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Kupum (IOKTOPJIHK THCCEPTAIASICH AHHOTAIUSICH)

Juccepranus MaB3yCHHUHT J10J13ap0Juru Ba 3apypatu. byryHru kyHnua
nyHéna Kopa Vypamap artpoduaa actpodu3uK kapa¢Hiapra Kym  oJMMIIap
TOMOHMJIaH 3bTHOOp KapatuwiMokiaa. Kopa ypanap — KouHotna Y3UMHUHT KUYHMK
yiuaMu Ba KaTTa Maccacu OujiaH OOIIKa OCMOH >KUCMIIApUAAH aKpaiuO TypyBUH
Xamjia 3aMOHaBUH (PU3MKAHUHT OOp YHUPOUH Ba HKCTPEMANIUTUHU HAMOEH HTYBUU
AK30THUK acTpoduzuk o0bekTaup. KonHoTaa HT KOpOHFU 0OBEKT OYiIraHu Xosaa
Kopa Yypamap arpodumaru ¢azo-BaKTHU ITpuiaad, y epaard MojjiajlapHu FOKOpH
Xapoparrada Ku3aupaad Xamia SHT EpKUH, IOKOpH KyBBAaTIM Ba yTa MacCUB
oObekTap xucodOnanaau. CYHITM HWUIapaarn Ky3aTyB Ba 3KCIIEPUMEHTaNl
acOOOJIapHUHT PUBOXKIIAHUIIKM OMIBOCHMTA Ba OeBocuTa OyHJal OOBEKTIIApHUHT
TabuaTaa MaBXyIJTUTHHA TaCTAKJIa A,

XO03upru KyHJa €TaKdd TaAKUKOTYIIIAp TOMOHHJIAH JTUCCEPTAIUs MaB3yCH
OwraHn OOFNIMK OYJraH Ba yJApHUHT JOJ3apOJUrd Ba 3apypaTUHU Oenruiad
O0epyBuM Katop MyxuM Kamduérnap oumnrad. 2019 itun anpens oiinna Xoaucanap
ropu3onTH Teneckonu (EHT - Event horizon telescope) épmamuaa wik 6op M87
(Meisser 87) rajakThKacu MapKas3uaa *oWIalrad Kopa YpaHuHr tacBupu 1.3 Mm
W TYJKWUH Y3YHJIWUTHW auana3zoHuja oduHau. 2018 HumHuHT uionb oiupa “Mys-
ky0” wHeWtpuHo oobcepBaTtopusick (Ice Cube Neutrino Observatory)aa
layakTKaMKU3 TalIKApUCHUIAH KeJa€TraH IOKOpU DJHEPrUsid HEUTpUHOIAP
TOTIWJITAHJIUTA ~ TYFPUCHIArd  MyXuM  KamueT IBIOH KWIMHAA  Ba
HEUTPUHOJAPHUHI MaHOam Ouszman TtaxmuHaH 1.75 [I'mk wmacodanaru
PEISATUBUCTUK JKETH OWU3ra TOMOH WYHalraH yTa-MacCuB Kopa ypa — OyazapHH
aHWKJIAIl UMKOHUHH Oepau. FOKopu sHEprusiii HEUTpUHOJIAp OMpiIaMYl KOCMHUK
HypJapHUHT aTpoduaard MyxuT €ku (oToHiap OuiaH agpoH y3apo TabCUPHU
HaTWXKacuaa naigo 6ynagu. Dueprusicu ~ 10%°° 5B raua 6yiran KOCMUK HypIap
oJlaTja TaJaKTUK SHTA IOJIY3HUHT TOpTIamuAaH Tnaigo Oymamu  1ed
xucobmanamn. 2018 #waHUHrT Mali-urone  oWnapuga  EBpoma  kaHyOui
obcepBaropusicuaaru (ESO) xyna xarra teneckon (Very Large Telescope)uunr
oup xkucmu OYnran GRAVITY kypunmacu €paamMuia CHEKTPHUHT UH(PPAKU3UI
KHUCMHJIa Kopa ypa SKMHHJIArd XapaKaTJIaHyBYM MaTepusi Ky3aTWIIW Ba YHUHT
TE3NMUTH EpyFMUK Te3MUruHuHr 30 dhous3uHu Tamkwin STUIMHA Kypcataud. 2018
iun ypramapupaa A. DWHINTEHH TOMOHHUJAH SIpaTHJITaH YMYMHUW HUCOMIIMK
Hazapusicu (YHH)Hu yTa MaccuB kopa ypa arpoduna aianyBud S2 10J71y3u
XapaKaTUHUHT Ky3aTyBU €paamuaa MyBapGhakusATIM TEKIIHPUII HaTHXaTapu
9BJIOH KUIuHAU. bynnan tamkapu 2015 hiungan Oonuiad nazep uHrepdepomeTpu
obcepBaTopusuiapuia Oup Heua O0p Kopa YpaJlapHUHT Ba HEUTPOH FOJIIY3JIapHUHT
KYIIWIAIIA HaTHXKacuaa BYXKYAra KeJraH TPAaBHTAIMOH TYJIKWHIAPHWHT KAl
STUJITAHU YBJIOH KAJTUHIH.

Mamnakatumu3ga Kopa ypanap artpoduna actpodusuk skapaéHimap Ba
IOKOpU JHEPTUsUIM KOCMHUK HypJiap Oyiinda TaJKUKOTIapra XaM KarTa YbTHOOpP
Oepunaan. Mamnakatumu3 wiM-paH puBOXHM Xamaa (GyHAaAMEHTaNT TaJAKUKOT
HaTWKAIApuHU  Xaérra  TarOMK  Kwmm  ydyH — ymlOy  ¢yHIaMmeHTan

TAAKUKOTIAPHUHT  WyHanmumapu  Y30ekucton  PecmyOnmkacuHu — siHaja
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PHUBOXKIAHTHPUIN OViimua XapakaTnap! crparermsacura OeBocuTa OOFIHMK. By
6opana oxupru 20 iun Mobaiinuna PecrnyOnukamusna pensiTHBUCTHK KOMITAKT
oObeKTIap acTpopu3MKacH COXacu KaJajl PUBOXKJIAHAW, KOpa Ypauap, IOMpPOH
KO3MK Vypajapu Ba SUIOHFOY CHHTYJSIp OOBEKTIApHUHI ONTHK Ba SHEPIeTUK
XYCYCUSTIApH YPraHWIIU, HEHUTPOH IOJIAYy3/ap PEISTUBUCTUK acpodu3uKacuaa
YMYMPENSATUBUCTUK 3G (EKTIap TONWIAH, alilaHyBUYM MAarHUTJIAHTaH OObeKTap
ma3zma Mararocgepacu Ba PENSATUBUCTUK ANEKTPOJUHAMUKACH
PUBOXIIAHTUPWIIIM, BAaKTU BaKTU OWUJIaH Ky3aTWIIyBUM IyJbcapiiap Ba paJuOTHHY
MarHutapiap Tabwatu opaumHnamTupwiad. [llynmait 6ynca xam yTa roKopu
SHEPTUSIA KOCMHUK HYpPJApPHUHT KeNIMO YUKHUIIM OOpacujiard MyXHUM CaBOJLIap
’KaBOOWHHM KyTHO KOJIMOK/IA.

V36exucron Pecriy6nukacu Ipesunentununr 2017 inn 7 pespanmaru TK-
4947-conmn  “Y30eKHCTOH PecryONMKACHHM SIHAJa PHBOXIAHTUPUIN Oyiinua
Xapakatinap crparerusicu Tyrpucuaa’tu ®apmonuma, 2018 itmn 29 HoaOpna
V36ekncron Pecrny6iukacn XyKyMaTH TOMOHHIAH d4on STairan “2019-2021
nniuiapaa V36ekncronma TY3WIMaJIN UCIOXOTIIAPHUHT aCOCUM MyHATUIITIAPUHUHT
Uyn xapurtacu’na xamjaa ymoy coxaiaru 0omkKa MehEpUN-XyKYKHI XyxoKaTiapa
OenrmnaHrad BazudallapHu aMalira OLIMpUIIA YOy JIuccepTauus TaIKUKOTH
MyailsiH Japakaja Xu3mMaT KAJaau.

TaakuKOTHUHT pecny0auKa (aH Ba TEXHOJOTHSVIADH PHBOKJIAHUIIHU-
HUHI YCTYBOp W#yHaqumuiapura Ooraumkiauru. Jlucceprauus TaJKUKOTH
pecnyOnuka (an Ba TexHoJorusiapu puBoxuianumuHuHr I, «DHepreTuka,
SHEPTHUS Ba PECypC TEKAMKOPIUTHU» YCTYBOP MYHATUIIIM IoUpacKia Oaxapuiras.

JAuccepranus MaB3ycH OyiiM4ya XOPHKUN WIMHI-TaAKUKOTJIAP HIAPXH.
Vra MaccuB Kopa Yypamap Ba ymapra Termnum sddekTnap, Xycycad, ynap
atpoumaru Mojja Ba OJIEKTPOMArHUT MAaWJOHJIAp, TPaBUTAIMOH JIMH3A
adhdexTiapy Ba Kopa Ypanap TacCBUpJAPUHU TAJIKUK STUILI OWJIaH KyWHaaru
TAIKAJIOTIApAAard  ojaumiap  IIyFy/ulanuimumokaa: KEnn — yHuBepcurtertw,
Pannoactponomus Oyitmua Makc [lnaHk >xamMuaTh HMHCTUTYTH, ['paBuUTalMOH
¢usuka Oyiinua Makc I[lnaHK >KaMHSITH MHCTUTYTH — AnbOepT OWHIITEHH
MHCTUTYTH, DPpaHKPypT YHHUBEpCUTETH, AMaauid KOCMHUK TaJKUKOTJIAp Ba
Mukporpasutauss Mapkasu (I'epmanus), Kamudopuus yuusepcurern (Jloc-
Aunpxenec, AKIL), Actpodusuka wuHctutyt (Anpanysus, Wcnanwus),
YHuBepcuteTaapapo acTpoHOMHs Ba acTpodus3mka Mapkasu, Tara ¢yHaamMeHTal
TaAKUKOTIAp WHCTUTYTH (XuHAucTOH), MoOCKBa JaBiaT YHUBEPCUTETH,
[repubepr nHomunaru [dasnat acrpoHomusi unctutyTu (Poccus), lanxaiimaru
®ynan yauBepcutetr (Xuroit), Y3P ®A Actponomust HHCTHTYTH (Y36eKHCTOH)
Ba OoIKaap.

Kocmuk Hypnap, XycycaH, IOKOpU SHEPrUsIA KOCMHUK HYpJIap TaJAKUKOTH
Oyinua nyné Mukécuaa Oup kKatop kamduérnap KwimHrad. Macanas, [Teep Oxe
(AprentuHa) Ba AJUleH NaH)Xapa aHTEHHacHu €pAamMuaa KaljJ STUIraH KOCMHK
HypJIapy WYHaIUIIaPUHUHT aHU30TPONMACUHY Ypranum épaamuaa 108° 5B nan

1V36exucron Pecniy6mukacu pesunentununar 2017 iun 7 ¢espannaru "Y36ekucton Pecry6ankacuau
sIHaJa PUBOXIIaHTHpHIL OYiinuya Xapakatnap crparerusicu Tyrpucunaa'ru @I1-4947-connu @apmoHu.
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IOKOpY OYNraH KaTTa SHEPrusylM KOCMHUK Hypiap maino Oynumm ["anaktukanax
TalKapy TaGMaTra Sra SKAHIMTH KypCaTHIIH. YTa OKOPH SHEPTHSUIM KOCMHK
HYpJApHUHT 3appaiap OKUMH KyJa KUYMK OYIraHu ydyH, MOOWII Kypuimanap,
MacajaH, SPUMYTKA3THWIN TEXHOJOTHsUIApAaH QoinagaHnyBun cMapThOHIap
€praMmia 3appajapHu Kai dTUIT Takiud Twian. Yoy noinxa Kocmuk Hypiap
daBkynmonga takcumianran obOcepBatopusi (Cosmic-Ray Extremely Distributed
Observatory — CREDO) épmamupa amanra ommpwiagu Ba yimOy Jolmxara
nuccepranus myauudu Ounan Oup Katopaa 13 gaBiatman 22 wiMuii Myaccaca
OJIMMJIAPH >KaMoacH >kanbd 3Tuiaau, Macaial, [lonbima dannap akageMUsICUHUHT
SAnpo ¢uzukacu wuHcTuTyTH (Ilonmpmia), OmaBagaru Cuiie3usi YHHUBEPCHUTETU
(Yexus), S.Komenckuiti Homuaaru  yHuBepcuter (CnoBakus), Kanzac
yauBepcutetu (AKIL), bupmamran sgpo taakukoriaapu uHctutytd (Poccus),
Maccauycet texHosiorust UHCTUTYTH (AKILL) nnmuii xamoanapu Ba 6omkaniap.

AlinanyBuM Kopa ypanap arpoduaa 3JIeKTpOMarHuT MalJJOH Xoccajapu Ba
aliJaHyBYM KOpa YpallapHUHT Hazapuil TacHU(U OwiiaH JyHEHUHT €TaK4d WIMHI
TaJKUKOT MapKasJjlapy Ba OJIMK TabJIUM Myaccacajapy IIYFyJJIaHUO KEeJIUIIMOK/A,
xycycaH, AunbOepr OiHmTedH wMapkasun (Yexus), OmnaBagaru Cunesus
yHuBepcutetu (Yexwus), AnpOepra yHuBepcutetu (Kanmana), Hazapuii ¢usuka
mapkasu (ITonemra), Y36exncron ®annap akageMHsSCH ACTPOHOMHS HHCTHTYTH
Ba OolIkaap.

Xo3upja xaxoHJa KOMIIAKT TpaBUTALMOH OOBEKTIIAp SKUHHUIA SHEPTeTHK
xKapaCHJIapHU YpraHull Makcaauja Oup Kartop, >KymiaJaH, KyHHUJIard MyXyuM
HyHanmuuiapaa TaaKUKOTIap o0 OOpHIMOKIA: yTa FOKOPH SHEPTHsUIA KOCMUK
HypJapHM Ha3apuili Ba TaxpuOaBUM TaJKUK KWIHIL,  IOKOPHU DHEPTHUSIIH
HEUTPUHOJAPHUHT Taia0 OVIMIIMHUA YpraHull; alilaHyBuYM Kopa YpasiapliaH
SHEPTUs AKPAIMIIUA CaMapaJopiUTUHU aHuKiaml; ['ajakTuka mMapkaszujgard Kopa
Vpanap arpodumaru sddexkTiapHu  Ky3aTHIl; Kopa Vpamdap SKUHHAArd
ANIEKTPOMATHUT MaWJOHJIADHU Ha3zapui MOJAEIJIAIITHPUII Ba yiap arpoduuaru
3appajiap XapakaTHHH TaXJIWJI KWIWII; TallKd MarHUT MaiJOHU MaBXKYUIUTHAA
alJIaHyBYM KOpa ypajiap SKUHU]IA SHEPTETUK Kapa€HIIApHU YPTaHUIII.

MyaMMOHMHI VPraHWwIraHjauK aapaxkacu. Actpodusuk Kopa Yypaiap
atpodumaryn  MaTepUSHUHT  XyCYCHSTJIIapW, IIYHUHTACK, Kopa  ypamap
napaMeTpiapd ydyH JIHMHTIAp OJUIN JAYHEHUHT KYIiIad eTakyd WIMHNA
MapKa3JIapuHUHT OJuMiapu, >XymuanaH, repmanwsuiik (P.lannens, A.Jkapr,
A.3encyc, C.bputsen), ucmanusuk (P.Illogen, b.Illax3amaHsH), WTaIUSINK
(P.Pypdunu, K.Kpemackunu, M.Teccaporro), yexusmk (3.Cryxnuk, M.Komom),
poccusuink (A.3axapos, Jl.I'anbiioB), amepukanuk (A.l'e3), xuronnuk (K.bam6w,
A.AGaukamainoB) Ba Oorkamap TOMOHUJAH ypranwirad. JIekuH kopa ypa Owian
VHUHT aTpodumaru MaTepusHUHT Yy3apo TabCHpU, Kopa ¥ypa TmapameTpura
YEeKJIOBNIAp OJUIN €KW aKKPEIMOH OKWMHHUHT XapaKTePUCTHKAIApH eTapiiu
JIapakaJa ypraHujaMaras.

VTa [OKOpH JHEprHsIM KOCMHK HypJiap JETEKTOpJapH OpacHaa HMKKHTA
acocuil KOCMHK HypJiap JiabopaTopusuiapuHu 3bTUpO( dTca OYIamu: HMIUMOIUI
SpUMIIapAard TeJIecKoIIap kamJIaHMacu Ba skaHyowmii spumimapaaru [Ieep Oske
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oOcepBaropusicu. YOy HypJapHHU 3KCHEpPUMEHTa TAaAKUK KWJIWII OWiaH Oup
KaTop/a yJapHUHT KeTUO YUKHILI MEXaHU3MIIApHU Ba Maif0 OYIUIINHYA YpraHuIiia
KYJUTaHWTYBYM OMp KaH4ya Ha3zapuil Ba PeHOMEHOJIOTUK MoJeiap MaBxya. bomka
WIMUI TypyxXJap opacuaa 3K30THK MOJEIUIap JOHpacuia FOKOPH SHEPTUsiIn
KOCMUK HypJapHUHT Ky3aTwinimuHu TaBcuduamra spumrad AKII (Fly’s Eye
komurabopanusicu), Antapktuga (Ice Cube xommaboparusicu), ['epmanmsimaru
(P.Onrenp, K.ManxaiiM) wuWiIMHI KaMOaJapUHUHT XU3MAaTJIAPUHU  aJOXHU]Ia
TabKUIIA0 VYTUII Kou3. AMMO Xo3uprada yTa IOKOPU DHEPrUsiiid KOCMHK
HYpJapHUHT Taigo OYnaum  Ba  Te3JdalllMIl — MEXaHU3MJIApu  eTapiinya
taBcu@uanmanu. byHpnan Tamkapu, ymOy KOCMHK Hypiap (u3ukacu Ba yTa
MAacCUB KOpa YpaJapHUHI XOccallapyu opacujiaru OeBocuTa OOFJIAHMII Xajurada
MyXOKaMma KUJIMHMAaraH.

bup xuHCIU TalllKK 3JEKTp MalOHK/Ia KOUJaIlTraH ailsianyBuu Kepp Kopa
Vpacu SKUHUAArd SJIEKTPOMAarHUT MaWJOHJIAp XYCYCHUATIApPH, TAlIKWd MarHHUT
MaiJIOH MaBXy UIMTH]Ia aliJlaHyBUM Kopa ypa arpoduia 3appajap JMHAMUKACUHU
Vprauui, Kepp Kopa ypacu siKkMHHMIA 3appajiap TYKHAIIyBJIapu OUp KaTop HIMHIA
M3JIaHyBUWJIAp TOMOHHUJAH YpraHWwiraH Ba MyXOKama KWIMHTAH, MacajaH:
aarmusutuk (P.Banpn, P.baendopn), amepukanuk (M.banagoc Ba 6.), pOCCHSIITHK
(A.B.TameiioB Ba 6.), kaHamaiuk (B.®pomor Ba A.lllym), ¥30eKuCTOHIMK
(A.A61yxa66apos, 5.AxmenoB Ba 6.), Typkusmuk (A.Amues Ba H.V3nemup) Ba
Oomkanap onumiiap. AMMO, yTa camMapalld PpeXUMAArd 3SHEPIUsl axpajuill
MEXaHU3MJIApU OJIMHTH Myajuiddiaap TOMOHMJAH H3YWJI TaxJIMI KUJIMHMAaras.
Ymly sddextnapHu uiaMuil YpraHum KOCMUK HypJap, PEISTUBUCTHK JKET,
KBa3apjap Ba X.K. JapJa Ky3aTWIraH Typjid MyXUM (peHOMEHaJlapHH H30XJalllja
&pnam OGepaam.

Kopa ypamapHuHTr cosiapy BakyyM XOJIMJa Ba IUIa3Ma MaBXYUIMTH]A,
MapKa3uil OOBEKTHUHI TYypiu KylIMMYa MapaMmerpiapu OusaH, Oab3aH, Falpu
olatuii Ba (U3MKABUN TYUIYHTUpPWIMAraH IapaMeTpiap OpKaiau Oup Katop
oJlUMJIap TOMOHHMJAH YypraHwirad, Macainan snoHwsumk (K.Masga, K. Xuokwn),
repmanusiiik  (A.I'pensebax, B.Ilepmuk, K.Jlammeprans, JI.Pemmomia Ba 0.),
y30ekucTonmuk  (A.A0myxab6apoB, b.Axmenos, ®.AramypotoB Ba 0.),
apreatuHamuk (D.0Oupoa, JL.Amapunna), uexwsummk (A1, 3. Cryxnuk),
poccusiuk (I'. bucnoBateiii-Koran, O. Ilynko) Ba Oomkanap. AMmo Oy uiiapaa
OJIMHTaH aHAJMTUK Ba COHJIM HATWXKAJapHU Kopa Yypajapra HOM30] OOBEKTIap
aTpoduaary I0KOpH XapopatTiy Iia3Mara KyJlall Macanacu O4YuK KOJIMOK/IA.

Juccepranmss MaB3yCMHMHI JHMCCEpTAlMA OakapwiraH WIMMH-
TAAKMKOT Myaccacacl WIMHMH-TaAKUKOT HOUIapd OWJIaH OOFJIHMKJIMIH.
Hucceprauust  TagKUKOTH  ACTPOHOMHMS ~ MHCTUTYTH  WIMHUU-TaJAKUKOTIAp
pexacuHuHT BA-OA-D2-008 pakammm «Jl[iHAMUK Ba CTAIlMOHAD PEISITUBUCTUK
rpaBUTAIIMOH OOBeKTIapaa actpodusuk xapaéunap» (2017-2020); «Kymamok
cucteMaiapja M30JSIUUIAaHTaH Kopa ypajlap pelsiTUBUCTUK acTpOPU3HKACK
(2017-2020), E®DA-ATex-2018-8 paxkammu «PenaTUBUCTUK acTpodH3UKaIa
KOMITAaKT OOBEKTNIAp SKUHUJATM TPABUTALMOH Ba 3JEKTPOMArHUT MaiIOHIAp
xamaa 3appanap» (2018-2019); Vs6exucron—Benopyccust mactypunuar MRB-
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AN-2019-29 pakamu «AcTpopu3uk 0O0BEKTIAPHA MOACIUIAIITHPHUII Ba yJIApHUHT
Ky3atuml xycycusitnapunu PT-70 teneckonu napamerpiapu Ba ['amma-400 pyc
opOWTan TEIeCKONW TapaMeTpiapu OwiraH Koppensiusutanny  (2019-2021)
MaB3yCHJaru WIMHNA JoUUXallapy Joupacuaa Oaxapuiras.

TaaKMKOTHHHT MaKcaau acTpopu3UK Kopa ypajap Ba yiap arpoduaaru
MOJTAJIADHUHT 3JICKTPOMATHUT Ba DHEPTETUK XapaKTCPUCTUKAIAPUHU YPTraHUIII
Xama HaTWKaJIapHU FOKOPH DJHEPrUsUIM KOCMUK Hypiap (Qu3HKacura, Kopa
YpanapaaH pelsTUBUCTHUK IJIa3Ma aKpajullii, Kopa ypaiap cosuiapu Ba 0oIika oup
KaTop Ky3aTyB XOJMCAIAPUHU TAJKUK KUJUIITa KyJulamgad noopar.

TaagKuKOTHUHT Basudaapu:

TalIKA MarHuT MaiIoHn MaBXyJUIUTH]Ia aillaHyBYM Kopa YVpayap atpoduaa
3apsA/JIaHTaH Ba HEWTpasa 3appajap XapakaTd, TYKHAIIMIIA Ba COYMJIMIIUHU
TaXJIUJ ITHIIL

OTPU YM3UKJIW KOOpAWMHATANIApAa SJICKTPOMATHUT MAaWIOHJAPHU TaIKHUK
ATHIII,

acTpodu3UK Kopa ypanap SKUHUJA XOCUJ OVIyBYM YTa IOKOPHU SHEPTrUSIIN
KOCMHK HYPJIAPHU TaBCU(IIOBYN MOJIEITH UIILTA0 YHKHII;

FOKOPH SHEPTHSIH KOCMUK HYpJIap YIyH TaKJIH(} dTHITaH MOJACIb EpaaMua
OJIMHTAaH Ha3apuil HaTMOKAJIAPHU Ky3aTyB HaTHXKajlapy OWIIaH CONMHMIITHPHIL,

alilaHyBUM Kopa Vypamap cosicura OWp »KUHCIM OyaMaraH Ila3MaHUHT
TabCUPUHY aHUKJIAIIL

Kopa ypajiap Ba YHMHT aTpoduiard MOIJaTapHUHT 3JIEKTPOMArHuT y3apo
TabCUPJIAIIUIIMHN XUCOOTa oJiraH XoJyija ymoOy MOJENIb JOoUpacujia Ky3aTyB
MabJIYMOTJIAPUHU KalTa Tax 1M1 STUII Ba MyXOKaMa KHJIUIIL;

Hazapui HaTWKaJapHU KOpa Ypajapra HOM30J OOBEKTIap YUYyH, XYyCycCaH,
["anakTrKka Mapka3uaaru yTa MacCuB Kopa ¥pa y4yH TaTOUK STHUIII.

TagKuKOTHUHT 00beKTH cudaTua TAlIKU MarHUT MalJoH/a >KOWUJaIITraH
aliTaHyBUM Kopa ypanap xamaa Kopa ypaimkka Hom3oa SQrA*, M87, NGC1052
kaOu 00beKTIIap Ba Oiiazapiiap OJMHIaH.

TagKUKOTHUHI mpeaMeTH acTpodU3UK IMIapouTiapAa Kopa ypanapaaH
DHEPTHUS  @KPAJIUIIM  MEXaHW3MJIApW;, PEIATUBHCTHK KOpa  YpaJapHHHT
ANEKTPOMATHUTUK XYCYCHUATIAPH, Ky4WIM TpaBUTAlldS PEKUMHAA MOIJTAHWHT
ANEKTPOMATrHUT  HYpPJAHUIIH, KOMITAKT OOBeKTIap arpodumard T1ia3Ma
XapaKTEepUCTUKATApU Ba TUTa3Ma MYXUTHAArd Kopa VpaHUHT COACH XaMJia yiap
OwtaH OOFIIMK Ky3aTyB MablyMOTIapHaaH HOopar.

