3apsjlaHraH  3appajiap Ba CHHOB MalJOHIAp TOMOHUJIAH
KypcaTuJaJural y3apo TabCUpJap HATWXKACUIA KOpa ypa Xoaucaiap TOPU30HTH
Oy3uiauml Kapa€HUHUHT (yHIAMEHTA TaMOWWJUTAPUHM TPABUTALUSIHUHT OOIIKa
MOJIeJIapy/ia PUBOKIAaHTUPHUIIT UMKOHUHU O€praH;

Kepp-Tay6-HYT (dazo-BakTugaru aijaHyBud Kopa YpalaH aXpallyBuu
sHeprussHuHT [leHpoy3 kapa€Hu opKaiu coaup OYIUIIM Xamja rpaBUTOMArHeTHK
3aps/ra Ba KOCMOJIOTMK JIOMMHUINra 3ra OyiraH aijaHyB4YM Kopa YpajJapHHHT
DHEPTreTUK XYCyCHUSTIapu OyinWya OJMHTAaH HATIWKajlap Xajdkapo WIMHUN
KypHaJuIapJia IOKOPU SHEPTUSIIAPHUHT Ky3aTyB MabIyMOTIapura OOFJIUKIWTH Ba
TPaBUTAIIMSHUHT OOIKAa MOJEIUIapuaa pakamiid xucobmnam EpaaMua OJIMHTaH
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DHEPTEeTUK Xycycusmiap Ounad kuécnamma ¢oinananuiran (Physical Review D,
89, 024023, 2014; Physical Review D, 89, 104048, 2014; Classical and Quantum
Gravity, 31, 195013, 2014; Physical Review D, 93, 104031, 2016; Physical
Review D, 94, 086006, 2016; The European Physical Journal C, 76, 104, 2016;
The European Physical Journal C, 76, 643, 2016; Physical Review D, 96, 104050,
2017; The European Physical Journal C, 78, 335, 2018; Physical Review D, 98,
024022, 2018). Wnamuii HaTWKaJapUHUHT KYJUIAHWIAIIA TYpPJIH TPaBUTAI[HOH
MOJIEIUIAp yUYyH TypJid TabCUp NapaMeTpPJIApUHUHT IOKOPU  TYKHAIIIyB
SHEprusiapura TabCUPUHU MOACIUIAIITUPUIIT UMKOHUHU OEpraH;

KOCMOJIOTHK JOUMHUN Ba OpaH mapameTpuHuHr Panman-Cynapym Opan da3zo
cufard aWjgaHyBYM Kopa Ypa aTtpoduma 3appaJlapHUHT  TYKHAITYBUIAH
QXpalaUraH IOKOpU DSHEPrUSHUHI CcaMapajgop KuUKWMaThra TabCUpu Oyiinya
OJIMHTAH Ha3apWil HAaTIWKa Ba Xynocajaap xamaa metoiap “Kommakr oObeKTIap
PEISATUBUCTUK acTpou3MKacuia XajJKapo Hazapuil Ba Ky3aTyB TaJKUKOTIap
TapMOFu OWJIaH HHTErpaJUIalllyBHHM KYyJulaO-KyBBaTiam MaB3dycugaru EBporma
Urtudoku Ba Uexus PecryOnvkacMHUHT AaBiar OOKETH TU3UMIIHM (DOHIIaApU
ToMOHHUJaH MoaustiamTupwiran Ba CZ.1.07/2.3.00/20.0071 pakamu OwmnaH Kaiiz
stwiaran  gactypu (2010-2014) nowpacuga peryiasp Kopa ypa atpodumarud
SHEPreTUK KapaCHIapHU MOJAEJUIAIITHpUIIAa KyJmaHuirad (OmaBagarn Cune3us
yHUBepcUTeTUHUHT 2018 iimn 4 wMaljgaru MabIyMOTHOMACH). Nivun
HaTIKAJIAPUHUHT KYJJIAHWJIUIIN PEryisap Kopa Yypa arpodupard >SHEPreTHK
*Kapa€HJIapHU TaOMATUHU TYUTYHTUPHUII UMKOHUHU Oepra.

TagkuKOT HATHXKAJIADUHUHT ampodamusicu. Maskyp TaakukoT 12 Ta
XaJIKapo Ba pecrnyOJiMKa UIMHUNM aH)XKyMaHJIapuaa MyXoKkaMaaaH YTKa3uiIra.

TagKuKOT HATMKAJAPUHUHT IBJOH KWIMHMIIM. Jlucceprauust mMaB3ycu
6yiinua sxamu 19 Ta WIMMI WIDIAp YON KHWJIMHTAH, ITynapaaH Y30eKHCTOH
PecniyOmukacu Omnuii arrectanusi KOMUCCUSIHUHT JIOKTOPJIMK JUCCepTaIusiiapu
acOCHIl WJIMHI HaTWXKaJapUHU YOI DTUILTA TaBCUS STUITAH WIMHUN Hampiapaa /
Ta UJIMUN MakKoJa, uryjapaad 6 Tacu XOpHKUH KypHaJIapAa Haulp 3THIITaH.

JuccepTanusiHUHT TY3WJIMIIM Ba XamMu. Jluccepranusi TapKUOW KUPHIIL,
4 Ta 600, Xynoca, u30X Ba ¢oipanaHunTaH amnabuérnap pyixaruman uOopar.
JluccepTallUsTHUHT XKMH 122 OSTHU TaITKHII dTaIH.

JIMCCEPTAIIUSIHUHT ACOCU MA3ZMYHHU

JuccepTauMSIHUHT KUPUII KUCMUAA WIMUNA TaJKUKOTHUHT A0J13apOJivru,
axaMUATH KEJITHUPUWIITaH, MaKcaJu Ba Bazudaiapu aHUKJIAHTaH, WIMHUN SHIWJINTU
XaMJa aMajguid  HaTWXKajJapu  KypcaTWirad, OJIMHTaH  HaTWXKaJapHUHT
UITOHWIMJIUTH UCOOTIIaHTaH, yJIapHUHT Ha3apuil Ba amMalivil axaMusITH Oopacujia
CY3 IOpUTWIITaH, TAAKAKOT HATHKAIAPH Ba JUCCEPTAIHS TY3WIHIINA OCpUIITaH.

Hucceprammustauar Oupunyn 606u “Kopa ypanapuuur acrpodusuk Ba
KY3aTyB XycycusiTiaapu” 1ne0 HOMIaHHO, CynmepMacCHB Ba IOJIy3 Maccacuiaru
KOpa YpajJapHUHT HOM30/JIApUHU YpraHUIra OaruiiiaHTaH.
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XO03upru KyHJa 3aMOHAaBHM Ky3aTyB MabIyMOTJIApM KyITMHAa Kopa ypa
HOM30//IApUHU TaCAMKIA0 KeIMOKIa. Xap Oup sApocu aKTHUB rajlakTUKa yTa OFUp
Maccaay Kopa ypaJaH TAIIKWI TONTaHJIATY TaXMUH KAJIMHAAU. bup HEYa MUWIIIIMOH
Ky€lml Maccacura jsra yra OFMp Maccalud Kopa ypanap TrajlaKTHKaJapHUHT
mapkasuga okoimamrad. Iy caGabmm sapocu akTMB Ba aKTHB OyiMarad

ranaktukanap mapkasupa M ~10°-10°M_, (6y epma M, - Kyém wmaccacn)

9 9
Maccalli CyrepMaccuB Kopa ypanap MaBxyad. Sapocu aktuB ~10° M, Maccanu Ba

aTpodua aKKpeIMOH JUCKH MapxyJa Oynran M87 ramakTUKacHHM MHUCOJ KUJIHO
KEeITUPUIII MYMKHH. By aKKpelnHMOH IHCK FOKOPH SHEPIHSUIM 3JICKTPOMArHUT
HYpJAHUTIUTAPUHU BYXKyATa KeaTupa onamu. by aca ¥3 HaBOaTHma SOpOCH aKTUB
TaTaKTUKAJIAPHUHT aCOCHH  XyCycuUsATIapuaaH Oupu xucobimaHamu. busHuMHT

6 9] 'y R
rajlakTukamu3 xucoosanrad Ba Maccacu M =4.4x10°M_,, 6ynran Comon Uynu

(Sagittarius A*) ramakTHKacH SIPOCH aKTUB OyjaMaraH TajakTKajgap Typura
maHcy0. HOmay3 waccacuparu Kopa Vypanap 53ca OWHIITEHHHUHT YMYMHM
HUCOMIUIMK Ha3apUsICUHUHT Maxcyiau OViuO, yiap I0JAy3JIapHUHT UYKU EKUIIFUCH
Tyraraija Y3WHUHT XyCYCHUW TpaBUTAIMSICUTa Kaplid Typa OJMaraHJIvKIapu
cababmu Byxkyara kenaau. Kopa ypanap acrpodusuxacuga [3—100]M,, Maccanu

n
KOpa ypanap acocaH I0JAy3 Maccalld Kopa ypamap ne0 HomiaHaau. by Typnaaru
KOpa ypajap acocaH KylaJoK CUCTEMaJard XaMpOXUHUHT ailllaHMa Ba HypJIaHUII
XycycusiTiapuian kenub uyukub® anukiaaHaau. Kynm xosmmapaa, aespiu, Oapua
I0JI7Ty3 Maccajiu Kopa ypa HOM3OJJapH KYIIAJOK CUCTeMajiard OObeKTHUHT OUpu
XUCcO0JaHMO, XaMpOXHJaH Macca IOTHII HBa3Wra KyIIajJoK CUCTEMaja PEHTTEH
Hypiapu &€paamuaa aHukiaHaau. Kopa ypa Hom3omjapu yiapHUHT arpoduia
AKKpPEUMOH JWCKHM XOCWJI KWIYBYM TYypJIM XWJI MOJJajapJaH HypJiaHaeTraH
AJIEKTPOMArHuT HypJaHUILIAp €pJaMujia TEKIIUPUIUIIA MYMKUH. AMMO, IOJITy3
MaccajJii Ba CYNEpPMAcCUB Kopa ypa HOM3OJJApU CHEKTPJIAPUHUHT XOJaTh Oup
OupuaaH Y3IapuHUHT Maccaiapu, TabuaTiiapu Ba HypJIaHUII MEXaHU3MJIAPUHUHT
Typiu Xwumrd Oownan ¢apk kwiaau. FOnmy3 Maccanu kopa ypa CHEKTPUHUHT
xoJiatu Oup Heua xadra €ku oimapaa ¥3rapub Typaau, JIEKUH YTa OFUpP Maccaiu
Kopa Ypa HOM3OJJIapUHUHT CIIeKTpHu naBomuit 0Vinaau. Iy cababnu cynepmaccus
KOpa Ypa HOM30/JIapH Y3JIApUHUHT OJATUM CIIEKTP XOJaThaa Ky3aTUJIaId.

Axkunna Makce Ilmank Homumarn  OkctpeMan @Pusuka Kamusatu
Nuctutytuaunar  Oup  Typyx  actpoHomiapu, KemOpwxk  YHuBepcuretu
Actponomuss UHctutyTMHUHT Oup rypyX actpoHomiuapu, Kamudopuus
Texunonorusnmapu WHCTUTYHMHT Oup Typyx acTpoHomisiapu Ba EBponanmk
acTpoHOMJIap Ba OOINKanap rajJakTUKaMu3 MapKa3uaa TYTIUIAaHTaH FOJITy3JTapHUHT
10 MK Ky3aTyB MabIyMOTJIAQpPUHA OMMara TakJauM KWiau. |- skagBanga ymoy
Ky3aTyB MabJIyMOTJIapU €pAaMHUa AaHUKJIAHTaH SHT aCOCUM CYHTH CYIIEpMAaCcCHUB Ba
IOJIIy3 MacCalli KOpa ypa HOM3OMJIapu KeaTupuiraH. TyFpulad TYFpu Ky3aTyB
Januiijapura Ba yJApHUHT TaxXJWUlapura acociaHu® nespnau Oapya Kopa ypa
HOM3OJJIapH, acTpodu3ukaga, Te3 aillaHyBYM Kopa Yypanap JKaHJIUTA TaxXMHUH
KWIMHMOK/IA.
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1-sxkaaBaJi
Ky3arys mabjymMoT1apu épaaMuia aHMKJIAHTaH CYIIEPMAcCCHB Ba K0JIY3 Maccalu
Kopa ypa Hom3o1s1apH. By Kopa ypa HoM3oa/1apu aiiJIaHMIII MOMEHTHIa 3ra 0yJran
ailulaHyB4YHM KOpa ypajapaup

CMKY nomsonniapu a, (Temup) Loy / Legg
(SAAT)

IRAS 13224-3809 > 0.995 0.71
NGC 4051 > 0.99 0.03
MCG-6-30-15 > (0.98 0.40+0.13
NGC 3783 > (0.98 0.06 £0.01
Swift J0501.9-3239 > (0.96 -
IRAS 00521-7054 > (0.84 -
RBS 1124 > (0.98 0.15
Ark 564 0-963%061 >0.11
IOM KS” HOM3O0JIapu a, (Temup) a, (Co)
GRS 1915-105 > (0.98 0.98 +£0.01
Cyg X-1 > (.98 0.97:)%0214
LMC X-1 0.92 +£0.06 o_97_+0°.-2052
GX 339-4 <0.9 0_95_+096053
MAXI J1836-194 - 0.88 +0.03
M33 X-7 0.84 +£0.05 -
4U 1543-47 0.80 £0.10 -
XTE J1650-500 - 0.84 - 0.98
GRO J1655-40 0.70+0.10 >0.9

JluccepTallUsTHUHT UKKUHYM 000U “Talmku MarHuT MaioH/1a sKOUIAIITaH
KOMIIAKT TPABUTALMMOH O0BeKTJAp arpoduIard HOreoJesuK aujIaHa
opOuTtanap 0yinuya 3appajJJapHUMHI XapakaTu’ €0 HOMJIaHAaIU Ba aCUMITOTHK
OMp JKMHCIM MAarHuT MaigoHuaa xoinamrad [Bapummng Kopa YpacHHUHT
rpaBUTAlMsl  MAWJOHHMIATM  M304YacTOTANIM AWHUTaH  HOTEOJE3WMK  aljlaHa
opOWTallapvHU Ba yJjlapra TallKd MarHUT MalJOHWHUHT TabCUPU Xamja MarHuT
MalJOHUJA >KOWJIAIIraH KBUHTACCEHLMS SHEPIUsCUIa dra aujlaHyBUM Kopa ypa
AKUHUJA 3apA/UTH 3appalapHUHT XapakaTUHU YpraHuiira OarunuiaHraH. Tamiku
ACCHUMTOTHK OMp KHMHCIIM MarHuT Maiiona xoinamran M maccamu [IBapiimmg
KOopa Ypacu rpaBUTaIMs MalIOHUIATH Maccac M Ba 3apsau ( OyiraH 3appadaHu

xapakatu kypuO uukwirad. [Bapmmig ¢da3o BakTH cPepuk KoopauHaTaiap
cucremacua

ds? =—f (r)dt? + f (r)dr? +r?(d6? +sin? Ae?) (1)
my KypuHuaa ésunaau. by epna
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f(r=1-21. @

METPUK (PYHKIIHS.
DNEKTPOMarHuT MagoHHUHT 4-BekTop nmoteHuumamiapu HIBaprmmna dazo-
BAaKTHJIa KyWHIaru KypUHUINTa 3ra 0ynaau

A=A =A =0, A(p:grzsinze_ (3)

Zapsyyin  3appa yuyH paauan 3(G@GEeKTHB TMOTEHIUAJTHUHT 3KBaTOpHUAI
TeKkucauKaaru 6 =z / 2 nbomacu Kyiuaard KYprUHHIITa 3ra

- 4
V. (r,0) = (1—27'\/'){“ rz(r—|'2+ﬂﬂ. )

L=L/m Ba B=0B/2m Genrunauuiap KMpuUTIHK Ba Oy epma L sappamumur
Oypuak MOMEHTHM Oynu0 XapakaT JIouMHHCUAND. Vg (rp) = V (ra): E?

maptiaapaad (porganaHu® 3appaHUHT SHEPrUsCM Ba Oypyak MOMEHTIIAPUHU P

yiuaM mnapaMeTpd Ba € aiiJlaHajaH OFMIl  [apameTpiiapura OOFIMKJINIY

aHUKJIaHAIU
- -2

. 1 (p-2)(p-3-¢€°)°+ p*M? (,b’+[,8 L P=2=¢ 3- ej ]
E=—5 2 P ‘M
p(p-3-¢)

(x(p—2+€°(p—6))

271 2 (5)
~ p°M p—3-e
g 22 T

OpOuranapaaru paauan Ba a3HMyTaJ1 yacToTajiap
27 "do . Agp (6)
Q== of= j —Zdt==F,
T T oo dt T

KYpUHHUIIAA €3UITAJIN.
3-pacMa TalmIKyd aCHMIITOTUK OMp XKMHCIM MarHUT MaiJIOHH[A >KOMIIaIiraH
Y, — 4
HIBaprmwig kKopa ypacu arpoduaaru HoreoJe3nk opouranap yayn € =¢€,(Q27, )
Ba (Q7,e) OofiaHuWIUIapra MarHUT MaWJIOHHHUHT TahCHPH COHJIA YCYiaa
xpcoOman EpaamMuaa KeITHPUIITaH.
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0.12F
Blue B=10
Red B=0.1

o1tf

oogf

1-pacm. Tamky acCUMOTOTHK OUP KUHCJIH MATHUT MaiI0HHUA KOAIAIITaH
HIBapummia Kopa ypacu arpoguaaru HoreoJe3uK opouTaIap yuyH (e, Q(p) OOFJIaHUII
MATHHT NAPaMeTPH [ HUHT Xap XWI KuiiMaTaapuaa kearupuiran. D kypecarrimu

e — O BazusaTaarn rb paauycau ailsiana opourTara Moc Kesaaam, | Kypcarrud 3ca r,sco

HYKH TYPFYH aily1aHa OpOMTA paJiMyCcura Moc KeJaaau

1-pacMmaH CHHTYJNSIp OSTPWIMKHUHT MarHUT MaiJIoH TabCUpUJA IOKOpHUTra
CWDKHILIMHUA KYpUIII MYMKUH, akcuH4a, Q¥ aitnana opOurtanapuunr € —0 garu
AMMHUTUAA [, paJdyCHUHI aHMK KuiiMatupa Qfkuupasau. I, paguyCHHUHT
KHMaTIIapu 2-)KajBajiaa KEHTPOK OepuiraH.