TaakukoTHUHT ycyjuiapu. Typnau IOKOpU DHEPTrUsIId  acTpoU3UK
XOJIMCATIAPHUHT XyCYCUSTIAPUHU YMYMHUN HUCOMIIINK HA3apUSICUHUHT MaTeMaTHK
anmapaTd  XamJla MoOJjila Ba MaWIOH YYyH HOYM3HKIN AuddepeHial
TEHTJIAMAJIapHU  pakaMJId €YHIN yCcyJuiapu €EpaamMuaa pean  xapaCHIapHU
(E€HOMEHOJIOTHK MOJICJUTAIITUPHUII aMaJira OIIAPHUIIIH.

TaaKMKOTHUHT WIMMI SIHTWINTH KyHuaaruiapaan noopar:

ik 6op CoMoH iynu Mapkasuaaru SgrA® Kopa YpaHUHT 3JEKTp 3apsaura

7 Qe <10"K
YCKJIIOB OJIMHI'AaH, YHUHI OHI' KAaTTa KHHUMATHU SgrA* ra TCHIJIUI'H Ba
MarHuTJIaHTaH Kopa Vypajap SKUHUAArd ctabuil OopOWTaJapHUHT KEHTAWHIIN
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AHUKJIaHTaH;

wik 6op SgrA* xopa VYpaHuHr aTpoduaa ainaHa€TraH IUTa3MaHHHT
PENSATUBUCTUKIINTA Ba MAarHUTJIAHTAHJIWTY 3apsJIADHUHT  @XpaJUIIdra OJauo
KEIMIIM KypcaTuirad, ym0y IulasMaza 3apsja KoHeHTparmsacu 10°cu™  Ba
3appanap CoHu 3uwimrk 10™cy™ TapTHOKIa SKAHINTY AaHUK/IAHTaH;

["amakTrika Mapkasuaa SgrA* man 1500 HIBapumunsa paguycu goupacuaa
EPKUH F0JIy3 OYIIUII 3XTUMOJIM HYK OYJIUIIN KYpCaTUiITaH;

yTa MacCHUB KOpa ypajapAaH JHEPrus KPAIMIIM HaTHXKAcUJa yTa FOKOpHU
SHEPTUsUIM KOCMHUK HypJap Maiao OYIUIIMHUHT SIHTM MEXaHU3MU TaKIH(}
KWIMHTaH;

marHeTuk [lenpoys skapaéuuHuHr yta 3pPexTuB peskuMu Kaiid THIraH Ba
YTa MaccuB KOpa ypa SKUHUIA TPOTOHHMHT dHepruscu 10 5B nan opTu6 KeTum
KYpCaTUJITaH;

wik Oop Tamakthka wMapkasugaru SgrA* Kkopa VypagaH -dHeprus
QKPATMIIMHUHT yTa caMapaiu pexuMa y4ud yuKa€TraH MPOTOHHUHT SHEPTUSICH
10°°5B  TaprubOuga OSKAaHIUIK KypcaTwWirad, Oy OHEPrus KOCMHUK HypJap
SHEPrUsiC CIEKTPUHUHI TH33a COXacura MOC KeJMIIM Ba Oy coxazxa 3appaiap
OKHMMHM CE3WJIApJIN KaMaluIly Ky3aTUJITaH;

Paiiccuepa-Hopuactpem-ne-Cutrep Kopa ypach COSICM ya4aMu  Y4YyH
aHAMUTHK Udoaa OJIUHTaH;

Wik Oop Iia3Ma MyXUTUIAru aijlaHyBuUd Kopa ypajap yuyH EpyFIMKHUHT
IPaBUTAIIMOH OFMIIM Ba YHUHI KYyTOJIAHWII BEKTOpUHHMHI Dapaneil Oypuivmm
Vpranuirad Ba Ky4iId XamJa Oup KMHCIM OyJIMaraH ruiasMa y4yH €pyFiuK OFHIL
OypyYaruHUHT aHAJUTUK U(OJACH TOMUIITAH.

TagKNKOTHUHT aMaJIMil HATHXKAJIAPH KyHuaaruiapaad noopar:

yTa MaccMB KOpa YpaHUW IOKOPH BSHEPIrusUlM KOCMHUK HypJiap MaHOacu
cudaruga UnaTHO Kopa YpaJlapHUHT MapaMeTpiiapd KuWMatriapura JIMMHTIIAp
OJIMIIIZA STHTU YCYJI TaKJIu( dTUITaH;

yTa I0KOpHU SHEPTUSIIN KOCMUK HypJap MaHOACMHMHT Maccacu, Macodacu Ba
MarHuT MaiiIoHy KaOu mapameTpliiapura yerapaBuii KuiiMatiap OJIMHTaH;

yTa MacCHMB KOpa YpaHHMHI JJEKTp 3apsau KOpa YpaHWUHI AalJIaHWII
napamMeTpu MakcuMajd KUWMATMHHHT 60% Tadya VYpHUHH 0Ooca OJIMIIU
KYpCaTUITaH.

TaakMKOT HATHXKAJIAPUHUHT WIHOHYWIMJIMIM HIIJA YMYMHUW HUCOUNITUK
Ha3apUsACHHUHI 3aMOHABUW YCyJJIapu Xamja IOKOpY AaHMKIMKIArH pakaMiu
ycyJuiap Ba alropurmiiapiaH QoiasaHWIraHu, akcapusaT rpaduKIapHu YA3HUIILIA
Wolfram Mathematica pacrypuman (¢GolganaHuiraHy, OJMHTAH Hazapui
HaTWKAJIApHU Ky3aTyB MabiIyMOTJIapd Ba OOIIKa OJUMJIAPHUHI HaTHXalapu
OulaH TaKKocCaIll oJau0 OopuiiraHu, Xyjocajaap rpaBUTAIMOH KOMITAKT 0OBEKTIIap
HA3apUSCUHUHT aCOCHI XO0JIaTiapura MOC KeJIUIH OujlaH U30XJIaHaH.

TaagKUKOT HATHKAJIAPUHUHI WJIMHUHA Ba aMaJIMd aXaMUSATH. TagKUKOT
HaTWKATAPUHUHT WIMHANA aXaMHSATH JUccepTarusga uiniad Yukuirad Gpopmanism
€pnamua acTpodU3UK KOpa ypamapJaH SHEpPrusl YMKAPHIIl MEXaHU3MIIapH Ba
AJEKTPOMArHUT MAalJIOHJIAPUHU, SIKUH KEJaXaK/a sSTHTY aBJIoJ] paIMOTENECKOIIapy

10



épaamuaa Kopa ypalapHUHT COsJIApMHHU OJIMII BA rajakTHKajlap MapKa3sujarv yra
MAacCUB KOpa YpaJapHUHI TypJIA IIapaMeTpiapy XaMmJIa XYCYCHATIIAPH XaKHIa
MabJIyMOT OJIUII UMKOHHUATHHHM Oepui OwiiaH OenruiaHagu. byHpmaH tamkapu,
lanakTrka MapkasygaH KenyBUM EpPYFJIIMKHUHT PEHTIEH  TEKIIMPYBJApU
HaTWXKACUAA KOpa ypa OJJEKTp 3apAJWHUHI MAaBXYJJIMTUMIa YEKJIOBJIAP OJIMII
MyMKHUH, Oy 3ca SApOCH aKTHB rajJakTHKanap, KBaszapijap Ba Oomkamap OuiaH
OofnmK OyiraH yTa MaccWB Kopa ypanap aTrpodmuma Te3IaHUII MEXaHW3MIIapuaa
XaJl KWIYBYM POJI YUHAUIN.

TagkUKOT HATWKAJAPUHUHT aMaluil axaMuaTH yiap €paaMuaa Kopa
ypalapHUHT Maccacu, aillaHWIll, OpPUEHTAllUs, 3aps]i Ba MarHUT MalJoH KaOu
TYpAu XWI TapameTpiapyuHu 0axojall y4yyH WUUIATWIMIIN MYMKHHJIUTU OWJiaH
u3oxJjiaHaau. HatwxkanapaaH, IIYHUHTEK, TpaBUTAlMs Ky4IapUHUHT TaOUaTH Ba
JUHAMUKACUHM TaXJIMJ KWINIL, Ky3aTUII TaxpuOalapyuHHU UIUIa0 YUKHII Ba KOopa
VpanapHUHT MYKOOWIJIApUHU aHUKJAIl Ba HMJIEHTU(UKALWSA KWIWII ME30HIapu
yuyH (hoMJanaHuIl MyMKHH.

by ndona xo3upru Ba kKenaxakaard MHTEpPEpOMETPUK Ky3aTUlLIapa Kopa
VpaHUHT TapaMmeTpiapyd YYyH JHMHUTIAp OJumra é&paaM OepHIlld MYyMKHUH,
MacajaH, arap MarHuT €ku  OpaH 3apsajapy eTapiuya KaTTa OyiaraHja,
“Xoxaucanap rOpu30HTH TEJIECKONU EpAaMHUIA JIUMUT OJIUII MyMKHH

TaakuKOT HATHKAJTAPUHUHT kopuil Kuimanmm. Kopa ypanap atpoduna
actpousuk xkapa€Hiiap Ba IOKOpU DHEPTUSIM KOCMHUK HypJiap OyiHU4a OJMHTaH
HaTHXanap acocua:

Comon #ynmu wmapkasumaru SgrA* kopa VpaHuHT mapameTpiapu Ba
atpodumaru Ta3MaHUHT AUHaAMUKacu OViimya onuuran Hatwxkamnap SFB -956
pakamin ['epmanust wiamuit  ¢ouau, EBpoma WTTHGOKUHUHT CTPYKTypaBuid
xamrapManapu Ba [lompma Mwumil uaMuii Mapka3d TpaHTIapu JI0Mpacuja
rpaBUTAllASl HA3APUACUHHUHT KY4JId MaWJIOH PEXKUMHUAA TEKIIUPUII YUYH
¢doitnananunran (Ilonbma dannap akagemusicn Hazapuii ¢(usmka MapkazuHUHT
2019 #iun 8 urongaru MabaymMoTHOMacH). UnMuil HaTWKamapyuHUHT KYJTaHUIHILNA
SgrA* xopa VpaHUHT DSJEKTPUK 3apsaura uerapaBuil KUMMaTIapHU OJIMII
MMKOHHMHH O€praH;

yTa MacCHMB KOpa ypajiapAaH SHEPrus XXKPAIMIIM HAaTWKACUIa yTa FOKOPHU
SHEPIrUsIM KOCMHUK HypJIap Maia0 OYJIMIIMHUHT SHTM MEXaHWU3MHU XOPHUKIUK
omumiap tomonuman (Physical Review D, 2018, 2019; International Journal of
Modern Physics D, 2019; Journal of Cosmology and Astroparticle Physics, 2019)
rajakTUKaMH3  MapkKasujard yTaMacCMB KOpa YpaHUHT  3JIEKTPOMArHUT
XYCYCUSITIApUHH, KOpa Ypa Ba Iojay3iapapo (a3oHMHT ¥3apo TabCUpPJIAPUHU
Vpranumiga (o gaaHuITaH. Nnvuit  HaTwKanapuHUHT  KYJUIAHWJIWIIA
XOpHICCKUUHUHT 3apsjJjianraH Kopa ypa atpoduma rpaBuTarnusi (TOPTHUIIHUII)
Ha3apUsICUHU TEKITUPHUII UMKOHUHU Oepras;

KOpa VpaJapHUHT DJHEPreTUK XYCYCHSTJIIADUHW YpPraHWIL, aWJIaHUII
DHEPIrUSICHHM DJIEKTPOMATHUT 3KCTPAKLUUSIAIIHUHT aHUK YCYJUIApH, IIYHUHTACK,
IOKOPY SHEPrusii skapa€Hiap Oyilmya OJWMHraH HaTwKajlap XWHIUCTOHHUHT
YHHUBEpCUTETIapapo TPaHT KYMUTAcH JacTypiapu noupacuaa (XWHIMCTOHHUHT
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YHuBepcuteTaapapo  rpaHt  KymutacuHuHr 2019  dwmn 15 urongaru
MabJyMOTHOMAacH) Ba XOpmwiiuk onumiap tomoHuman (Physics of the Dark
Universe, 2019; The European Physical Journal C, 2019; Physical Review D,
2019; Monthly Notices of the Royal Astronomical Society, 2019) actpodusuk
KOMIIAKT HOM3OJUIAPHUHT NapaMeTpIapyUHUHT Yerapa KUMMaTIapyuHU OJIUII Y4yH
unutatTwirad. MiMuii HaTrkamapuHUHT KYJUTAaHWIHAIIN dprocdepangaru 3appadaiap
3appavanapu OWJlaH KeCUIITaH Kopa ypajiap 3HEPTrUusiCUHU YMKApUO Taluiail yayH
YMYMJIAIITUPUII UIMKOHUHH O€pras;

Paiiccuep-Hopactpem-ae-Cutrep Kopa ypacu COsICH yiI4aMy y4yH OJIMHTaH
aHaMTUK udomacu Xopwkiauk oaumiap tomonuaan (Physical Review D, 2019;
International Journal of Modern Physics D, 2019; The European Physical Journal
C, 2019; Physics of the Dark Universe, 2019; The Astrophysical Journal, 2018)
KyJulaHuiarad. VMU HaTWKalapUHUHT KYJUIAHWIWIIW 3apsiid 3appaJlapHUAHT
MarHuTJIaHTaH KOopa ypa arpoduaard Xapakariapy Ba TETUIIUIM KBa3WB-IaBpUN
ocruiIsiuUsIiap, 0ab3u OUp IOJIAY3/1ap Maccacu TapTHUOMIard MUKpOKBaszapJiap Ba
KOpa YypaJapyuHUHI Macca, alJlaHWIl [apaMeTpu Ba MArHUT MaWJOHJIApUHU
aHUKJ1alll UMKOHUHU Oepras;

mia3Ma MYyXWUTHAArd aijlaHyBuUd Kopa Vypajlap Yy4yH EpyFJIMKHUHT
IpaBUTALIMOH OFUINM Ba YHHUHT KyTOJaHuIl BekTopuHUHT Dapaneid Oypuiuiiu,
Ky4Id Xamjaa Oup >KUHCJIM OyiMara jiasmMa yuyyH EpyFIuK OFUIll OypyarduHUHT
Tormwirad aHanuTuKk udomacu SGS/12/2019 pakamm Cunesus yHUBEPCUTETH
rpantu Ba 14-37086 pakamnu ['paButanmst Ba actpodusuka AnbpOepT DHIITEHH
MapKas3¥ TPaHTH JoUpacua Ba XOoprkiuk onumiap Tomonuaan (Physical Review
D, 2018, 2019; Astrophysics and Space, 2016; The European Physical Journal C,
2018, 2019; International Journal of Modern Physics D, 2018; Modern Physics
Letters A, 2018; Monthly Notices of the Royal Astronomical Society, 2016)
miasMajgaru  Kopa  VpaJapHUHT  ONTUK  XYCYCHSITIAPUHU  YpraHuiija
doitnananunrad. MamMuil HaTWXKanapyuHUHT KYJUIAHWJIMIIM IUJ1a3Ma TpaBUTALMOH
JVH3AJMaHUII TabCUPH, IUIA3Ma KOpAa YpaJapHUHT COsUIapH, OWHIITCHHHUHT
TOPTUIIMIN Ha3apusCd Ba TOPTUIIMIIHUHT MYKOOWJI HazapusUIapuHU HIILIa0
YUKUIII UMKOHUHU O€praH.

TagKuKOT HATWKAJAPUHUHI  anpodaumsic. Maskyp  TaaKuUKOT
HaTWXanapyu 8 Ta Xajlkapo Ba pecnyOjuKa WIMHUI aHXyMaHIap/a MyXOKamaJaH
YTKa3WITaH.

TagKuKOT HATHKAJAPUHUHT YOI ITWITaHJUIH. Jlucceprauus mMaB3ycH
6yiinua 22 Ta WIMHI WIUIAp HAUp KWIMHTAH, IIyJIapiaH Y30eKHCTOH
PecniyOnukacu Onuit aTTecTanus KOMUCCHUSICHHUHT JOKTOPJIUK JHUCCEpTaIUsIapu
acoCui WIMHI HaTWKaJTapyHU YOIl 3TUILl TABCUS STUJITAH WIMHUN Hampiapaa 12 ta
WJIMUI MAKOJIa XOPWKUH KypHAIIapAa.

JluccepTauMSIHUHT TY3WJIMIIM Ba Xa:XKMHU. Jluccepranus KUPHUII KUCMH,
TypTTa 000, Xynoca, Qoiimanmanwiran anaduériap pyiixarumgad uobopart.
JluccepTalustHUHT XaKMH 216 OETHU TallIKKUIT dTaJIH.
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JUCCEPTALUSIHUHI ACOCUM MASMYHHA

Kupum xucMmuia yTKa3wiran TaAKUKOTIAPHUHT JA0JI3apOJIUTy Ba 3apypartu
acocllaHraH, TaJAKUKOTHUHT Makcaaud Ba Baszudanapu, oObEKT Ba MpeaMeTIapu
TaBCU(IIaHTaH, pecnyOIrKa (paH Ba TEXHOJIOTHUSIIApU PUBOXKITAHUIIIMHUHT YCTYBOP
UYyHAIUMIUIApUra MOCIWTHA KYpCaTWITaH, TAAKUKOTHUHT WJIMHUN SIHTWIMTH Ba
amManuil HaTwxkanapy 0a€H KWIMHIAH, OJMHTAH HAaTH)KAJIADHUHT WIMHI Ba aMalHii
axamMHuATH o4unO OepwiiraH, TaJAKUKOT HATWXKAJaApUHU aMaIMETra KOpUN KHIIMILL,
Hallp OTWITaH WIIap Ba JAWCCEpTalMs TYy3WIHMIIU Oyiinda MabiIymMOTiIap
KEJITUPWUIITAH.

JuccepranustHUHT «Kopa ypa MarHuMToc)epacuHUHT
3JeKTPOAMHAMMKACH» €0 HOMajaHraH OupuHuM O000M acTpodu3uK Kopa
VpaJapHUHT SJEKTPOMArHUT XYCYCHUSATIApPUHU YpraHumra OaFuluiaHrad. Y
actpousuk Kopa ypasapHu (akaT UKKUTA mapameTp, Maccacu — M Ba alaHuIi
napaMmeTpu — a OwnaH TaBcuduaHaguran «Kepp Kopa ypacu» THIOTE3aCHHU
yprauuniad OommaHaau. bupok «no-hair» Tteopemacura kypa, OHIITEHH-
MakcBel1 TeHIJlamaiapujaH aijlaHyBYM Maccara 3ra XUCM YYyH YYWHYHU
napaMeTp — S3JeKTp 3apan Oymumum kenuO® uukanu. Kopa ypamapHuHr 3apsia
napaMeTpH oJaT/aa HoJra TeHr, Oy Xoiar 3ca Xxap KaHaail actpo@u3uk Kopa ypaHu
¥pab Typran miazMa MOJJACUHUHT CEJICKIIMOH OWPUKMACHIAH KeJINO YMKKAH
X0Ji1a Kopa Vpanap Tezna HeWTpaiamanu, aed uzoxjgaHaau. bupoxk xap xanmai
acTpodu3UK Kopa ypa TalllKM MarHUT MalJOHra KUPUTWITAH XOJJa Y3WHUHT
atpodunaru (azo-BakTHU «cyapammy (frame-dragging s dexTn), MaruuT Maiiion
YU3UKJIApUHNA OypUIIM BaKyyM Ba IUla3Maja »JIEKTp MAaiJIOHMHH BYKyATra
Kentupaau. byHaa Kopa ypa KBaapyrona 3apsuiaHaad Ba Oy AMHAMUK >KMXaTJaH
MyXuMAup. AMMO Oy 3aps]l MarHUT MalJJOH CUHTapy Ky4dCH3 Ba YHUHI SHEpPTusi-
UMITYJIbC TeH30pHu aTpodaaru dazo-Bakthu y3raptupmaiau. [y ca6adman Kepp
TUIIOTE3aCH  KyJa SXIIM Ba Yy CTaHAapt KypuHumga bousp-JIuHakeuct
KOOpAMHATaJap cUcTeMacuia Kyiunaruda udoaanaHaiu:

2
ds? = —(1—M]dt2 _ AMrasin® g+ = dr?
) 2 A

2
+2d6? +[r2 +a? +2M%sin26jsin29d¢2, (1)

Oy epna X =r’+a’cos’0 Bad=r’-2Mr+a’. XanKa CHHTYJSIPIAMK r=0,0=x/2 na
Ky3aTwiaad. 4=0 TEHIJIAMaHWUHT eYMMJIapH TAIIKU Ba WYKH TOPU3OHTHU Oepau

r,=Mx(M?-a*)"% (2)

Tamkw ropusoHT [ =r,— «Xoaucalap TOPH3OHTH» Jaenunand. by epmaru

reoOMEeTPHsI UKKU XUJI, BAKTCUMOH & /4J¢t Ba (pa3ocUMOH 6 /J¢ KWIMHT BEeKTOpiIapu

OpKaJIM XapakTepJiaHalv, yJiap MOC PaBHINIA SHEPTUS E Ba MMITYJIC MOMEHTH L
CaKJIaHUIIMHHU Udoaanaiu.
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Tabuniiku, Kepp ¢azo-BakTu Tamiku MarHUT MaiJoOHAa CTallioHap Ba
aKcuajd CHUMMETpPUK OynuImuHM XaM Haszapaa Tyramus. lllynman xemu® 4uku6d
KuuiuHr TeHrnamMacuHu Ky#uaaruda €3UMIMMMH3 MyMKHUH: &, +&, =0 Ba YHUHT

QJICKTPOMATrHUT MaﬁﬂOH Y4YyH CHHUMHU 3Ca
- u u — B — B 3
A= le(t) + C25(¢)’At - E(gup +2ag, )1 A¢ - E(gw + 2agt¢): ( )

kypunuiga uponananany. [lllyan scnatu® yTumm Kepakku, Kopa YpaHUHT A

OunaH OepuiraH KBaJApYyMOJd 3JIEKTP MaWJOHM, MAarHUT MaWIOH Kyd YU3HUKJIAPH
OypIUIIMHUHT HaTkKacuaup. (3) TeHrIamanapiaru UKKUTa TEHIJIama
ACCHUMTOTHK MArHUT MaWJOH y4yH ojinHrad. lllyHra Kapamai, akcuaja CUMMETPUK
Kopa ypa arpoduaa MHIYKIHUSUIAHTaH 3apsjiap Xucooura manao OYIyBYH SJIEKTP
MaiJI0H XaM MaBxXyJ Oynaau.

bupunun 0600, NIYHUHTAEK, TAIIKM MarHUT MaiJoHra >KOMIalITUpUITaH
alllaHyBUYM Kopa Yypa arpoduiard 3apsajaHraH CHHOB 3appa XapakaTura
AIIEKTPOMATHUT HYPJIAHUII PEAKIUSCH — TAbCUPUHU YpraHuIl OujiaH JaBOM 3TaJIH.
Kyn acrpodusuk xkapa€Hiapia TallKd MarHUT MaWJOHTa IKOMIAIITHPHITaH
(«6oTupunTan») ned xucobmaHaaural Kopa ypa arpoduua 3apsianrad 3appajiap
XapakaTuaa ro3ara KelaJuraH CUHXPOTPOH HYpPJIAHMIILJIAPHU XHUCOOTa OJIMACIIHK
MYMKHAH 5Mac. 3apsijlaHraH 3appaHuHr SrpuiaHraH ¢a3o-BaKTIard XapakaTu
KyWJlard TEHr1aMa OpKajiu aHUKJIaHaIu:

un 2 2,1 2,,v
Du :ngﬂuvﬁLZq D u2 +uu D LZI
dc m 3m\ dr Y odr
2 2

q A v A 2q ny
+—(RAU*+Ruu’u” )+ =— f*u 4
3m( A AV ) m ( )

tail Z'v !