2-KaaBaJ

Tamku accUMTOTHK OUP KMHCJIA MATHUT MaiiJIOHHIA KOMJIAIITaH
HIBapummiga Kopa ypacu atpoduaaru Horeoge3uk opouTaAIaApHUHT I, paanycu Ba

& =1 —Igco MAPAMETPHHUHT MATHUT MAii/I0H NapaMeTPH [ HUHT Xap XWJI KHiiMaT/1apu

YUYH

p 0 0.001 0.005 0.01 0.05 0.1

r, 6.38019 | 6.38022 | 6.38025 | 6.38029 | 6.38068 | 6.38118
Nsco 6 6.0036 |6.0085 |6.0145 |6.0621 |6.1203
E=1 —Teeo 0.3802 |0.3766 |0.3717 |0.3658 |0.3185 | 0.2608
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3-:xaaBaJ

Maruut napamMeTp / Ba 3KCEHTPUKJIMK € HUHT Xap XWI KUHMATIapH YUYYH

TAaIIKA aCCUMTOTHK 6I/Ip JKMHCJIM MATHUT MaiiloHHAA KoiIalIran HIBapuume Kopa

ypacu aTpouaaru u304acToTaIu aAliHATaH Horeoae3uk opouTaiap yayn Q¥ HuHr consm

KuiMatJjiapu

ﬂ 0 0.001 0.01 0.05 0.1
e ~ ~ ~ ~ ~

a?wp | a%p | Q%W | Q%) | A% p)
0 0.062051 | 0.0620508 | 0.0620496 | 0.062044 | 0.0620367
0.3 0.3802 0.3766 0.3717 0.3658 0.2608
05 0.0799 0.07988 0.07967 0.078798 | 0.07769
0832 |0.10965 |0.1096  [0.10936 | 0.108224 | 0.106798
1 0.125 0.1249 0.12468 0.12343 | 0.121875

W304acToTany aiiHuran opbutanapHuHr yactotanapu Qf =(M /r)"? 2 pa 3-
’KaJBaJllap/la HOHI'€0JIe3UK opOuTa paguycu I, Ounan oupranukna Oepunras. Iy
Owran Oup KaTopha, 3-)KaJBajJa MAarHUT MaiJOH MapaMETPUHUHT TYypJu

KUIIMaTJIapy y4yH Y0y opOUTaJIapHUHT YaCTOTA COXACH TACBUPJIAHTaH

O’ (e=0)<Q? <O’ (e =1). (7)

2 Ba 3-xkaaBajuiapja OWp JKHHCIM MarHUT MaWJoOHHAA >KOMWJaIIraH
[Bapumuna Kopa Ypacu atpodumarud 3appajJapHUHT alJaHUII YacTOTallapu
QO KUMMaTiIapu KypcatwiradH. HartwxanapgaH aWThil MYMKWHKM, MarHuT
MalJIOHMHUHT Ky4aluIm OWIaH 4acToTa KUMMaTh KaManb Oopaau, JIEKUH WYKU
TypryH ainana opouta (MTAO) pamumycu opramu. AMMO, MarHuT MaiJIOH
KuiMatuHuHr optuimn Omnan MTAO Ba aiimana opOutanmap I, paguyciapu
Ce3WIapJid OpTaau Xamja Oup OUPHUTH SKUHPOK Kela OouuItaiiiv, s’bHU YJIapHUHT
opacumaru ¢apk ¢ kuumkiammb Oopaam. By aca 3appanmapHuHT xXapakaTthra Ba

M304YacTOTAJIM alHUraH opOUTaTapHUHT Kamaiumura cabad 0ymanu. by xoauca 1-
pacmia XaM TaBUPJIAaHTaH Ba COHJIM HATWXKallapy 2-)KaBajijia KeITHPUIITaH.

KBuHTACCEHIIMST SHEprusicura 3ra aWjJaHyBYd Kopa YpaHUHT ¢a30-BaKkTU
Boyer-Lindquist koopauHatanapuga (t,r,0,9) Kyhdugarn KypuHUIIIA E3HII
MYMKHH
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~ l—3a)q ~ 1—3wq
ds? = —|1-2MIECr 7 e 22 _oasinze| ZMIECT T i,
> A )

2

By epma X=r’+a’cos’d, A=r’-2Mr+a’*—¢r ™. ¢=0xa (8) udona Kepp
MeTpUKacHra yTaau. Bup sKUHCIM MarHAT MaiIoHK 1A KOMIAITaH KBHHTICCEHIINS
SHEprUsCHra sra Kopa ypa arpoduia THHWIMKIATH Maccack M Ba 3apsiad (

~,- 13y
+>.d6% +sin’ 6 r2+a2+azsin29(2|\/|“rcr } de?, (8)

1—3a)q

OynraH 3appaHUHT XapakaTHHA KapahMu3. OJIEKTPOMarHUT MaWJIOHHUHT 4-
MOTEHUUAJJIAPUHUHT KOBApUAHT TAIIKWJI STYBUMJIApU KyWHUJard KYpPUHUIIIA
Oepunaay.

2 2 2 2
rr—-a-—-A .2 _3r~+a - —-A .2
=——<aB|A+———sIN"O+Cr ———siN" 0 =0, A, =0,
A Z { ' 2 ’ 6 } A ’
(9)
3
A¢— {(r +a2—A)a (1+COS 0) — (r +a )Z 3 (Z(r +a2)+(r 182 —-A)a smze)}
sin29.
(10)

KBuHTACCEHIIMST »Heprusgcura sra Kopa ypa arpoduma 3apsaiud  3appaHUHT
xapakaTuHu ['aMuIIbTOH-SIKOOM TEHTJIaMacu OpKaju TaBcU(Ia MyMKIH

1
H= Eg“ﬁ(na —QA, )(zﬁ —qAﬁ), (11)

Oy epna 7z, - 3apsaanaM 3apPaHUHI MMITyJbCH, A - DJICKTPOMAarHuT MaiIoH 4-

MOTEHIIMAN Ba ['aMMJIBTOHMAHHUHT KUHMaTH JouMui O6ymmu6 y H =-m?/2 ra
tenr. 3appanusr (3D) yruoBnm xapakaTv yayH TabCHUPHHU aXKPATHUII YCYJIH OPKAIU
Kylugaruya E3ui MyMKHH

S:%mz/l—Et+Lgo+Sr(r)+Sg(9). (12)

bynna E=-7z, Ba L=-7, nap Moc paBuIijia 3aps/ijid 3apPaHUHT SHEPTUSCH Ba

Oyp4ak MOMeHTH. S_ Ba S, nap Moc paBuniaa I Ba & ra O0rIMK QyHKIUAIAP.
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2-pacM. Bup KHUHCJIM MATHUT MAIOHU/IA KOMJIAITaH KBUHTICCEHIMS JHEPTUsICUTa Ira
Kopa ypa arpoduaa xapakaTjJaaHaEéTraH 3apsiiJiM 3apPaHUHT Paguaj XapaKaTu Y4yH

JHeprus Ba 0yp4yak MOMEHTHHHMHI PaguaJl 0OFJIaAHM N

2-pacMa 3apsJid 3appaHUHT aillaHa opOWTalapuaaru SHEpPTHUs Ba Oypdax
MOMEHTJIAPUHUHT KBUHTACCEHIMs C Ba MarHWT mapamerpiapu fra OorIaHUIIN
KEATUPWITaH. 2-pacMJaH IIYHU KYpUIl MYMKHUHKH, KBUHTICCEHLIMS MapaMmeTpH
CHMHI OpTUILM OWJaH 3appaHuHr ’Heprus E Ba Oypuak mMoMeHTinapu L HUHT
pagvan coxacu OpTaad Ba aKCMHYA MAarHUT MaiJOH NapaMETPUHHUHI OPTHUILA
OnIaH KaMasiiu.

KBuHTACCEHIMST MapaMeTpuHUHT >kyAa KU4MK C<<1 Ba MarHut MaijoH
napameTpuHuHr katrta £ >>1 xuitmatnapu yayn MTAO paamycu Kyimnmarmua
TONUIIAIN

1 - - ~
o =2+ | 28T ss06) |+ (%52 e s 0y (13

€ =0 na, UTAO paauycunuHr ndoaacu Kyuuaara KYypUHHUIIHA OJIa]IH.

MNsco :1+\/_%,B+O(ﬁ2) (14)
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a) a™M | | b) I' a/M '

3-pacM. Bup KUHCJIM MATHUT MAHTOHU/IA KOWJIAMTaH KBUHTICCEHIMS JHEPTUSICUTa ITra
Kopa ypa arpoduaa xapakaT/JaHAETraH 3apsiiiv 3apPaHMHTI MYKH TYPFYH ailjilaHa opOuTa
(MUTAO) pagyCHHHHT ailJIAHUII MapaMeTPH a ra OOFJIAHMIIM MATHUT Mal/0HU Ba
KBHHTICCEHIUS MapaMeTPJIapHMHUHT TYPJid Kuiimatiapu a) S =0 Bab) £ # 0yuyn

KCJITHPUJTAH

3-pacMga WTAOHUHTr aimaHuil mnapamMeTpu & ra OOFJIMKIWTU COHJIU
xucoOanuiap OpKajil Typju KBUHT3CCEHLMS napameTpu C Ba MarHUT mapameTpu
S Kuitmatnapu yuyH kentupwirad. bynnan maraut mainonuausar optumu UTAO
paguyCUHN KaMaWTUPUIIM Ba KBUHTACCEHUHMs IapaMeTpuHuHr optumm MTAO
paguycunuHr llIBapummneg reomerpusicura HucOaTaH OPTTHPUILMHU KYPHII
MYMKHH.

HucceprauustHuHT yuyHun 600u “Kopa ypanap oBepcnuH KapaéHMHMHT
AUHAMMKACH Ba JJIEKTPOMATHUT MAJIOHJIAPUHHUHT poJju”’ 1e0 HOMJIaHTaH
O0y110, KOCMHUK II€H3ypa T'MIIOTE€3aCHHU TEKIIMPUILI Makcaauja Kopa YpalapHUHT
OBEpCNHH Kapa€HU JUHAMHKACH Xamjla ymiOy »xapaéHra MarHuT MalJOHHUHT
TabCUPHUHM YPTraHUIITa OAFUIIUTAHTaH.

by 60011a ukkHTa XapakaT JOUMUILIAPUHU, SbHU 3appaHuHT 3Hepruscu OF Ba
Oypuak MomeHTIapuHu OJ Kapaiimu3. dapa3 KWIalIWMK 3appaHUHT 3HEpPrusi Ba
Oyp4yaKk MOMEHTJIAPUHUHT KMUMATIIapu KOpa YpaHUKUIAH aH4ya KU4uK OyicuH OF
<« M Ba d8J K J, y Xon1a 3appaHu CMHOB 3appa Je0 Kapaill MyMKHH. 3appa Kopa
ypara Tymirasja yHra Kymmumua macca, Oypyak MOMEHT Ba 3apsan Oepamu. Kopa
YpaHUHT HAaTWXKaBUM Maccacu, Oyp4ak MOMEHTH Ba 3apsad MOC XOJja Kyhdujaru
kypunuimga 6yiaaagu M + OE, J + d8J, and (. Arap 3appa xopa ypanu Kepp kopa
ypacunan Kepp-Hbtoman cunrynsipnaurura aiaHTHpraH Oyica, KyWujgard Imapt
KAHOATJIAHTUPUIIUIIINA KEPaK

2
J+38) j +q2 (15)
M + SE '

Jlesspau sKCcTpeMall Kopa YpaHUHT Yi4aMCHU3 CIIMH TMapaMeTpu KuiMaTu Oupra

(M+552<(

akuH 6ynca, yan J/M?=a/M =1-2¢°, 6ynna & <<1 6ynub, KHYUK yIdaMcu3
napametp. Llynnait kumm6, M =1 y4dyH 3appaHHHT pyXcaT dTHITAaH DHEPrus Ba
Oyp4ak MOMEHTJIApY KyHUJaru opaiuKiapaa oyaaam
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2&

2 2
2—\/5 1+(2q) e <OE < 2+\/§ 1+(qj g,
&

2
(2+32)6E - 5 < 63 <(2+42)E. (16)

Kepp reomerpuss merpukacu  Boyer-Lindquist  xoopaunHatamzapuaa
Kylnjaaruia Oepuirad

ds? — _(A—a2 sin® HJdtz _ 2asin®0(r* +a’

~8) Gtdg + = dr? +
A
(r’ +a®)® —Aa’sin? esinz odo?,
= 17)
Oy epma M Ba a Moc X013, KOpa YpaHUHT YMyMUN Maccacu Ba Oypuyak MOMEHTH.
OHIM KOpa YpaHUHT TOPU3OHT PAJAMYCHHH 3apsuid 3appanap OunaH Oy3uid
xapaCHu1a MarHUT MalJOHUHUHT 3PGEKTUHHN TEeKIIUpamMu3. Maruut mMaiion oup
KUHCIM OYuO, YHUHT MYHAIUIIM KOpa YpaHUHT ailflaHuIn VKU OYitnal ityHanran
o6yncun. byHaa kopa ypara Tymaérrad 3appaHu TallK|d MarHUT MailIOHH TYXTaThO
KOJIMIIN €KW KOJIa OJIMACIMTMHU, OOIIIKaya alTranaa KOCMUK IeH3ypa Ba3u(pacuHu
Oaxxapa omuim Exku  Oakapa OJMACIUTMHU AaHMKJAIIra XapakaT KuJaMus.
DJIEKTPOMarHuT MalIoH 4-BEKTOp MOTEHIHAJUIADUHUHT KOBAPWUAHT TAIIKHII
ATYyBUMJIAPU KyHUJArd KYPUHUILAA aHUKJIAHTaH

A :—%{aB[A(1+ cos? 6) + (r? —a?)sin? 6] - 2aB(E — 2Mr)}, A =0, A, =0,

+32d@? +

(18)

A, = %{% [Aa2(1+ cos’ @) +r - a“]— 2QMBa3}sin2 0. (19)
Kopa ypanunr Oy3unuimn xapa€HUra MarHuT MailJIOHHUHT TabCUPUHU YPTraHMIL
Makcaauaa 3pGeKTUB MOTEHIUATHN TaXJIW KWiaMu3. ByHUHT yuyH, MOC 3HEprus
Ba Oypyak MOMEHTHTA 3ra OYyJIraH 3appajap Xed KaHjail TYCHUKKa Jyd KeamacJaH
YEeKCU3JIMKAAH KOopa ypara TYFpu TYUIYLIWra WINOHY XOCWJ KWJIMIIMMHU3 Kepak.

Panuan xapakar yuyH 3¢ (eKTrUB MOTeHIIMAN KYHHUard KYpUHUIIIA OSpUIain.