Oy epna oxupaa Oepwiran f wHTerpan Kyitnmarnya ndoaaaaHaiu;

+
T

o= ] b6 @, uudr (5)

u - = — —
Oy epma u g 3apsa Ba m MacCalld 3appaHUHT 4-TE3JIUTH. F.=A,—A.
3JIEKTPOMArHUT MalI0H T€H30pH, Oy epaa A, — TallKd MarHUT MaiJOHHUHI 4-
BEKTOp MOTeHIHanu. R*— Puuunm TeHzopu, G, keunkyBun ['puH ¢QyHKUIMSICH

XaMJa ~ WHTerpajd  3appaHUHr  AyHE  YM3uFM Z  Oyiimya  OJIMHAIH,
ABHUU" (1) =dz" (7)/dr. Juccepranusiga KypcaTUITaHHEK, YJIEMEHTap 3appadanap

yuyH Puyun TepMUHUHU BakyyM XoJuAa XHcoOra oJMaciuK MyMKHH. MacaiaH,
10 Kyém maccanu kopa ypa arpoduuaru rOpu30oHTIA «IyM» Kyd Ba TPaBUTAI[MOH
Kywiap HucOaTh TaxmuHaH 10 ra tenr. llynmait kim0, acTpou3uk Kopa
Yypanap arpoduna dSIEKTpoHJap Ba mporoHysap xapakatu JlopeHu-/lupak
KOBApUAHT KYpUHMILJA XK upoaananumu MyMkuH. Llynnai kunu6, Jlopeni-
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Jlupak TeHIJIaMacu TallKK Kywiap WYK OYyiaraH XoJiga Te3JIalllTUPYBYH,
KoopauHatanap OVimda yuuHum mapaxamu xocwianu LErr xaguau y3 wuwra
oJlaid. br3 TamK¥ KyWwIapHHHI YYUMHYM Japakald XOCWJlara ira XaJJlapuHu
y3raptTupu0, TEHrJama JapaXacMHU CE3WIApiau Jlapaxaaa NacalTHpUII
MYMKHHJIATUHU Kypcatauk. by epaa Jlupak accCUMTOTMK — [IApTH  KWIHO

Du*

d—leZO OJIMHTaH. Y XOJIJa XapakaT TEHIVIAaMAaCHMHU Kyuujaruda E3ulIuMH3
T

MYMKHUH OYJ1aiu:

i 2
DU” _ 9 oy +2i(|:ﬂ<jﬂuﬂuﬂ +d(Fer/+F F”u"u“)u"j, (6)

drc m 3m m wee

Oy epla HyKraaud Bepryil OWIaH KOBapHaHT KOOpJAUHATalap XOoCUJallapH
Oenrunanrad. (6) tenrnama Jlangay-JIudiuumiy TEHrJIaMacMHUHT KOBapHaHT
KYpUHUIIM OYnuO, HMHEpUUs NPUHLMIINIA MOC KEJIyBYM HWKKMHYU TapTHOIU
muddepenuman  tenrnamanup. buz  Jlopenu-upak Ba Jlanpmay-JIudmmn
TEHTAIAMAJIADUHUHT UKKAJTaCUHU XaM MHTerpaiad, Oup Xuil HaTHXKaJTapHU KYira
kuputamu3. Jluccepraumsna TpaekTopusiapra ‘kaBo0 OepyBun” (6) AMHAMHK
TEHIJIaMaJIapHU MHTErpajllall yCyJulapu TaKJIWM STWITaH. XyCycaH, 3KBaToOpHall
XapakaTAard 3apsijiy 3appaHuHT “OXUpru Takaupu” (Kopa ypara TylIaauMH €Kd
cTalOui aillanma opOuTara TylmiaJuMu) TalKy JIopeHIl KyYMHUHT OpUEHTAIUsICUra
OOFJIMKJIUTH KYpcaTWJIAW, >KyMmJlaJaH, 3appaHUHI HYpJIaHWII pPEaKuus Kydu
MYBO3aHAT pajguycu arpoduuaru xap KaHjaad TeOpaHUIIHU cYyHIupanu. byHnax
TallKapy, paguanus peakuMscu Kydd MarHuTJIaHraH Kopa Yypa arpoduiaru
TapTUOCU3INK  JapaKaCMHM  Kamaltupumra oaub kenad, Oy KOCMHK
Ky3aTUJIQJUTaH Typiu OOBEKTIAp aKpeIHMOH JAUCKUHUHT IIAKJUIAHUIIN KaOu Oup
He4a MyXHUM HaTikajapra onnd 6opaau. bus, myHuHraek, m maccanu ( 3apsuiu
3appaHuHT M Maccara Ba B MarHuT MaiJioHra sra Kopa ypa arpopuiaru xapakatu
YU4yH COBHMII BaKTHMHHU XHcoOiaraHMu3. bapya goumwuiiniap KHUpUTHUIMO, 3apsiuiu
3appa yuyH “‘COBYII BakT IKajgacu’ Kyhuaaru (7) udoaana KenTUpUIraH

2GM ) 3m%®
Tcoolingz(l_ rCZ j 2q4Bz' (7)

Huccepranmsna MyxokamMa KWIMHTAHUAEK, pean mapoutiapaa JlopeHn
Ky4Yd TpaBUTAIIMOH Kydyra HuUcOaTaH JOMHHAHT XxucoOmananu. Kopa ypa skuHuma
“coBumn BakTh Kamasau. Kyhnpmaru 1-xkanBanma 3i€KTpOHIIAp, MPOTOHJAP Ba
TyJla MOHJIAHTAaH TEMUP SAPOJApU yYyH MArHUT MaAWJOHHUHT  TypJu
KHIMaTIapuaard “‘COBUII BaKTH KHMMAaTiIapy KEJITUPUITAH.
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1-sxkaaBaj

Maraut MaiJOHHUHT B Typ/id KUAMATIapy Y9IyH 3JIEKTPOHIIAp 7, , IPOTOHIAP 7,

Ba TYJia MOHJIAHTAH TEMUDP AAPOJIapu 7., YUYH ‘‘COBMII BaKTJIaph .
Fe

B (I'c) Te (¢) "e () Tre (c)
10% 10 % 10°° 10°°
10° 10°° 10° 10°
10* 1 10% 10"

1 10° 10" 10%
107 10" 10%° 107

Maccara y4yuHYM Japaxaad OOFJIaHMWII HATHUXacuia dSJIEKTPOHIAP
NpOTOHJapra HucOaran 10" Mapra Te3poK coBuiinu. SlHa Oup TapadmaH, COBHII
BaKTH Ba OpOMTa BAKTJIAPUHU TAKKOCJIAIIMMU3 MyMKHH: HI KHYUK CTaOWII opOrTa
panuycunar,, ~4nr /¢, OIIY3CHMOH Kopa Ypanap yuyH 10° ¢ &ku yTa MaccuB
Kopa Vpanap yuyHn 10°c TaptuOaa oynamu. lllynnaii Kumub, sHEPrusi axxXpaldiiy
AJIEKTPOH KaOu CHTWJI 3appajiap YUyH KyJia aKkTyas OYVIUIIN MyMKHH.

3apsayiaHraH  3appadyallapHUHT  SHEPrusi WYKOTHUII TE3JIMTM  Xapakar
TEHTJIAMACHHUHT BaKT KOMIIOHEHTacH €pjamMuja aHUKPOK XHCO01a0 YMKUIHIIN
MYMKHH. X{COOJIaluiap HaTHXacuaa Kyiuaarura ara 0yaamMus:

d—E=—K1E3+K2Ex(r), (8)

dz

Oy epma K,=4kB® Ba K,=2kB map moummidnap Bax(t)=2kBf (t)+u’(z)/r(r). By

TCHIJIaMAaHUHI aHAJIUTUK €CUNMU KYﬁHﬂaFH KS"pI/IHI/IHII[a TONNUINWIINA MYMKHH:

K2X<‘[>
E(r)- =e - 9)

(1+2K1Ei2j.e1’2|(2x(r’) r']z
0

T

Oy epma X (r) = J-X(r)dr .

0

Xapakar TeHIJIaMaJapWHM COHJIM HWHTETpajUlaliga HypJaHWIl opOuTasn
KCHTaWWIMUHUHT SHTY 3¢ dekTaapu Tonwiad. HypranumHuHAT Tabcupu Tyhaimm
3apsJIIaHTaH 3appaHUHT CTaOWI alijaHMa XapakaT paJuyCH MarHUTJIaHTaH Kopa
YpanaH Tamky Tapadra CWDKUIIM (KaTTajamumu) kypcatwigud. by sddexr
YeKCHU3 Y3OKJIMKIArd Ky3aTyBY4d yYyH 3appada UMITyJIbC MOMEHTH Ba
SHEPTUSACHUHHUHT OlWImHra onaud kemaau. byngan Tamkapu Oy  kabu
OpOUTANApPHUHT KEHTaWWId MarHuT MaWJoH KOHGUTypanuscura OOFIHK
AMACIUTH XaM KypcatwiraH. AMMO y (dakaTruHa Kopa ypajaH Tamkh Tapadra
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nynanran Jlopeni kyuu OViarad xoJjapaa naijgo 0ynaau. by maprnapaa qLB>0,
Oy epna q — 3apsAn Ba L — WMIYJIC MOMEHTH Xamaa B — Talikdu MarHUT MaiIoH
uHAykcusick. HypnanumHuHr  opOuta KeHralumura Tabcupu — l-pacMia
KEJITUPUJITAH.

12 P 140 £ T 091} g _
1 P — : 0.90 -

10 - 12 e : 0.89
9 / ] 10 . 0.88
/
s ] 3 087/
/ ] 5 0.86/ :
0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000
T T T

- 001277 Lighe
00015 ", o010l | 187}

] L6} Y
0.0010 \ 0.008 \ ] L14 \
0.006 1 1.12 ~—
0.0005 — 0004/ — . —

0 2000 4000 6000 8000

O 2000 4000 6000 8000 0 2000 4000 6000 8000

' /\/\/"_ 300! £ /™~ 095 & L
11 S 250 . S pga -
10 ! j
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8t : 150 /f : 092- /
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010 u 0.055 ;‘u” F 1267
0.05 0.050¢ F 124 7
"y 0.0455 1220 7
0.00 | MANAANAANSAA S 0.040 “\. 120 \

0.035 [N ] 1188 i
~005 \ : : Y

0.030 i 1.16 A%

0.025 el 114} VAR

-0.10 =
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000

T T T

1-pacm. 3apsanu 3appaHUHT MaxCyc MarHuT MaiiioH (FOKOpUIa) Ba JUMOJb (MacTaa) MarHUT
MaiioH1a Kopa ypa arpoduaaru xapakatuaa 3appa opOuTa paanycH, YJHEPTUSCH, UMITYIThC
MOMEHTH Ba 3appa TE3NMUTH TYpPIH KOMIIOHEHTAIAPUHUHT Y3rapuiini. TpacKTOpUSHUHT
OONUIaHHII HYKTacH Kopa HyKTa Ouian Oenruianrad. HypiaHUIICH3 TPAaeKTOPHSI ITYHKTHP
KM3WJI YN3UKJIap OusaH GepuiiraH.

3apannaHraH  3appaHUHI MarHuT MalaoH (UKCHpJaHTaH Kopa ypa
aTpoduaary DJKBaTOpUaNl TEKHCIUKIATH XapakaTWaa KWHETUK HHEPTUSHUHT
JOVMHUN KaMaWWIHM, 3appaHUHT MOTEHIMAN JHEPTrHsICH OIIMINK Ky3aTHUJIaIu.
OnuHran sHeprus OWIaH 3appaHUHT YeKCH3IMKAard (E, =mc?) sHeprusuiapu

HUCOATH SHI KUYUK CTaOWI OpPOUTAHUHI >Koimammimura OOFJIMK. 3apsiijiaHraH
3appajap y4yH OHI KHWYUK CTaOWja OpOUTAHMHI TOPU3OHTIA JKyAa SKHUH
XoMmamumy OunaH Makcumai (100 % ) caMapAOpJIMKKA SPUIIHIIT MyMKHH. AMMO
100 % camapaJopJMK HWMKOHCHU3AHMP, YYHKHM OHHI KHYUK CTa0ui1 OpOUTaAHUHT
TOPU30HT/A KOUJIAMIIKUAA B — oo, Maruut Maiijon OyiMaran Xojga 3appaHuHT
OpOUTACUHU YEKCU3JIMKAAH SHI KMYMK CTaOWJI opOuTara Ky4upulaard TecKapu
MeXaHuK xapaCHHUHT (opman sddexktuBmuru 57 %. IyHu scrnatul yruin
KOM3KH, KYMUUIIMK peajl Xxojiap/a opOuTamapHUHT KeHraum 3¢ dexktn opouTan
BAaKT IIIKaJacura HucOaTaH KyJia FOKOpH TapTuoIapaa cekuH 0ynaau. bupok 6aw3u
KyWwIM MarHAT MaiJoH MaBxkyJ Oynran actpodusuk xapaéHmapaa Oy sddekr
TaKKOCaJaHaIUraH Japaxka OVJIUIIN MyMKHH.
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“CoMOH HyJHM Mapkasuaaru Kopa ypa”’ 1e0 HOMJAHTaH HUKKUHYA 000
raJlakTUKamMu3 Mapkasugaru Sgr A* nmed HOMIIaHTaH yTa MacCHB Kopa YpaHu
Vypranumra Oarunuianrad. Ky3aryB HaTwkajmapy Kopa YpaHUHI MacCaCMHU KarTa
aHUKJIMKAa Oaxoyamra épaam Oepaw: YHHHT Maccach M, 4.14x10° Kyém

Maccacura TeHr Oyinm6, Ba Oy aca R, =2GM,/c*=122x10"cu~10 cM

IPaBUTAlMOH paadycura Moc Kkenaau. YmOy 000 rajmakTuka Mapkaszujaru
PENATUBUCTUK MYXUTHHU JKyJa Karra €l Oypyak Ce3rHpJiHKKa 3ra yCKyHajap
épmnamua MCOOTIAHUITMHN KENTUPHUIIIAaH OommiaHaau. YmoOy 000 ramakThka
MapKa3ujard TallkKd MarHUT MailoHTa KOWIAIITUPUITaH ailllaHyBYM yTa MacCUB
KOpa ypa 3apsOuHUHI XAaKUKUIl 4erpacMHM TYpJIM XWJ MOJEUIap Ba METOJUIAp
acocujia aHMKIAll OWIaH JaBOM OSTTUPUIAAM. SErA™ 3apsIUHUHT uerapaBuil
KuiMaTiapu 2-kajaBaijna Kedatupwirad. JKajBanjga —KeNTUPWITaH — AJIEKTP
3apsAAHUHT Oapua IOKOpH Yerapajapy 3HI KaMHla Makcumal 3apsaara Hucoaras 10
MapTa KMYMK Ba IIYHUHT Y4yH Oy (pa30-BakT MeTpHKacura TabCup KUIManau.
bupok 3apsig MUKIOpYM KUYMK OYIuIIMra kKapamaciaH Kopa YpPaHUHT JIIEKTP
MaiJIOHU 3apsJiIaHTaH 3appaiap IWHAMHKAcUra e€Tapiiy Japaxaja TabCUp KUiaau
Ba ylap TOPMO3JNAHUII-HYpJIAHUIN EPKUHIMKHUHT  y3rapummra  Kapab
Tekmupuwiuim MyMmkuH. LlyHUHT yd9yH naumccepTanmsana Kopa ypa 3apsauHH
Ky3aTyB OpKaJdM TEKIIUPHUIIHUHT SHTH YCYJIM Takin(] KUIUHTaH. AKKpeuus
HazapusICHAa Kopa YpaHUHT siHa OMp MyXHM XapaKTepUCTHKacH Oy 9HT KHYUK
cTabusl opOUTaHUHT xkounamryBuaup. Typau (e ,Q. <0€ku p*,Q.>0) 3apsaanapaa

OHT KMYHUK CTaOMiI opOuTa r=3r, AaH r=1.83r, raya Ky4uimx MyMKuH. by addekr
aljaHuIn TapaMerpu  a, =0.64 Oynran xongaru 3(pQext YpHUHH OOCHUIIH

MyMKHUH. Bynu Sgr A* HUHT ailaHuin napaMmeTpiapuHu XucoOual Mojeiapuia
XHCcOOTa OJIMII MyMKHH.
2-maaBaj
["amakTrka Mapka3ugaru yTa MacCUB KOpa ypa 3JEKTP 3apsIAMHUHT TYPIU
yerapaBui KMMMaTiIapu

Kapaén Yerapa H3ox
M
—_ 8 .
P Ba € maccanapu papxu Qqy =3.1x10 (WJ[@ Typryn 3apsn
II Q" =6.16x10° _ M. K H
POTOHJIAp aKKPELHACH max = 0 IX10°M_ OTYPFYH 3apsijl
. 5 M,
DIEKTPOHIIAP aKKPEIHUACH Quax=3.36%10°| ————— |Kx HotypryH 3apsig
4x10°M
i M. )(B
Marde T MauJIon Ba kopa Q™ <10* [ - } ( ext jK/z TypryH 3aps
ypa aiiJlaHuII napamMmeTpu 4x10°M | \10G
o theor 6 86x1026 M- 1 ~2K/l
OKcTpeMain Kopa ypa Q. =6. W —ad, IOxopwu uerapa
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Yoy 606ma, myHUHTACK, ['alakTuka Mapkasujaaru awinanyBud Sgr A*
Kopa ypa XycCycHSTJapy Ba YaKHAIl HyKTaJIapu AMHAMUKACU TaxXJIMJI KUJIMHTaH.
Axuanarmaa GRAVITY@ESO ramaktuka mapkasumard yTa MacCHB Kopa ypa
TPaBUTAIIMOH paauycu aTtpoduma WHOpAKU3WI coxara SKUH 2.2um TYIKAH
Y3YHJIUTUJATK Ky3aTyB HaTWKaJapUHU JBJIOH KWIAM. YakHaml HyKTalapUHUHT
Tabuath Ba KenuO 4YWKuIl cababjapy HOMabJIymMiauruda KoiaMmokaa. Kym
TaXMUHJIapra KapamaciaH yjap HCCUK MAarHWTIIaHTaH OKUM JUHAMUKACHUHHHT
y3rapumii Owian OofnuK. by Xoaucanu TYHIYHTUPYBYM (EHOMEH OpaIuK
xonucanap €xku Ky€marn kabu MarHUT Kyd YU3MKIAQPUHUHT KYUIWIMIIWAIAH
xocusl  Oynmaauran  PeHTreH  vakHamapu €KM  MarHUTOTHUAPOAMHAMHK
HOTYPFYHJIMK OWjIaH OOFJIUK OVIIUIITN MyMKHH.

boimika TOMOHJaH, MarHUT MalJOHIAa MAaBXKyJ Xo0Jiia IUIa3MaHUHT
PENSTUBUCTUK XapakaTH, IUIa3MaJard 3apsyjiap MNapyallaHuIli Ba YMyMUH
3apsyiiap 3UWIMTHUHUHT OpTUIIMra oiu0 keinaau. Talmkyu MarHuT MailioHza
mjaa3Ma XapakaTu OwsiaH OYyJiraH XapakaTjJaHyBUM CaHOK CHUCTeMacuia >SJIEKTp
MalI0H KOMIICHCAMsICH Oy 3apsaHu ommpand. SgQr A* sSKUHUAard MarHWuT
MaiiioH wuHAYKIuacu 10-100 I'c ne® Oaxosanran. ['opu3oHTan KyTOJaHUIL
JICBOPJIADUHUHT  SIKMHJA Ky3aTWiraH EpyriuK 4YaKHAIUIAQpUHUHT — OpOuTal
JIaBpiapyd OWIaH TaKKOCJIAHAQJWTaH BaKT IIKaJacu OuWjaH Ky3aTUIUIapu
XapakaTiap OpOWUTacH TEKHUCIUTUra TMEepIeHIUKYIsIp MarHuT MalJOHUHUHT
nyHanmumuHau Ounavpanu. ByHMHr HaTwkacuia, peIsiTUBUCTUK opOuTanapia
alllaHyBUM 4YakHaml OwiaH OOFIMK OYiaraH HyKTajlap IUla3Majiard 3apsjyiap
OYnmuHUIIM Ty(aili yMmyMuii 251eKTp 3apsra ara 6ynumum MyMmkuH. LlyHuHr yayH
ou3z mumcceprammsina Sgr A*  arpodumarun yakHaml KOMITOHEHTAJIAPUHHHT
JMHAMHUKACUTa Ba XYyCYCHUSTJIapura »>JEKTPOMArHUT MAaWJOHHUHT TabCUPUHU
Ypra"auK.

AcocaH acTpOMETpPUK XaTOJMKJIap Ba TYJIUK OyaMaraH opOuTan KaMpoBHU
cababnu ro3ara KejajuraH YJI4OBIArd XaTOJUKJIAPHM XHUcOOra oJiraH XoJijaa
JlopeHI] Ky4MHUHT KaTTaJUIUra, WCCHUK KOWIAPHUHT BJIEKTP TOKUHU Ba aHUK
3apsii 3UYJIUTH OujaH OOFJIMK YEKJIOBJIApHU KYsMH3. YakHail KOMIOHEHTalapu
OWpIaH KWYHMK OyaraH xoima  3apsa Kaimartiapu yayH 10°'°Kn  dekioB
JUMHTIApU OJNUHAW. By maasma KOIEHTpalMsICHHUHT 10°CMm ~° TapTHOmaru
KAWMaTUra MOC Kenmaau. Xo0yKH, mia3Ma 3uamrd 10°° cm ~° taptubuma. Mccuk
HYKTa JMHAMHKACWTA DJEKTPOMArHUT MaWJIOH TabCUpPU WITAPUTH HIUIapaa
xucoOra onuHMarad. XycycaH, SJEKTPOMArHUT MalJioH Sgr A* alaHUIIMHUHT
yiuaMura KaHaai TabCup KWIWIIA MYMKUHIUTUHUA KYpub unkauk. Kopa ypanunr
HOJM OYynMaraH KUHYMK 3apgara j3ra OYJWIIM YHUHT arpopuiard MarHuT
MalJIOHHUHT Oypanu0 KOJUIIWra yXIaraH Xojaucara ojaubd kejaau. 2-pacMja
Takiud KWJIWHTaH MoOJENbh OujlaH opOuTara TYFpU KeJaguraH HaTuxazap
KYpCaTUITaH.
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2-pacm. Yanma: GRAVITY ToMoHMIaH Ky3aTW/TraH ydTa YakHaILiapaa opOuTa-maaBp
MyHocabartu, 22-utoinja (kopa), 27-maiga (Ku3wi) Ba 28-utonga (KyK). 4.14><106M® Maccaniu,
alllaHWII TeKUCIIUTUTA TIEPICHIUKYIISIp TalllKi MarHUT MaiiioHra xoinamrupuwirad Kepp xopa
Yypacu artpoduaa aimaHyBYM 3apslaHTaH KaWHOK HyKTa OwiaH MocnamTupuirad. B=0
(y3nykcn3 umsukiaap) cod Kopa ypacura TyFpu kemaam, B=*1.5x107 6ynran xonma Jlopenn
KYYMHHHT TPAaBHTALMOH Kydra HUCOATWHU Owimupand. Ydra YaKHAll HYKTJIApUHT ypTada
Kuiimatu B =-3x107 Oynra" xojira TYFpu Kelaju. Vurna: xuunk WHIYKIUSJIAHTaH 3apsjra
ara Oyiran Kopa ypa ydyH HaTHxanap.

boGna, 1mIyHuHTHEK, TalakTUK MapKa3 Kopa Vypach SKHHHIATH
XapakaTIaHyBud I0JAy3 VpraHnwiraH. [amakTuk Mapkasgard SIpOBHH HOJIY3
kjactepu ["aakTukagary SHT 3U4 I0JAy3J1ap Tyaanapuaad Oupuaup. YHUHT WUKU
KHUCMUJAry 10Jay3jiap Oup Heya MUHT KM/C OpOMTall T€3JIMKIAa YTa MacCUB KOpa
ypa Sgr A* atpoduaa aiinanaau. B tunumaru S2 ronmy3 X03upru KyHJaa yMyMUN
HUCOMIUIMK Ha3apusick Ba OOIIKa TpaBUTAlMsS Ha3apuUsUIApUHU  IOJAY3J1ap
opbutacu épaamMuaa TEKIIMPUO KYPUIL YUYH SHI MakOys oObekTaup. bupok ~ 16
HuMk opourtan naspu Ba ~ 0,88 KMUWMATIM SKCHEHTPUTETH ~ 11' TUK NEPULIEHTP
CWDKUILIUTA OO Kelaau Ba Ky3aTyB HYKTau HazapuaaH TypJid Fala€Hiap CaHOK
cucteMacu OuiaH OOFJMK KUAMATIApHU aHUKJAIl Mypakka® Oynran xomnnup. by
MyaMMOHHU XaJl KWJHUIIHUHT COAJa YCYJUIapUAaH OUpHU KUYUKPOK TMEPHUTeTHi
MacodacuHu 00CHO YTaaurad HOJIy3JapHd TONUIIIMP: r, <1529 [IBaprimmiis

pamuycu (120 a.6.). [ucceprauusHuHr ymOy 0o0uaa  rOJIAYy3JTapHUHT
PENSATUBUCTUK  opOuTanapuia IOJAY3JTapHUHT TOMWIWII OSXTUMOJIMA  KyJa
kuunkiuru kypcarunrad. lllynra xkapamacman, Oy coxagaH YTyBYH HOJIAY3JIapHU
aHUKJAl MYMKUH. bu3, IIyHUHTJEK, KaM ydpalWJuraH COXaHH KecuO YTyBUH
IOJITy3HU aHMKJIAIl 3XTUMOJIM Y4yH oA (hOpMyJaHU TaKAUM STIUK Ba HOJIIY3
HOEO coxada, SbHU Ky3aTyBUMJap YYyH «KYTHUID» BaKTHHHM KypcaTaJurat
TaXMUHUN BaKTHHU TEKIITUPIUK.

Hucceprauusinuar «Kopa ypajgap yra 0OKOpM JSHEPrusijii KOCMHMK
HYpJapHUHI MaHOanapu cudaruaa» 1e0 HOMIIAHTaH Y4YUMHUYM O00M Kopa
VpallapHUHT alIaHUIINJIAH STHTU JICKTPOMArHUT SHEPTUSHU YUKAPUO OJUITHUHT
yTa 3P PeKTHB PeKUMUHU IAKIUIAHTUPHIL Ba YHUHT YTa FOKOPU dHEPIHUs. KOCMUK
HYpJapyHU TYUIYHTUPHUIJIAa KyJUlaHWIIWMra OarunuiaHradH. Ym0y 0600 kopa ypa
TEPMOAMHAMMKACUHUHT ~ aCOCHI  TYyIIyHYajapu Ba  DSHEPITUs  YUKApHII
MeXaHU3MJIapu OWJiaH OOFJIMK WIIUTAPHU YpraHUIIIaH OomIaHaIu.
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Kepp kKopa ypa reoMeTpUsICHHUHT HI' KU3UKApiu XyCyCUsATIapuaaH Oupw,
Oy — mMaccacu M Ba ailJlaHUII TapaMeTpu a OYyiraH Kopa ypa xamaimaijuraH
DHEPTUSATa 3ra SKAHJIUTHHH aHTJIATaIuraH TEPMOJAMHAMHK JHTpomnus S, OwiaH

KOpa Yypa Xoaucajiap TOPU3OHTM A, MAWJOHHU Opacuja TYFpPUIAH-TYFPHU

YXIIANUIMK MaBXKy IJTUTUAND:
1

S, hc® A, Mc? a V2
E = / H™ = / c'= 1 /1— — : 10
" 4nGh, 167G° V2 " [M j (10)

DKcTpeMall ailJlaHyBYM Kopa ypa yuyH Oy ymymuil 3HeprussHur 71% wuHu
TAIIKWI 3Tajiu, KoJrad 29 % — aillaHuII SHEPruscy Ba LIYHUHT YUYyH YHHU aKpaTHO
omam mMyMmkuH. IOnmy3 maccacumaru Kopa ypamap ydyH Oy sHeprus 10% 5B
TapTuOna Oymagu, M =10°M_ Maccaiu yTa MaccuUB Kopa ypamap ydyH y 10™ 3B
TapTuOUga OYnuO, yIapHU oOJIaMJlard SHI KaTTa »JHEpPrus 3axupaiapura
annantupaau. Iy cababmnu, Oy yiakaH MaHOaHU KyJa camapaiu Tap3/ia aXpaTHIll
KylJa MyXuM. AMNnaHyBuM Kopa ypa arpoduua yHra TymaérraH 3appadyaHUHT
napyaJlaHuIIMHU TaxJuWil KUiIub, Kopa ypanapjaaH 3 Ta — MacT, ypTa Ba IOKOpHU
DHEPrUsl @KPAIUII PEXUMIAPUHU aXpartauk. JKapa8HHUHT caMapaaopiuru
aXpajraH SHEPIUsIHUHT TYJla dHeprusra HucOaTu cudaruia aHUKIaHaIu.

Tankuk stunaérran mexanusMm Marnetuk Ilenpoys nponeccu (MIIII) ne6
atanaad. Maraut MaiiioH MaBxy Oyiamaranaa, MIIII Kyiin yerapacu s3kcTpemail
alimaHaguraH Kopa ypara Moc kenaauran Makcumai 3¢ dextusnuru 20,7% ra TeHr
[lenpoys xapaénura yranu. bapua 3appanap 3apsiinanran Oyica, caMapaIopiauK
Kyhuaaru udojara yraau:

o =1 (11)
O

by 9% xomma ypra MIIII pexumura MOC Kedaad Ba Kopa YpaHHHT
IPABUTALOH MHIYKIHMSUIAHTAH SJICKTP MAilIOHHHM HeHTpainaiTupamy. Ypra
pexumaaru  MIIII Oomka wmamxyp kapaénra, sbpHU bmdHadopa-3Haek
Mexanusmura (b3) yxmamaup. Mkkana xonaraa xam acocuii Man0a Kopa YpaHUHT
KBQJIPYNOJI JJIEKTP MaiaoHu OYnmuO, y CaHOK CHUCTEMaJlapUHHUHT SPraiiviig
s dexTn opKaam MarHUT MalIoH YM3UKIapuHu 00fnad typanu. lly ypunna xopa
Vpa arpodumarm rioban mjga3Ma HEUTpaUIMTM 4YeKJoBiapu cababmu B3
camapagopyiurd Ba MIIIIHMHT MybTaiWil peXUMHU YTa FOKOPU Japa)aja YCHILIH
MYMKHWH 3MACIIUTUHU TabKUJIAI KOU3. VpTa pexxumaa MIIIT B3 ra sikunnamaam
Ba Oy ’XapaCHHUHT COHJIM CUMYJISIUsIIapUIa yTa IOKOpH camMapaJopiuK HHUMa
Y4YH Ky3aTWIMaraHJIUruHU TYUTyHTUPAIH.

MIIITHUHT yYnHYM Ba SHT caMapalid peXUMH MaBxya 0ynuo, y 6ab3u Oup
MyXHM HaTHXKajlapra oju0 KelaguraH ajoxuaa dpTuOop Tanad xuimamu. Kopa
ypara TylIIyBYM HEWTpaj 3appaiap HKKWA 3apsyuii Oyiakka OYiIMHTaH XoJijaa
camMapaJIopJIMKKa MyXUM XHUCCA KYILIAIu:

15 = 4 (12)
DneKTpoHJIap Ba MPOTOHIAP KaOW AleMeHTap 3appajap yudyH ¢/m Hucoar
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KyJla karta 0yinub, y camapalopJIMKHUHT YIKaH KHAMatTiaapra SpUIIAIl KIMKOHUHA
Ooepagu. by MIIIIHun 3appamap axpaiuimy YydyH VTa HOKOPH DSHEPrUsHU
TabMUHJIAUAUTAH yJIbTPA PEKUMHH BYXKyAra Kearupaad. Maraut mainonn 1 I'c
atpoduma Oynranma€k camapagopimk 100% man ommO keTagu. DIEKTPOHIAP
xoymaa 3ca 1 mI'c MarHuT MalOHU Y4YyH IIyHAAWd HAaTHXKara SpUIIMII MyMKHH.
yHu anoxuaa TabKUAJANl KEPaKKH, JIEKTPOMArHUT TabCcuUpiap sprocdepaHu
r=2M TEOMETpPHK 4erapajaH Tamkapuma (aoa paBuIlga KeHrautupamn. SnHU
MaH(UN SHEprus opOUTANapH caMapaJOpiIUKHU OMIMPAIN Ba Kapa€H HILIAIIN
yUyH KeHrainb 6opa€Tran KeHr Xyayajiapaa MaBxy Oyiaau.

Vra okopu pexxumaa MIITHUAT KU3UKapau KyJUlaHUIUIapUaaH Oupu
IOKOpPA DJHEPrUsiIM KOCMHK HYpPJIADHUHT KEeMUO YWKHUII Ba Maimo Oyiwin
MEXaHU3MUHHM TYWIYHTUpHIIIAp. bylap Karra aapoH KOJUIaaepuaa OJIMII
MYMKHH OYyiran sHeprus <10“»B man anya karra Oynran Eppa kaig stuiarax
E>10" eV kwuitmatra sra. WMirapm KkocMuk Hypiaw (iopecaHc YIIdoBIIapH
IIPOTOHHUHI YCTYH OKMMHMHM KypcaTraH Oyica-na, Xo3upAa Kailg STuiaéTra
OKMMJIap/la apajiail TapKUOJIM SKCTparajakTUK 3apsjlaHraH 3appajiap MaBxyl.
Kocmuk HypmapHMHr CHEKTpW yiapAa ‘“‘Tu33a” Ba “Hoil nap MaBXyIJIUTUHU
kypcatanu. "Tuzza"marm ~10°°5B oHeprusua OYnaraH KOCMHK HYpPJIapHUHT
TJIAKTUK yTa SHIU I0JAY3JIapHUHT MOPTJIALIapUIard 3appajap OKUMUAaH Keauo
YHKUIIM aHMKJIaHraH Oyica-mga, "moi"marm — 10°°3B opamurugard OKAMHUHT
Ce3Wsiapiid Jlapaxaaa mnacaivimm OyHAall 3appanap MaHOacu OOLIKaJIWITMHU
kypcaramu. KynruHa tagkukoriaap 10°°3B 1maH FOKOPH SHEPTUSIM  KOCMHK
HYpJApPHUHT 3KCTparajakTUK KeJIuO YMKUIIUHU TabKUajaca-aa, “Tu3sa’” Ba “mon”
opacuJarv HEPrusuIl Hypiap KeauOd YMKUII TaOuaTH XaMOH MyXxokamaja O0yiuo
KOJIMOK/A.

IOxopu »sHeprusii KOCMUK HYpJapHU TYIIYHTUPHUIN YYyH KyIIuM4a
yiuamnap, JlopeH!] MHBApUAHIIUSICUHUHT OY3WJIUIIM, SHTU 3K30THK 3appadaiap
MaBKY/UITH KaOu GHMp KaTop Mojesuiap Takanud STHIAN. YTa I0KOPH SHEPTHSIIH
KOCMHK HypJiap TEe3JalIUIl MEXaHU3MJIapH Opacuja PEISITUBUCTUK JKITIAPHUHT
mIa3Macuaard peasSTUBUCTUK 3apOaylap Mojenw SHr MakOyn ned XucoOJiaHTraH.
SIkuHIa OJIMHTAH HATIDKAJap Ba XUCOO-KUTOONAp MIYHHW KypcaTaauku, 0y MOJENb
sapba Tesmamyu 10 5B gam roKopw OYiraH DSHEPrUSUIM IIPOTOHJIAPHU
TYLIYHTHpPA OJIMAAM. byHIaH Tamkapu, pean BasusATiIapAa MyKappap paBuIIIa
yTa IOKOPU DHHEPIHsUIM KOCMHUK HYPJApPHUHT MOJJa TOMOHHWAAH FOTHIIMIIH
OupiaMyu JHEPrUsHU ce3umapiu napaxana kamaitupamu. lllynunr yuyn yra
FOKOPU SHEPrUsUIM KOCMUK HypJiap Naijo OYIMIIM Ba TE3JIAlUII MEXaHU3MIIapu
aHUK dMac.

buz MIIIIHuHr sHrH, Kyga camapanud peXUMH acocuia Kopa YpPaHUHT
alJIaHUII SHEPTUSICUHU aXPAaTUIl MEXaHU3MHUHM aciid[a yTa FOKOPU SHEPTUsIIU
KOCMHUK HYPJIADHUHT TAOMATUHU TYIIYHTUPHUII YYYH HILIATAII MYMKUHIUTHHU
KypcaTauk. Askpanu® 4YMkKaéTraH KOCMHUK HYp 3appadacu SHEpTrusicuHu cudar
KUXaTHIaH OaxoJyanl ydyH Ou3 JKCTpeMasl, aCUMOTOTUK OHWp >KUHCIH OyiraH
TallKd MAarHUT MalJIOHHU KypuO YMKaMu3. YMyMaH OJiraHAa, MarHUT MaiJoH
KOpa ypa ropu30HTH AKUHUIA MypaKKkad CTpyKTypara 3ra, OupoK (a30HUHT KMUUK
KHCMHJIAa MalJIOH TaxMUHAH OMp kuHCIU 1e0 xucoOnam mMymkuH. MIIIIau yra
MaccuB Kopa ypa arpoduga HEHTPOHHUHT OeTa-TapyajaHUIINra KyJUlall OpKain
O0u3 OeTa-mapyalaHMIl HATHXKACUAA AKPATUO YMKKAH MPOTOHHUHI SHEPTUSCHHU
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OJIaMHU3:

-1
Ep:1.33x102°ev(3]( mJ ( ? j[ lVI j (13)
e\m,, 10°G )| 10°M
0y udomagan M ~109M@ Maccalld Kopa ypa Ba B~10'7c MarHMT MaiaoOH y4yH
axpanran npotoH sHeprusicu 10%° 5B mam ommmm Kysatwiagd. MoJenHHHT
MyXUM JKOMM IIyHAAKH, Y KOpa YpaHUHT Te3 allIaHUIINHU Tanad KuaMaiau.
IOxopuna xenTupwirad >kapa€Hiap MUXTUEPUN MapyalTaHMII PEAKUUSIAPH YUyH
YMYMJAIITUPWIAIIN MYMKHH. 3-XaABalja TYypJd paJAUOaKTUB TapyajaHHII
ycyJulapu y4yH TYypad peKUMIapla DJHEPrus aXpajMil caMapaJopiIuKiIapu
KeNTUpUO YTUITaH. 3appaHUHT OOILIAHTMY DHEPrusick m,c’Ta TeHT, (OTOoH
SHEprusicH E, =2m,c’ ra TeHr /1e0 OJIMHTaH.

3-KaaBaJj
Maccacu 10M , aitnanumn napamerpu a=0.8M Ba 10* ['c maraut maiigonra sra

OyaraH Kopa ypa y4yH paJluOaKTUB EMUPWIUII PEAKIUSIapH OPKAIU SHEPTUS

QXpaTUI caMapaJOpIUTH Ba PEKUMH.
EMupuuiu Peakuus TeHrJaamMacu Adkpatys- Camapanopsnk| MIII pexumn
peXKUMHU 4y 3appa p
AV A Ao 4 o Y <0 -
2 X Tr2Y T a 2824/ A I0KOpH
W Y <0 -
Av + A4 442
0. EMUPUJIHIII X5 Y o a -1 pra
. Y - y
Y N 20 Y N W
Y 1412/ A OKOpHU
f~ emMupwInII AXOS2, Y e+ e <0 -
v 0.06 nacT
Y <0 -
B emupun X T8 Y CHeT 4y e’ ~0 mact —
% <0 -
X’ 0.06 nact
Y HypJIaHUII AXO0s A X 040°
y 0.06 1actT
. - <0 —
ZKy(bTVH e P’ —>e +e € 5
nango Oymumm e 2.6x10 IOKOpH

VTa I0KOpH SHEPTrHsUIM KOCMHK HypJIApPHHHI Te3JIAIIMII JKAPAaéHW COHJIA
ycyjulapaa cuHOB KuiuHau. Kylupmarn pacMaa CoHJIM ycyJulapia OJIMHTaH
HaTWKanap Kentupwirad. Harwxanap napyanaHyBuUM 3appadyaHUHT SHEPTUACU
nacTinadku sHeprusra HucOaran 50 OapoOap KYNPOK HSKAaHIUTMHHU KYpCaTu.
qGBM

C4

Peanmuctuk xosmatnapga B= yiuaMcu3 KAaTTAMKHUHT KUWMaTd Xucoowra
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sHeprus omumy 10° MmapTaraga KuiiMarra SpHIIMIIN MYMKHH, XycycaH, 10°M_

Maccalii yTa MaccuB Kopa ypa Ba 10° I'c MarHuT MaiiloH1a MPOTOH y4yH 10" Ba
ANIEKTPOH y4yH 10 KuiMAaTra SpUIInII MyMKHH.

4t a=0.5 | B=0 ] 4- a=0.5 | B=100. 1 4°  a=0.5| B=-10000.
1 2 ] 2t
| y 07 ; | y O
1 [ | 7
-2 _2
] . |

N

-
o

|
N

4| E=09267|L=2929 -4 E=52.1995|L=433791 -4 E=-51.2728|L=-430.862 |
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
————r e - . ———— X‘ ——r - -
=1.01 m=1. ' Pi o m=001
2 |1 m 2 2|3 P
........ 1,=105.9 EI Te=2. 1,=0.001 °
N ro=4.233 : ro=1.95 1 L ne195
: .. fe=1.95 re=46.141 4§ r=1885
z 0= —:"H ] z 0 z 07 l' ]
: . P=—0.92674 pr=-0.91749 §% p=-0.00925 -
-1] /" pr20. = t p=-12.539 -1 i1 p=-0.12666
B pe=0. ] i pe=-0.0001 i i pe=0.0001
2 ps=2.92806 2! P} p,=2.89971 -2 P ps=0.02925
o 1 2 3 4 5 o 1 2 3 4 5 o 1 2 3 4 5
X X X

3-pacm. Tamku MarHUT MaiiIoH/1a JKOMIAINTaH aillaHyBYd Kopa ypa sprocdepacuian
(kynmpaHr goupa Ba aiijaHa opacuaard (pazona) HeHTpas 3appadayapHUHT (KOpa) HKKATA
3apapiu 3appavanapra (KyK Ba KU3WI YU3UKJIAp) OVIMHUIIMHUHT COHJIM yCyJijia XucoOJaHTaH
moesiapu. [TyHKTUp Yu3uKiIap 3appadaHyHT SHEPTeTUK Yerapacuuu udomananam.

Helitpan 3appaya nonuzanusicu Tydaiian yTa FOKOpH SHEPTHSUIN 3appadaiap
XOCHJT OVIIUIIT MEXaHU3MH MarHUT MailJIOHHUHT KOH(pUTypaiuscura OOFJIUK dMac.
DHI MyXUMH SJIEKTPOMArHUT MaiiIoH A KOMIOHEHTACHHMHI MaBKYUIMIH OYI1H0,
Oy KOMIIOHEHTa MarHuT MaiJoHuJa KOpa YpaHUHT alIaHUIIM XHUCOOWTra Maizo
Oynaau. MailIOHHUHT OYMK Ky4Y YM3UKJIapu OYiiyad 3appallapHUHT a)KpalHIld
TabuMii  KypuHCa-Aa, 3appadaiap yibTpa pEJIaTHUBUCTUK  Te3JUKJIapraya
TE3NATUPUIITay y MalJIOH Kyd YM3UKJIApMHU KecuOd yTaaum Ba Kopa YpalaH
UXTUEPUN MNYHANMIIAA Y30KIAIIMIIA MYMKWH. Typiid XuJl MariuT MauJoH
koH(purypanuscu yuyH MIIIIau cunoBnan yTkasuin (OuUp >KUHCIH, IUIONL Ba
KPaTyBYH MOHOIIOJb) XXPaJraH 3appa SHEPrHACUHHUHT TYIIUK YHEPTUSICH MAarHUT
MaiJIoOH KoH(purypauuscura OOFJIMK ASMACIUTMHU Kypcartau, OyHIa YyJIapHHUHT
Y30KJaluIl HyHanuuuiapu Oup-Oupunan (apk KWIMIIM MyMKUH. bup skxuHCcIn
MarHuT MaiiioH y4yH Oapya y30KJanlyBuu (Typiu OOLUIaHFUY IIapTiapra ira
Oynran) 3appajap MakcHUMall Japaxkaja KOJUTUMAIusIra ydpaiiau, MOHOIOJb
KOH(UTypalMsiard MaruT MaiJIoOH Y4yH 3appajlapHUHT Y30KJIAIIUIIN U30TPOIUK
tabuatra osra Oymamu. IllyHu Tabkumimam KOW3KH, HEWUTpall 3appadaHUHT
AacTiabKu SHEprusick Ba Oypuyak MOMEHTH YHMHI MapyajaHHIIN HaTHXKachaa
nango OyyraH 3apsiJlaHraH 3appajlapuHUHT TE3NMAMIUIIUIA aXaMUsITra 3ra 3Mac.

4-pacMJa HEUTPOH OeTa-MapyalaHUIIUIAH KeWUH aXpaind YUKKaH MPOTOH
SHEPTUSCHHUHT MAarHUT MalI0H Ba KOpa ypa aiIaHUIIM mapaMeTpura OOFIUKIUTH
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KYpCaTHJITaH.
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4-pacm. Yana: mpOTOHIAPHH TYPJIH YHEPTUATA TE3TAMTHPYBUH KOpa ¥pa Maccacu Ba MarHUT
Maiinonu yuys geknonap: 107 aB (mymkrup), GZK-cutoff 10°* 5B (y3mykcus), moit 10'°° 5B
(myxramu) and Tu3za 10°° 5B. Kk BepTuKan um3uKIap yTa MacCHB KOpa ypara Ky3aTyBIapAaH
ONIMHTaH YeKJIoBIapra Moc kenanu: Sgr A*, M87 sa NGC 1052 . BZ — maccacu 10°M o OYynran
yTa MaccHB Kopa ¥pa Ba MarHut Maiinonn 10° —10° ¢ Gynran xon yayH Moc Kenajau. YHra:

HEeNTpoH OeTa-mapyanaHuIInia naifao OYIraH NpoTOH SHEPrUsICHHUHT MAarHUT MaiJIOHIa Ba yTa
MaccHUB KOpa ypa MaCCaCUHHUHI TypJid KMMMaTiaapura OOFIUKIIUTH.

bupnaMyu KOCMUK HYpJIAPHUHT TPaeKTOpUsICH OYIad MarHUT MalIOHHUHT
MaBXYJJIUTH CUHXPOTPOH HYPJIAHUI PEAKIUACUTa Ba MAarHUT MalJOHJIAPUHUHT
ce3wnapiii Japaxaja KaTra OYIuIId MyMKUH OynaraH maHOa Xyayajiapuia
SHEPIUs AXKPAIHUIIUTa OJUO KEeNWIIA MYMKHH. ODJIEKTPOHIAp SHEPTUSCHHUHT
npotonnapra mucoaran 10° Gapobap Tespok kamaiimmm kypcatunau. Ly Gowuc,
10* I'c MareuT MaiiIOHK1a KOMIAIITAH YTa MACCHB KOPa Ypa Y4yH acOCHI KOCMHK
HypJlapy KYIPOK MPOTOH €KU MOH XUCOOJIaHAAM, 3JIEKTPOHIAPHUHT MapyalaHuLI
BaKTJIApU 3Ca KOpa ypaJaH Y30KJIalIUII y4yH eTMaiiau. bomika tapadaan, Maruur
maiinonn oxataa 102 I'c paH rokopu OYAraH HEWTPOH IONAY3M CHHXPOTPOH
SHEPrUSICMHUHT WYKOJIWII BaKTH MPOTOH Ba MOH YYYH XaM >KyJa KHCKa, LIy
cababmy OKOpU DSHEPIUsCHMHM CaKjaraH XoJjijla KOCMHK HypJjiap HEUTpOH
IOJITy3JIApHU Tanuiad KeTUIIA aMpUMaxoJl.

CUHXpOTPOH SMHUCCHUSICHUIIAH TalKapy YyTa IOKOPU HHEPTHSUIM KOCMHUK
HypJiap SHEPTUSCUHUHT aCOCHM KMUCMHUHU Kopa ypa arpoduja 3ud OYIraH MyXuT
Mo/1anapu OujiaH ¥3apo Tabcupiiapaa HYKOTHIIN MyMKHH. by XonaTna Typiu Xui
MEXaHU3MJIApHU KYpuO uukuil MyMKuH. JKapaéHHuHr kuHemarukacu MIIIIna
axpanubd YMKKAH YTa FOKOPH SHEPIUsIIM KOCMUK HypJiap 3QPeKkThB MOTEHIIUAIIA
Xa0TUK Xapakatu Ty(dailim MarHuT MalIoH Kyd 4YM3MKIapu Oyinad xapakar
kwianu. Iy Ounan Oupra, Kyuiu TpaBUTAllMOH MaWJIOHJa fo3ara KeJjaguraH
MarHuT MauJOHWHUHT Y3WIHUIIA cababiin MalJOHIApHUHT YHM3UKJIApHU Y3WUIUIIN
MYMKHH, 0y acOCMi KOCMHUK HYPJIAPHUHT Y30KJAIIMUIIl WYHAIUIIWHUA aKKpEUus
JUCKJIApU Ba JUKET TAapKAIUII XyAy[UlapuaaH TallKapura YUKAPWUIIHM MYMKHH.
bomka tomonman, MIIII na axpanub yukkaH Unuiad YUKapyBYH KOCMHUK HypJiap
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PENSTUBUCTUK  JUKETIIAPDHUHT Oup KUCMU OynuimmmM MyMKHMH Ba OyHJIa
Mmonemamtupuiaa  MIIII  ToMOHHMIAH —Te3NalIMIUIAPHUHT TabCHUPJIAPU  Ba
PENATUBUCTUK TIOKIapaan Qoiinananum myMmkuH. MIIII Oy xomarma miazma
PEIATUBUCTUK JDKETIIAPUAATU MIOKJIapAaH KOCMHUK HYpPJIApPHUHI TE3JIAllyBUHUHT
Typiu MoJeiapuaa €paaMud JBUrareiab pojvHu Oaxapuin mMyMkuH. MIIIIna
aXpamnd YMKKaH KOCMUK HypJap/a, ITyHUHTJEK, FOKOPH YHEPTHUSIIA HEUTPUHOIAP
Ba raMMa HypJjapu KaOu UKKHUHYM JapakaJii KOCMOTEH XaOapyuIapHUHT U3JIapu
OYJIUIIIN MYMKHH.

S5-pacm. ['paBuTAIMOH TMH3AHUHT CXeMaTUK yu3Macu. FOmnny3ua cudaruga kypcatunran
épyrnuk poH Man6au Mapka3uii Kopa ypa TOMOHMaH JuH3anaHaau. D, — ky3aTyBun Ba MaHOa

Yypracunaru macoda. D, —nuH3anan (kopa ypanan) man6araua 6ynran Mmacoda. D, —

Ky3aTyB4YH Ba JIMH3a Opacuaaru Macoda. y BeKTOp J HUHT XYy TEKHCIMKKA IIPOCKIHsICH Ba b
BEKTOPUHMHT IPOEKLHUACH Opacuaari Oypuinil OypuaruHu OUIaupaau.

Huccepranusauar “Kopa ypaJapHUHI ONTHK XyCYCHAITJIAPH Ba COSICH
ne0 HOMJIaHTaH TYPTUHYM O00M IIa3MaHUHT KOpa ypa COsACHU TacBUpUra Ba Kopa
Vpanap atpoduia rpaBUTAIIMOH JMH3a dPdekTuHr yprauuiira Oaruiianrad. boo
MaB3y Oyilmya WIUIApHUHT TacHU(U Ba IUla3Ma OWIaH KypIIaJiraH aijlaHyBud
Kopa YpaHuHr arpodujia TpaBUTALMOH JUH3a A(PGEKTUHUHT TaBcU(UTra OUJ
MabiIyMoTiap OunaH OomuaHagu. XycycaH, IUla3Ma OpKajdud TapKajlaJuraH
EPYFIMKHUHT Ky4alluliu Ba €pyFIMKHUHT NOJapU3alns TeKUCIUruHUHT Papanait
alTaHUINTa TAhCUPH YPraHWIIW Ba IUIa3Maaard 00beKT aTpoduia JTUH3aIaHUII
abdextn opkanu EpYFIMKHUHT OFUIN Oypyard OWPUHYM MapTa XHUCOOJIaH[IH.
['paBUTanIMOH JIMH3a TH3UMUHHUHI CXEMAaTUK HAMOMUILN S-pacMaa KEITUPUIITaH.

bynnan Tamkapu, Oy 06o06ma Paiiccaep-Hopactpom-ae-Cutrep daso-
BAaKTUJA TIEOAEC3UK TEHrjaamManap oJMHTraH. QOTOH TreoJe3uK YW3UKIApU YUYYH
KPUTUK UMIIAKT TMapaMeTpu TYTUJIUII KECHM [O3M Ba TapK JTHUII XyAyJIapyuHU
Xamja COSHUHT Ymyamnapu (paguycu)uu udopanaigu. Cosi paauycu y4yH
aHaMUTUK uoAalap Ba KEITUPWITaH MNapaMeTpiiap YYyH KPUTHK KuiMatiiap
onmuHau. OJMUHTaH HaTWXanap 6-pacmaa KypcaTuiras.
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6-pacm. Yanpgan: Kopa ypa COSCHMHUHT YEKCH3JIMKKA KETaJIUTaH KPUTUK KUHMATUTa MOC
KeJlyBYM KOCMOJIOTHK Jloumuii A, nunr j = Q®+ P? sapsj napamerpnapura GOFIMK/IUTH, OyH/Ia

QsaP — naiion 3apsanapu. COSHUHT MaBKyJ OynuImy MyMKuH Oynaran xyayn A<, ra Tyrpu

kenaau (pacmua Oysnran xyayn). Mapkasga: Typiau 4 KuiiMatiapu ydyH cOS paHnyCHHHHT
mapamMeTp J ra 6OFJ'II/IKJ'II/IFI/I. J =9/8- KpUTHUKAJI KHﬁMaTH IIYHKTHUD YHU3UK Oua" K}“/pcaTI/mraH.
Vurna: ¢oTton opbutacu paamycHHHHr | mapamerpura GOraukniurd. OOTOH OPOUTACHHHHT
munnman kuiimatn (j=9/8yayn r, =1.5) sa llsapummiba yerapacu (j=O0yuynr, =3)
KOopa HyKTaiap OuiaH OenruiaHTaH.