2 2
VR PPN 2 A —(1—2—'\")&12
2r r 4M r

e o)
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4-pacM. MarautT MaiJIOHUTa KOMJAIITUPUWITAH JeSJIPH IKCTPeMaJl ailJIaHaTUraH
Kopa ypara MaKkCHMMaJl IKAH HyKTa I nard 3¢p¢GpeKTuB NOTEHUHATHUHT IIApaMeTpH3anus

b mapamerpura Goramkaurnam xap ukku Mandwuii p < 0 Ba mycéar p > 0 xo1M12 MATHUT
Maii/IOH NapaMeTpH [} HUHT TYPJId KUIMATIapU YYYH TACBUPJIAHI aH

Maruutr ManJIOHUJa KOWJIAIITaH ACAPJIM SKCTPEMAI aillaHaIuraH Kopa ypa
SKUHUAArd 3P GeKTUB MOTSHIIMATHUHT apaMeTpU3allus apaMeTpura OOFIUKIUTH
Xap WKKU MycOarT Ba MaH(wii MarHuT mapaMmerpiapu [ y4yH KypcartwiraH. 4-

pacMIaH IIyHU KYpUIl MYMKHHKH, [ NapaMeTpPHUHI KUHAMaTH OPTHUILNM OWJIaH
bCr HUHI KAWMaTU KaMasau Ba [ HUHT aHUK KPUTHK KAWMaTUAa bCIr =3 ra TeHr
Oynaau. Ymoly KuiMatIaH KeWHH 3apsyid 3appa Kopa ypara Tyllla oJIMaiid Ba

MAarduT MaﬁIIOHI/I KOCMHUK OCH3Yypa Ba3I/I¢)aCHHI/I 6a>KapaI[I/I.
(a) '//_'_ - \ ' (b) /,— ' {c) /‘—"x\ ]
. —AF I / \\\ - -4 fr /( \ ] _:_ -4 f,.’f \\
i N, = / g = / k! E
oF / \\_ 1 / \\_ ) / \'\\
5 b \ ] s .
-1 i 10| , \".— -1 . A
TR R VT oo 103 1020 10 120 WS Lo 1S LA L0151 105 [T ] 1o
r r r
@ - yd 1 © = ) =
B / \ 1 . B ff _ - / \
= 5 / A ="/ M, o _;_'f; \‘\
& ) / \ il L &k \\.
BT ms Lo LW ol 1015 w0 1025 L T 1w s 1om 1

1.030 L35 1040

r r r

5-pacM. MarHuT napamMeTp B HHHT TYpJIM KUAMAT/IAPH YYYH MATHUT MaiiIoHHa
KOMJIALITaH AesAPJIM IKCTPeMaJl Kopa ypa arpodguaa XxapakaT/iaHaéTra 3apsiJIaHran
3apPaHMHI PaauaJ XapakaT 3(pPeKTHB NOTEHUHAJTHHUHT Paanasa 00FIaHUIIN

S-pacmza panuan XapakaT Y4yH S((EeKTHB NOTEHIMAIM TaCBUPJIAHTaH.
Pacmpan, MarHuT mMaition uykauruaa 3pQexTuB NoTeHIUATHUHT MaH(UHIUTUHA
KYpHUIl MyMKHUH, Oy KellaéTraH 3appaHUHI Kopa Yypara KyJallMHU OWJIANpAIH.
MaruuT MaiJIOHHUHT MabiyM OWp KUMMaTHAaH KelnH 3(Q(EKTUB MOTEHLMAI

MycOaT KuiMaT KabyJs Kujiaau, Oy Aca 3appaHUHT Kopa ypara Tylla OJMaciluruHu
W30XJIaNIH.
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JuccepTalistHUHT ~ TYpTUHYHM 000  “I'paBUTANMAIAHTAaH  KOMIAKT
00beKTJaApPAaH JHePrusl axkpaaumu’ 7e0 HOMIAHUO, TalKu OUp KUHCIU
MarHuT MaWJOHJa KOWIalllraH aillaHyBYM Kopa YpaJaH HHEPrus akpajuiil
xkapaénura Oarunuianrad. bynnma ymOy »xapaén (8) udoma Owran Oepuiiran
all;laHyBUM KBUHTACCEHIUS SHEPTUACUTa ATa Kopa Ypa (a3o BaKTH yuyH Kapaia/u.

Karra mukgopaa TYKHAIIYB SHEPTHSCUHUHT aKpajIHIINra UMKOH OepaauraH
€Kl 3appallapHUHT IOKOPH DJHEprusyiap OWIaH TYKHAIIMIUIApUra TYCKUHIMK
KWJIQJUraH Ba KOpa YpaHUHT Te3NaTyBuM Basu(acWHU YEKIaWIWraH Xap Xuil
abpdextnap wmamxkyn. Iy Oowmcman, MarHWUT MaWAOHMAA  >KOWJIAIITaH
KBHUHTACCEHIUSI SHEPTUsiCUTra 3ra Kopa ypa SKUHUZA SHEPreTHK >KapaCHIapHU
Vpranum Mmyxum axamusrra ora. [llyHuHTIek, uKkuTa 3appa TYKHAITYBHHUHT OUp
HEYa XoJarjapu Y4YyH Macca MapKasd OJHEPrHsACHHUHT yMyMui wudoaacu

TOIUJITaH.
4-xanBaJa
KBunriccennus napamerpu C HUHI TypJd KHAMATIAPH YIYH YeKCH3JIHKIAH
kesgaérran Heditpana Ba UTAOpa aiisianaérran 3apsuid 3appajapHUHT TYKHALLYBUAATH
Macca MapKa3u JHePrusiCHHUHT KUiMaT/Iapu

¢ lsco Ecm /m
0.00000 2.00000+1.15470 B 1.74337 B
0.00001 2.00001+1.15471 B 1.73824 p¥*
0.00005 2.00005+1.15472 B 1.73818 5
0.00010 2.00011+1.15475 B 1.73722
0.00100 2.00107+1.15519 " 1.73556 5
0.00500 2.00535+1.15713 B 1.72903

KBuntaccenusi napamerpu CHuHr Typau KuiiMatinapuga MUTAO panuycu
kuitmatn Ba MTAQO pna aiimanaétran 3apsymm 3appa OuilaH YEeKCHU3JIHMKIAH
KenmaéTraH HEWTpasj 3appaHUHr TYKHAIIYBHJIAH XOCHJI OYJIraH macca mapkasu
sHeprusicu [E_ HuHr Kuiimarinapu 4-kagsanga Kentupwirad. by oca, 3

HaBOaTHJa, KBUHTACCEHLIMSI SHEPIUsCUIa 3ra Kopa ypa arpoduiard TYKHAIIYB
KapaCHUHM TyIIyHTUpHUIUra ¢&pnaMm Oepaau. 4-kaaBaijaH IIyHH KYpHII

MYMKUHKH, KBHMHT3CCEHIMsA mnapamerpu € HuHr oprumm Owrman  E_

SHEPrUSICMHUHT KHIMAaTHW KaMasigu Ba KBUHTACCEHIMS NapaMETPUHUHI Kapama
KapIii TabCUpHUTa KapamaclaH, MarHUT MapamMeTpud [ HUHT KaTTa KHiMaTiapu
xucooura UTAO pna aimana€rran 3apsu 3appajiap OwiaH CTaTUK paauyc
SIKUHUJIAH KEJIAETTaH HENTPaAJl 3appajapHUHT Y3ap0 TYKHAIIYBIAPUIAH YTa IOKOPU
SHEPrusIap XOCHUJI KWINII MyMKHH.

NTAOnan xoaucanap ropu30HTUTa TYIIAETTaH 3apsajid Ba SpKUH TYIIAETraH
3apsAIUT 3appajlapHUHT TYKHAITYBUHM WHOOATTa OJIMIN HATWXKacHuia Kopa Yypa
TOPU30OHTH SIKUHMJAru E__ sHeprusHu xucobnam MyMKuH. by sHeprusara Maraut
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Ba KBUHTACCEHIIMS MalJOHJIADUHUHT YMYMJIAIITaH TAbCUPUHH YPTaHUIITA aCOCUI
bTUO0P KapaTaMu3. KBUHTACCEHIIMS TTapaMeTpuHHu xyaa kuuuk € <<1 ned kapad,
Macca Mapkasu E_ oSHeprusicu ydyH Kyluaaruda TaXMUHHMI €4UM OJIMHAIU

EZcm(r—>r,) ~ F(p.c..E,, Lz).
m? 1+c, —a,%)

E., OHEprus KBHHTOCCEHIMs IapaMeTpd CHUHI OPTUINM OMJIaH KaMaino

(21)

O6opaau. Hatmxana, yTa IOKOpM SHEPIHsUIM TYKHAIIYBIIAD BYXKYAra KEIUIINWra
KBUHTACCEHIIMS MaWJIOHUHUHT TAabCUPHU TYCKUHIMK Kuiaaau. AMMO, Kopa ypa
atpouaru MarHUT MaWJOH IOKOPU DJHEPTUsIIM TYKHAIIYBIAPHUHT XOCHII
KWJIYBUHUCH Ba3zuhacuHU Oakapain.

AWaHyBYA KBUHTACCEHIIMS SHEPTUSCHIAa 3ra KOpa YPacHHHHI 3KBATOP
TEKUCIUTUAA TYKHAIIAETTaH 3appajlapHUHI Macca MapKa3u HHEPrusUIapUHU
TEKIIUPHUII OPKAIM, TAIKM MAarHAT MaWJOHW MaBXKYJIJIMTHJa Kopa ypa SKHHUIA
a)XKpajaJurad SHEPTUsl MUKJIOPUHH YpraHamus.

S-7KaaBas
Maraur MaiiIOHH/1a )KOMIAIITaH KBUHTICCEHIUS SJHEPTUSACUTA 3Ta KOPa Ypa y4yH
BSW Mexanu3mm (MKKH 3appaHUHT ¥3apo 6011 TYKHAIIYBH) OPKAJIU IHEPTHUs asKPaInil
camMapajioJurHHUHT KHIMATH G (%) kBuHTICCeHus C Ba cimu A

energy

nmapaMmeTpJapuHUHT Xap XWJI KHﬁMaTJ’IapH}]a

p=0 =01 B=0.2
¢ a
gBenergy
0.00000 1.00000 42.2650 45.2147 47.4120
0.00001 1.00001 40.7253 43.8409 46.1728
0.00005 1.00003 39.6673 42.9013 45.3280
0.00010 1.00005 39.0188 42.3273 44.8131
0.00100 1.00050 35.6603 39.3779 42.1832

S-)kazBaiga OUp KUHCIM MarHUT MaWJOHUA KOMIallraH SKCTpeMala Kopa
ypagaH axpajaéTraH SHETHs CaMapaJOpJIUTMHUHT OKOpU 4Yerapa KhiMaTiapy
KBUHTACCEHIMSA C Ba COMH a NapaMeTpJapUHUHT Xap XWJI KUHWMatiapu y4yH
KeNTUPWITAH. S-)KaJBajJaH MAabJIyMKH, KBUHTAICCEHIMS TMapameTpu CHHUHT
Oepwiran KHiiMaTHa MarHUT MapamMeTpu [ HUHT OPTHINW HATHKACHIA dHEPTHUS
QXKpalIHll CcaMapaOpJUTMHUHT KUUMAaTHUHU OPTHUIIMHU KYpUII  MYMKHH.
AsKkpasta€TraH SHEpPrusiap/ia MarHuT MalJJOHUHUHT TabCUPH KYyJ1a MyXUMJIIUTUHUA
KypUIl MyYMKHH. MarHuT MaiJOHM DKCTpEMaj alJlaHyBuUM KOpa ypajap y4yH
DHEPTHUS @XPATUII caMapaJOpJIMTHHUHT JHT IOKOopu Kuiimatuau 50% raua
OpTUIIIATA OJIUO Kejaaau Ba Oy KMiIMaT MarHuT MajoHucus sxctpeMan Kepp kopa
ypacu yuyH 42% ra TeHramp.

HNaoBaga, Tamikyn MarHuT MaiJ0HAA KOWJIAIITAH alJIaHyBYM KBUHTACCEHIIUS
SHEPrUsiCUra 3ra Kopa ypa atpoduaard 3JeKTp Ba MarHUT MalIoHIap y4yH aHUK
udoaanap KeITUPUITaH.
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XVJOCA

“Tamky  SJIEKTPOMAarHUT MaWJOH MAaBXYUIMTHIAa KOMIIAKT TpaBUTAlMOH
o0beKTIap arpoduaa yMyMpEJIATUBUCTUK acTpoPU3UK kapaéHiap” MaB3ycHAAru
JUCCEpTallvs UIIMHUHT HATIKaJapuJaH Keaud YMKKAH XojijJa Kyhuaaru
XyJiocanap KeITUPUIAIN:

. Tamukm MarHUT MaWIOHWUA >KOWIIAINTaH allaHyBUYM KBUHTACCEHUHMS KOopa ypa
TOPU3OHTU SKUHUAATU 3apsa/UId 3appajiap TYKHAIIyBHJIaH XOCHJ OYyiraH macca
MapKa3d DJHEpPrusicu ydyH yMyMmMud wudonanap tonwiaud. KsBuHTICCeHIUs
MaTepusCH IapaMeTpy 3apsUiM  3appajlapHUHI YEKCU3 KaTTa »JHEprusuiapra
SPUILIUIUIAPUTA TYCKUHINK KUIUIIN aHUKJIAHAUM. MaraHut MaijoHu, KU4uK Oyica
XaM, @XpaJraH SHEPrUSHUHI CaMapajgop KUKWMAaTUIa KyWId TabCHP KUIUIIH
kypcatuiiau Ba Kepp kKopa ypacugan axpajnagurad 3HeprusiHuHr 42% nu derapa
KUMMAaTUra COJIMIUTHUPTraHAa dKCTpeMas allaHaJuraH Kopa ypanap y4yH JHEPIUs
caMapaJopJUTrUHUHT I0OKOpH Yerapa KuitMatuau 50% raya omupuim KypcaTuiau.
. Tamku acUMOTOTHK OWp KUHCIM MarHuT MaiinoHpaa xoinamrad [IIBapummmg
KOpa YPacHHUHI TPAaBUTALMS MAUIOHUIATH M30YaCTOTAIM AWHUTAH HOTEOJEC3UK
aliaHa opOuTajap Ba ymoOy opOuTazap MaBXKyn OyiamuraH COXAaHWHT TAaIllKd
MarHuT MaWjoHTa OOFJIUKIWIK Vpranwiad. Tamkd MarHuT MaiJIOHHUHT

B ~10° —10' I'aycc xuitmaTnapu yuys, ymby coxauusr (7—10)% rada kamaiumm

AHUKJIAH/IH.
. Actpodu3uka HyKTau HazapAaH TallKd MarHUT MaiJoHH Kopa Vypaiap
TOPU3OHTUHUHT Oy3WIWII Kapa€HWra erapiinya TabCUp KWIMIIA Ba KOCMUK
LIEH3ypa XOAMCACUHU KaWTa TUKJIAIIM KypcaTuinau. MarHuT MauJOHU Y3WHHHT
aHuK KuiiMatuaan B =0.6872 keiinH xocMMK LieH3ypa Basu(acuHU Oakapuilu

KypCaTWJITaH.

. Tamiky acuMOTOTHK OWp JKMHCIM MArHUT MaiIoHuJa >OWJIalmraH ailaHyBud
KBUHTICCEHIIMSI KOpa Ypacu arpouaard >IEKTPOMArHUT MaWJOHIap y4yH
aHAMTHUK udoaazap TOMUIIHN.

. Talmky MarHUT MalJOHMA >KOWJIAIraH aiJlaHyBYM KBHHTICCEHIUSI dHEPTUsICUTa
ara Kopa ypa SKWHUJATH 3apsiUid 3appajlapHUHT MUK TYpFYH aillana opOuTaiapu
(UTAO) Ba Oypuak MOMCHTWIAPH Yy4YyH aHAJIUTUK UQoJamap TOMUIIH.
Keunataccennmst mapamerpu € HuHr Tabcupu Hatwkacuga MTAO pamuycnHu
KaTTaJANIMIINA TOMWIAH. JICKUH, MATHUT TTApAMETPUHHUHT YEKCU3 KUAMaTh [ —>oc
yuyH, U'TAO panuycu KBUHTAICCEHIUS napameTpu C HHUHT TabCHpUTa KapamaclaH
Y3UHUHT MUHAMYM KUMMATUTa SPUIIUIIN KYypCATUIIIH.

. Kocmonoruk moumuii Ba OpaH mapaMeTpUHHMHI TabCUpPU HaTHKAacuzia Kopa ypa
atpodumarn  3appaJapHUHT  TYKHallyBUAAH  aXpajdaauraH yTa  OKOPH
SHEPTUAJIAPHUHT caMapaJop KUWMaTh 4eKiau Oynuinu kKypcatwirad. Muku TypryH
aiimana opOuTa pagUyCMHMHI TOPHU30HT paJuyCUIaH axpamudiu cababnu Oy
YEKJIWJIMK MEXaHU3MHU BY>KY/Ira KEJIUIIN TOMUITaH.

. Kepp-Tay6-HYT  dazo-Baktumaru aillaHyBYM  KOpa YpajaH  axpalyBuu
sHeprussHUHr [leHpoy3 »kapa€Hu opKanu coaup OYJIMIIM XaKUKaTra SKUHPOK
skawymru kypcatwiand. Kopa ypanan axpanysuu sHeprusHuHr HYT napamerpu
| ra (rpaBuTOoMarHuT 3aps) TYFPU Ba Oproc)epaHMHr XaXMHTa TeCKapu
OOFJIMKJIUTH TOITMJIIH.

24



SCIENTIFIC COUNCIL DSc.27.06.2017.FM/T.33.01 ON AWARD OF
SCIENTIFIC DEGREES AT THE INSTITUTE OF NUCLEAR PHYSICS,
ASTRONOMICAL INSTITUTE, NATIONAL UNIVERSITY OF
UZBEKISTAN

ASTRONOMICAL INSTITUTE
INSTITUTE OF NUCLEAR PHYSICS

SHAYMATOV SANJAR RUZIMURATOVICH

GENERAL RELATIVISTIC ASTROPHYSICAL PROCESSES IN THE
VICINITY OF COMPACT GRAVITATIONAL OBJECTS IN THE
PRESENCE OF ELECTROMAGNETIC FIELD

01.03.01- Astronomy

DISSERTATION ABSTRACT OF THE DOCTOR OF PHILOSOPHY (PhD)
ON PHYSICAL AND MATHEMATICAL SCIENCES

Tashkent — 2018

25



The theme of the dissertation of the doctor of philosophy (PhD) on physical and
mathematical sciences was registered by the Supreme Attestation Commission of the Cabinet of
Ministers of the Republic of Uzbekistan under No. B2017.2.PhD/FM60.