HatwxkanapHau oiaum ydyyH WKKH XWJ €HJAITYB KYyJUIAHTaH, S’bHU «KYII
Wwiu3nap» Ba «3¢p(GEeKTUB NOTCHIMAN SKUHJIAIIUIIN YCyJUIapu. Xap UKKUCH XaM
Oup xun HaTwkanapra onu0 kenaau. by wudomanap sxopuil Ba Kenarycuia
MHTep(PEpOMETPUK Ky3aTUILIAp HaTWwkKalapu EpaaMuaa Kopa VpaJlapHUHT
napaMeTpiapura uyerapajiap Ba KUKWMaTIap OJMIN YYyH HIUIATHIWIIA MYMKUH,
MacajaH, MarHuT €Kku OMKpIMK 3apaniapu ydyH ‘“Xoaucanap TOPU3OHTH
TelecKonu €EpraMuja 4YerapaBuil KuiiMaTiap oJMil MyMKUH. bus cdepuk-
CUMMETPUK METPUKAHM XHUCOOTa OJraHUMM3 YUyH COSHUHT IIAKJIU JIOMPACHUMOH
Oynmagun. AmMo Typau cababmapra Kypa, MacajaH, aKKpPEIMOH OKHUMJIap
MaBXYyJJIUTU Tyailsii cosap aTpopuiaard EpKUH HyKTajdap TaKCUMOTH XHCOOUTa,
CUMMETPUSHUHT OY3UIUIIN Ky3aTHIMIIN MyMKHUH.

XVYJIOCA

«Kopa ypanmap atpoduna actpodus3uk kapa€Hyiiap Ba IOKOPU DHEPTUSIIU
KOCMUK HYpJIap» MaB3yCUJIard JOKTOPJIMK JUCCEpTaIMsICH OVitnda onud Oopuiran
TaJKUKOTIIAp HATH)KACKIa KyHUJaru XyJjocanap TakJIuM STUIIN:

1. ComoH #ynu Mapka3uaard Kopa YpaHHHI Oapkapop OyiamaraH 3JIEKTp
3apAnM  Macajacu KaiTa KypuO YMKWIAM Ba YHUHT KuiimMatura (as3o-Bakr
TCOMETPHSICHTA TabCHUp KWIMaimuran Q <10°Kz KaOW peajucTHK YEKJIOBJIap

KUpUTUIAU. PEHTreH nuana3oHuga Ky3aTHil OpKajld Kopa ypa 3apsIvHU aHUKJIAIl
yCyJu TakIu@ KWIMHAN. YaHapa TeJIecKonu MablyMoTIapu acocuaa Sgr A* HUHT
TepMall HypPJAHUIIUHUHT CUPT EPKUHIUK NMPOPUIMHU Ky3aTHII Ba MacalMIlIUra
acoCllaHTaH XoJJaa KOpa YpaHWHT 3apsaad Yy9yH FOKOPH KHAMAT Q. <3x10°Kxn
AHUKJIAH]IU.

2. DIeKTp 3apsav KOopa VpaHUHI aMJIaHWIl —TapaMeTpd  MaKCHMall
KHUMaTUHUHT 60 % rava YpHUHU 0Oca OJIUINK KYpCaTWUJAH: 3apsiiiiv 3appajap
WYKA TYpFyH ailJlaHa OpOUTAJIApUHMHT Kopa Vpa 3apsaud WYK OyiraH XxojaTura
HucOaTaH nuKapura cupkumu kypcatwiau. lynaail kummb, Kopa ypa CIMHUHUHT
KUMaTUHU OaxoJiaiiurad Kymiad MoJe/UIapHu YOy CIUHHU YiJaliaa ByKyAra
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KeNaJuraH HOAHUKJUKIAp XucoOura KaiWta KYpuO YMKUIITa Ba 3JIEKTPOMATHUT
Y3apo TabCUPHU XUCOOTA OJIMILTA OJTMO KeJaaH.

3. Unk OGop Sgr A* Hu aitnmanaérran Epyr ajaHra KOMIIOHEHTAJAPUHHUHT
anekTpoMarHut xycycustiaapu 2018 mait-utons oitnapuna GRAVITY kypunmacu
épraMmia Kalj KWJIMHTaH Ba TaxJIWJI JTUITaH. XycycaH, Sgr A* arpodunu
alinaHa€Tral IJja3ma, PEISTUBUCTUK Ba MarHWTIaHraH OYnu0, y Iuia3Majaru
3apAUIApHUHT QKPaUIINra ojauo0 Kemaau. Ymoly miasma 3apsii KOHUEHTPaUsICcu
1 xy6 merp xaxxmaa 10 Ta skannuru aHukiaaHau. [lmasmamaru 3appanap CoOHH
suuiury 10 ey TapTubuaa.

4. lanakTuka Mapkasuaaru €pKuH 0JAy3JIapHUHT YMYMUH COHU OMpJIaH MacT
Oynanurad KMUMK COXaHU KecuO YTYBUM IOJNIY3TapHU KAl KWK 3XTUMOJUIUTH
yuyH coana udona onuuau. FOkopu sHeprusuim opOuTanapjia yduO YTUIIU
MyMKUH Oynumura kapamacaan, SgrA* nman 1500 IlBapimmmnen paguycu
MacodacuaH WYKapuaa EpPKUH OJIy3 OVIHMII OSXTUMOJIMA KaM  OYJIdIm
KYpCaTHII/IH.

5. YTa MaccuB Kopa ypaJlapJiaH 3HEprus aXXKpaJIMUIId HaTWXKAcuda YTa HOKOpU
SHEPrUsAIM KOCMHMK Hypjap Naia0 OYIMIIMHUHT SHTM MEXaHU3MU  Takaud
keI,  YTta a¢dextu MIIII pexxumuna Ba HEUTpasl 3appaHUHT PaJHOAKTHB
napyaJaHAMUAaH QoiifanaHran xonga Maccacu 10°M_ Oynran Ba arpodumaru

MarHuT Maigonu 10° ['c OynraH yra MaccuB Kopa ypa SIKHHHIA HEHTPOHHUHT
MapyalaHUIIY HATWKAcUIa Maiino OYiraH mpoToH sHeprusicu 10 3B ra erumm
MYMKUHJIUTH KYPCAaTUIIIH.

6. KocmMuk Hypnap SHEpPreTHK CIEKTPUHUHI 3appajlap OKHMMH Ce3Uiapiiv
KaMasInTaH “‘Tu33a” COXacura TYFPU KEIyBUYM IIPOTOHJIAP DHEPTUSACUHUHT
KkuiiMati 10°° 5B taptrOuma onuuau. CHEKTPHUHT “‘TH33a” COXACH SHEPTHICH
AHUKJIMUTH KOCMUK Hypiap MaHOalapuaa ymoOy KMHMAaTIard 3HEPreTUK CATXHUHT
MaBXy[JIMTUHA Ba TaKIU( OSTWITaH MOJETHUHT TYFPWINIMHUA OWIIUPAJIH.
Hartrxanap HeWTpasl 3appayaHMHI MOHJIAIIMII JKapa€HUHU TAlIKM MAarHUAT
MaiI0H/1a MaBXyUIMTUJA COHJIN YCYJAa CUMYJISIIAS KUIUII OPKAIU TEKIIUPHIIIN.
XKapaén MarauT mMaiiioH KoH(pUrypauuscura OOFINK YMACIUTUA KYPCATUIIH.

7. Marnutnanran Kopa Vypajiap SKAHUJArM OpOUTaJapHUHI KEHrahuIIH
TONWIIN Ba TaAKUK 3TWiaAn. HypraHuim peakuus Kydjgapy 3apsuid 3appajlapHUHT
aliyana opOUTaIapuHUHT UTapyBYM JIOpeHI] Kyunapu Tabcupuaa LB >0 6yiranmga
KOpa YpaZaH TallKd TOMOHra CHJDKHIIN KypcaTwiau, Oy epaa q Ba L 3appaHHHT
ANEKTP 3apsau Ba ailJlaHMII MOMEHTH Ba B MAarHUT MalJIoH MHAYKOUSACH. YOy
3¢dexT akcuan CUMMETPUK OYiIraH HXTUEPUN KOH(Urypauusgard MarHut
Maimonaa wunniaiau. [IpoToHmap 3jeKTpoHra Kaparanga 10° wMapTa CEKHH
SHEPTUSICUHU UYKOTHUILH KYPCATHIIIN.

8. Paiiccuepa-Hopactpem-ne-Cutrrep Kopa ypacu cosicH VyidaMu Y4yH
aHanuTHK udonaa onuuau. by ndona xo3upru Ba kenaxakaard UHTephHEepoOMeETPUK
Ky3aTHILIapJa Kopa YpaHMHI MapaMeTpilapd y4dyH JIMMHUTIAp OJMura €paam
Oepullli MYMKHUH, MacajaH, arap MarHUT MaWJIoHu €KW OUKpJIMK KydJapH
eTapiuya karra Oynranma, ‘“Xoaucansap TOPU3OHTH TEJIECKONMU Epaamuia
YyerapaBuii KUWMAaTiap OJUII MYMKWH. AWJIaHyBUM Kopa ypa arpodumaru
MJIa3MaHUHT  TpaBUTaMoH  JmH3a  dbdextura, Dapangeit  KyrOmaHwII
TEKUCIUTUHUHT allllaHUIIUTa TaAbCUPHU TAAKUK ITHUIIIN.
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INTRODUCTION (Annotation of doctoral dissertation)

Topicality and demand of the theme of dissertation. Nowdays there is a
great interest to probe the nature of black holes. Black holes are fascinating
astrophysical objects with extremely compact sizes and tremendous masses
representing the modern physics in its beauty and extremes. Being the darkest
cosmic objects, black holes are observed to be the most luminous, powerful and
massive objects in the Universe, warping the spacetime and heating surrounding
matter to enormous temperatures. Recent progress in development of observational
and experimental facilities have enabled to provide both direct and indirect
evidences of their presence in nature.

Recently there were the trumphal discoveries, which define the topicality of
the subject of the dissertation. In April 2019 the first ever image of a black hole —
extragalactic supermassive black hole located at the center of Meisser 87 galaxy,
has been revealed by the Event Horizon Telescope (EHT) observing at mm
wavelengths. In July 2018 unprecedented discovery of extragalactic high-energy
neutrinos by lceCube Neutrino Observatory has been announced which enabled to
pinpoint the source to blazar, which is a supermassive black hole (SMBH) at the
distance of ~1.75Gpc with relativistic jets directed almost exactly towards us.
High-energy neutrinos can be produced in the hadronic interactions of primary
high-energy cosmic rays with surrounding matter or photons. The origin and
production mechanism of ultra-high-energy cosmic rays (UHECRS) still remains
unclear. One of the first direct observations of material orbiting very close to a
black hole, on the scales of few Schwarzschild radii, has been detected in May-July
2018 by GRAVITY instrument on the Very Large Telescope (VLT) of European
Southern Observatory (ESO). New observations, carried out in the near-infrared K-
band have shown the hot flares of gas revolving black hole at the center of Milky
Way at about 30% of the speed of light, just outside its event horizon. The origin
and nature of flares/hot spots around black hole remains under debate. The first
successful test of Einsein’s general theory of relativity (GR) on the scales of
million-solar-mass compact objects has been announced by Gravity Collaboration
in mid 2018 based on the observations of the motion of S2-star passing the massive
black hole at the center of our Galaxy. The new observations have also enabled to
derive the mass of the black hole M, with the greatest precision, being of

4.14x10°0f solar masses, which corresponds to the gravitational radius of
R, =2GM, /¢’ =1.22x10”cm ~10”cm. Starting 2015, advanced Laser Interferometer

Gravitational Wave Observatory have announced the numerous detection of
gravitational waves made from the coalescence of black holes and neutron stars in
close binary systems.

In our Republic, great attention is paid to the study of astrophysical
processes in the vicinity of black holes. The directions of these fundamental
research, which are of great importance for the development of science in our
country, are connected with the Strategy for the Further Development of the
Republic of Uzbekistan for 2017-2021 years. Over the last 20 years, relativistic
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astrophysics of compact gravitational objects has been developed in our Republic.
In particular, the energetic and optical properties of black holes, wormholes and
naked singularities have been studied, the new effects of the general theory of
relativity in relativistic astrophysics of neutron stars have been found, relativistic
electrodynamics and the plasma magnetosphere of rotating compact objects have
Investigated, the natures of weakly radiating pulsars and the radioloud magnetars
were clarified.

This dissertation work, to a certain extent, serves as an implemention of
tasks in accordance with state normative documents, Decrees of the President of
the Republic of Uzbekistan PF-4947 "On the Strategy for the further development
of the Republic of Uzbekistan™ from February 7, 2017, as well as the "Road map of
the main directions of structural reforms in Uzbekistan for 2019-2021", published
by the government of the Republic of Uzbekistan on November 29, 2018.

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

Review of international scientific researches on dissertation subject. On
the study of supermassive black holes and related effects, particles motion and
electromagnetic fields around the black hole in external magnetic field it has been
obtained a large number of original scientific results by leading scientific
institutions and universities, including obtaining and study the properties of
rotating black holes shadow in the framework of General Relativity and modified
theories of gravity (University of Cologne, Max Planck Institute for Radio
Astronomy, Max Planck Institute for Gravitational Physics — Albert Einstein
Institute, Frankfurt University, Germany; Inter-University Centre for Astronomy
and Astrophysics, Physics Research Laboratory, Tata Institute of Fundamental
Research, India; the Centre for Applied Space Technology and Microgravity,
Germany; Astronomical Insitute of the Russian Academy of Sciences, Moscow
State University, Russia); it has been found the structure of the electromagnetic
field around a rotating black hole and studied the equations of motion of charged
particles around a rotating black hole in the presence of an external magnetic field
(Astronomical Institute, Albert Einstein Center and the Silesian University in
Opava, Czech Republic; University of Alberta, Canada; Inter-University Centre for
Astronomy and Astrophysics, India; Centre for Applied Space Technology and
Microgravity and Oldenburg University, Germany); study of energetic processes in
the vicinity of rotating black holes in the framework of General Relativity and
alternative theories of gravity, in particular, study of the properties of space-time
properties around a black hole in the gravity model of Horava have been carried
out (Albert Einstein Center and Silesian University in Opava, Czech Republic;
University of Alberta, Canada; Centre for Applied Space Technology and
Microgravity, Germany).

The electromagnetic field configurations in the external asymptotically
uniform magnetic field, as well as shadows of rotating black holes has been carried
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out by the world’s leading research centers and institutions of higher education, in
particular, Astronomical Institute, Albert Einstein Center and the Silesian
University in Opava (Czech Republic), the University of Alberta (Canada), the
Max Planck Institute for Gravitational Physics — Albert Einstein Institute and the
Frankfurt University (Germany), Inter-University Centre of Astronomy and
Astrophysics, Research Laboratory of Physics and Tata Institute of Fundamental
Research (India), the Centre for Applied Space Technology and Microgravity and
the Oldenburg University (Germany), State Astronomical Institute named after
Sternberg of Moscow State University, Joint Institute for Nuclear Research in
Dubna (Russia), Institute of Nuclear Physics, Astronomical Institute and National
University of Uzbekistan (Uzbekistan).

Currently, in order to study energetic processes in the vicinity of compact
gravitational objects there have been carried out investigations in the world in a
number of priority areas, including: theoretical and experimental studies of ultra-
high-energy cosmic rays; origin of extragalactic high-energy neutrinos; efficient
energy extraction from rotating black holes; observations of effects occurring
around Galactic center black hole; theoretical modelling of electromagnetic fields
around black holes and analysis of particle motion around these objects; study of
energetic processes in the vicinity of rotating black holes in the presence of an
external electromagnetic field.

Degree of study of the problem. Properties of matter surrounding
astrophysical black hole, as well as the constraints on the black hole parameters
has been investigated both theoretically and experimentally in many research
centers around the world, for example in Germany (R. Ganzel, A. Eckart, A.
Zensus, S. Britzen), Spain (R. Schoedel, B. Shahzamanian), Italy (R. Ruffini, C.
Cremaschini), Czech Republic (Z. Stuchlik, J. Kolos), Russia (A. Zakharov, D.
Gal’tsov), China (C. Bambi, A. Abdikamalov) and others. However, the effect of
electromagnetic interaction of matter with black hole on the constraints of black
hole parameters or characteristics of accretion flow has not been properly studied.

Among detectors of ultra-high-energy cosmic rays one can highlight two
largest cosmic ray observatories, such as the Telescope Array on the northern
hemisphere and Pierre Auger Observatory on the southern hemisphere. Apart from
the observational study of UHECRs, there are various theoretical and semi-
phenomenological models attempting to describe the origin and mechanism of
their formation. One can mention the groups in USA (Fly’s Eye collaboration),
Antarctica (Ice Cube collaboration), Germany (R. Engel, K. Mannheim) among
others. However, still the origin and mechanism of the formation of the highest
energy cosmic rays are not properly understood. Moreover, the connection of
UHECRs with the immediate region of supermassive black holes are not yet
discussed.

The properties of the electromagnetic field around rotating Kerr black hole
immersed into external homogeneous magnetic field, the investigation of the
dynamics of charged particles revolving a rotating black hole in the presence of an
external field, particles collisions and decays in the vicinity of a Kerr black hole
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have been investigated and discussed by many scientists, such as e.g. from the UK
(R. Wald et al.), the USA (M. Banados, et al.), Russia (D.V. Gal’tsov, et al.),
Canada (V. Frolov, et al.), Turkey (Aliev, N. Ozdemir), Uzbekistan (A.
Abdujabbarov, B. Ahmedov), and many others. However, a detailed study of the
energy extraction mechanisms in ultra-efficient regime has not been previously
mentioned, as this findings was first announced by me and my colleagues. The
investigation of these effects leads to explanation of various important phenomena
observed in cosmic rays, relativistic jets, quasars, etc.

Shadow of a black holes in both vacuum and plasma cases with the various
additional parameters of the central object, sometimes, extraordinary and
physically unjustified parameters, have been studied by many scientists, including
those from Japan (K. Maeda, K. Hioki), Germany (A. Grenzebach, V. Perlick, C.
Laemmerzahl), Uzbekistan (A. Abdujabbarov, B. Ahmedov, F. Atamurotov),
Argentina (E. Eiroa, L. Amarilla), Czech Republic (J. Schee, Z. Stuchlik), Russia
(G. Bisnovatyi-Kogan, O. Tsupko) and many others. However, all these works
being of analytical solutions are oversimplified and should not be applied in
realistic observations, have been carried out in the framework of particular choice
of solutions of compact objects and it does not exist a formalism describing
shadows of black holes independent from the choice of the model of black holes
and gravity theories.

Connection of the topic of dissertation with the scientific works of
scientific research organizations, where the dissertation was carried out. The
dissertation was done in the framework of the scientific projects of the Ulugh Beg
Astronomical Institute, Uzbekistan Academy of Sciences: VA-FA-F-2-008
“Astrophysical Processes in Stationary and Dynamic Relativistic Gravitation
Objects” (2017-2020); VA-FA-F-2-008a “Relativistic astrophysics of isolated
black holes in tight binary systems containing black holes” (2017-2020), YFA-
FTECH-2018-8 “Particles and strong gravitational and electromagnetic fields in
the vicinity of compact objects in relativistic astrophysics” (2018-2019);
Belorussian-Uzbek project MRB-AN-2019-29 “Modelling of compact
astrophysical objects and correlation of their observational characteristics with
parameters of the telescope RT-70 and Russian orbital telescope Gamma-400”
(2019-2021).

The aim of the research is the investigation of electromagnetic properties
of astrophysical black holes and surrounding matter, as well as the application of
results to the description of various observed phonomena, such as ultra-high-
energy cosmic rays, relativistic jets, black hole shadow, etc.

The tasks of the research:

to analyse the charged and neutral particles motion, collisions and decays
around rotating black holes in the presence of an external magnetic field;

to study the electromagnetic fields in curved spacetimes;

to develop a new model for the ultra-high-energy cosmic rays produced in
close vicinity of astrophysical black holes;

to make a comparative analysis of the predictions of the model of UHECRs
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with observational data;

to determine the influence of an inhomogeneous plasma to the form of
rotating black hole shadow;

to discuss the reinterpretation of observational data by taking into account
the electromagnetic interactions of black holes and matter in the frame of given
model;

to apply theoretical results to particular black hole candidates, including
supermassive black hole at the center of the Galaxy.

The objects of the research are rotating black holes immersed into external
magnetic fields and such candidates as SgrA*, M87, NGC1052 and similar objects
including blazars.

The subjects of the research are the mechanisms of energy extraction from
black holes in astrophysical conditions; electromagnetic properties of realistic
black holes; electromagnetic radiation of matter in the regime of strong gravity;
characteristics of plasma around compact objects and shadow of black hole
surrounded by plasma.

The methods of the research. Phenomenological modelling of the
properties of various high-energy astrophysical phenomena by means and methods
of mathematical apparatus of general relativity combined to electrodynamics and
numerical simulations of realistic processes by solving nonlinear differential
equations for matter and fields.

The scientific novelty of the research is in the following:

for the first time a small charge associated with the black hole Sgr A* at the
center of the Milky Way has been constrained with the uppermost limit of
Qsyrae ~10°C and new effect of orbital widening in the vicinity of magnetized black

holes has been found.

for the first time it has been shown that the plasma surrounding Sgr A* is
relativistic and magnetized, which leads to the charge separation in a plasma. It has
been found that the net charge number density of plasma surrounding Sgr A* is
10 °cm ®, while the plasma number density is of order 10"*'cm * .

it has been shown that it is unlikely to detect a bright star in the innermost
R=1500 Schwarzschild radii from Sgr A¥*, although stellar fly-by at highly-
eccentric orbit is possible.

a novel mechanism for the production of ultra-high-energy cosmic rays
(UHECRSs) by extracting the energy from supermassive black holes has been
suggested. It has been shown that proton’s energy can naturally exceed 10%° eV for
supermassive black hole of 10°M, .

it has been shown for the first time that the energy of escaping proton in the
most efficient regime of energy extraction from the Galactic center Sgr A* black
hole is of order 10”°eV, which coincides with the knee of the cosmic ray energy
spectra, where the flux of particles shows significant decrease.

new analytical expressions for the shadow sizes of the RNdSD black holes
has been obtained.

gravitational deflection in a plasma surrounding rotating gravitational
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objects and Faraday rotation of polarization plane has been studied for the first
time and the expression for the lensing angle in the case of a strongly non-uniform
plasma surrounding rotating compact object has been derived.

Practical results of the research are as follows:

novel mechanism which suggests supermassive black holes as sources of
ultra-high-energy cosmic rays (UHECRs) provides verifiable constraints on the
mass, distance and magnetic field of the UHECR source.

novel observational test proposed for determination of the black hole charge
will be possible to perform in the near future by the new generation of X-ray
telescopes.

it has been shown that unscreened charge of a black hole can effectively
mimic the spin parameter of the black hole up to 60% of its maximal value, which
Is reflected in considerable shift of the innermost stable circular orbits for charged
particles.

new expressions for the gravitational lensing in a plasma and the shadow of
black holes may be used to constrain parameters of two black hole candidates,
M87 and Sgr A* and surrounding plasma based on the data from the Event
Horizon Telescope.

Reliability of the research results is provided by the following: use of
methods of general theory of relativity (GR) and the theoretical physics, highly
efficient numerical methods and codes; most of the figures were plotted on
Wolfram Mathematica software. Careful tests of a consistence of the obtained
theoretical results with available observational data and results from other
scientists are performed; conclusions are well consistent with the main provisions
of the field theory of gravitational compact objects.

Scientific and practical significance of the research results. The
scientific significance of the research results is determined by the ability of the
developed formalism in the dissertation to analyse the electromagentic fields of
astrophysical black holes, energy extraction mechanisms from astrophysical black
holes and determination of black holes shadow obtained by a new generation of
radiotelescopes in the near future, and get an information on the various parameters
and properties of the supermassive black holes at the centers of galaxies. In
addition, future X-ray observations at the galactic center of the bremsstrahlung
surface brightness could provide tight constraints on the presence of electric charge
of the black hole, whih plays crucial role in acceleration mechanisms around
supermassivel black holes, related to AGNs, quasars etc.

The practical significance of the results of research lies in the fact that they
can be used to obtain estimates of black holes of different parameters such as mass,
spin, orientation, charge and magnetic field. Results can also be useful for the
analysis of the nature and dynamics of the gravitational field, in the development
of observational experiments and criteria for the detection and identification of
compact black hole alternatives.