The doctoral (PhD) dissertation was carried out at the Astronomical Institute and Institute of
Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan.

The abstract of the dissertation was posted in three (Uzbek, English, Russian (resume)) languages
on the website of the Scientific Council at the address of www.inp.uz and on the website of “Ziyonet”
information and educational portal at www.ziyonet.uz.

Scientific consultant: Ahmedov Bobomurat Juraevich
doctor of sciences in physics and mathematics, professor

Official opponents: Mirtadjieva Karamat Takhirovna,
doctor of physical and mathematical sciences, assistant
professor

Fayzullaev Biruni Amanullayevich
doctor of philosophy (PhD) in physics and mathematics,
assistant professor

Leading organization: Al-Farabi Kazakh National University Almaty,
Kazakhstan
The defense of the dissertation will be held on "~ 2018 at at the meeting of

the Scientific Council No. DSc.27.06.2017.FM/T.33.01 at the Institute of Nuclear Physics, Astronomical
Institute, National University of Uzbekistan (Address: INP, Ulugbek settlement, 100124, Tashkent city.
ph.: (+99871)289-31-60; fax: (+99871)289-31-18; e-mail: info@inp.uz.

The doctoral (PhD) dissertation can be looked through at the Information Resource Center of the
Institute of Nuclear Physics (registered under No. ). Address: INP, Ulugbek settlement,
100124, Tashkent city. ph.: (+99871) 289-31-19.

The Abstract of dissertation was distributed on ” 2018.
(Registry record No. dated “ ” 2018.)

M.Yu. Tashmetov

Chairman of the Scientific Council
on Award of Scientific Degrees,
D.Ph.-M.S., Professor

E.M.Tursunov

Scientific Secretary of Scientific Council
on Award of Scientific Degrees,
D.Ph.-M.S.

I. Nuritdinov

Chairman of Scientific Seminar of the Scientific
Council on Award of Scientific Degrees,
D.Ph.-M.S., Professor

26


mailto:info@inp.uz

INTPRODUCTION (Annotation of PhD dissertation)

Topicality and demand of the theme of dissertation. Nowadays, much
progress has been made in observational studies of stellar mass black holes in X -ray
binaries and supermassive black holes through modern astronomical observations.
Also, the detection of gravitational waves (GWs) from GW150914, GW151226 and
GW170104 and the detection of a high energy neutrino 170922A by IceCube
Neutrino Observatory verify the observational progress in the detection of black
holes. Thus, the presence of black holes in astrophysics is now taking center stage by
the LIGO and VIRGO detection of stellar black hole mergers and recent astronomical

investigations of the high-energy neutrino and the output (L. ~10% -10*"erg/s)

quasar
from active galactic nuclei (AGN) in various forms such as winds and jets, which
have been detected by x-ray, VLBI, and y -ray telescopes.

Throughout the world, developing accurate theoretical investigations in the
context of testing cosmic censorship conjecture for presence of black holes, modeling
the energy extraction from black holes being candidates for such energy sources via
infalling test particles or magnetic fields surrounding compact objects is the most
important issues of modern astrophysics in getting more information about the
properties of black holes and providing the proof to the relevant observations by
ground and space-based telescopes. The investigation of the astrophysical processes
in the vicinity of black holes and the effect of the electromagnetic field on the rich
phenomenology of astrophysical processes in the strong gravitational field regime,
which allows us to verify the general theory of relativity, is one of the most important
tasks of modern relativistic astrophysics.

In our country, great attention has been paid to the development of
experimental and theoretical researches in the field of relativistic astrophysics, as well
as fundamental research in this direction at the international level. The fundamental
research topics, which are of great importance for the progress of science and its
further application in practice in our country, are reflected in the Strategy! for
Further Development of the Republic of Uzbekistan for 2017-2021. Thus,
theoretical and observational studies of the role of the external magnetic field on the
motion of test particles around compact gravitational objects in testing cosmic
censorship conjecture, analyzing bound and isofrequency pairing non-geodesic orbits
around black holes, and developing energy extraction processes from black holes in
the field of relativistic astrophysics play a significant role.

This research carried out in the dissertation fully corresponds to the tasks
stipulated in the Decrees of the President of the Republic of Uzbekistan No. PR-2789
“On measures of further improvement of the activities of the Academy of Sciences,
organization, management and financing of scientific research works” from February,
2017, Decree No. PD-4947 “On the strategy of Actions on Further Development of
the Republic of Uzbekistan” from February 7, 2017, and Decree No. PD-3275 “On
the creation of the state specialized secondary school named after Mirzo Ulugbek and

! Decree of the President of the Republic of Uzbekistan “On the Strategy for the Further Development
of the Republic of Uzbekistan” No. 4947 of 07 February 2017
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Astronomy and Aeronautics park” from September 14, 2017, and in legal and
regulatory documents accepted in this field as well.

Relevance of the research to the priority areas of science and technology
development of the Republic of Uzbekistan. The dissertation research has been
carried out in accordance with the priority areas of science and technology in the
Republic of Uzbekistan: I1. “Power, energy and resource saving”.

Degree of study of the problem. Many scientists in the world, for instance,
Japan scientists (I. Takahisa, H. Tomohiro, K. Masashi), Indian scientists (N.
Dadhich, S. Ghosh, P. Joshi, M. Patil), Italian scientists (C. Bambi, L. Rezzolla, L.
Modesto, D. Malafarina, O. Zanotti), Russian scientists (M. Yu. Piotrovich, Yu. N.
Gnedin; A. Zakharov, D. Galtsov), Czech scientists (Z. Stuchlik, M. Kolos, J.
Schee, J. Kovar, V. Karas), German scientists (C. Laemmerzahl, J. Kuntz, E.
Hackmann, D. Kunst, V. Perlick), and others have done huge number of theoretical
and observational investigations to study the energetic processes, particle motion
and isofrequency pairing bound orbits around rotating black hole and cosmic
censorship and overspinning process for rotating black hole as well. Also, uzbek
scientists (B. Ahmedov, A. Abdujabbarov, V. Morozova, F. Atamuratov, A.
Tursunov, B. Toshmatov and others) have done theoretical investigations in
analysing the influence of a magnetic field on the innermost stable circular orbit
(ISCO) so as to provide the upper limit for the different parameters of the black
hole and in studying the orbits of magnetized particles around black holes
immersed in an asymptotically uniform magnetic field in the alternative theory of
gravity and optical properties of black holes.

Previous research works on energetic processes around black hole and cosmic
censorship have been done for axial symmetric compact gravitating objects.
However, one can consider the magnetic field effect on those astrophysical
processes. Since an external magnetic field plays an important role in the vicinity
of compact objects, its effect could be used as a useful tool in constructing new
tests of general relativity, in testing cosmic censorship conjecture, in producing the
observed enormous energy from rotating black holes, and in studying isofrequency
pairing nongeodesic circular orbits around black hole.

The idea of the cosmic censorship was proposed by Penrose, according to
which the singularities are hidden inside the horizon of black holes and not
observable outside; black holes with event horizon in astrophysics also take center
stage by the LIGO and VIRGO detection of stellar black hole mergers registered
by GW150914 recently. The cosmic censorship conjecture has been studied in
detail for the various parameters of the black hole in scientific papers.

However, testing cosmic censorship conjecture with infalling test particles has
recently become an active scientific object irrespective of fact that it remained
unproven yet. The influence of an external magnetic field on cosmic censorship
conjecture, the amount of energy extracted from black hole, and isofrequency
pairing nongeodesic circular orbits around black hole has not been investigated yet
in detail.
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Connection of dissertational research with the plans of scientific research
works of the scientific research institution, where the dissertation was
conducted. The dissertation was done in the framework of the scientific projects
of the Institute of Nuclear Physics and Astronomical Institute, Uzbek Academy of
Sciences: EF-2A-FA-1-10 "Particles and fields in the vicinity of relativistic
gravitational objects from dark energy and wormholes"” (2010-2011); F2-FA-F113
"Gravitational and electromagnetic processes in relativistic astrophysics and
cosmology, a system of bosons at low temperatures” (2012-2016); EF2-FA-O-
25046 "The motion of particles with spin and propagation of electromagnetic
waves in the vicinity of compact objects gravity" (2014-2015); VA-FA-F-2-008
"Astrophysical Processes in Stationary and Dynamic Relativistic Gravitation
Objects" (2017-2020).

The aim of the research dissertation is to develop a theoretical formalism
describing high-energetic processes, the dynamics of overspinning processes in
testing cosmic censorship conjecture, and the process of isofrequency pairing
nongeodesic orbits of charged particles in the vicinity of black holes in the
presence of an external electromagnetic field.

The tasks of the research:

to study isofrequency pairing of the circular non-geodesic orbits in the
vicinity of the Schwarzschild black hole immersed in external asymptotically
uniform magnetic field;

to study the particle motion around a rotating black hole with a non-zero
brane parameter, and consider the dependence of the ergosphere of the rotating
black hole on cosmological constant;

to consider and investigate the electromagnetic field and the charged particles
motion in the vicinity of the rotating and non-rotating black hole with
quintessential energy immersed in an external uniform magnetic field;

to obtain the dependence of the extracted energy from compact object on
NUT (Newmann-Unti-Tamburino) parameter;

to investigate the high energetic processes around a rotating and non-rotating
black hole with quintessential energy immersed in an external magnetic field; to
investigate the influence of an external magnetic field on the amount of energy
extracted from black hole;

to consider a process of over-spinning a near-extremal rotating black hole; to
analyze the effect of magnetic field on such process in testing cosmic censorship
conjecture.

The objects of the research are relativistic compact gravitating objects:
astrophysical and supermassive black holes.

The subjects of the research are isofrequency pairing non-geodesic orbits of
charged particles around black holes, the effect of the external magnetic fields on
the efficiency of extracted energy from black holes and the process of destroying a
near-extremal rotating black hole in testing cosmic censorship conjecture.

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

The scientific novelty of the research is the follows:

Isofrequency pairing of non-geodesic orbits under the gravitational field of
the Schwarzschild black hole immersed in external asymptotically uniform
magnetic field and the dependence of the surface of region where isofrequency
pairing of non-geodesic orbits occur around Schwarzschild black hole from the
external magnetic field have been developed,;

it has been shown that a test magnetic field can affect the process of
destroying black holes and restore the cosmic censorship in the astrophysical
context;

it has been shown that energy extraction through Penrose process is more
realistic process for the energy extraction from the rotating black hole in the Kerr-
Taub-NUT spacetime. The dependence of the extracted energy from compact
object on NUT parameter | (gravitomagnetic charge) has been found:

it has been shown that the influence of the cosmological constant and the
brane parameter may also cause a limitation for the efficiency of the ultrahigh-
energy of the colliding particles; it has been established that the mechanism of this
limitation is related to splitting the 1ISCO radius from the event horizon.

Practical results of the research are as follows:

A decrease in the surface of the isofrequency pairing of nongeodesic orbits as
nearly (7-10) % for the maximal values of the external uniform magnetic field

B ~10°-10" Gauss around astrophysical black holes has been found;
it has been obtained that a test magnetic field would act as a cosmic censor
beyond a certain threshold value of the magnetic field B, =0.6872;

it has been demonstrated that the magnetic field, although small, can strongly
affect the value of energy efficiency and play a decisive role in the amount of
energy extracted from quintessential black hole, giving rise to an increase in the
amount of the upper bound of the efficiency up to 50% for the extremal rotating
black hole as compared to the upper bound 42% for the extremal Kerr black hole;

the analytical expressions for the vacuum electromagnetic field of
quintessential rotating black hole in the external asymptotically uniform magnetic
field have been obtained; it has been demonstrated that due to the existence of
quintessential field intensity parameter € charged particles are prevented from
acceleration to infinitely high energies;

it has been obtained that the center of mass energy starts becoming finite once
the value of cosmological parameter A and quintessential parameter €, being
responsible for the form of dark energy, increases even for the extremal
quintessential rotating black hole.

Reliability of the research results is provided by the followings: in the
dissertation new methods of general relativity and modern numerical methods and
algorithms are used; obtained theoretical results are compared with modern

astronomical observations, as well as the results of other authors; conclusions of
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results are well consistent with the general principles of compact gravitational
objects.

Scientific and practical significance of the research results. The scientific
significance of the research results is devoted much attention to explaining the
arbitrarily high energy processes around a rotating black hole by the mechanisms
developed in the dissertation so as to analyze the jets being spewed out of a black
hole. The results, in the dissertation, concerning isofrequency pairing nongeodesic
orbits can make easier to identify signals coming from infinity in studying the
data-analysis problem for gravitational-wave detectors. In addition, the scientific
significance of results consists in an original strict mathematical proof to the
validity of cosmic censorship in an astrophysical scenario by using the effect of a
test magnetic field.

The practical significance of the research results consists in constructing and
verifying processes of astrophysical models of general relativity in the vicinity of
compact gravitating objects on the basis of general relativity. The results in the
dissertation obtained in theoretical point of view can be used to build new
astrophysical models in the framework of the classical standard four-dimensional
and multi-dimensional gravity. They can also be useful for the analysis of the
nature and dynamics of the gravitational field in the field of developing
observational experiments for the detection and identification of signals coming far
away from gravitational objects. Also, analysis of the results concerning the
process of destroying a near-extremal rotating black hole could be used to analyze
objects so-called naked singularities by using a new generation of radiotelescope
networks in the near future and to test the general relativity and other alternative
theories of gravity in strong field regime.

Implementation of the research results. Based on investigations of general
relativistic astrophysical processes in the vicinity of compact gravitational objects
in the presence of external electromagnetic field:

isofrequency pairing of non-geodesic orbits under the gravitational field of the
Schwarzschild black hole immersed in external asymptotically uniform magnetic
field has been used to obtain the isofrequency pairing circular orbits of spinning
particles in various gravity models presented in scientific papers of international
scientific journals (Physical Review D, 92, 024029, 2015; Physical Review D, 93,
084012, 2016; Astronomische Nachrichten, 339, 341, 2018). Application of these
results allowed to develop fundamental theories of isofrequency pairing orbits by
the effect of cosmological constant and spinning particles in other gravity models;

the obtained research results of the magnetic field that can affect the process
of destroying black hole and restore the cosmic censorship in the astrophysical
context have been used to develop the process of destroying black holes in various
gravity models presented in scientific papers of international scientific journals
(Classical and Quantum Gravity, 33, 175002, 2016; Physical Review D, 96,
024016, 2017; International Journal of Modern Physics A, 32, 1750125-85, 2017,
Classical and Quantum Gravity, 35, 045008, 2018). Application of these results
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allowed to develop fundamental theories of process of destroying a black hole
horizon by charged particles and test fields in other gravity models;

the obtained research results on the energy extraction through Penrose process
and energetic properties of rotating black holes with gravitomagnetic charge and
cosmological constant have been used to examine the results of high energies
related to the observations and the results of energetic properties obtained through
the numerical calculations in different gravity models presented in scientific papers
of international scientific journals (Physical Review D, 89, 024023, 2014; Physical
Review D, 89, 104048, 2014; Classical and Quantum Gravity, 31, 195013, 2014;
Physical Review D, 93, 104031, 2016; Physical Review D, 94, 086006, 2016; The
European Physical Journal C, 76, 104, 2016; The European Physical Journal C, 76,
643, 2016; Physical Review D, 96, 104050, 2017; The European Physical Journal
C, 78, 335, 2018; Physical Review D, 98, 024022, 2018). Application of these
results allowed to develop a model of the influence of various parameters of black
holes on the high energy collisions for different gravity models;

theoretical research results and methods of the influence of the cosmological
constant and the brane parameter on the efficiency of the ultra-high energy of the
colliding particles near a rotating black hole in a Randall-Sundrum brane have
been used in the frame of the program “Supporting Integration with the
International Theoretical and Observational Research Network in Relativistic
Astrophysics of Compact Objects” supported by the Operational Programme
Education for Competitiveness funded by Structural Funds of the European Union
and State Budget of the Czech Republic and registered by number
CZ.1.07/2.3.00/20.0071 (2010-2014). Research results provided a possibility to
explain energetic properties of the regular black hole.

Approbation of the research results. The research results were reported and
discussed at 12 international and local scientific conferences.

Publication of the research results. In the field of dissertation theme, 19
scientific works were published, of which 7 scientific papers in scientific journals
recommended by the Supreme Attestation Commission of the Republic of
Uzbekistan for publishing basic scientific results of PhD dissertations, including 6
international ones.

Volume and structure of the dissertation. The dissertation consists of an
introduction, four chapters, conclusion, one appendix, and bibliography. The size
of the dissertation is 122 pages.

THE MAIN CONTENTS OF THE DISSERTATION

In the introduction the topicality and demand of the dissertation theme, the
main aims set out on the dissertation and the scientific novelty and the practical
results were emphasized, the reliability of the results and their theoretical and
practical significance were stated, the application of the research results and the
dissertation structure were given.
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The first chapter of the dissertation entitled “Astrophysical and
observational properties of black holes” is devoted to give information about
supermassive and stellar-mass black holes and demonstrate their candidates in
detail.

Current modern astronomical observations have confirmed a number of black
hole candidates. It is expected that each active galactic nucleus consists of
supermassive black hole. SMBHs with a mass of a million solar masses can be
found only in the centre of galaxies. Thus, galaxies with AGN and with non-active
nuclei are believed in hosting a supermassive black hole with mass of order

M ~10° —=10°M.__ in their centers. For instance: M87 is referred to as AGN of

~10°M_,,, which also has the accretion disc surrounding around it. The accretion
disk produces large amount of energies in the spectra. This is the main property of
AGN as compered to the inactive galaxies which are supposed to not have an

accretion disc around it. Sagittarius A* is type of nonactive nucleus of our Galaxy
with M =~4.4x10°M_, . As regards stellar-mass black holes, as a result of

Einstein’s general theory of relativity they are formed due to the gravitational
collapse of stars when they run out of their fuel, thus being not possible to sustain
its own gravity. In black hole astrophysics, one can call stellar-mass black hole
candidates in the case when their masses are in the range of [3-100]M,,.

Typically, the masses of stellar mass black hole candidates can be determined by
the properties of companion star’s orbital and radiative properties. In many cases
almost all known stellar-mass black hole candidates are one of the object of binary
system and can be detected in binary stellar systems by X-ray radiation, caused by
the absorption of the matter of the companion star. Black hole candidates are tested
only by studying analysis of electromagnetic radiation emitted by various type of
materials forming accretion disk and orbiting around such objects. However,
spectral states of stellar mass and supermassive black hole candidates differs from
each other due to the fact that their masses, environments and radiation
mechanisms in the accretion disk as well are totally different. Spectral state of
stellar-mass black hole candidates can be changed in a couple of weeks or months,
whereas spectral states for supermassive BH candidates are long lived. This is
because SMBH candidates are observed in its usual spectral state.

Recently, a group of German astronomers from the Institute for
Extraterrestrial Physics Society of Max Planck, England astronomers from the
Institute of Astronomy, Cambridge University, astronomers from the United States
from California Institute of Technology, and European astronomers, etc. shown the
data of 10 years of observations of the stars concentrated in the center of our
Galaxy. As a result, the main latest of supermassive and stellar-mass black hole
candidates registered as a result of the iron line and continuum-fitting
measurements are tabulated in Table 1. Direct observational evidence and their
analysis have shown that almost all black hole candidates are expected to be
rapidly rotating black holes in astrophysics.

33



Table 1

The latest Supermassive and Stellar-mass black hole candidates registered as a result

of the iron line and continuum-fitting measurements. These black hole candidates are also
regarded as rotating ones

SMBH candidates (AGN) a, (Iron) Lo / Leyg
IRAS 13224-3809 > 0.995 0.71
NGC 4051 > 0.99 0.03
MCG-6-30-15 > 0.98 0.40+0.13
NGC 3783 > 0.98 0.06 +0.01
Swift J0501.9-3239 > 0.96 -
IRAS 00521-7054 > 0.84 -
RBS 1124 > (0.98 0.15
Ark 564 0-963%061 >0.11
SM BH candidates a, (Iron) a, (CF)
GRS 1915-105 > 0.98 0.98+0.01
Cyg X-1 > (0.98 0-975%0214
LMC X-1 0.92 +0.06 0.97:%
GX 3394 <0.9 0-955%053
MAXI J1836-194 - 0.88+0.03
M33 X-7 0.84 +0.05 -

4U 1543-47 0.80+0.10 -
XTE J1650-500 - 0.84-0.98
GRO J1655-40 0.70+0.10 >0.9

The second chapter of the dissertation entitled “The motion of particles in
the bound non-geodesic orbits around compact gravitating objects immersed
in an external magnetic field” is devoted to study isofrequency pairing of the
circular non-geodesic orbits in the vicinity of the Schwarzschild black hole
immersed in external asymptotically uniform magnetic field, the contribution of
the magnetic field on the isofrequency pairing of non-geodesic orbits, and the
charged particle motion around the quintessential rotating black hole in an uniform
magnetic field that is assumed to have its intensity parallel to the black hole axis.

We consider a charged particle with the rest mass m and charge q in the
vicinity of the Schwarzschild black hole of mass M immersed in external
asymptotically uniform magnetic field. The Schwarzschild spacetime metric in
spherical coordinates reads

ds? =—f (r)dt? + f *(r)dr? +r?(d6? +sin® &e? ) (1)
where the metric function

f(r):l—#, (2)
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The covariant components of the 4-vector potential of the electromagnetic
field around the Schwarzschild space-time will take the form

A=A=A,=0, A :%rzsinzé’. (3)

14

According to the non-geodesic equations of charged test particles in the
equatorial plane = /2, the effective potential for the radial motion of charged
test particles has the following

- 4
V. (r,E):(l—ZTMj{1+ rz(r—|'2+ﬂﬂ. )

Here let us represent L=L/m and B=qB/2m, where L is constants of the
motion corresponding to the particle’s angular momentum. Using the condition
V. (rp) = V (ra) = E?, we obtain the specific energy E and angular momentum

L of the particle in terms of the parameters p and e, where p measures the size

of the orbit while e measures its degree of noncircularity. Explicitly,
r 12

N 1 (p_2)(p_3_e2)2+p2M2£ﬂ+[ﬂ2+ p_23—zezj }
E = pM
p1/2(p_3_e2)
| x(p—2+€*(p-6)) ]
AVE 2 \V2 (5)
~  p°M , p—3-e

The radial frequency and the azimuthal frequency of the orbit will take the
forms

f 6

R ©)
T T'Jo dt T’
Making the relevant numerical calculations and plot the separatrix
e=e,(Q2%, B) as shown in Fig. 3 in the (€2?,e) plane. In Fig. 3 we have shown the
effect of the magnetic field on the parameter space (€2?,e)for bound non-geodesic

orbits around Schwarzschild black hole embedded in external asymptotically
uniform magnetic field.

Qr
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Fig. 1. The dependence of the parameter space (e,Q2”) for bound non-geodesic orbits
from the magnetic parameter £ in Schwarzschild black hole embedded in external

asymptotically uniform magnetic field. The point b corresponds to a circular orbit of
radius I, at the limit € — 0 while the point | corresponds to the innermost stable circular

orbit of radius I,

From Fig. 1 one can see that the shape of the singular curve shifts upward due to

the influence of the magnetic field, in turn, the value of the frequency Q7 becomes
smaller with the certain radius r, of a circular orbit in the limit e ->0. More

detailed analysis of radius r, is shown in Table 2.
Table 2

The radius of innermost stable circular orbits, the radius ., and the value of the

small quantity £ =1, — s Of the isofrequency pairing of non-geodesics orbits around the

Schwarzschild black hole in the presence of the magnetic field for the different values of
the magnetic parameter S

p 0 0.001 0.005 0.01 0.05 0.1

r, 6.38019 | 6.38022 | 6.38025 | 6.38029 | 6.38068 | 6.38118
Msco 6 6.0036 | 6.0085 |6.0145 |6.0621 |6.1203
=1 —lgo | 03802 03766 |0.3717 |0.3658 |0.3185 | 0.2608
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Table 3

Numerical values for the frequency Q7 of isofrequency pairing of non-geodesic orbits
around the Schwarzschild black hole for the different values of the magnetic parameter
S and eccentricity €

ﬂ 0 0.001 0.01 0.05 0.1

¢ a?p) | %) | 0B | Q%) | 9% p)

0 0.062051 | 0.0620508 | 0.0620496 | 0.062044 | 0.0620367
0.3 0.3802 0.3766 0.3717 0.3658 0.2608

05 0.0799 0.07988 0.07967 0.078798 | 0.07769
0.832 0.10965 | 0.1096 0.10936 0.108224 | 0.106798
1 0.125 0.1249 0.12468 0.12343 | 0.121875

The frequency of any pairs of isofrequency pairing orbits Q¢ = (M /r)"* are
givin Tables 2 and 3 together with radius of non-geodesic circular orbit r,. In this

respect, the range of such orbits is represented in Table 2 for the different values of
the magnetic field

O’ (e=0)<Q’ <Q’(e=1). (7)

In Table 3, the values of the frequency Qfof the particles moving around the
Schwarzschild black hole in the presence of the magnetic field have been shown.
From the results obtained one may see that the value of the frequency is becoming
smaller with increasing magnetic field, but the radius of the ISCO is becoming
larger. However, with the increasing the module of the magnetic field both the
radius of ISCO and radius of the circular orbit r, are slightly increased and going

to be close to each other; therefore, the distance & between ry., and 1, is

becoming smaller. This causes in turn to restrict the motion of the particles and to
decrease the amount of isofrequency pair in the region between the separatrix and
circularorbit duals (COD). This phenomenon explains the behavior of the plots in
Fig. 1 and the numerical results shown in Table 2.

The line element of the quintessential rotating black hole spacetime takes in
the Boyer-Lindquist coordinate system (t,r,8,¢) the form

~ 1—3a)q ~ 1—3an
ds? = —| 1 ZMIECT 7 e L 22 oaginzg| ZMIECT T i,
A >

2

2

- 1-30y
+>.d6% +sin’ Hl:rz +a’+a’sin’ Q(ZMr o Hdgpz,

(8)
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where T=r’+a’cos’d, A=r>—2Mr+a?—¢&r ™. The spacetime metric (8)

reduces to the Kerr one when =0. The motion of a charged particle, with the rest
mass m and charge g, in the gravitational field of a quintessential rotating black

hole immersed in an external magnetic field assumed to be uniform at large
distances from the black hole is considered. The covariant components of the 4-
vector potential of the electromagnetic field will take the form

2 2 2 2
1 r-—a —-A a-—-A
At =— {aB{A+S|n20+cr3+sin29}} A =0, A, =0,
22 2 6

iy (9)

A¢— {(r +a2—A)a (1+COS 0) — (r +a )Z 3 (Z(r +a2)+(r +a2 —-A)a smze)}
sin20.

(10)

To study the motion of the charged particles in the quintessential rotating black
hole vicinity, one can use the Hamiltonian of the system which can be defined as

1.
H =59 P, —QAa)(ﬂ'ﬁ —qAﬁ), (11)
Where r, is the canonical (generalized) momentum of a charged particle and A,

the four-vector potential of the electromagnetic field, respectively, and the value of

the Hamiltonian is constant as H =—m?/2. Note that in the case of general 3D
motion the action S of the Hamilton-Jacobi equation can be separated in the
following form

s=%mzz—Et+L(p+sr(r)+sg(9). (12)

where the parameters E=-7, and L =-x, are, along with the rest energy m, the

motion constants, namely, energy and axial angular momentum of the charged
particle, while S_and S, are functions of r and &, respectively.
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Fig. 2. The dependence of the specific angular momentum and energy on the radial motion
of the charged particles moving in the vicinity of the rotating black hole with quintessential
energy is plotted

Fig. 2, illustrates behavior of the radial profiles of the specific energy and the
specific axial angular momentum of the charged particle circular orbits

demonstrating dependence on the quintessential field parameter €, and the
magnetic parameter £. One can see in Fig. 2 that the energy E and angular

momentum L radial profiles are shifted outwards due to increasing parameter ¢,
while they are shifted towards the black hole with increasing magnetic parameter
B.

In the limit of small quintessential matter parameter, € <<1, and strong
magnetic field, S >>1, the solution for the ISCO radius has been found in the
following form

_ o (2 9142942 ~2j (5+J§J~ 2
r'sco_2+ﬂ(\/§+192\/§ E+0O(6%) |+ 5 ¢+ 0(B°). (13)
In the limit €=0, the ISCO radius can be expressed in the form
2 2
Nsco :1+\/—T,B+O(ﬁ ) (14)
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Fig. 3. The dependence of the radius of the innermost stable circular orbits (ISCO) of the
charged particles moving in the vicinity of the rotating black hole with quintessential
energy on the spin parameter a is plotted for thea) =0 and b) g = 0 cases

Fig. 3 illustrates results of numerical calculations in order to demonstrate the
role of the black hole spin a, the quintessential parameter ¢ and the magnetic
parameter A. In this sense, Fig. 3 demonstrates the dependence of the radius of the

innermost stable circular orbits of the charged particles on the spin parameter a.
The ISCO radius increases with increasing quintessential field parameter € in
contrast to the Schwarzschild geometry.

The third chapter of the dissertation entitled “The dynamics of overspinning
process of black hole and the role of electromagnetic field” is devoted to study
the dynamics of overspinning process and the effect of magnetic field on this
process in order to test cosmic censorship conjecture.

We consider that there are two constants of motion associated with the
particle, namely, conserved energy OE and conserved angular momentum dJ. We
assume that these quantities are much smaller compared to that of the black hole
OE « M, 8] « J, so the test particle approximation holds well. When a particle
enters the black hole, it adds to the mass, angular momentum, and charge of the
black hole. The final mass, angular momentum, and charge of the black hole are
given by M + 3E, J + dJ, and q, respectively. If the particle were to turn a Kerr
black hole into the Kerr—Newmann naked singularity, the following condition must
hold:

2 (15)
(M + 5E)? <( I +o) j e

M + SE
To deal with the near-extremal black hole with the dimensionless spin parameter

close to unity, we take J/M?=a/M =1-2g*, with &<<1 being a small
dimensionless parameter. Setting M=1, the allowed range of energy and angular
momentum of the particle are given by

5 3
2_\2 1+(2qj e<SE<|2+42 1+(q) .
&

2¢
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2
(2+3¢)0E - ) <53 < (2+42)5E. (16)

The metric of the Kerr geometry in the Boyer—Lindquist coordinates is given
by

ds? - _(A—a2 sin? eJdtZ _2asin®g(r’ +a’
p)
(r* +a®)* —Aa’sin? 0 in? 0dp?,
z (17)

where M and « are the total mass and the specific angular momentum of the black
hole, respectively.

We then investigate the effect of a magnetic field in the process of destroying
a Kerr black hole with a charged particle. The magnetic field takes a constant value
at infinity and is oriented along the axis of symmetry of the Kerr geometry. We try
to understand whether or not the magnetic field can stop particles with the
appropriate values of geodesic parameters from entering the black hole and thus
Serve as a cosmic censor.

The covariant components of the 4-vector potential of the electromagnetic
field will take the form

A :-%{aB[A(H cos® )+ (r* —a’)sin’ 9]—2aB(Z—2Mr)}, A =0, A, =0,

—4) dtdqp+§dr2 +

+2%do* +

(18)

(19)

4

A = %{g [Aa2(1+ cos’ @) +r’ —a“]— ZQMBaﬁ}sin2 0.

We analyze the effective potential in order to understand the effect of
magnetic field on the process of destroying a black hole. We would like to be sure
that the particle with the energy and angular momentum in the appropriate range as
described in the earlier will start from an infinity and fall toward the black hole
without encountering any turning point. The effective potential for radial motion
can be given as

2 2
Vy = |[r2raz MO g2 Py —[1—ﬂj&]2
2r r 4M r

L ﬂ (20)

r M
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Fig. 4. The dependence of the effective potential at the maximum point r__ near the

extremal rotating black hole placed in a magnetic field on the parametrization parameter
b for both the negative p < 0 and positive p > 0 cases for the different values of magnetic
parameter 3

The dependence of the effective potential near the extremal rotating black
hole placed in a magnetic field on the parametrization parameter for both the
negative and positive magnetic parameter S has been shown. As we can see from
Fig. 4, b, tends to decrease as we increase the magnitude of parameter 3. At a
certain critical value of £, we have b, =3. Beyond this value, it is not possible for
the charged particle to enter the black hole, and the test magnetic field serves as a
cosmic censor.
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Fig. 5. Radial dependence of the effective potential on the radial motion of the
charged particle moving around the nearextremal rotating black hole immersed in a
magnetic field for the different values of magnetic parameter f

The effective potential for the radial potential is plotted in Fig. 5. When the
magnetic field is zero, the maximum of the effective potential is negative, thus
allowing an infalling particle to enter the black hole. As we increase the magnetic
field, the height of maximum tends to increase. Beyond a certain value of the
magnetic field, the maximum value crosses zero and is positive. Thus, the infalling
particle will turn back and will not be able to enter the black hole.
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The fourth chapter of the dissertation entitled “Energy extraction from
gravitational compact objects” is devoted to study energy extraction from a
rotating black hole immersed in an external uniform magnetic field. We consider
the quintessential rotating black hole spacetime given by (8).

There are various effects allowing for large center of mass energy collisions
or preventing particles from colliding with high energy and confining the ability of
a black hole to serve as an accelerator in the black hole vicinity. In this respect, it
gives rise to importance to perform a study of energetic processes in the vicinity of
black hole in the presence of quintessential field embedded in magnetic field. We
have also derived a general formula for the center of mass energy of the colliding
two particles for different types of collision cases.