Application of the research results. Based on the study of astrophysical
phenomena and processes in the vicinity of black holes and high-energy cosmic
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rays:

results of the parameters of SMBH Sgr A* in the center of our galaxy and
plasma dynamics in its vicinity have been used in the SFB-956 project of the
German Science Foundation and programs funded from the structural funds of the
European Union and the Polish Science Center to test the theory of gravity in a
strong field regime (letter from Center for Theoretical Physics of the Polish
Academy of Sciences dated July 8, 2019). The results were used to obtain
restrictions on the electric charge of Sgr A*;

the results on the study of the electromagnetic properties of supermassive
black hole in the center of our galaxy were used by foreign researchers (cited in
refereed scientific journals Physical Review D, 2018, 2019; International Journal
of Modern Physics D, 2019; Journal of Cosmology and Astroparticle Physics,
2019) to study the interaction of interstellar space and the neighborhood of a black
hole in the center of the Galaxy, as well as to test the predictions of the theory of
gravity of Hordesky in the case of a black hole with electric charge;

study on the energy properties of black holes, realistic methods of
electromagnetic extraction of the rotational energy of black holes, and high-energy
processes were used to carry out projects of the Indian Inter-University Grant
Committee (letter from Indian Inter-University Grant Committee dated June 15,
2019), as well as foreign researchers (cited in refereed scientific journals Physics
of the Dark Universe, 2019; The European Physical Journal C, 2019; Physical
Review D, 2019; Monthly Notices of the Royal Astronomical Society, 2019). The
results were generalized for the case of extracting the energy of black holes in
brane by colliding particles in the ergosphere. In addition, the results were used to
obtain the limiting values of the parameters of astrophysical compact candidates;

the motion of charged particles around a magnetized black hole, as well as
the corresponding quasi-periodic oscillations were used in the work of foreign
colleagues (cited in scientific journals Physical Review D, 2019; International
Journal of Modern Physics D, 2019; The European Physical Journal C, 2019;
Physics of The Dark Universe, 2019; The Astrophysical Journal, 2018) for
determining the mass, spin and magnetic fields of some microquasars and stellar-
mass black holes;

studies on the optical properties of black holes in plasma were used to carry
out projects funded from the State budget of the Czech Republic, in particular,
registered under number SGS/12/2019, as well as by foreign researchers (cited in
foreign scientific journals Physical Review D, 2018, 2019; Astrophysics and
Space, 2016; The European Physical Journal C, 2018, 2019; International Journal
of Modern Physics D, 2018; Modern Physics Letters A, 2018; Monthly Notices of
the Royal Astronomical Society, 2016) for obtaining many new results, such as
effects of gravitational lensing in plasma, shadows of black holes in plasma, in
Einstein's theory of gravity, and in alternative theories of gravity.

Approbation of the research results. The research results were reported in
the form of reports and tested at 8 international and local scientific conferences.

Publication of the research results. On the dissertation theme there were
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published 22 scientific works, including 12 scientific papers in international
scientific journals recommended by the Supreme Attestation Commission of the
Republic of Uzbekistan for publishing basic scientific results of doctoral theses.

Volume and structure of the dissertation. The dissertation consists of an
introduction, four chapters, conclusion and a bibliography. The size of the
dissertation is 216 pages.

THE MAIN CONTENTS OF THE DISSERTATION

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

The first chapter of the thesis entitled “Electrodynamics of black hole
magnetospheres” is devoted to the study of electromagnetic characteristics of
astrophysical black holes. It starts from the manifestation of the Kerr black hole
hypothesis, which pronounces that an astrophysical black hole can be well
characterized solely by two parameters, namely its mass M and spin a. However,
according to the no-hair theorem, there can exist the third black hole parameter,
electric charge arising from Einstein-Maxwell equations for rotating charged mass.
The charge parameter of a black hole is usually set explicitly equal to zero, which
is well justified by quick discharge of any net charge of a black hole due to
selective accretion of a plasma matter surrounding any astrophysical black hole.
However, as any astrophysical black hole is always embedded into external
magnetic field, twisting of magnetic field lines due to the frame dragging of effect
in the vicinity of a rotating black hole induces electric field in both vacuum and
plasma cases. It posits a net quadrupole charge on the black hole, which appears to
be dynamically important. This charge is weak in the same sense as magnetic field,
I.e. its stress-energy tensor does not alter spacetime metric. Thus the assumption of
the Kerr hypothesis is well founded and spacetime metric in the standard form
given in the Boyer-Lindquist coordinates reads

HJ
ds? = (1 2MI ) 42 —wdtd¢+£dr2
2 2 A

2
540 +(r2 t +2M%sin29}in29d¢2, (1)

where > =r*+a’cos’0 and 4=r*-2Mr+a*. Physical singularity occurs at the ring
r=0,0=x/2. The roots of 4=0 define outer and inner horizons located at

rL=M+JM?-a’. (2)
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It is the outer horizon which is referred as the event horizon r, =r, . The geometry

Is characterized by existence of the two Killing vectors, timelike, s/6¢ and
spacelike, 5/6¢, indicating the corresponding conserved quantities, energy E and
angular momentum L.

It is natural to assume that external magnetic field would also share
symmetries of stationarity and axial symmetry of Kerr spacetime. This assumption
can be decribed using the Killing equation ¢  +¢, =0, so the solution for

electromagnetic field takes the form
- u 2 — B — B 3
A" = le(t) +sz(¢)’At = E(gu;} +2ag, )’A¢ = E(gw +2agt¢)' ( )

One can notice that rotation of black hole generates quadrupole electric field given
by A which is the result of twisting of magnetic field lines. Last two equations in
(3) are obtained for the asymptotically uniform magnetic field. However, electric
field due to induced charge appears in arbitrary magnetic field configuration
around arbitrary axially symmetric black hole.

The first chapter continues with the general relativistic description of the
electromagnetic radiation-reaction force acting on a test charged particle revolving
black hole in the presence of external magnetic field. In many astrophysically
relevant scenarios, one cannot neglect the effects of radiation reaction due to the
synchrotron radiation of charges near black holes, which are believed to be
immersed into an external magnetic field. Resulting equation of motion of a
charged particle in a curved spacetime reads

u 2 2.1 2,,v
Du ZEFV/‘UV +2i D Li +u/4uv D L:
de m 3m\ dr dv

2

+q A v A 2q2 v
3—m(Rfu +R'u U u“)+? f oy (4)

tail ~'v

where in the last term, the tail integral is given by

0%

a= | D“GH,(2(z),2(zPu'de. (5)

—00

Here u” is the four-velocity of the particle with charge g and mass m. The
tensor of electromagnetic field is F =A —A _, where A is the four-vector
potential of external electromagnetic field. R* is the Ricci tensor, G%. is the
retarded Green’s function, and the integration is taken along the worldline of the
particle z, i.e., u“(r)=dz"(7)/dc. The Ricci term is irrelevant, as it vanishes in the

vacuum metrics, while the tail term can be neglected for elementary particles, as

shown in the dissertation. In particular, for electrons the ratio of the “tail” force
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and the “gravitational” force at the horizon of a black hole of 10 solar masses is of
the order of 10°. Thus, the motion of electrons and protons in the vicinity of
astrophysical black holes can be well described by the covariant form of the
Lorentz-Dirac equation (LD). However, the Lorentz-Dirac equation contains the
Schott term — the third order derivative of coordinate, which leads to the
appearance of pre-accelerating solutions in the absence of external forces. We have
shown that one can effectively reduce the order of the equation by substituting the
third order terms by derivatives of the external force. This is identical to imposing

u
Dirac’s asymptotic condition Ll p— Then, the resulting equation of motion

dr T—>00
reads
Duﬂ_q LV 2q2 a B q ap B I
?—;FJU +£(Fﬂ£#u uy_k;(':ﬁ Fﬂ +F,uv|:au u )uﬂ ' (6)

where semicolon denotes the covariant coordinate derivative.

Equation (6), which is in fact the covariant form of the Landau-Lifshitz
equation (LL), is a habitual second order differential equation that satisfies the
principle of inertia and does not contain runaway solutions. We integrate both LD
and LL equations numerically and obtain identical results. Computational ways of
integration of dynamical equation (6) and corresponding analyses of trajectories
were presented in the dissertation. In particular, it was shown that for equatorial
motion of a charged particle depending on the orientation of external Lorentz
force, the final fate of the particle is either collapse to the black hole or stable
circular orbit, i.e., the radiation reaction force leads to decay of any oscillations
around equilibrium radius. Moreover, it was shown that the radiation reaction force
leads to decreasing of the order of chaoticity around magnetized black hole, which
leads to several important consequences, such as the formation of the accretion
disk, observed in variety of cosmic objects. We have also derived the cooling
timescale for charged particle with mass m and charge g, moving around black
hole of mass M and magnetic field B. Inserting all constants, the cooling timescale
of radiating charged particle is given by

2GM ) 3m%°
Tcooling:(l_ rCZ j 2q4Bz' (7)

In this case the Lorentz force is dominant over gravitational “force” which happens
in realistic settings as discussed in the dissertation. Closer to black hole the cooling
timescale increases. In Table 1 we give typical cooling timescales of electrons,
proton and fully ionized iron nuclei for various values of magnetic field.
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Table 1
Typical cooling times of electrons <, , protons 7, and fully ionized iron nucleus z,

for various values of magnetic field strength B.

B (Gauss) | 7. () 7, (5) e (9)
10% 10 10°° 10°°
10° 10°® 107 10°
10* 1 10" 10"

1 10° 10% 10%
10* 10" 10%° 107

Due to cubic dependence on mass, electrons cool 10%° times faster than
protons. One can compare the cooling timescale with an orbital timescales of
particles at ISCO ¢, /¢, which is of order of ~107°s for non-rotating stellar

mass black holes or ~10° s for supermassive black holes. Thus, the energy loss can
be quite relevant especially in case of lighter particles, such as electrons.

The rate of the energy loss of a charged particle can be calculated directly
from the time component of the equation of motion. Skipping over details, one can
write for uniform magnetic field configuration

=4n—riSC0

d—E:—K1E3+K2Ex(r), (8)

dz

where K,=4kB*> and K,=2kB are constants and x(z)=2kBf (z)+u’(z)/r(z). The
analytical solution of this equation can be found in the form

KZX(T)
E(7)= Ee , 9)

[1+2K1Efje;'<2x(r') T'JZ
0

where X (z)=[x(z)dr.
0

Integrating equations of motion numerically, the new effect of radiative
orbital widening has been found. Radiation reaction acting on a charged particle
moving at a stable circular orbit of a magnetized black hole can lead to the shift of
the orbital radius outwards from the black hole. The effect causes increase of the
energy and angular momentum of the particle measured by an observer at rest at
infinity. It has been shown that “widening” of such orbits is independent from the
field configuration, however, it appears only in the cases with the external Lorentz
force acting outwards from the black hole. This condition corresponds to qLB>0,
where q and L are the charge and angular momentum of the particle and B is
intensity of the external magnetic field. Representative view of the effect of
radiative orbital widening is given in Figure 1.
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Figure 1: Radiative widening of circular orbit of a charged particle around black hole in uniform (top)
and dipole (bottom) magnetic field with corresponding evolutions of orbital radius, angular momentum,
energy and different components of velocity of the particle. Starting point on the trajectory is indicated by
black dot. The trajectory without radiation is shown by dashed red circle.

Actual escape of the charged particle from the black hole in the equatorial
plane fixed by magnetic field implies that the potential energy of the charged
particle increases while the kinetic energy always decreases. Defined as the ratio
between gained energy to the final energy at infinity (E_=mc?), the efficiency of

orbital widening depends on the position of ISCO, which is a function of the
magnetic field strength for the charged particles. Since the ISCO of a charged
particle can be located very close to the event horizon, the maximal efficiency can
reach the values up to 100% .

However, 100% efficiency is unreachable, since it would require the ISCO
to be located at the black hole horizon and B —«. In the absence of magnetic
fields, the formal efficiency of the inverse mechanical process of shifting the
particle orbit from infinity to the ISCO is 5.7%. One needs to note that in realistic
scenarios the effect of radiative widening of orbits is many orders of magnitude
slower than the orbital timescales. However, in some astrophysical scenarios with
large magnetic fields this effect can be potentially relevant.

The second chapter of the thesis entitled “Supermassive black hole at the
center of the Milky Way” is devoted to study of the central region of Milky Way
and the closest to us supermassive black hole SgrA*. The chapter starts from the
description of the relativistic environment of the Galactic center and review of the
most recent results obtained with state of the art instruments, which provide
sensitive measurements at their highest angular resolution. The chapter continues
with the realistic constraints on the charge of the Galactic centre black hole based
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on various methods and models, namely the accretion of charged constituents of
plasma and the induction mechanism based on a rotating SMBH in the external
magnetic field. Summary of results on the constraints on the electric charge of
SgrA* is given in the Table 2.

All the upper limits on the electric charge presented in Table 2 are at least
ten orders of magnitude below the maximum charge and hence the spacetime
metric is not affected. However, the dynamics of charged particles is significantly
affected by even these small values and can be observationally tested via the
change in the bremsstrahlung brightness profile. Therefore, in the dissertation,
novel observational test of the black hole charge has been proposed. Another
Important characteristics of black holes in accretion theory is the location of the
innermost stable circular orbit (ISCO). In case of like-charges (e~, Q.<0 or p*,

Q.>0) the ISCO can be shifted from the distance r=3r, up to r=1.83r,, which can
effectively mimic the spin with the value of a=0.64. This should be taken into
account in the models of spin determination of Sgr A*.

Table 2
Various constraints on the electric charge of the SMBH at the Galactic centre.

Process Limit Notes

Mass difference 8 M.
=3.1x1 —_—
between p and e Q =3.1x10 (4><106MOJC stable charge
Accretion of protons Q:, =6.16x10° M. C unstable charge
p max : 4><106|\/|o g

Accretion of electrons

Q.. =3.36><105[

M. o
4x10°M

unstable charge

Magnetic field &
SMBH rotation

Q

max —
*ind

1015 (

M.

4x10°M,

2
Bext C
10G

stable charge

Extremal SMBH

max

cheor — 6.86><1026 [

M

SIS Y/ ec
4%10°M

uppermost limit

The chapter continues with the investigation of the Galactic center by
analysis of the properties and dynamics of flaring hot-spots orbiting SgrA*.
Recently, near-infrared GRAVIY@ESO observations at 2.2um have announced
detection of three bright “flares" in the vicinity of the Galactic center black hole
that exhibited orbital motion at the radius about 6-11 gravitational radii of
4.14x10°M_ black hole. The origin and nature of flares/hot spots still remains
unclear. Despite many speculations, they are most likely connected to dynamical
changes in the hot, magnetized accretion flow. As transient phenomena, they could
originate from magnetohydrodynamic instabilities or magnetic reconnection events
as is the case of X-ray flares on the Sun.

On the other hand, the relativistic motion of a plasma in the presence of
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magnetic field leads to the charge separation in a plasma and consequent grow of
its net charge density. This charge rises in a compensation of an electric field in the
co-moving frame induced by the motion of a plasma in external magnetic field.
Partially ordered magnetic field in the vicinity of Sgr A* has been estimated with
the strength of 10-100G. Observations of horizontal polarization loops with the
timescales comparable to the orbital periods of the recently observed bright flares
imply the direction of magnetic field lines perpendicular to flares’ orbital plane.
This may indicate that the hot spots associated with flares orbiting at the
relativistic orbits can possess net electric charge due to charge separation in a
plasma. Therefore, we investigated the effect of electromagnetic interaction on the
properties and dynamics of flare components around SgrA*.

Taking into account the error bars of the measurement arising mainly due to
astrometric errors and incomplete orbital coverage we put constraints on the
strength of the Lorentz force, electric charges of hot spots and net charge densities.
In particular the obtained constraints on the charge of the flare components is
10%* C. This corresponds to the net charge number density of a plasma of order
10°cm=, while the plasma number density is of order 10°°cm™®. The
electromagnetic effects on the hot-spot dynamics were previously not taken into
account. In particular, we addressed how the electromagnetic field can affect the
measuring of the spin of Sgr A*. Similar situation may occur if the black hole
possess small non-vanishing electric charge, which can be induced due twisting of
magnetic field lines due to black hole rotation. Results of the orbital fit with
proposed model are presented in the Figure 3.
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Figure 2: Left: Orbital period - radius relations of three flares observed by GRAVITY on July
22 (black), May 27 (pink) and July 28 (blue) fitted with the charged hot-spot orbiting around

Kerr black hole of mass 4.14><106Mo immersed into external magnetic field oriented
perpendicular to the orbital plane. Case B=0 (solid lines) corresponds to the pure Kerr blak hole
case, while B=+1.5x10" denotes the ratio of the Lorentz force to the gravitational force. The

mid value of all three flares correspond to the value of parameter B =-3x%107° . Right: same for
black hole with small induced charge.

The chapter continues with the investigation of the stellar fly-by close to the
Galactic centre black hole. The Galactic centre Nuclear Star Cluster is one of the
densest stellar clusters in the Galaxy. The stars in its inner portions orbit the
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supermassive black hole Sgr A* at the orbital speeds of several thousand km/s. The
B-type star S2 is currently the best case to test the general relativity as well as
other theories of gravity based on its stellar orbit. Yet its orbital period of ~16yr

and the eccentricity of ~0.88 yields the relativistic pericentre shift of ~11', which
Is observationally still difficult to reliably measure due to possible perturbations as
well as reference-frame uncertainties. A naive way to solve this problem is to find
stars with smaller pericentre distances, r, ~1529 Schwarzschild radii (120AU ), and

thus more prominent relativistic effects. In this part of the chapter we have shown
that to detect stars on relativistic orbits is progressively less likely given the
volume shrinkage and the expected stellar density distributions. Finally, one
arrives to a sparse region, where the total number of bright stars is expected to fall
below one. One can, however, still potentially detect stars crossing this region. We
have also provided a simple formula for the detection probability of a star crossing
a sparse region and examined an approximate time-scale on which the star
reappears in the sparse region, i.e. a “waiting” time-scale for observers.

The third chapter of the thesis entitled “Black holes as sources of ultra-
high-energy cosmic rays” is devoted to formulation of the novel, ultra-efficient
regime of the electromagnetic energy extraction from rotating black holes and its
application for the explanation of ultra-high-energy cosmic rays. The chapter starts
from the key points of the black hole thermodynamics and review of the works
related to the energy extraction mechanisms.

One of the most interesting properties of the Kerr black hole geometry is the
existence of direct analogy between event horizon area Ay of a black hole with
thermodynamical entropy Sy, which implies that a black hole of mass M and spin
a has irreducible energy,

1

S, hc® A, Mc® a Y |2
E,. = / H = / c'= 1 /1— =1 . 10
"\ 4nGk, \167G> J2 [ " (M] ] (10)

For extremally rotating black hole this is 71% of its total energy, while the rest of
29 % is the rotational energy and is thus available for extraction. For stellar mass
black holes this energy is of order 10* eV, while for supermassive black holes of
mass M =10°M,_ it is of order 10 eV making them the largest energy reservoirs in

the Universe. It is therefore most pertinent to tap this enormous source most
effectively and ultra efficiently. Following analysis of the decay of infalling
particle into two fragments near rotating black hole we have classified three
regimes of energy extraction from rotating black hole as low, moderate and ultra.
The effciency of the process is defined as ratio of extracted to infalling energy.

The process under investigation is called magnetic Penrose process (MPP).
In the absence of magnetic field, MPP turns to original Penrose process giving its
lower limit with the maximum efficiency 20.7%, corresponding to extremally
rotating black hole. If all particles are charged the efficiency reduces to the
expression

e =1, (11)
G
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This is the moderate regime of MPP, which can operate, as we see, when g, >q,,

thus neutralizing gravitationally induced electric field of black hole. MPP in
moderate regime has direct analogy with another famous process, namely
Blandford-Znajek mechanism (BZ). In both cases, the driving engine is a
quadrupole electric field of a black hole that arises due to twisting of magnetic
field lines by the frame-dragging effect. It is important to note, that the efficiency
of BZ and moderate regime of MPP cannot grow ultra-large due to natural
restrictions of global plasma neutrality surrounding black hole. In moderate
regime, MPP approximates to BZ and that explains why ultra-high efficiency has
not been observed in numerical simulations of the process.

There exists as well the third and the most efficient regime of MPP, which
requires special attention leading to several important predictions. If the infalling
particle is neutral splitting into two charged fragments, the dominant contribution
in efficiency is due to

15 = A (12)

For elementary particles, such as electrons and protons, ratio g/m is very large,
which makes the efficiency to grow to enormous values. This causes MPP to turn
ultra regime imparting ultra-high energy to escaping particle. It appears that
efficiency exceeds 100% already for magnetic field of order of Gauss. In case of
electrons, same happens already for milliGauss fields. The important point to be
noted is that electromagnetic interaction effectively expands ergosphere beyond the
geometric bound, r=2M. That is negative energy orbits are available in much
enlarged region that goes on to enhance efficiency and overall working of the
process.

One of the fascinating applications of MPP in ultra regime is the explanation
of the origin and production mechanism of ultra-high-energy cosmic rays
(UHECR). These are the most energetic among particles detected on Earth, with
energy E>10"eV unreachable by current most powerful particle accelerators as
LHC with maximum energy ~10“eV per beam. There are extragalactic charged
particles with mixed composition, although previous cosmic ray fluorescence
measurements have demonstrated proton dominated flux. Spectrum of cosmic rays
demonstrate the presence of so-called knees and ankle. The cosmic rays with
energy up to ~10*°eV (knee) are generally believed to be produced in Galactic
supernova explosions, while significant lowering of flux between knee and 10"*° eV
(ankle) suggests change of source of such particles. Though several studies
suggested extragalactic origin of cosmic rays with energy exceeding 10*°eV, the
origin of cosmic rays with energies between knee and ankle is still under debate.

In order to explain the highest-energy cosmic rays several exotic scenarios
have been proposed including extra dimensions, violation of Lorentz invariance,
existence of new exotic particles etc. Among the astrophysical acceleration
mechanisms for UHECRs, the relativistic shocks in a plasma of relativistic jets has
been previously considered as the most plausible. The recent results and estimates
indicate that shock acceleration is not able to account for protons with energies
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above 10”eV. In addition, in realistic situations unavoidable interaction looses of
UHECRs with matter and light reduce the energies of primaries significantly.
Therefore, the production and acceleration mechanisms of UHECRS remain
unclear.

Table 3
Maximum efficiency of magnetic Penrose process and corresponding energy
extraction regime for some typical radioactive decay modes in the vicinity of a
black hole of mass 10M_ with the spin parameter a=0.8M and magnetic field of

strength 10* G, aligned along the rotation axis. Initial energy of decaying particle is
of order of its rest mass, m,c?. In case of the pair production the energy of photon

is taken to be E =2m,c® with recoil term neglected for simplicity.

i Efficienc
Decay mode Generic equation Escaplng y Regime of MPP
particle M imax
Y <0 -
Av/ 0 A-dhy2- ,4 2+
KX ha p 28241 A ultra
Ay + Adn— 4 2+ Y <0 _
X=X+
o decay z 2l T2 ¢ a ~1 moderate
_ i " Y ~2 moderate
XYY H o
a <0 -
Y 1412/ A ultra
B~ decay IXO S A e +y e <0 -
v 0.06 low
Y <0 -
p* decay ZAX+ —>ij°+€+1/ e ~0 low: —
1% <0 —
X’ 0.06 low
y emission AXO 2 X040
4 0.06 low
. . e <0 -
Pair production O 5e +et
P yome e e’ 26x10° ultra

We demonstrated that extraction of rotational energy of a black hole by
novel, ultra-efficient regime of the magnetic Penrose process (MPP) could indeed
foot the bill for UHECRSs. In order to qualitatively estimate the energy of escaping
cosmic ray particle we choose the external magnetic field to be asymptotically
homogeneous with the strength B. In general, magnetic field has complicated
structure in vicinity of black hole horizon, however in a small fraction of a space
where split occurs one can always consider field to be approximately uniform.
Applying MPP to the neutron beta-decay in vicinity of a SMBH, we get energy of
the escaping proton after the beta-decay determined by the relation

E,=1.33x10%%V (gj (13)
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predicting energy of escaping proton E, exceeding 10” eV for M =10°M_ and

B=10°G . Notable point of the model is that it does not require extreme or rapid
rotation of the black hole, in spite of the fact that the black hole rotation is of
essential and crucial requirements. Above decribed process can be generalized to
arbitrary decay mode. In the Table 3 we classify the efficiency of enery extraction
in different regimes for various typical radioactive decay modes.

We have tested the process of acceleration of UHECRs numerically. In the
Figure 3, the results of the numerical simullations are presented. Noticible result is
the increase of energy of escaping particle over 50 times in comparison with

energy of infalling particle. In reasiltic situations the energy gain can exceed 10%

due to large values of the dimensionless paratmeter B:%, which is of order

10" for protons and 10* for electrons around SMBH of mass 10°M_ and magnetic
field of strength 10* G.
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Figure 3: Simullation of neutral particle split (black thick curve) into two charged particles
(blue and red curves) in the ergosphere of rotating black hole (space between grey disk and
circle) immersed into external magnetic field. Dashed lines represent particle energetic
boundary.

The presented effect of production of ultra-high energy particles due to
neutral particle ionization is independent from the configuration of magnetic field.
More important is the existence of A component of electromagnetic field, which

naturally arises due to black hole rotation in arbitrary magnetic field. Although the
configurations with open field lines could seem more promising for particle’s
escape, once the particle is accelerated to ultra relativistic velocities it may cross
the field lines and escape from black hole with corresponding deflections. Testing
MPP for various magnetic field configurations (uniform, dipole and split
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monopole) one can conclude that the total energy of escaping particle is nearly
same for any field configuration, while the direction of escape varies. For uniform
magnetic field all escaping particles (with slightly different initial conditions) are
collimated maximally, while for radial magnetic fields of monopole character the
charged particles (in various numerical setups) escape black hole isotropically. In
addition one can note that initial energy and angular momentum of incident neutral
particle do not play significant role in the acceleration of its charged fragments.

In Figure 4, we plot the energy of escaping proton after neutron beta-decay
in dependence on magnetic field and the black hole spin.
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Figure 4: Left: the constraints on the black hole’s mass and magnetic field to accelerate protons
with various energies: 10”° eV (dashed), GZK-cutoff 10’ eV (solid), ankle 10"*° eV (dotted)
and knee 10"° eV. Blue vertical bars correspond to SMBH candidates, such as SgrA*, M87 and
NGC 1052 with the constraints obtained from observations. The source marked as BZ
corresponds to SMBH with mass 109'\/'@ and magnetic field 10® —10* G, consistent with

Blandford-Znajek model of relativistic jets. Right: energy of a proton after neutron beta-decay in
dependence on magnetic field (right) various values of the SMBH’s mass, respectively.

The presence of magnetic field along trajectory of primary cosmic rays can
lead to synchrotron radiation reaction and correspoding energy loss, especially in
the source regions where magnetic fields can be considerably large. We have
shown that electrons loose their energies 10 times faster than protons. Therefore,
for typical SMBH with magnetic field of 10° G order the primary cosmic rays are
more plausibly protons or ions, while the decay timescales of electrons are
extremely short to be able to escape from the vicinity of SMBH. On the other
hand, in the case of neutron star (sometimes suggested as UHECRs source), whose
magnetic field is typically above 10* G, the timescale of synchrotron energy loss is
extremely short even for protons and ions, so cosmic rays are not able to escape
sufficiently far from neutron star preserving energy ultra-high.

In addition to GZK-cutoff and synchrotron emission the UHECRS may loose
major parts of their energies in interactions with astrophysical background matter,
which is especially dense in the SMBH environments. In this case various
scenarios could be involved. Kinematics of the process shows that the UHECR
produced in MPP escapes along the magnetic field lines due to chaotic scattering at
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the corresponding effective potential. However, field lines can be broken due to
magnetic reconnection events occurring in a strong gravity regime, which can lead
the direction of escape of primary cosmic rays out of the dense accretion disk and
jet dominated regions. On the other hand, UHECRSs resulting the ultra-efficient
MPP can be part of jets and combined effects of accelerations by MPP and
relativistic shocks in jets could be applied. MPP in this case can play a role of
supporting engine in the various models of UHECRs acceleration by relativistic
shocks in a plasma jets. UHECRs produced in MPP can also be tracers of
secondary cosmogenic messengers, such as high-energy neutrinos and gamma
rays.

Figure 5: The background source, which is indicated as black star is lensed by the central black
hole. D, is the distance between observer (below) and the source (star). D, is the distance from

the lens (black hole) to the source. D, is the distance between observer and lens. y represents
the inclination angle between the projection of the vector J to xy plane and vector b. Schematic
representation of the gravitating lensing

The fourth chapter of the thesis entitled “Optical properties and shadow of
black holes” is devoted to study of the gravitational lensing and shadow of black
holes in the presence of plasma and influence of the black hole charge on the
shadow image. The chapter starts from the state of the art review on the works
related to the topic and general description of the gravitational lensing by rotating
black hole immersed into plasma. In particular, the effect of amplification of
brightness and the Faraday rotation of the plane of polarization of light propagating
through plasma has been investigated and the deflection angle of light by lensing
object in a plasma has been calculated for the first time. Schematic representation
of the gravitating lensing system is shown in the Figure 5.

Further, in the chapter, geodesic equations in the Reissner-Nordstrom de-
Sitter dyon spacetime are found. Critical impact parameters for photon geodesics
separate capture and scattering regions and the parameters characterize shadow
sizes (radii). Analytical expressions for the shadow radii and critical values of
relevant parameters have been found and discussed. Results can be represented in
the Figure 6.
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Figure 6: Left: dependence of the critical value of cosmological constant 4, , for which the

radius of a shadow diverges, on the charge parameter j=Q?+P?, where Q AP are the dyon

charge parameters of a black hole. The region where the shadow can exist A < 4, is shaded.
Middle: shadow radius in dependence on the parameter j for different values of 4. The critical
value of j=9/8 is dashed. Right: dependence of radius of photon orbit on the parameter j. The
minimal value of photon orbit (r, =1.5 for j=9/8) and Schwarzschild limit (r, =3 for j=0)

are marked by black points.

In order to obtain results, two different approaches have been used, namely,
the method of “multiple roots” and the “effective potential appoach”. Both lead to
identical results. The expressions may be used to constrain parameters of black
hole candidates with current and future interferometric observations, for instance
with the Event Horizon Telescope in the case if magnetic or tidal charge is
significant. Since we considered a spherically symmetric metric, the shadow shape
Is circular, distribution of bright spots around shadows could violate the symmetry
due to different reasons, for instance due to an asymmetry of an accretion flow.

CONCLUSION

Below we list the main results and predictions of the dissertation work being of
astrophysical relevance.

1. It has been shown that the black hole at the center of the Galaxy possesses

stable unshielded electric charge with an upper limit of Q ~10"C, which does not

have an influence on the spacetime metric. A novel test based on the observed
flattening and decrease of the surface brightness profile of the thermal
bremsstrahlung inside the innermost 10° Schwarzschild radii has been proposed.
According to Chandra X-ray data detecting a weak indication of the drop in the
brightness profile at R ~0.4", an observational upper limit on the charge of

SgrA* has been obtained as Q,,, ~3%10°C.

2. It has been shown that unnscreened charge of a black hole can effectively
mimic the spin parameter of the black hole up to 60% of its maximal value, which
Is relected in considerable shift of the innermost stable ciscular orbits for charged

particles. Thus, the models estimating the spin of a black hole may require
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reconsideration due to arrising underdetermination in the measurements of the
spin.

3.  New, electromagnetic properties of bright flare components orbiting
SgrA*, detected by GRAVIY instrument in May-July 2018 have been analyzed. In
particular, it has been shown that a plasma surrounding SgrA* is relativistic and
magnetized, which leads to the charge separation in plasma. The net charge
number density of plasma surrounding Sgr A* is estimated by order 10°cm™, while
the plasma number density is of order 10™cm™= .

4. A simple formula for the detection probability of a star crossing a sparse
region of Galactic center, where the total number of bright stars is expected to fall
below one has been derived. It has been shown that it is unlikely to detect a bright
star in the innermost R=1500 Schwarzschild radii from Sgr A*, although stellar
fly-by at highly-eccentric orbit is possible.

5. The original ultra-efficient mechanism of acceleration of ultra-high-energy
cosmic rays has been proposed, based on the energy extraction from rotating black
holes. Applying the magnetic Penrose process to the radioactive decays and
ionizations of ions it has been shown that proton’s energy can naturally exceed
10 eV for supermassive black hole of 10°M_ and magnetic field of 10* G. This

gives constraints on UHECRs source parameters, such as mass, distance and
magnetic field.

6. Applied to the Galactic center supermassive black hole Sgr A* the energy
of escaping proton has been obtained by order 10*°eV, which coincides with the
knee of the cosmic ray energy spectra, where the flux of particles shows significant
decrease. The sharpness of the knee energy spectra may indicate the existence of a
single source at knee energy level. The results are confirmed numerically by the
simulation of the ionization in the vicinity of rotating black hole immersed into
external magnetic field. It was shown that the process is almost independent of the
magnetic field configuration.

7. New effect of orbital widening in the vicinity of magnetized black holes
has been found. Radiation reaction force can shift the circular orbits of charged
particles outwards from the black hole, which may occur in the case with repulsive
Lorentz, i.e. when gqLB>0, where q and L are charge and angular momentum of the

particle and B is intensity of magnetic field. The effect operates in magnetic fields
sharing the symmetries of background spacetime. It has been shown that
synchrotron radiation loss of relativistic electrons is of ~10* times faster than for
protons.

8. New analytical expressions for the shadow sizes of the black holes with
nonzero charge and cosmological constant have been derived. The expressions
may be used to constrain parameters of these black holes with current and future
interferometric observations, for instance with the Event Horizon Telescope. The
influence of a plasma on the gravitational lensing and Faraday rotation of the plane
of polarization in case of highly nonuniform plasma surrounding compact object
has been investigated.
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BBEJEHMUE (AnHoTanus 10KTOpCcKOii auccepramuu (DSc))

AKTYaJIbHOCTh ¥ BOCTPeOOBAHHOCTHL TeMbl Juccepranuu. B HacTosiee
BpeMsi B MHpE acTpopU3MUECKHE TMPOIECChl B OKPECTHOCTU YEPHBIX JAbIP
NpUBJICKAIOT OO0JbIIOE BHUMAHUE MHOTMX YYeHbIX. UYepHble JbIphl — 3TO
HK30THUYECKHE acTpoPu3nyecKkue OOBEKThl C YPE3BBIYAMHO KOMIAKTHBIMU
pa3MepaMu U OTPOMHBIMU MaccaMH, MPEACTABISAIONINE COBPEMEHHYIO (PU3HKY B €€
YpE3BBIYAMHO  JIKCTPEMAJbHBIX  YCIOBHUSX. byayunm camMbIMH  TEMHBIMHU
KOCMHYECKHUMH OOBEKTaMH, UYEPHBIC JBbIPhl CUHATAIOTCS CaMBIMH SIPKHUMH,
MOIIIHBIMA ¥ MAaCCHBHBIMU OOBEKTaMH BO BcenmeHHOH, aehopMHUPYIOITIMU
MPOCTPAHCTBO—BPEMSI M HArpEBaIOIIMMH OKPYXAIOMIYI0 Cpeay 10 OrPOMHBIX
temriepatyp. Ilporpecc B pa3paboTke COBpPEMEHHBIX HAOMIOMATENBHBIX U
AKCIEPUMEHTAJIbHBIX YCTAHOBOK IO3BOJIMJI NPEAOCTABUTh KaK MpsIMble, Tak W
KOCBEHHBIE JI0Ka3aTeIbCTBA UX CYIIECTBOBAHUS B MPUPO/IE.

B Hacrosiiee Bpemss B MUpE BEAYIIMMH HCCIEIOBATEISIMU CHENIaH P
BAXXHBIX OTKPBITHH, CBS3aHHBIX C TEMOW JUCCEPTAlMM U OMPEICISIONUX €€
aKTyaJlbHOCTh W BocTpeOoBaHHOCTh. B ampene 2019 roma B COTpyIHUYECTBE C
teneckonoMm «l"opuzoHT coObiTui» (EHT) Obuto oOHapyx eHO mepBOe B UCTOPUU
U300paKEHHUE YEPHOU JBIPhI — BHETATAKTUUECKOW CBEPXMACCUBHON YEPHOMU JIBIPHI
(CMY/l), pacnonoXeHHOM B LEHTPE AJUTMITUYECKON TallakTUKu M87 Ha nnmuHe
BoaHbl 1,3 mm. B wuronme 2018 roga Obuio 0OBSBIEHO O OecHpereeHTHOM
OTKPBITUN BHETATAKTUYECKUX HEUTPUHO BBICOKMX DHEPTHA B aHTAPKTUUICCKOU
HelTpuHHOU obOcepBaTopun IceCube, KOTOpOE MO3BOJIMIIO ONPEIEIUTh UCTOYHUK
Kak Onazap, npencrabisitomuii coboit CMYJ[ Ha paccrosuum ~ 1,75 T'mk ¢
PENSATUBUCTCKUMU CTPYSIMHU, HAIpaBJICHHBIMU B CTOPOHY 3emui. B mae—urone
2018 roma BmepBbIC MPOBOAWIMCH MPsSIMble HAOIIONCHUS JBM)KCHHS BEIIECTBA,
BpaILlAlOLIErocss B HEMOCPEICTBEHHOM Onu3ocTH K uepHOM npipe Crpenen A*
(SgrA*) B uenrpe Mieunoro Ilyru. HaOmromeHusi, mpoBeleHHBIC B OJFMIKHEH
uHppakpacHoii obOmactu cnekrpa rpymnmnod GRAVITY Ha odeHp Oosbiiom
teneckone (VLT) Empomeiickoit toxHoi obOcepBaropun (ESO), mokazamu, 4to
KOMITOHEHTBI TOPSTYMX BCHBIIIEK JBHXKYTCS CO CKOPOCThIO 0K0J10 30% OT ckopocTu
cBera. llepmas ycmemHas mpoBepka oOmielt Teopuu otHocutTenbHocTH (OTO)
DUWHIITEHA B PEKUME CHIIBHOTO IPaBUTALIMOHHOTO ToJist BOKpyr CMUY/I B ieHTpe
Haiel ["anaktuku oObsBieHa B cepeauHe 2018 romga Ha ocHOBe HaAOIOAEHUN 3a
nBIKeHUEM 3Be3anl S2. Takke, HaumHas ¢ 2015 roma LIGO (n1azepnas
uHTEephEepoMeTpruYEeCKas 00CepBaTOpUs T'PABUTALMOHHBIX BOJH) OOBSBUJIA O
OOHapyEHUU JIECATKOB CIy4aeB PErUCTPAllMK TPABUTAIIMOHHBIX BOJIH OT CJIMSIHUS
YEPHBIX JIBIP U HEUTPOHHBIX 3BE3]] B TECHBIX JIBOMHBIX CHCTEMaX.

B nameit PecnyOnmke yaensercs Oo0ibllloe BHUMAaHHE HM3YyUEHUIO
acTpo(pU3MYECKUX MPOIECCOB B OKPECTHOCTU UYEPHBIX AbIp. HampaBrmenus >Tux
(byHIaMEHTAIbHBIX HMCCICOBAaHUMN, UMEIONIUX OOJIBIIIOE 3HAYCHUE /IS PA3BUTHS
HAayKd Haled cTpaHbl, cBsa3aHbl co CTparerweil’ nelcTBUM 1O JanbHEHIIEMY

lykaz Tlpesunenta Pecny6nukn Y3sbexucran Ne VII-4947 or 07 ¢espans 2017 r. «O Crpareruu AeiicTBuii no
JaTbHENIIeMy pa3BuTHio PecrryOnuku Y30ekucTany.
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pasButuro Pecnybnuku Y36ekuctan Ha 2017-2021 rr. 3a mocneguue 20 ner B
PecnyOnnke pa3BuTa PEISATUBUCTCKAS acTpopu3uka KOMITaKTHBIX
IPABUTALMOHHBIX OOBEKTOB, MCCIECJOBAHbl SHEPIETUYECKHE W ONTHYECKUE
CBOWCTBA YEPHBIX JAbIP, KPOTOBBIX HOP M TOJBIX CUHTYJSIPHOCTEW, HaWJEHBI
s ekt 00mmeld TeopruH OTHOCUTEIBHOCTH B PENISATUBUCTCKON acTtpodusmke
HEWTPOHHBIX 3BE€3Jl, Pa3BUTA PEJSITUBUCTCKAs 3JEKTPOJMHAMHUKA M IUIA3MEHHAs
MarHutocdepa BpallAIONUXCS HAMarHWYeHHBIX PENSTUBUCTCKUX OOBEKTOB,
IOPOSCHEHA IpUPOJAa YACTHUYHO M3JIY4YalOIIUX IIyJIbCAPOB U  PATUOTUXMX
MarHuTapoB.

JlanHast nuccepTalMoHHass padoTa B ONPEAEICHHOW Mepe  CIIyKHT
peanu3auuy  3a1ad, YTBEPKIACHHBIX B  TIOCYJApPCTBEHHBIX HOPMAaTUBHBIX
JIoKyMeHTax, B Ykazax IIpesunenra Pecriyonuku ¥Y30ekucrtana 3a Ne YI1-4947 «O
Crpareruu AeicTBHI 1O JaibHEWIIeMy pa3BuTuio Pecriyonuku Y30ekuctan» ot 7
deBpanss 2017 roma, a Takxke B «JlOpOKHOM KapTe OCHOBHBIX HAampaBlICHHMA
CTpYKTYpHBIX pedopm B Y30ekuctane Ha 2019-2021 rompr», omyOIMKOBaHHOMN
npaBuUTEIbCTBOM PecniyOnuku Y30ekucran 29 Hos0ps 2018 rogaa.

CooTBercTBHE  HCCJIEJOBAHMSA  NPHOPUTETHBIM  HaNpPaBJEHUSIM
Pa3BUTHS HAYKH H TEXHOJIOTHH pecnmyOJnkH. /[nccepTaimoHHOE UCCIEI0BAHNE
BBIIIOJIHEHO B COOTBETCTBUM C NMPUOPUTETHBIM HAINPABICHUEM pPa3BUTHUSL HAYKH U
texHosorud B PecnyOnuke VY36exkucran II. «DHepreTtuwka, 5sHepro- u
pecypcocOepeKeHue».

O030p 3apy0e:KHBIX HAYYHBIX HMCCJICJOBAHUI IO TeMe AUCCEPTALMH.
HccnenoBaHusIMM  CBEPXMACCUBHBIX YEPHBIX [JbIp W CBA3AHHBIX C HUMU
HaOmoaaTeNbHbIX 3()()EKTOB, B YACTHOCTH H3yYEHUEM IMHAMHMKHU BELIECTBA U
ANIEKTPOMATHUTHBIX ~ TOJIEH  BOKPYT  YEpPHBIX  JBIP,  I'PaBUTALMOHHBIM
JMH3UPOBAHUEM M HCCIEAOBAaHUEM CBOWCTB TEHEW YEPHBIX ABIP, 3aHUMAIOTCA
BEIyIINE HAYYHO-UCCIEIOBATEIbCKUE LEHTPHl M BBHICIINE YYEOHbIE 3aBEICHUS,
takue kak MHcturyt pusuku KenbHckoro yHuBepcutera (I'epmanust), HCTUTYT
paanoactpoHomun obmiectBa Makca Ilmanka (I'epmanust), KanudopHuiickuii
yHuBepcuteT B Jloc-Anmxenece (CHIA), MacTuTyT actpodusuku B AHAaly3uu
(Ucnanust), MUHCTUTYT rpaBuTaniMoHHOW (u3nku oOmectBa Makca I[lnanka —
Nuctutryr Anwbepra OiiHmureriHa (I'epmanust), @paHk(ypTCKUN YHUBEPCUTET
(I'epmanust), MeXyHUBEPCUTETCKUNA LEHTP acTpOHOMUU U acTpodusuku (Muaus),
Nuctutyr dynaamentanpHbix uccnefgoBanuii uMm. Tara (Munus), Llentp
OPUKIIAJHBIX KOCMUYECKHMX TeXHOJOTuid u Mukporpasurauuu (I'epmanus);
INocynapctBennsiii actpoHomudeckuid HHCTUTYT uM. [LK.IItepubepra (Poccus),
MockoBckHil rocyaapctBeHHbli yHUBepcuteT uMm. M.B.JlomonocoBa (Poccus),
VYuusepcuter @ynans (Kurait), Actponomuueckuii uactutyt AH PY3 (Y306ekucran)
U IpyTHe.

[To mccienoBaHUI0 KOCMHUYECKUX Jydel cBepxBbicokux 3Hepruit (KJICBD)
CHEJIaH PsiJi BAXKHBIX HAay4YHBIX OTKPBITMI Ha MHpPOBOM YypoBHe. Hampumep,
U3YYEHUE aHWU30TPONMM HAIMpPaBICHUN IBUKEHUS JIETEKTUPYEMbIX KOCMHUYECKHX
nydert, ¢ momombio OO6cepBatopun Ilbepa Oxe (ApreHTvHa) U AHTEHHOU
pem€tkn AsteHa (CLIA) noka3anu BHETanaKTUYECKYIO TPUPOAY BOZHHUKHOBEHUS
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KJICB3 ¢ »sHepruii BbllIe 10*8° 5B. Tak kak motok wactun KJICBD oueHn main,

OBLIT MIPEAJIOKEH HOBBIN CITOCOO TETEKTUPOBAHUS YACTHI] C TIOMOIIHI0 MOOUIBHBIX
YCTPOWUCTB, TakKuX  Kak, Harpumep, cMapThOHBI, U CIIOJIb3YIOIINX
MOJaynpoBOAHUKOBYIO  TexHosoruto  KMOIIL.  Ilpoekt  peann3oBbIBacTCSA
kojmabopanueit Cosmic-Ray Extremely Distributed Observatory (CREDO -
UpesBbIyaiiHO pacmpeesneHHas o0cepBaTopusi KOCMHUUYECKUX Jy4deil), B KOTOPYIO
BXOJUT aBTOP MPEJCTABICHHON AUCCEPTAIlMU, a TAKXKE KOJUIEKTUB YUYEHBbIX U3 13
CTpaH W 22 Hay4HBIX YYPEXKIACHUN U YHUBEPCUTETOB, Takux Kak WHCTUTYT
anepHout puzuku [lonbckoit akagemuu Hayk (Ilonpina), Cune3ckuil yHUBEpCUTET B
Onase (Yexwus), Yuusepcurer um. f.A.Komenckoro (Cnoakus), Kanzacckuii
yauBepcuteT (CLIA), OObeauHEHHBIM WHCTUTYT SIIEPHBIX HCCIIEIOBAaHUMN
(Poccust), Maccauycerckuit TexHonorndeckuit uHctutyT (CIIA) u apyrue.

CBoiicTBaMu 3EKTPOMATHUTHIX MOJIEH BOKPYT BPAILIAIOIIMXCS YEPHBIX JIBIP,
a TaKXKe TEOPETUYECKUM OMMCAHHWEM BPAIIAIOUIUXCS YEPHBIX JbIPp 3aHUMAIOTCS
BEIYIIME MUPOBBIE UCCIIEIOBATEIILCKUE IIEHTPHI U BBICIINE YUCOHBIC 3aBE/ICHUSI, B
yacTHocTH, LleHTp AnbOepra DitHmreiina (Yexus), Cuie3ckuil yHUBEPCUTET B
Onase (Yexus), Yuusepcuter AnbbOepthl (Kanaga), Llentp Teopernueckoi
¢usuku (Ilonmpma), ACTpOHOMHYECKHI MHCTUTYT AKajgeMuu Hayk PecryOnuku
VY30ekucTaH u ipyrue.

B Hacrosimiee BpeMs IS WM3YyYEHHMS DSHEPreTUYECKUX IIPOIIECCOB B
OKPECTHOCTA KOMIIAKTHBIX T'PaBUTAIMOHHBIX OOBEKTOB B MHUPE MPOBOJAATCS
UCCJICIOBAHUS B PAJIC€ MPUOPUTETHBIX 00JIaCTEl, B TOM YHUCIIE TECOPETUUYECKUE U
AKCIIEPUMEHTAJIbHBIE KCCJIEAOBAHUS COCTaBa M IPOUCXOKICHUS KOCMHYECKHX
Jy4del CBEPXBBICOKMX SHEPrUHd M BHETAIAKTUYECKUX BBICOKOPHEPIETUYECKUX
HEUTPUHO, TOUCK CHOcO00B 3(G(HEKTUBHOTO  W3BJICUCHUS] JIHEPTrUU U3
BpAIIAIONINXCSI YEPHBIX JBIP U OOBSCHEHUE PENSATUBUCTCKUX CTPYH M3 UYEPHBIX
Ibplp, HaOmofeHus 3a 3(p¢deKTamu, MNPOUCXOMSAINIMMHU BOKPYI YEPHOW JAbIPHI
lanakTUueckoro IEHTpa, TEOPETUUECKOE MOJIECIUPOBAHUE DIICKTPOMArHUTHBIX
MoJIel BOKPYT YEPHBIX JbIPp U aHAINU3 JIBMKEHUS YaCTHUI[ BOKPYT 3THUX OOBEKTOB,
M3YUYCHHE IHEPTETUUECKUX MPOIIECCOB B OKPECTHOCTH BPAIAIOIINXCS YEPHBIX JBIP
MIPU HAJTMYUU BHEIIHETO MarHUTHOTO TIOJIA.

Crenenb u3y4yeHHOCTH NMpodaeMbl. CBOKCTBA BELIECTBA, OKPYKAIOILIETO
acTpoM3UUECKYI0 YEPHYIO ABIPY, a TAKKE OrpaHUYEHHUs Ha NapaMeTpbl YepHOU
JBIpBl  OBLTM  WCCIIEAOBAHBl TEOPETHUYECKH U DKCHEPUMEHTAIBHO MHOTUMU
y4eHbIMH, Hamnpumep, repmanckumu (P. T'anumens, A. Oxapt, A. 3encyc, C.
bputsen), ucnanckumu (P. IHomen, b. Ilax3zamansn), wutanbsackumu (P.
Pybdunn, K. Kpemackunu, M. Teccapotto), yenickumu (3. Cryxnuk, f. Konomr),
poccutickumu (A. 3axapos, [. ['anbioB), amepukanckumu (A. I'e3), KuTaliCKUMH
(K. bam6mu, A. AOmukamanoB) u ap. OgHaKo, BIHMSHUE 3JICKTPOMATHUTHOTO
B3aMMOJICHCTBHUSl BEIIECTBA C 4YEPHOM JbIpoM Ha HaOJ0JaeMble CBOMCTBA
KOMITAKTHBIX KaHJUJATOB U OKPYKAIOIIEro aKKPEIMOHHOIO IMOTOKa JOJIKHBIM
00pa3oM He U3YYEHO.

Cpenu  nydliuxX  COBPEMEHHBIX  JETEKTOPOB  KOCMHMYECKUX  JIyuew
CBEPXBBICOKMX JHEPrud MOXKHO BBIJICIUTH JBE KpYyIHEWIIUe o0cepBaTOpuu
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KOCMHYECKHX JIy4el, TaKue KaK MacCUB TEJIECKOIIOB B CEBEPHOM MOIYLIApUU U
O6cepBatopust [Ibepa Oxe B rokHOM Tonymapuu. [loMumo HaOIIOAATETEHOTO
uccaenoanuss  KJICBD,  cymecTBYylOT — pa3jiMyHble  TEOPETHYECKUE U
M0JTy()eHOMEHOJIOTUYECKHUE MOJIEINH, TMBITAIOIINECS OIMUCATh MPOUCXOXKICHUE U
MexaHu3M uX (opmupoBaHus. MoxHO ynoMmsHyTh rpynmel B CIHIA
(vommaboparnus Fly's Eye), Aarapkrune (komnaboparus IceCube), I'epmanun (P.
Onrens, K. ManxaiiM) u ap., KOTOPBIM YAQJIOCh OMHMCAaTh HAOII01aeMble COOBITHS
KJICBD B pamkax »5K30THYECKMX Mozeied. Tem He MeHee, 0 CHUX IIop
OPOUCXOXKJIEHUE W  MEXaHU3Mbl  (OPMHUPOBAHUS  KOCMHUYECKHX  JIy4el
CBEPXBBICOKMX JHEpPruii HE COBCEM MOHATHBL. boiee TOro, BO3MOXKHOE
npoucxoxaeHue KJICBD B HenocpeacTBeHHON OJIM30CTH YEpPHBIX JbIp €lIe HE
00CYX1a10Ch.