Table 4
The values of center of mass energy of collision between charged particle orbiting at
the ISCO and neutral particle freely falling far away from infinity for the different values
of quintessential parameter C

C r-ISCO Ec.m. / m
0.00000 2.00000+1.15470 8 1.74337 p**
0.00001 2.00001+1.15471 8 1.73824 M
0.00005 2.00005+1.15472 B 1.73818 S**
0.00010 2.00011+1.15475 B 1.73722 g¥*
0.00100 2.00107+1.15519 B 1.73556 SV*
0.00500 2.00535+1.15713 B 1.72903 gV*

The values of the radius of the innermost stable circular orbits and the values
of center of mass energy E_ . obtained as a result of collision between charged

particle orbiting at the ISCO and neutral particle freely falling far away from
infinity are presented in Table 4 for various values of the parameter €. This
enables us to understand the behavior of the collision process around quintessential
black hole. The results listed in Table 4 show that E_ decreases with increasing

~

quintessential parameter €. In spite of the negative effect of the quintessential
parameter, the ultra-high energy collisions can be produced in the collisions of the
charged particles orbiting at the ISCO and neutral particles radially falling from
large distance near the static radius because of sufficiently high magnetic
parameter S.
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Considering collision of a charged particle plunging from the ISCO to the
horizon with a freely falling charged particle, one can determine the E__ energy

near the black hole horizon. We focus attention on the investigation of the
combined effect of the magnetic and quintessential fields on the energy obtained in
collision process. Assuming the quintessential parameter € <<1, we obtain the
corresponding approximate value of the E_  energy in the form

E’en(r—1,) _ F(B.c.,E, L)
m* - (+c,-a’)
The E_, energy becomes non-divergent with increasing quintessential

~

parameter €. This implies suppression effect of the quintessential field on the
ultra-high energy collisions. However, the magnetic field in the black hole vicinity
enhances the high-energy collisions, serving as an accelerator.

Considering the center of mass energy of two colliding particles moving in
the equatorial plane of the quintessential rotating black hole, we study the amount
of energy extracted due to a charged particle moving towards the black hole
horizon in the presence of external magnetic field.

(21)

Table 5
The efficiency of the binding energy By, (%) for the extremal quintessential

rotating black hole placed in an magnetic field through the BSW mechanism for different
values of the quintessential parameter ¢ and spin parameter a

B=0 B=01 B=02

¢ 2 S Benergy
0.00000 1.00000 42.2650 45.2147 47.4120
0.00001 1.00001 40.7253 43.8409 46.1728
0.00005 1.00003 39.6673 42.9013 45.3280
0.00010 1.00005 39.0188 42.3273 44.8131
0.00100 1.00050 35.6603 39.3779 42.1832

The upper values of the efficiency of the binding energy for the extremal
black hole immersed in an external uniform magnetic field are tabulated in Table 5
for various values of the quintessential parameter ¢ and the spin parameter a. For
given value of the parameter €, the efficiency increases with increasing magnetic
parameter £ as can be seen in Table 5. One can easily note that the magnetic field
plays crucial role in the amount of binding energy released by the charged particle.
The magnetic field also causes an increase in the value of the upper bound of the
efficiency up to 50% for the extremal rotating black hole as compared to the upper

bound 42% for the extremal Kerr black hole.
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In the appendices, we introduce the exact expressions for the electric and
magnetic field around a quintessential rotating back hole immersed in an external
magnetic field.

CONCLUSION

Based on the research results done in the field of the theme of the
dissertation “General relativistic astrophysical processes in the vicinity of compact
gravitational objects in the presence of external electromagnetic field”, the main
conclusions are presented as follows:

1. Expressions for the center-of-mass energy of the particles colliding near the
horizon of black holes immersed in the external magnetic field have been obtained.
It has been demonstrated that due to the existence of quintessential field intensity
parameter € charged particles are prevented from acceleration to infinitely high
energies. It has been also shown that the magnetic field, although small, can have a
strong influence on the efficiency magnitude for the extracted energy, noting that
the magnetic field serve as a crucial role in the amount of binding energy released
by the charged particles and also causes an increase in the value of the upper bound
of the efficiency up to 50 % for the extremal rotating black hole as compared to the
upper bound 42% for the extremal Kerr black hole.

2. We have developed isofrequency pairing of non-geodesic orbits under the
gravitational field of the Schwarzschild black hole immersed in external
asymptotically uniform magnetic field and the dependence of the surface of region
where isofrequency pairing of non-geodesic orbits occur around Schwarzschild
black hole from the external magnetic field has been found. As a result, a decrease
in the surface of the isofrequency pairing of nongeodesic orbits as nearly (7-10) %

for the maximal values of the external uniform magnetic field B ~10° —10" Gauss
has been found.

3. We have shown that a test magnetic field can affect the process of
destroying black holes and restore the cosmic censorship in the astrophysical
context. It has been also shown that a test magnetic field would act as a cosmic
censor beyond a certain threshold value B, =0.6872.

4. The analytical expressions for the vacuum electromagnetic fields of a
quintessential rotating black hole in the external asymptotically uniform magnetic
field has been obtained.

5. Expressions for the innermost stable circular orbits (ISCO) and the specific
angular momentum of charged particles in the quintessential rotating black hole
vicinity in the presence of external magnetic field with strength B have been
obtained. It has been shown that the ISCO radius is slightly shifted outwards due to
the effect of the quintessential parameter €. However, once the magnetic
parameter S —oc, the ISCO radius reaches its minimum irrespective of presence

of the parameter €.
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6. It has been shown that the influence of the cosmological constant and the
brane parameter may also cause a limitation for the high efficiency of the ultra-
high energy of the colliding particles; it has been established that the mechanism of
this limitation is related to splitting the ISCO radius from the event horizon.

7. It has been shown that energy extraction through Penrose process is more
realistic process for the energy extraction from the rotating black hole in the Kerr-
Taub-NUT spacetime. The dependence of the extracted energy from compact
object on NUT parameter has been found. It has been shown that the relative
volume of the ergosphere is decreased and the extracted energy from the black hole

is raised up due to the small dimensionless NUT parameter I .
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rpaBUTalMOHHBIX BOJMIH (GWS) OT COOBITHII CHMSIHUSL YEpHBIX [bIp, TAKUX Kak
GW150914, GW151226 u GW170104, u oOHapyXeHHE BBICOKOIHEPTEeTUUYHBIX
Heitpuao 170922A oT dacTHi, TeHEpUPOBaHHBIX B oOKpecTHoctu CMY],
MOATBEPKIAIOT HAOMI0aTeNbHbIE JOCTHKEHUS MO OOHAPYKEHHUIO YEepHBIX Ablp. B
HacTosillee BpeMs MpoOjieMa HaIM4YWsA YEPHBIX JbIp B acTpoPuU3MKe 3aHUMAET
LEHTpaJIbHOE MeCTo Onarofaps OOHApPYKEHUIO COOBITUN CIUSHHUS YEPHBIX JbIp
3Be3aHbIX Macc komutabopamusmMu  LIGO uw VIRGO wu  actpoHOMHYECKUM
HCCIIEJOBaHUSIM BCEBOJIHOBOTO AIIEKTPOMArHUTHOTO U3ITy4YEeHUS

42 47
(Lquasar ©10° —10""erg /s) OT akTUBHBIX snep ranaktuk (AGN) B pasnuunbx popmax,

TaKUX KaK 3BE3[HBI BETEP U PEISITUBHCTCKUE CTPYU, MHOTOKPATHO OOHAPYKEHHBIE C
MOMOIIBI0 peHTreHoBckux, Very Long Baseline Interferometry (VLBI) u ramma-
Jy4YEeBBIX TEJIECKOIOB.

B nHacrosiee BpeMst B MUpe pa3paboTKa TOYHBIX TEOPETUUYECKUX MCCIEAOBAHUN
JUI TIPOBEPKH THUIIOTE3bl O KOCMHYECKOM LEH3ype, MOJAEIUPOBAHUE DPA3IUYHBIX
MPOLIECCOB M3BJICUEHHSI SHEPTUU M3 YEPHBIX JBIP MOCPEICTBOM MAJAIOIIUX HA HUX
YACTUIl SIBJISAIOTCS CaMbIMU Ba)KHBIMHM 3aJjadyaMUd COBPEMEHHOM acTpOo(U3MKH IS
MOJIyYeHUSI HOBBIX JAHHBIX O CBOWCTBaX YEPHBIX JbIp H TPEAOCTABICHUS
JI0Ka3aTeNbCTB Ul COOTBETCTBYIOIIMX HA3€MHBIX M KOCMHUYECKHUX HaOIIOICHUM.
HccnenoBanue actpopu3nUecKux MPOLECCOB B OKPECTHOCTH YEPHBIX AbIP U BIUSHHUS
ANIEKTPOMAarHUTHOTO TOJIsI Ha OoraTyro (EHOMEHOJOTHIO  acTpODU3MIECKUX
MIPOLIECCOB B PEXKUME CHIIBHOTO TPaBUTALIMOHHOTO MO0JIsI, MO3BOJISIOIUX OCYLIECTBUTD
MPOBEPKY O0IIeH TEOPHUH OTHOCUTEIBHOCTH, SIBISIOTCS OJTHOM M3 BaKHEUIIHMX 3a1ad
COBPEMEHHOMU PENIITUBUCTCKOMN acTpOU3HKH.

B PecnyOnuke ynensercss OrpoMHOE BHUMaHHE Pa3BUTHIO KCIEPUMEHTAIbHBIX
U TEeOopeTHYecKux paboT B 00JIacTH PENSATUBUCTCKON acTpOU3MKH, a TaKkxKe
MPOBEJICHUIO (PYHIAMEHTAJIbHBIX HCCIEAOBAaHUI B 3TOM HAaIpaBJI€HUU HAa MHPOBOM
ypoBHe. HamnpaBnenuss 3TUX (QyHIAMEHTAIBHBIX MCCIECIOBAaHUM, HMMEIOLIUX
0oJbIIOE 3HAUYEHHME [UIsl Pa3BUTUS HAyKW Haled CTpaHbl M €€ JajdbHEHIIero
IPAaKTHYECKOTO  NPUMEHEHMs, OTpaxensl B Crparerum’ geiicTBuii 1O
nanpHelieMy pasutuio PecnyOnmuku Y36ekuctan Ha 2017-2021 rr. Takum
o0pa3oM, TeopeTHYeCKHUEe W HaONIOJATeIbHBIC HWCCIACAOBAHUS BIHMSHUS BHEITHETO
MarHMUTHOTO TIOJII HA JIBIDKEHHUE TPOOHBIX YaCTUI[ BOKPYr KOMITAKTHBIX
TPAaBUTAIIMOHHBIX OOBEKTOB TMPU TMPOBEPKE THIOTE3bl KOCMHUYECKON IEH3YpHI,
aHaIlM3€e CBSI3aHHBIX OPOUT BOKPYT YEPHBIX JBIP M MPOIECCOB U3BICUYCHUS DHEPTUU
YEepHBIX JBIp B OOJNIACTH PENTSITUBUCTCKONW aCTPOPHU3UKU KOMITAKTHBIX OOBEKTOB
UMEIOT OO0JIBIIIOE 3HAUCHHE.

! Vkas3 Ipesunenta Pecny6iuku Y36ekuctan Ne VITI-4947 «O Crpareruu neicTBHil 110 AanbHEHIIEMY Pa3BUTHIO
PecniyOnuku Y36exucran» ot 07 pespainst 2017 r.
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JlanHass ~ Hay4YHO-HCCIENOBaTeNbcKass  paboTa  COOTBETCTBYET — 3ajladyam,
ycTaHoBJIIeHHBIM B Ykazax [Ipesunenra PecnyOmuku Y30ekuctan Ne VII-4947 «O
Crparernn neWCTBHI MO JaibHEWIeMy pa3Buthio PecnyOnuku Y30ekucran» ot 7
deBpansa 2017 rona, Ne III1-2789 «O mepax mo gaibHEHWIIEMY COBEPIIEHCTBOBAHUIO
JESITENFHOCTA AKaneMuu HayK, OpTraHW3allid, YIPaBJICHUS W (PUHAHCHUPOBAHHUS
HAY4YHO-UCCIIEIOBATEIbCKOM AesitenibHocT» OT 17 deBpans 2017 roga, Ne T1-327511
«O co3maHuM TrOCYJapCTBEHHOM cleluaIn3upoBaHHON  001eo0pa3oBaTenbHOM
IIKOJILI-UHTEpHAaTa UMEHN Mup3o Yiryroeka u mapka ACTPOHOMHUU U adPOHABTHKI)
ot 14 centsi6ps 2017 roma, a Takke B IPYyrMX HOPMATHBHO-TIPABOBBIX JOKYMEHTAX,
MMEIOIINX OTHOIIECHUE K JaHHOW 00JIaCTH JeATETLHOCTH.

CooTBeTcTBHE UCCIEA0BAHUS MPUOPUTETHBIM HANPABJIEHUAM Pa3BUTHS
HAYKH M TeXHOJIOTHil pecnyOauku. J{uccepTallmOHHOE  UCCIEJOBAHUE
BBITIOJTHEHO B COOTBETCTBUU C NMPUOPUTETHBIM HAIMPABJICHUEM Pa3BUTHUSI HAYKHU U
TEXHOJIOTUI Peciyoimuku  Y306exkucran |l.  «DHepretmka, dHepro- u
pecypcocOepekeHUEY.

Crenenb M3y4YeHHOCTHM NpoOJjieMbl. MHOrME ydeHblEe B MHpE, HalpuMmep,
amnonckue (M. Takaxuca, X. Tomoxupo, K. Macamm), unauiickue (H. Jagxuu, C.
INom, I1. JIxxomu, M. ITatwmin), uranesackue (C. bam6wu, JI. Penmonna, JI. Moaecto,
. Manadapuna, O. 3anortu), poccuiickue (M. IO. [Tuorposuu, 0. H. 'nenun,
A. 3axapos, /I. 'aneuos), yemckue (3. Lllytmuk, M. Kolos, J. Schee, J. Kovar, V.
Karas), nemenkue (C. Laemmerzahl, J. Kuntz, E. Hackmann, D. Kunst, V. Perlick)
U JIpyTue, MPOBOJUIN OIPOMHOE KOJIMYECTBO TEOPETUUECKUX M HAOIIOJATEIbHBIX
HCCIICIOBAHUM M0 W3YYEHUIO SHEPTreTUUYECKUX MPOIECCOB, ABMKECHUSI YACTUIl U
M30YaCTOTHOTO BBIPOXKIACHUS CBSI3aHHBIX OPOUT BOKPYT Bpallarolleics YepHOU
JIBIPBl U KOCMHMYECKOW IIEH3Yphl, a TakXke IMpoliecca HapyUIEHUs TOPU30HTA
coOBbITHH Il Bpalaronieiicss yepHoi aeipbl. Kpome Toro, y3zoekckue yudensie (b.
AxMmenoB, A. Abayxab6apoB, B. MopozoBa, ®@. AtamypaTtoB, A. TypcyHoB, b.
TommaToB U JIp.) IPOBEIM TEOPETHUUECKUE HCCIICAOBAHUS MO aHAIU3Y BIUSHUS
MarHdTHOTO TIOJISI Ha BHYTPEHHIOI CTaOmiIbHYyI0 KpyroByw opbuty (BCKO)
3apsOKEHHOM YaCTHIIBI, YTOOBI TONYYUTh BEPXHUM TMpeAen JUisl Pa3IndHbIX
napamMeTpoOB YEPHBIX JbIP, HU3YYEHUIO OPOUT HAMATHUYEHHBIX YaCTHI][ BOKPYT
YEpPHBIX JbIp B QJIbTEPHATUBHBIX TEOPUAX TI'pPAaBUTALMU, IOTPYKEHHBIX B
ACUMIITOTHYECKH OJHOPOJHOE MAarHUTHOE I0JI€, SHEPreTUYECKUX U ONTHYECKHUX
CBOWCTB YEPHBIX JbIP.

[Ipenpiayiye wuccienoBaHUsT SHEPreTUYECKUX MPOLECCOB BOKPYT UYEpPHOMU
JIbIpbl W KOCMHYECKOM IIEH3ypbl MPOBOAWINCH IS OCECUMMETPUUYHBIX
KOMIMAKTHBIX TPaBUTHPYIOMMX O0O0BbekTOB. OJHAKO MOXHO paccMaTpuBaTh
BJIMSIHUE MArHUTHOTO TOJIA Ha 3TH acTpodusuueckue mnporecchl. [lockomabky
BHEIIIHEE MAarHUTHOE I0Jié WUIPAaeT BAXKHYIO POJIb B OKPECTHOCTH KOMIAKTHBIX
OOBEKTOB, €r0 BJMSHHE MOXXHO HCIIOIb30BaTh B KadyeCTBE HEOOXOIUMOIO
dakTopa, NpU TOCTPOCHUM HOBBIX TECTOB MO TPOBEpKE OOIIeH Teopuu
OTHOCUTEJILHOCTH, TMPU aHAJIM3€ CIPABEMJIUBOCTH THUIOTE3bl KOCMHYECKOU
IIEH3YPhl, JJIS TIPOIIECCOB W3BJIICUCHUS OTPOMHOM HAOMIOAaeMON dSHEPruu
BpPAlAIOIINXCSI YEPHBIX JbIp M NPU HU3YYEHHH HM30YaCTOTHOTO BBIPOXKIACHUS
KPYTOBBIX HETE€OAC3NIECKUX OPOUT B OKPECTHOCTH YEPHOU JIBIPHI.
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Nnes xocMuyeckon LEH3Ypbl MpeaiokeHHon [lenpoy3om, coriiacHO KOTOpou
MIPOCTPAHCTBEHHO-BPEMEHHBIE ~ CHUHTYJISIPHOCTH  00S3aT€NbHO  BO3HHMKAIOT — MpHU
¢dopmMupoBaHNM YEPHBIX [JBIP HMCKIIOYUTENBHO O]l TOPU30HTOM COOBITHH U
HEHaO0It0JaeMbIe M3BHE, a YEPHBIE JIBIPbI C TOPU30HTOM COOBITHI TaK)Ke 3aHUMAIOT
LEHTPaJIbHOE MECTO B acTpodu3uke Onarogaps oOHapyX eHHIO (IIPH MOMOIIU
LIGO u VIRGO) coObITH CIHSIHHS 3BE3THBIX YEPHBIX JIBIP, 3aPETUCTPUPOBAH-
HBIX, Hanpumep, kak GW150914. B HayuHBIX cTaThsiX OblIa JETalIbHO H3yueHa
TUI0TE3a KOCMUYECKOM LIEH3YPBI A Pa3IMYHbIX TapaMETPOB YEPHOMU JBIPHI.

Tem He MeHee B IociieTHEE BpEMS aHAJIU3 TUIIOTE3bl KOCMUYECKOU LIEH3YPhI C
MaJalolMMA MPOOHBIMU YacTUI[AMHU CTaJl aKTUBHBIM HAay4YHBIM HAIpPAaBICHUEM,
HECMOTPS Ha HEJIOKA3aHHOCTh TUNOTE3bl. J[0 CHX TOp HE MPOBOIMINCH MOAPOOHBIE
UCCIICOBAHUSl O BIHMSHUMA BHEIIHETO MArHUTHOTO TOJS HAa TUIOTE3Y O
KOCMHYECKOHN LIEH3YPE U KOJIMYECTBE DHEPTHH, BBIACISIEMON U3 YEPHOW NBIPBI, O
M304YaCTOTHOM BBIPOKJIEHUU KPOTOBBIX HEreO0JIe3MUYECKUX OPOUT B OKPECTHOCTH
YEPHOU JIBIPHI.

CBsi3p TeMBI JHMCCEPTALMM C HAYYHO-HCCJIEA0BATEJbCKMMH padoTramMu
HAYYHO-HCCJIEI0BATEIbCKOI0 Y4YPEeXKACHHUs, Ie BBINOJHEHA JUCCePTALMS.
JluccepTallMOHHOE WCCJIEIOBAHUE BBINIOJHEHO B paMKaxX HAyYHBIX IPOEKTOB
WNuctutyTa siapepHod (U3UMKU U ACTPOHOMHYECKOTO MHCTUTYTa AKAaJEeMUU HAyK
V36ekucrana: E®D-2A-OA-1-10 «Yactumsl ©u  TOAS B OKPECTHOCTHU
PEISATUBUCTCKUX TPABUTAUMOHHBIX OOBEKTOB M3 TEMHOM SHEPrUU U KPOTOBBIX
HOp» (2010-2011), D2-OA-D113 «I'paBUTAIMOHHBIE M DJICKTPOMATHUTHBIC
MIPOLIECCHI B PEIATUBUCTCKON acTpOPU3UKE U KOCMOJIOTUU, CUCTEMbI 0030HOB MPHU
CBEpXHHM3KUX Temnepatypax» (2012-2016), ED2-DA-O-25046 «JlprkeHue
YacTHI] CO CIIMHOM M PaclpOCTPAHEHUE 3JIEKTPOMATHUTHBIX BOJIH B OKPECTHOCTH
KOMITAKTHBIX ~ I'paBUTAIlMOHHBIX  00bekTOB» (2014-2015), BA-OA-D2-008
«AcTpou3uueckre  TMpolecchl B CTAlMOHApHBIX W JUHAMHYECKHUX
PEIATUBUCTCKUX TPABUTAIMOHHBIX 00BbekTax» (2017-2020).

Lenabo uccaenoBaHusi SBISETCS Pa3BUTHE TEOPETHUECKOIro (Gopmanuzma
ONMCaHUs BBICOKO3HEPIETUUYECKUX MPOLECCOB, JMHAMUKH IPOLIECCOB HAPYLICHUS
TOPU30HTa COOBITHII BOKPYI BpallalOlIUXCsl YEPHBIX [blp B MPUCYTCTBUU
BHEIIHEr0 3JEKTPOMATHUTHOTO TIOJIS, Mpollecca H30YaCTOTHOTO BBIPOXKICHHUS
KPYTOBBIX HET€01€3NYECKUX OPOUT YaCTULl B OKPECTHOCTH YEPHOM JIBIPHI.

3axayu uccJie10BAHNUS:

M3YYUTh U30YaCTOTHYIO BBIPOKJIEHHOCTh KPYTOBBIX HEr€O0/I€3UUYECKUX OPOUT
B OKPECTHOCTM 4YepHOW nbIpel [lIBapuimmibaa, NOTPYyKEHHOM BO BHEIIHEE
ACUMIITOTUYECKH OJJHOPOJHOE MATHUTHOE MOJIE;

V3YYUTh JBWKEHUE YACTHUIBI BOKPYT BpAILAMOIIECHCS YEPHOW JBIPbI C
HEHYJIEBBIM  OpaH-TlapaMeTpoM U  PacCMOTPETh 3aBUCUMOCTb 3prochepsl
BpAIAIOIIECUCA YEPHOH JBIPHI OT KOCMOJIOTUYECKOM TMTOCTOSTHHOM;

paccCMOTPETb M UCCIENOBATh JJIEKTPOMAarHUTHOE TIOJI€ W JIBH)KEHHE
3apsSHKCHHBIX YACTUIl B OKPECTHOCTH BPAIIAOLICHCA U HEBPALIAOLICHCS YEPHOU
JBIPbl C KBUHT3CCEHLIMAIBHOM SHEPTUEH, NTOIPYKEHHONW BO BHEIIHEE OJHOPOJHOE
MarHUTHOE T0JIE;
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MOJIYYUTh 3aBUCUMOCTb SHEPI'HH, U3BJICUYEHHON U3 KOMIIAKTHOIO 0OBEKTA, Ha
HYT (Newmann-Unti-Tamburino) napamerp;

UCCIIENOBATh BBICOKOIHEPIETUUECKUE IPOIECCHl BOKPYT BpAIIAOLIEHCS H
HEBPAILAIOIIEHCS YEPHOU ABIPhl C KBUHTACCEHIIMAIIBHOW YHEPTUEH, TTOTPYKEHHOU
BO BHEIIIHEE MArHUTHOE T0JIE€; TPOAHAIM3UPOBATH BIUSHUE BHEITHETO MAarHUTHOTO
IOJIs1 HA KOJIMYECTBO YHEPIUH, BBIACICHHON U3 YEPHOU JBIPHI;

UCCJIeIOBATh MPOIECC HAPYILIEHUS TOPU30HTA COOBITHI BOKPYT SKCTpEMallb-
HOM BPAILAIOLIEHCS YEPHOU ABIPBI; MPOAHATU3UPOBATh BIMSHUE MAarHUTHOTO MOJIS
Ha TaKOM MPOLECC MPU NMPOBEPKE TUNOTE3bI KOCMUYECKON LEH3YPHI.

O0bekTOM HCCJIEI0BAHMA  SIBISIIOTCA  PEIATUBUCTCKUE  KOMIAKTHBIE
IPaBUTHPYIOLIUE OOBEKTHI — ACTPO(PU3UUECKUE YEPHBIE JIBIPbI, CBEPXMACCHUBHbBIE
YEPHBIE JIBIPHI.

IIpeameroMm  MccieI0BaHUS  SABJISIOTCS  M304YaCTOTHOE  BBIPOXKICHUE
HEreoJIe3UUeCKUX OpOUT YACTHUI[ BOKPYI YEPHOM [bIPHI, BIMSHUE BHEIIHETO
MAarHUTHOTO MOJSI HA KOJIMYECTBO PHEPTUU, BBIACICHHON M3 YEPHOW IBIPHI U Ha
IPOLECC HAPYLIEHUS TOPU30HTA COOBITHI BOKPYT BpAIIAIOIIEHCsS YEPHOU JbIPBI
IIPU POBEPKE TMIIOTE3bl KOCMUYECKOW LIEH3YPHI.

MeTonamMu mucc/ieOBAaHUS SIBJISIIOTCS MaTeMaTHUYECKHM ammapar oOien
TEOpPUU OTHOCUTEIBHOCTU M MeTpuueckoil addunHoN nuddepeHnnanbHon
r€OMETPUH, AHAIUTUYECKHE U YUCIICHHBIE METOJIbI penieHus: AuddepeHuaibHbIX
YpaBHEHUH ABMKECHUS U TIOJISL.

Hay4Hasi HOBU3HA MCCJIEIOBAHUSA 3aKII0YAETCS B CIEAYIOIIEM:

YCTaHOBJICHA HM30YACTOTHAsl BBIPOKIEHHOCTh HETE€O[E3MYECKHX OpOUT MOA
JNEUCTBUEM TPABUTAILIMOHHOTO MMOJA YyepHOU AbIpbl [lIBapummineaa, morpyxeHHOU
BO BHEIIHEE AaCUMIITOTUYECKHM OJHOPOJHOE MArHUTHOE II0Jie, a TaKke
3aBUCUMOCTh MTOBEPXHOCTU O0JIACTH M304ACTOTHOM BBIPOKIEHHOCTH OT BHELIHETO
MarHUTHOTO IIOJsl, B KOTOPOM IPOHUCXOAMT H30YAaCTOTHOE BBIPOXKIACHHE
HEreoJIe3MUeCKIX OpOUT BOKPYT YepHOU AbIphl [lIBapiimmnbaa;

[OKA3aHO, YTO MAarHUTHOE I10JI€ MOXKET IPEIOTBPATUTh IIPOLIECC pPa3pyLIECHUS
YEePHBIX AbIP B MOJIb3Yy KOCMUYECKON LIEH3YPhI B aCTPOPU3NIECKOM KOHTEKCTE;

noka3zaHo, uro npouecc IleHpoy3a sBisiercs 0Oosee peaTUCTHUHBIM
OpOLIECCOM I H3BJICYECHMS] DSHEPIMM BPAILAIOIICHCS YEpHOM JbIpbl B
npoctpancTBe—BpeMeHn  Kepp-Tayo-HYT (Kerr-Taub-NUT), u omnpexaencHa
3aBUCHUMOCTh DHEPTHM, W3BJICUCHHOM U3 KOMIAKTHOTO 00bekta, oT HVYT
rapamMmerpa ) (rpaBUTOMArHUTHBIN 3apsn);

MOKa3aHO, YTO BIUSHUE KOCMOJIOTMYECKOW KOHCTAHTBHI M OpaH mapameTpa
OrpaHUYMBAET BEJIMYMHY 3(P(HEKTUBHOCTH BBIACICHUS YHEPTUU CTATKUBAIOLIUXCS
YacCTUL. YCTAaHOBJEHO, YTO MEXaHU3M OTOTO OrpPaHUYEHUs CBA3AH C
pacuierieHueM paJnyca BHYTPEHHHMX CTaOMIbHBIX KpyroBeix opout (BCKO) ot
TOPHU30HTA COOBITHH.

IIpakTH4Yeckue pe3yjbTaThl HCCJIEI0OBAHUSA 3aKIIIOYAIOTCS B CIEIYIOLIEM:

OOHapy)X€HO yMEHbBIIEHHE TIOBEPXHOCTH BBIPOKICHUS H304YACTOTHBIX
HEreoIe3UUECKUX OpOUT Ha TOYTH (7—10) % I MakCUMaJIbHBIX 3HAUYECHUI
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6 7
BHEIIIHETO OJHOpoJHOro MarHuTHoro mojsi B ~10°-10'7aycc B okpecTHOCTH

acTpO(PU3NICCKUX YEPHBIX JBIP;

oOHapy>XeHO, 4YTO MPOOHOE MarHUTHOE Toje OyAeT AelcTBOBaTh Kak
KOCMHYCCKHI IIEH30p 3a TpelejaMu OIPEACICHHOTO TIOPOTOBOTO 3HAYEHUS
marauTHoro nona B, =0.6872;

MOKAa3aHO, YTO Ja)Ke HEOOJIbIIOE MAarHUTHOE MOJIEé MOXKET OKa3aTh CHIJIbHOE
BJIMSIHUE Ha BEIMYUHY 3(P(HEKTUBHOCTH BbIJICIICHUS YHEPTUHU U UTPAET PEIIAIONTYIO
pOJIb B YBEIMYEHUH KOJuWyecTBa SHEpruu YJ[ ¢ KBUHTICCEHLMEN, BBIIEISIEMON
3apsDKEHHBIMU  YaCTULIAMM, YTO YBEIWYMBAET 3HAYCHHE BEPXHEH TI'PAHUIIBI
sbdexktuBHocTH a0 50% 1O cpaBHEHWIO C BepxHed Trpanunet 42% ansa
AKCTpEMaIbHOM YepHOU AbIpbl Keppa;

MOJTYYEHbl aHATUTUYECKUE BBIPAXKEHUS ISl BAKYYMHBIX 3JIE€KTPOMArHUTHBIX
MOJIC  BPAlAIOIIMXCA YEPHBIX JbIp C KBUHTICCEHIMEH BO BHEIIHEM
ACUMIITOTUYECKA OJHOPOJHOM MArHUTHOM TIOJIE W YCTAaHOBJICHO, YTO H3-3a
CYIIECTBOBAHUSI MapaMeTpa IOJs KBUHTACCEHIMM HE JOCTUTACTCS YCKOPEHUSA
3apsHKEHHBIX YaCTHIL 10 OECKOHEUHO BBICOKUX SHEPIHUM;

O0OHapy’>KEHO, YTO PHEPrus LIEHTpa MacC HAYMHAET CTAHOBUTHCS KOHEUHOM,
KOrja 3HA4€HUE MapameTpa KOCMOJIOTMYECKOW MOCTOSIHHOM A u mapaMmertpa
KBUHTACCEHIIMU €, OTBETCTBEHHOTO 3a ()OpMY TEMHOM SHEPTUU, BO3PACTACT JAKE
JUIS1 SKCTPEMAJIBHOM BPAILAIOLIECUCS YEPHOU JIBIPBI C KBUHTICCEHIIUEHN.

JocTtoBepHOCTH pe3yJibTaToB HCCJIeI0BAHMS 000CHOBBIBAECTCS
UCIIOJIb30BAHUEM HOBBIX METOJOB OOIIEH TEOPUHM OTHOCUTEIBHOCTH U
COBPEMEHHBIX YHCJIEHHBIX METOJOB WU aJITOPUTMOB; MPOBEACHHOW THIATEIBHOU
MIPOBEPKOM  COTJIACOBAHHOCTH MOJIYYEHHBIX PE3YJIbTATOB C COBPEMEHHBIMHU
ACTPOHOMHUYECKUMU HAOIIOJICHUSIMU U PE3yJIbTaTaMu JPYTUX aBTOPOB; BHIBOJAMH,
XOpOIIO  COTJACyIOIUMHUCS  C¢  OONMMU  MPUHIMIAMU  KOMITAKTHBIX
IrPaBUTAILIMOHHBIX OOBEKTOB.

HayuyHasi 4 npakTudeckasi 3HAYUMOCTb Pe3yJbTATOB HCCJIeI0BAHMS.
Hayunast 3HauMMOCTH pe3yJabTATOB HCCIEAOBAHMUS 3aKJIIOYACTCA B TOM, 4YTO
MOJIYYCHO JETAIbHOE OOBSICHEHUE JOCTHUKEHUS BBICOKMX HSHEPruii MpOOHBIMU
YaCTUI[AMHU BOKPYT BpalIalOMIENcsl YepHOU JBIPhI MEXaHU3MOM, Pa3pabOTaHHBIM B
JOUCCEPTALAH, JJIsl AHAIU3A CTPYH, U3BEPTracMbIX U3 YEPHOU AbIpbl. [lonydeHHbIe B
JUCCEepTAallUM  pE3yJIbTaThl, = OTHOCUTEIBHO  HM30YAaCTOTHO  BBIPOXKICHHBIX
re0JIe3UUYECKUX OpOUT, MOTYT YIPOCTUTh HIACHTU(PUKALMIO CUTHAJIOB TIPHU
U3YYCHUH TPOOJIeMbl aJEKBAaTHOTO UM  OJIHO3HAYHOTO aHaiW3a JIAHHBIX,
PETUCTPUPYEMBIX JAETEKTOPAMU IPaBUTALIMOHHBIX BOJIH. Kpome TOro, 3HaunMocCTh
pE3yJIbTATOB  3aKJIIOYAETCS B  OPUTMHAIBHOM  CTPOTOM  MaTE€MaTHYECKOM
JI0OKa3aTeIbCTBE OOOCHOBAHHOCTHM KOCMHYECKOW LIEH3Yphl B acTpOPU3UYECKOM
CIIEHApUHU C UCTIOJIb30BaHUEM (P deKkTa MPoOHOr0 MarHUTHOTO TTOJIS.

[IpakTHueckass 3HAYUMOCTH PE3YJIbTATOB HCCICAOBAHUN 3aKIIOYaeTCs B
MOCTPOCHUHM M TIPOBEPKE MPOIECCOB acTpOoDU3NUECKUX MoOjeNe o0Iel Teopuun
OTHOCHUTEJILHOCTH B OKPECTHOCTH KOMIIAKTHBIX T'PaBUTUPYIOIIUX OOBEKTOB Ha
OCHOBE OOIEeHd TEeOpuH OTHOCUTEIHLHOCTH. Pe3ynbTaThl, TOJyYCHHBIE B
JUCCEPTAIMKM C TEOPETHUYECKOM TOUYKH 3PEHUS, MOTYT OBITb MCIOJIb30BAHBI IS
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MOCTPOEHUSI HOBBIX AaCTPODHU3UYECKUX MOJEIeH B paMKaxX KIACCUYECKON
CTaHIaPTHOW YETHIPEXMEPHONH W MHOTOMEpHOW rpaBuTani. OHU TakKe MOTYT
OBITh TIONIE3HBI ISl aHaIW3a TPHUPOIbI U JUHAMHUKH TPABUTAIIMOHHOTO TOJS B
obnacTu pa3pabOTKu HAOIIOJATENBHBIX JKCIEPUMEHTOB JUII OOHApYXKCHHS U
UICHTU(OUKAIIMA ~ CHUTHAJOB, TMOCTYMAIOMUX U3 JaJieKO  PacIOIO0XKCHHBIX
TPaBUTAIMOHHBIX O0BEKTOB. Kpome TOro, aHanmm3 pe3ysibTaToB Ipoliecca
pa3pylieHus TIOYTH dKCTpeMajbHOW BpaIlarolielicss YepHOH ABIphl B OmKaiiieM
OynymieM TO3BOJISET HAOMIOMAaTh OOBEKTHI TaK  HA3bIBAEMBIX  TOJIBIX
CUHTYJISIPHOCTEH C TOMOIIBIO CETH PaIUOTEIIECKOIIOB HOBOTO ITOKOJICHHUS |
MIPOBEPUTH OOIIYIO TEOPHIO OTHOCUTEIHHOCTH U APYTHE albTEPHATUBHBIC TCOPUHU
TPaBUTAIMH B PEKUME CUIBLHOTO TIOJIS.

BHeapenune pe3yabTaToB HccjenoBaHusi. Ha OCHOBE TMOyYeHHBIX
pPE3yNhTAaTOB IO HCCJICHOBAHUSIM  OOIICPENATUBUCTCKUX  acTPOPU3HICCKUX
IIPOIIECCOB B OKPECTHOCTH KOMITAKTHBIX TPABUTAIIMOHHBIX OOHEKTOB!

pe3ynbTaThl MCCIEIOBAHUS HM30YACTOTHOTO BBIPOXKIACHHUS HEreO0JIe3MUYEeCKUX
OpOUT MO/ NEUCTBHEM TPABUTAIMOHHOTO MOJsi uepHou napipbl IlIBapimmnbia,
MOTPY>KEHHONM BO BHEIIHEE AaCUMITOTHYECKH OJHOPOJAHOE MArHUTHOE TI0JIe
UCIIOJIb30BaHbl  3apyOCKHBIMA ~ YUYEHBIMU IS TOJYYEHHS HM30YaCTOTHOTO
BBIPOXKIACHUS KPYTOBBIX OpPOMUT dacTUll CO CIMHOM B Pa3IUYHBIX MOJEISIX
rpaBuTanuu (CChUTKM B HayuHbIX JkypHayax: Physical Review D, 92, 024029,
2015; Physical Review D, 93, 084012, 2016; Astronomische Nachrichten, 339,
341, 2018). Hcnonp3oBaHHE OTHX PE3yJIBTAaTOB IO3BOJIMJIO  pa3paboTaTh
dbyHIaMEHTAIbHBIE TEOPHH W30YaCTOTHBIX BBIPOXKACHHBIX OPOUT MOJ IEHCTBHEM
KOCMOJIOTHYECKON TOCTOSHHOW W YaCTHUIl CO CIIMHOM B JPYTHX TPaBUTAIIMOHHBIX
MOJICIISX;

pe3ynbTaThl  HMCCICAOBAHUS  MAarHUTHOTO  TIOJIS,  KOTOPBIE  MOTYT
PENOTBPATUTh TPOLIECC Pa3pYIICHHUs] YEPHBIX JbIP B TOJIb3Yy KOCMHYECKOM
IIEH3YPBI B aCTPOPU3NUECKOM KOHTEKCTE HCIOJb30BaHbl 3apyOCKHBIMUA YUCHBIMU
JUIsT pa3pabOTKU TIpoliecca pa3pylieHUs YEPHBIX JbIP B PA3IUYHBIX MOJCIISIX
rpaBuTanuu (CchulkM B HayuHbIX kypHanax: Classical and Quantum Gravity, 33,
175002, 2016; Physical Review D, 96, 024016, 2017; International Journal of
Modern Physics A, 32, 1750125-85, 2017; Classical and Quantum Gravity, 35,
045008, 2018). Hcmonb30BaHHE 3THUX PE3YJIbTATOB TO3BOJIMIO Ppa3pabOTaTh
GyHIaMEHTAIbHBIE TEOPUHM MpOIlecca HApYyIIEHWS TOPHU30HTA  COOBITHMA
3apsOKCHHBIMU YaCTUIAMU WM TECTOBBIMHU TOJISIMH B JPYTMX TPABUTAIIMOHHBIX
MOJICIISX;

pe3ynbTaThl WCCICAOBAHMS BBIICICHUS DHEPTUU W3 YEPHBIX JBIp 4Yepes
nporecc IleHpoy3a W SHEPreTHUECKHX CBOWCTB BPANIAONINXCS YEPHBIX IBIP C
I'PaBUTOMATrHUTHBIM 3apsiioM M KOCMOJIOTUYECKOW TIOCTOSIHHON HCITOJIb30BaHbI
3apyOCKHBIMA  YYEHBIMH  JUIsl CPaBHEHUS  pPE3yJbTaTOB, CBS3aHHBIX C
HaOTIOACHUSMHU W BHICOKUMU SHEPTHUSIMU OT CTOJIKHOBEHHS YACTHI] C YIAICHHBIMU
HaOMIOAATENIIMU C TIOMOIIBI0 YHCIIEHHBIX PACYeTOB B Pa3HBIX TPaBUTAIMOHHBIX
mojensx (cchulky B HayuHbIX kypHanax: Physical Review D, 89, 024023, 2014;
Physical Review D, 89, 104048, 2014; Classical and Quantum Gravity, 31,
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195013, 2014; Physical Review D, 93, 104031, 2016; Physical Review D, 94,
086006, 2016; The European Physical Journal C, 76, 104, 2016; The European
Physical Journal C, 76, 643, 2016; Physical Review D, 96, 104050, 2017; The
European Physical Journal C, 78, 335, 2018; Physical Review D, 98, 024022,
2018). Hcmonp3oBaHHE OTHX PE3yJbTaTOB IIO3BOJMIO pa3paboTaTh MOJEIH
CTOJIKHOBEHHII C BBICOKOM SHEpPruer M pa3jJudyHbIX MNapamMeTpPOB B Pa3HbBIX
MOJEJSIX TPABUTALINH;

TEOPETUYECKUE PE3YIbTAThI UCCIEIOBAHUM, BHIBOJABI U METO/IbI MO BIUSIHUIO
KOCMOJIOTHYECKON KOHCTaHTHI U OpaH mapaMmerpa Ha BeaU4HHY 3(h()EKTHBHOCTH
BBIJICTICHUS SHEPTUU CTAJKUBAIOMIMXCS YAaCTUI[ B OKPECTHOCTH Bpalllarouiencs
yepHOUl AbIpel B Mojenu Pangana CyHnpyma ¢ OpaHod ObUIM MCIOJIB30BAaHBI JIJIs
MOJICTUPOBAHUS SHEPTETUYECKUX MPOIIECCOB B OKPECTHOCTU PETYIISIPHBIX YEPHBIX
aelp B pamkax mporpammbl CZ.1.07/2.3.00/20.0071 «Ilomnepxka UHTETpaliuu
MexyHapoJHOM TEOpEeTUYeCKOM M HaOMI0JaTeIbHOM CEThIO HCCIICIOBaHUN B
PEISATUBUCTCKOM — acTpOo(PU3UKE  KOMITAKTHBIX  OOBEKTOB»,  MOJJIEpKaHHOU
cTpykrypHbiMH (oHmamu EBpomeiickoro Coroza u ['ocymapcTBeHHOTO OrojKeTa
Yemickori Pecnyomuku (2010-2014) (mucemo CHIIe3MHCKOTO YHUBEPCUTETA B
Omnage, Yemickas pecryonuka, ot 4 mast 2018 r.). Ucnons3oBanue  pe3yiabTaToOB
MO3BOJIMIIO OOBSICHUTHh MPUPOIY SHEPTETUUECKHUX MPOIIECCOB BOKPYT PEryJIsipHOM
YEPHOU JIBIPHI.

Anpobanus pe3yJbTaTOB HccJe0BaHusl. Pe3ynbTaThl uccae0BaHUN ObLIH
MPEACTABICHBI W OOCYXJCHBI Ha 12 MEXKIYHAPOAHBIX W PECIyOJIMKAaHCKHUX
Hay4YHBIX KOH(GEPEHIIUSIX.

Ony0JMKOBAHHOCTH pe3yJbTaToOB HCCJIe0BAHMS. ITo TeMe
JUCCEePTAllMOHHON PaboThl OMmyO0IMKOBaHbl 19 HayyHBIX paboT, U3 HUX 7 cTaTeil B
Hay4YHbIX >XypHaJIaX, PEKOMEHIOBAaHHBIX BpICIIEN aTTeCTalMOHHOWM KOMHMCCHEN
PecniyOnuku Y30ekuctan [isi MyOJIMKAIMd OCHOBHBIX HAYYHBIX PE3yJIbTaTOB
JOKTOPCKHUX TUCCEPTAIHM, B TOM YHCIIE 6 3apyOeiKHBIX.

O0bem m cTpyKTypa Auccepramuu. Jlucceprauus COCTOUT W3 BBEICHUS,
YeThIpeX TJIaB, 3aKJIIOUCHUsS, NPUIOKEHHH U chucka juteparypbl. OObeM
JCCEPTAIMU COCTaBIIACT 122 CTpaHUIIBI.

3AK/IIOYEHUE

[To pesympTaTamM wHCCIEAOBaHUS, MPOBEACHHOTO IO TEME IUCCEepPTAIUH
nokropa ¢urocodpun (PhD) «O0mepenstuBucTCKHe acTpohU3HISCKHUE MPOIIECCHI
B OKPECTHOCTH KOMITAKTHBIX TPAaBUTAIMOHHBIX OOBEKTOB MPH HATMYUH BHEITHETO
AIIEKTPOMATrHUTHOTO TIOJISD», TIPECTABIICHBI CIICAYIOIIHE BHIBOIBI.

1. Tlosy4eHsI BRIpaXKEHUS ISl SHEPTUHU [IEHTPA MACC YaCTHII, CTATKABAFOIIHXCS
BOJIM3U TOPU30HTA COOBITUI YEPHBIX JBIP B KBUHTICCEHIIMU, MPU HATUYUN
MarHuTHOrO 1oJs. BmepBeie TMOKa3aHO, YTO W3-3a CYIIECTBOBAHUS
KBUHTACCEHITMAIBHOTO TIapaMeTpa YCKOpEHHE 3apsHDKCHHBIX YacTHI[ HE
MOXET JOCTUTHYTh OECKOHEYHO BBICOKMX JHEpruil. Takke MOKa3aHo, YTO
Jaxe HeOOJBIII0e MAarHWTHOE TOJiE MOXKET OKa3aTh CHUJIBHOE BIIMSIHHE Ha
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BeNUINHY d()DPEKTUBHOCTH BBIJCIICHUS YHEPTUU U UTPACT PENIAIOIIYI0 POJIh
B KoJinyecTBe »Hepruu YJ| B KBUHTECCEHLIUU, BBIACISIEMON 3apsHKEeHHBIMU
YacTUI[AMH, YTO YBEIUYHMBAET 3HAUYCHUE BEpXHEW rpaHuilbl 3PGeKTUBHOCTU
1o 50% mno cpaBHEeHUIO C BepxHed rpaHuned 42% s 3KCTpeMallbHOU
yepHo# abipsl Keppa.

Pa3zpaboTana n304acTOTHasi BBIPOXKIIEHHOCTh HETEOJE3MYECKUX OpPOUT TOJ
JNEUCTBUEM TPABUTAIIMOHHOTO ToJis 4epHOW JAbipel  IlIBapimmnbna,
MOTPYKEHHOW BO BHEIIHEE ACUMIITOTUYECKU OJHOPOJHOE MAarHUTHOE TI0JIE, a
Takke OOHapyKeHa 3aBHUCHUMOCTh TOBEPXHOCTH OO0JACTH H304YaCTOTHOU
BBIPOXKJICHHOCTH OT BHEIIHETO MarHUTHOTO TOJISl, B KOTOPOM MPOUCXOJUT
M3049aCTOTHOE BBIPOXKIICHUE HETEOAC3UYECKUX OPOUT BOKPYT YEPHOU IBIPHI
[[IBapumunbsaa. BrepBble  00Hapy»KEHO  yYMEHBIIICHHE TMOBEPXHOCTU

BBIPOXKJICHUSI M30YaCTOTHBIX HETeOJe3MYECKHUX OpPOUT IOYTH (7—10) %

JUISl MAKCMMAJIbHBIX 3HAYCHUHM BHEIIHErO OJHOPOJHOIO MAarHUTHOTO IIOJIA C
B~10°-10"I'aycc.

ITokazano, 4YTO MarHMTHOE IIOJIE MOXKET IPENOTBPATUTHL  IPOLECC
paspylieHHuss 4YEPHBIX JbIp B IOJb3y KOCMHYECKOM LEH3Ypbl B
actpodusnueckoM KOHTEeKcTe. Takke IOdyY4eHO IIOPOroBOE 3HAYECHHE
Oe3pasmepHoro wmaruutHoro mnona B, =0.6872, mnauumHas ¢ KOTOpOro

MarHuTHOE MoJjie OyJeT JeHCTBOBaTh KaK KOCMUYECKUM [IEH30D.

[TonyueHbl aHATUTUYECKHUE BBIPAYKECHUSI JIJIS1 BAKYYMHBIX 3JIEKTPOMArHUTHBIX
IIOJIEM KBUHTACCEHLMAIBHOM BpalIaIOIIECHCs] YEPHOW IbIPbl BO BHELIHEM
ACUMIITOTUYECKU OJTHOPOJHOM MarHMTHOM IIOJIE.

[Tomy4yeHbl BBIpOKEHUSI IS BHYTPEHHUX CTAOMJIBHBIX KPYTOBBIX OpPOUT
(BCKO) wu yrioBoro MOMEHTa WMIIyJIbCa 3apsDKCHHBIX YacTHI[ B
OKPECTHOCTM KBUHTACCEHILIMAJIBHOW BpALIAIOLICHCS YEPHOM MBIl IIPU
HaIMYuM BHemiHero MaruutHoro mons. Ilokazano, uro BCKO pannyc
YBEIMYMUBACTCS M3-3a A (PeKxTa KBUHTICCEHITMAIbHOTO mapamerpa €. OqHako
Tt 0ECKOHEYHOTO 3HaUEHUSI MarHUTHOTO napamerpa [ —oc, BCKO pannyc
JIOCTUTaeT CBOETO MUHHMYyMa HE3aBUCUMO oT HaJINyus
KBHHTACCEHI[MATILHOTO MmapameTpa €.

[Toka3aHo, 4TO BJIMSIHUE KOCMOJIOTHYECKOM MOCTOSTHHOM M OpaH mapamerpa
TaKKe MOXET OTPAaHMYMBAThH BBIJICJICHUE DHEPTUU CTAIKHUBAIOLINUXCS YaCTHUII
BOJIM3U YEPHOW [BIPHI; YCTAHOBJICHO, YTO MEXAHU3M 3TOr0 OTPaHUYEHUS
CBSI3aH C PACIICIJICHUEM Painyca BHYTPEHHUX CTaOMIIBHBIX KPYTOBBIX OPOUT
OT TOPU30HTA COOBITHA.

[Toxazano, uyrto mpomecc Ilenpoy3a sBisieTcs Oojiee peaTUCTUYHBIM
MPOIIECCOM [ M3BJICUECHHS] SHEPrUU BpalllAIOUIEHCS YEpHOW JAbIPHI B
npoctpancTtBe—BpeMenn  Kepp-Tayo-HYT. OOnapyxkena 3aBUCHMOCTh
DHEPTYHU, W3BICYCHHOW M3 KOMMAKTHOTO oO0bekTa, oT HYT mapamerpa I,
[Toka3aHo, YTO OTHOCUTENBHBIA 00BEM Iprochepbl YMEHbIIAETCS, & SHEPTHS,
W3BJICUCHHAsI W3 YEPHOM MBIPHI, MOBBIIIAETCS HU3-3a MAJIOr0o 0e3pa3MepHOro

HVYT napametpa | .
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