CBolicTBa 3J€KTPOMarHUTHOTO IOJII BOKPYT BpAILlAIOLIEHCS YEPHOM JbIPBI
Keppa, norpyxeHHOl BO BHEIIHEE OJHOPOJHOE MAarHUTHOE IOJIE, HCCIIEOBAHUE
JUHAMUKH 3apsOKEHHBIX YacTHI[ BpallarolIeiicss 4YepHOW AbIpbl NpPHU HAIUYUU
BHEILIHETO IO, CTOJKHOBEHUS M Pacajbl YAaCTUL B OKPECTHOCTH YEPHOU JIbIPHI
Keppa Obuin uccienoBaHbl U OOCYXJAEHbl MHOTMMH YYEHBIMH, CPEIU KOTOPBIX
BBIIICISIIOTCS, Hanpumep, aHrinuickue (P. Banpn, P. bnenndopa, P. Ilenpoys),
amepukanckue (M. banagoc u ap.), poccuiickue (. B. ['anbioB u np.), kKaHaicKue
(B. ®pomoB u A. Illym), y36ekucranckue (b. Axmenos, A. A0myxab0apoB u ap.),
typeukue (A. AmumeB u H. Osnmemup) u mHorue apyrue. OmHako mHoApoOHOE
U3y4EHNE MEXaHU3MOB U3BJICUEHUSI SHEPTUU B CBEPXI((HEKTUBHOM PEXKUME paHEE
HE YHOMMHAJIOCh, TaK KaK 3TH PE3yJIbTaThl ObLIM BIEPBHIE OOBABIECHBI aBTOPOM
auccepraiMu B ero paborax. MccnenoBanue 3TUX 3(PGEKTOB NPUBOAUT K
OOBSICHEHUIO PA3IMYHBIX BaXKHBIX SIBJICHHUM, HAOII01a€MbIX B KOCMUUYECKUX JIy4aXx,
PENATUBUCTCKUX JIKeTaX, KBa3apax U T.J.

Tenb 4epHBIX ABIP KaK B BAKYYMHBIX, TaK U B IJIa3MEHHBIX KOH(QUTYpAIHIX
C pa3IUYHBIMU JIONOJIHUTEIBHBIMU TapamMeTpaMH IEHTPAIBbHOTO OOBEKTa,
BKJIIOYAsl TApAMETPhbl AIbTEPHATUBHBIX TEOPUH, U3ydallaCh MHOTMMHU YYE€HBIMHU, B
toMm ymcie snonckumu (K. Maena u K. Xuoku), repmanckumu (A. Grenzebach, V.
Perlick, C. Laemmerzahl, L. Rezzolla u ap.), y36ekucranckumu (b. Axmenos, A.
AbyxxabbapoB, @ AramypotoB u ap.), apreatuHckumu (E. Eiroa, L. Amarilla),
gyemckumu (J. Schee, Z. Stuchlik), poccuiickumu (I". bucnoBartsiii-Koran, O.
[lynko) u MHorummu apyruMu. OJHAKO OCTaeTCs HESICHBIM BOIIPOC O CTCIICHH
OPUMEHUMOCTH TIOJIYYEHHBIX aHAJIUTUYECKUX M YHUCJICHHBIX pE3yJbTaTOB K
PEAIMCTUYHOM CpeJie TOpsiuei MIa3Mbl BOKPYT KOHKPETHBIX KaHAWJATOB B UYEPHBIE
IBIPBI.

CBsi3p TeMBbI JUCCEPTALMH C HAYYHO-MCCJIEA0BATEIbCKUMHU padoTaMu
BBICILIET0 00Pa30BaTEJIbHOI0 WJIM HAYYHO-HCCJICA0BATEIbCKOI0 YUpeKACHNS,
rae BbINOJHeHA Auccepraunms. J(uccepranys BBINOJHEHA B paMKaX Hay4YHBIX
OPOEKTOB  ACTPOHOMHYECKOTO HHCTUTYyTa Akazemun Hayk PecnyOnuku
V30ekuctan BA-OA-O2-008 «AcTtpodusuyeckrue mpoluecchl B CTAIMOHAPHBIX U
JMHAMUYECKHX OOBEKTaX PENATHUBUCTCKON TpaButanun» (2017-2020); BA-DA-
®2-008a «PensTuBucTcKast acTpodu3nKa U30IMPOBAHHBIX YEPHBIX JbIP B TECHBIX
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JBOMHBIX CHCTEMaxX, cojaepxKamux uepHble AbIpbDy (2017-2020), EDA-ATex-
2018-8 «YacTtuupl ¥ CHIbHBIE TPaBUTALIMOHHBIE W AJIEKTPOMATHUTHBIE MOJS B
OKPECTHOCTH KOMIIAKTHBIX OOBEKTOB B PENSATUBUCTCKON acTtpodusmke» (2018—
2019); benopyccko-y3oekckoro mpoekta MRB-AN-2019-29 «MonenupoBanue
KOMITAKTHBIX acTpPO(PU3NIecKuX OOBEKTOB U KOPPEISIMU WX HaOII0IaTeIbHBIX
XapaKTEePUCTHK ¢ TapameTrpamu Teneckona PT-70 u poccuiickoro opOoUTaIbHOTO
teneckora ['amma-400» (2019-2021).

Hesabr0 ncciief0BaAaHUSA SIBIIIETCS W3YyUYECHHUE AJIIEKTPOMArHUTHBIX CBOMCTB U
HSHEPreTUYECKUX XaPAKTEPUCTUK aCTPOPU3NUECKUX YEPHBIX JIBIP U OKPY>KAIOIIETO
BEIIECTBA, a TaK)Ke MPUMEHEHHUE PE3yJbTaTOB K OIMUCAHUIO psAlla HAOII0JaeMbIX
ABJICHUN, TAKUX KaK KOCMHYECKHE JIyYM BBICOKMX JHEPTHM, PEISITUBUCTCKUE
BBIOPOCHI IJIa3Mbl YEPHBIMU JbIpaMU, TEHH YEPHBIX JBIP U T.I.

3ajgauu uccJIe10BaAHUA:

aHau3 JABWKCHMS, CTOJIKHOBEHUS U pachajia 3apsyKeHHBIX U HEUTpadbHBIX
YaCTHIl B OKPECTHOCTH BPALIAIOIIMXCS YEPHBIX bIP B MPUCYTCTBUM BHEIIHETO
MarHuTHOTO TOJI;

M3YUYCHHE JIEKTPOMArHUTHBIX MOJIEH B KPUBOJIMHEHHBIX KOOPIMHATAX;

pa3paboTka MOJAENU [Jisi ONMUCAHUS KOCMHUYECKUX Jydel CBEPXBBICOKHUX
SHEPruil, BO3HUKAIONIUX B HEMOCPEJACTBEHHON OJIM30CTH aCTPOPU3UUECKUX
YEPHBIX JIBIP;

IPOBEJACHUE CPAaBHUTEIBHOIO aHaNIM3a IMPEJICKa3aHUuil MpeaiaraeMou
Mozaean KJICBD ¢ nanHpIMH HaOIIOACHUN;

U3Y4YCHHUE BIUSHUS HEOJHOPOJHOM TUIa3Mbl HA (POPMY TEHH BpAILAIOIICHCS
YEPHOU JIBIPHI;

o0CY)X/IEHHE PpEUHTEpIpeTalli HaOJIONATeNbHbIX JIaHHBIX TpPU YYeTe
AJEKTPOMAarHUTHOTO B3aUMOJEHCTBUS YEpPHOM [bIPbl M BEILIECTBA B paMKax
CYIIECTBYIOIIUX MOJIEIIEH;

MPUMEHEHUE TEOPETUUECKUX PEe3yJbTaTOB K KOHKPETHBIM KaHAHWAATaM
YEPHBIX JBIP, B TOM YHCJIE K CBEPXMACCHBHOW 4YepHOW awpipe SQrA* B meHTpe
lManakTukw.

O0beKTOM HCCIIeI0BAHMS SIBISIOTCS BPAILAIOMIMECS YEPHBIE ABIPHI BO
BHEIIIHEM MAarHUTHOM TOJIE U Takue KaHauaaTel, kak SgrA*, M87, NGC1052 u
OJ1azapsl.

IIpenmeTom mcciIeI0OBaHUA SBIISIIOTCS MEXAHU3MbI U3BJICUEHUSI SHEPTUU U3
YEpHBIX JBIP B AacTPOPU3MUECKUX YCIOBHUSX; AJIIEKTPOMAarHUTHBIE CBOMCTBA
PEaTMCTUYHBIX YEPHBIX ABIP, AJEKTPOMATrHUTHOE M3JIYYEHUE BEIIECTBA B PEKUME
CUWJIHHOM TpaBUTAIMHU, XaPAKTEPUCTUKH TIA3MbI BOKPYT KOMIAKTHBIX OOBEKTOB U
TEHU YEPHOM HbIPbI, OKPYKEHHOM IUIA3MOM, a TAaKXKe CBA3aHHBIE C HUMHU
Ha0roAaTeNIbHBIC TaHHbIC.

Metoabl ucciaegoBanus. OeHOMEHOIOTHYECKOE MOJICIIMPOBAHNUE CBOWCTB
Pa3JIMYHBIX BBICOKOIHEPTeTUUECKUX aCTPOU3UUYECKUX TPOILIECCOB METOJIaMU
MaTeMaTH4YEeCKOro armapara OOIIed TeOpUH OTHOCUTEIHLHOCTH B COYETAaHUU C
AIEKTPOAUHAMUKON U YUCJIECHHBIM MOJICTUPOBAHUEM PEATUCTHUYECKUX IMPOIECCOB
NyTeM pelieHus HEeJIMHEHHBIX IuddepeHInaibHbIX YPaBHCHUI sl BEIlleCTBa U
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IOJIEH.

Hay4Hasi HOBU3HA MCCJIeIOBAHUSA 3aKJII0YAETCS B CIEAYIOLIEM:

BIIEPBBIE IIOJYYEHO IMPEAECIBbHOE 3HAYCHHE BEIMYMHBI DJIEKTPUYECKOIO
3apsia CBEPXMACCUBHOW depHOM AbIpel SQr A* B mentpe Mineunoro Ilytu ¢
BEPXHUM MPEACIIOM Qgyp, ~10"K7, KOTOpBI MOXET MMUTHPOBaTh 3(Pdekr cruna
YEPHOU JbIPHI;

BIIEPBBIE IMOKA3aHO, YTO IUIA3Ma, BPALIAIOIIAsCS BOKPYT CBEPXMACCHBHOM
4epHOU JAbIpel SQrA*, SBIsSETCA PENATHUBUCTCKOM ¥ HaMarHWYCHHOMW, YTO
OPUBOIUT K Ppa3lelCHUIO 3apsijioB B IUIa3ME C IUIOTHOCTBIO HU30BITOYHBIX
3apsioB10°cv™®, TOrma Kak TMOJHAS IUIOTHOCTh YAaCTHIl B IUIa3ME HUMEET
nopsiok10™en > ;

MOKa3aHa MaJOBEPOSTHOCTh OOHAPYKEHHUs SIPKUX 3BE3J] HA PACCTOSHUSAX
ommxe 1500 pagmycoB IBapimunbaa oT yepHOM AbIpel Sgr A*, ogHako o0ieT
3BE3]l HA TAKUX PACCTOSHUAX BO3MOXKEH Ha BHICOKOIKCIICHTPUYHBIX OpOUTAX;

OpEeUIOKEH  HOBBIM  yibTpa-3(EKTUBHBIA  MEXaHU3M  YCKOPEHHUS
KOCMUYECKUX Jydeil cBepxBbicokux dHepruit (KJICBD) mnyrem wu3BiedeHus
DHEPIUU M3 CBEPXMACCUBHBIX YEPHBIX IbIp. BriepBble IMOKa3aHO, 4TO JHEPrus
BBIJICTAOIIETO MPOTOHA MOXKET MpeBbImaTh 10%° 3B 11 cBepXMacCHBHOM YepHOM
IBIpbI Maccoit 10°M_ ;

BIIEPBBIE MOKA3aHO, YTO DHEPTUs BBUIETAIOLIErO IMPOTOHA U3 OKPECTHOCTH
uepHOM ABIpel SQr A* B nenrpe amaktuku mocturaer mopsaka 10°° 5B, uro
COBIIAJIaET C KOJICHOM 3HEPIreTHUYECKOIO CIIEKTpa KOCMUYECKUX JIy4eH, Iie ITOTOK
YaCTHL] 3HAYUTEIBHO YMEHBIIAECTCS;

[IOJIy4E€HBI HOBBIC AHAJIMTUYECKHUE BBIPAKEHUS I pa3MEPOB TEHEN YEPHBIX
neip Paiiccuepa—Hopacrpema ¢ KOCMOIOTMYECKUM ITapaMeTpoM;

BIIEPBBIE  HCCIIEJOBAaHbl I'PABUTALlMOHHOE OTKJIOHEHHWE B  IUIa3Me,
OKpY>Karolllel Bpalllalou[iecs] IPaBUTAlMOHHbIE OOBEKTHI, U BPAILLEHUE MIIOCKOCTH
nonspuzanuu Papanes v NoJIy4eHO BBIPAKEHUE I yIila JUH3UPOBAHUS B CIydae
CUJIPHO HEOJHOPOJHOM IUIa3Mbl, OKPYXAOIIEH BpalarolIAiCS KOMIIAKTHBIN
O0OBEKT.

IIpakTryeckue pe3yabTaTbl HCCACA0OBAHMS 3AKIIOYAIOTCSA B CIIEIYIOLIEM:

pa3paboTaH  HOBBIM  MEXaHU3M  YCKOPEHHS  KOCMHUYECKUX  JIydeu
CBEPXBBICOKMX YHEPrUM, HAKIIAIBIBAKOIINN [TPOBEPSEMbIE OTPAHUYECHUS HA MacCy,
PAcCTOSIHME U MAarHUTHOE T10JIE YEPHOM ABIPBI — YCKOPUTEIIS;

MPENJIOKEH HOBBIM HAOIIOJATENbHBIA CIOCOO0 M3MEpPEHUs 3apsija YepHOM
JBIPbl B PEHTTEHOBCKOM JIMalla30He, OCHOBAaHHBIA HAa HAOJII0JaeMOM CIIIaKUBAaHUU
U CHIDKEHUU TNpOPUIs MOBEPXHOCTHOM SPKOCTH TOPMO3HOTO H3IIy4YE€HHS Ha
PACCTOSIHUM 10 10° paauycos llIBapmmmnsaa Sgr A*;

MOKa3aHO, 4YTO HEHYJEBOW 3apsj 4YepHOW MAbIpbl MOXET 3(h(HEKTUBHO
MMUTUPOBaTh mapameTrp crnuHa 10 60% OT ero MakCMMallbHOTO 3HA4YE€HUS, YTO
OTpa)KaeTcsi B 3HAYUTEIBHOM CMEIICHUH Onrbkaiiiel CcTaOMIbHOW KpyroBoi
OpOUTHI JJ1s1 3aPSKEHHBIX YaCTHII,

CreneHb JI0CTOBEPHOCTH Pe3yabTATOB IPOBEACHHBIX HCCICI0BAHNH
oOecrieynBaeTcss T€M, YTO B pabOTe HCIHOJb30BAIUCH METO/Abl OOLIEH TeopHuu
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OTHOCHUTEILHOCTHU (OTO) u TEOPETUYECKOU busukmy, BKJIIOUast
BBICOKOA()(DEKTHBHBIE YHMCIEHHBIE METOJABI U MIPOrpaMMbl, IPOBOIMIIACH
TIIATEJIbHAS. IPOBEPKA COOTBETCTBUSA IOIYYECHHBIX TEOPETUUECKUX PE3YIBTATOB C
UMEIOLIUMHUCS JKCIEPUMEHTAIBHBIMU JIAaHHBIMU HAOJIOJICHUN UM pe3ylbTaTaMu
IPYTUX YYEHBIX, a TAKKE€ TE€M, YTO BBIBOJABI JUCCEPTALMOHHON padOThI XOpPOLIO
COTJIACYIOTCSI C OCHOBHBIMH IIOJIOKEHHUSIMM TEOPUHM TIOJISI T'PaBUTALMOHHBIX
KOMITAKTHBIX OOBEKTOB.

Hay4ynasi m npaKkTu4ecKasi 3Ha4YUMOCTDH Pe3yJIbTaTOB UCCICA0BAHMS.

Hayynasgs  3HauMMOCTh  pe€3yJbTAaTOB  HCCIEAOBAaHUS  OMNPEAEIACTCS
CIIOCOOHOCTBIO pa3pabOTaHHOTO B AUCCepTalvKd (popManu3Ma aHaIU3UPOBATH
ANIEKTPOMATHUTHBIE TIOJIA acTPOPU3MUECKUX UEPHBIX [JbIp M MEXAHU3MBI
U3BJICUEHUS DHEPIUM U3 acTpOU3MUECKUX UYEPHBIX [bIp, OINpPEACNICHUS TEHH
YEPHBIX JIBIP, MOJYYEHHBIX C TOMOIIBIO PAIUOTEIECKOIIOB HOBOT'O MTOKOJIEHHUS, YTO
HE0OXO0UMO IS TOTYYeHHs] HHPOPMAIIH O PA3IHMYHBIX TapaMeTpax U CBOMCTBax
CBEPXMAaCCUBHBIX YEpPHBIX JbIp B IEHTpax ramakTuk. Kpome toro, Oynymiue
PEHTI€HOBCKHE HAOJIOJIEHUs IPKOCTU TOPMO3HOTO M3Iy4yeHus B ['aakTueckom
LEHTPE MOryT oO0OecrneunTh HaOIIOAATENbHbIE OrPAaHUYEHUsS Ha HAJIU4YUe
ANEKTPUYECKOTO 3apsifa 4YEPHOM [IbIPbl, WIPAIOMIETO PEIIAIIYI0 pPOJIb B
MEXaHM3MaX YCKOPEHHUS BOKPYI CBEPXMACCHUBHBIX YEPHBIX JBIP, CBSI3aHHBIX C
AGN, xBazapamu u T.1I.

IIpakTyeckas 3HaYUMOCTb PE3YyJIbTATOB UCCIICAOBAHUN 3aKIIOYAETCS B TOM,
YTO MX MOXKHO HCIIOJIB30BAaTh I IIOJYYEHHs OLEHOK IIapaMeTpPOB YEPHBIX IbID,
TaKUX KaK Macca, CIIMH, OPUEHTALUA, 3apsi U MarHUTHOE 1oJie. Pe3ynbpTaThl MOTYT
OBITh MOJIE3HBI JJI aHaJIU3a MPUPOJAbI U AUHAMHUKH I'PAaBUTALMOHHOTO MOJIS, IIPU
pa3paboTke HaOIIOAATEIbHBIX OSKCIEPUMEHTOB U KpPUTEPUEB OOHAPYXEHUS U
UACHTU(UKALMY aJTbTEPHATUB KOMIAKTHBIX YEPHBIX JIBIP.

Bueapenune pesyabTaroB HcciaegoBanus. Ha ocHOBe wmccnenoBaHus
acTpo(pU3MYECKUX SBJIEHUA M TPOLECCOB B OKPECTHOCTH YEPHBIX JbIp H
KOCMHUYECKHX JIyYEH BBICOKUX SHEPTHUIL:

pe3ynbTaThl 1O MapaMeTpaM CBEPXMACCUBHOW YE€pHOU AbIpbl SErA™ B eHTpe
Halell rajJakTUKU U JUHAMUKH IJ1a3Mbl B €€ OKPECTHOCTH OBbUIM MCHOJIb30BaHbI B
pamkax mpoekta SFB-956 Hemenkoro HayuyHoro ¢oHAA € TpOTpam,
(¢uHaHCHUpyeMbIX U3 CTPYKTYpHBbIX (oHnoB EBpomneiickoro Coro3a u Iloasckoro
Hay4YHOI'0 LIEHTPA, Ul NIPOBEPKU TEOPUU TPABUTALMU B PEKUME CHIIBHOIO I10JIA
(mucemo llentpa Teopermyeckoit gusuku [loabckol akameMuu HayK OT 8 HIOJIS
2019 roma). HMcnosb3oBaHME Hay4YHBIX pE3yJIbTATOB IO3BOJIMIIO MOJYYUTh
OTpaHUYCHHUS Ha DJIEKTPUUECKUi 3aps SYrA*;

MPEIOKCHHBIA ~ HOBBIA  yIbTPad(PPEKTUBHBIA  MEXaHU3M  YCKOPEHUS
KOCMUYECKHUX JIy4el CBEPXBBICOKMX JHEPIMM IIyTEM W3BJICYCHUS DHEPIUU U3
CBEPXMAaCCUBHBIX  YEpPHBIX  Jblp  ObUI  HCIIOJNB30BAaH  3apyOEkKHBIMU
uccienoparensimu  (Physical Review D, 2018, 2019; International Journal of
Modern Physics D, 2019; Journal of Cosmology and Astroparticle Physics, 2019)
JUISL A3YYEHUS B3aMMOJEWCTBUS MEX3BE3JHOTO IMPOCTPAHCTBA M OKPECTHOCTH
yepHOU JIbIppl B ueHTpe [amaktuku. HMcmonb30oBaHWE HaydHBIX pE3yJIbTATOB
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MO3BOJIMJIO TTPOBEPUTH IMPEACKA3aHHUS TEOPUU TI'paBUTAUUU XOPHIECKU B Cllydyae
HaJIN4Yus y TAKOW YEPHOM ABIPBI JIEKTPUUECKOTO 3apsiaa;

pe3ynbTaThl MO MCCIEIOBAHUIO HHEPreTUYECKUX CBOWCTB YEPHBIX JbID,
PEATUCTUYHBIX  CHOCOOOB  3JEKTPOMATHUTHOIO M3BJICYEHHUS  BpallaTeIbHOU
SHEPIUM YEPHBIX [bIp, & TAaKKe BBICOKOIHEPIETHUECKUX MPOLECCOB ObLIN
HCIIOJIb30BaHbl B paMKax HporpaM MeXyHUBEPCUTETCKOIO KOMHTETAa TI'PAHTOB
(muceMo Muamiickoro MeXKyHUBEPCUTETCKOIO KOMHTETAa TPaHTOB OT 15 HrOHA
2019 rona), a Takke 3apyOeKHBIMH MCCIIEIOBATEISIMU (CCHUIKM B MHOCTPAHHBIX
HayuHbIX xypHasnax Physics of the Dark Universe, 2019; The European Physical
Journal C, 2019; Physical Review D, 2019; Monthly Notices of the Royal
Astronomical Society, 2019) mist moaydeHus npeAebHbIX 3HAYCHUI MapaMeTpOB
acTpo(pU3MYeCKUX  KOMMAKTHBIX  KaHAuIaTtoB. lcmosb3oBaHuME  HAy4YHBIX
pE3yIbTAaTOB MO3BOJWIO OOOOIIUTH JaHHBIE IJIs ClIydas W3BJICUECHHS] SHEPruu
OpaHHBIX YEPHBIX JBIP MyTEM CTOJKHOBEHHS YaCTHI] B 3procdepe;

MOJIyYeHHbIE HOBBIE AHAJUTHUYECKUE BBIPAKEHUS MJisi pa3MepoB TEHEH
yepHbIX Ablp PaiiccHepa—HopacTtpema ¢ KOCMOJOTMYECKUM MapaMeTpoM ObLIN
UCIIONIb30BaHbl 3apyOckHbiMU HUccienoBaTensimu  (Physical Review D, 2019;
International Journal of Modern Physics D, 2019; The European Physical Journal
C, 2019; Physics of the Dark Universe, 2019; The Astrophysical Journal, 2018).
Hcnonb30oBaHWEe HAy4YHBIX pE3yJbTATOB IIO3BOJIMIIO OMNPEACIUTh  JIBUKECHHE
3apsDKEHHBIX  YacTHUI[ BOKPYI HaMarHMYEHHOW 4YEepHOM JbIphl, a Takxke
COOTBETCTBYIOIIME MM KBa3H-TIEPUOJUYECKHE OCHWUISUUU JJIsl ONpenesCHUs
Macchl, CIIMHA U MAarHUTHBIX TOJIEM HEKOTOPBIX MHUKPOKBA3apOB M YEPHBIX HBIP
3BE3JIHBIX MacC;

MOJIyYeHHOE BBIPAXKEHUE JUIA YIJIa JIMH3UPOBAaHWA B CIly4ae CHIIBHO
HEOIHOPOIHOM IJIa3Mbl, OKPYKAIOIIIECH BpaIlaloluicsi KOMITAKTHBIA 00BEKT, ObUIH
UCIIOJIb30BAaHBI B paMKax rocyJapcTBeHHOro mpoekrta Yemickoit PecrmyOmuku No
SGS/12/2019, a takke 3apyOeKHBIMH HUCCIICIOBATEIAMHU (CCHIUIKA B MHOCTPAHHBIX
HayuHbIX XypHanax Physical Review D, 2018, 2019; Astrophysics and Space,
2016; The European Physical Journal C, 2018, 2019; International Journal of
Modern Physics D, 2018; Modern Physics Letters A, 2018; Monthly Notices of the
Royal Astronomical Society, 2016) mis ucciemoBaHHs ONTHYECKHX CBOWMCTB
YepHbIX Ablp B IUIa3Me. Mcnonb3oBaHME HAYYHBIX pE3yJbTAaTOB IO3BOJIMAJIO
MOJIYYUTh MHOKECTBO HOBBIX PE3yJbTAaTOB, TAKUX KaK A((PEKThI TPaBUTAIIMOHHOTO
JMH3UPOBAHUA B IJIa3Me, TEHEH YEpPHBIX AbIP B IJIa3Me, KaKk B TEOPUU T'PaBUTALUU
OWHIITENHA, TaK U B AIbTEPHATUBHBIX TEOPUSIX TPABUTALUU.

AnpobGanuss  pe3yabTaroB  uccjaeaoBaHusi. OCHOBHBIE  pE3yJbTaThl
JUCCEPTALIMOHHON pabOThl JOKJIAIBIBAIMCH U 00CYKAAIMCh HA 8 MEKITyHAPOIHBIX
U pecnyOJIMKaHCKUX HAyYHO-TIPAKTUYECKUX KOH(PEPEHIIUSIX.

Iyoankanust pe3yabraToB HccaenoBanms. [lo Teme auccepranuu
onmyOJMKOBaHO 22 Hay4dHble pPaOOTHl, B TOM uMcie 12 HaydyHbIX cTated B
MEKTYHApOIHBIX HAay4YHBIX  JKypHaJax, PEKOMEHJOBaHHbIX  Briciieit
aTTeCTallMOHHOM Komuccue PecnyOmuku  V30ekuctaHn il myOJauKaIuu
OCHOBHBIX HaYYHBIX PE3yJIbTATOB JUCCEPTALIHIA.

O0beM M cTpyKTypa amccepranumu. J(uccepranus COCTOMT U3 BBEICHUA,
YeThIpeX TJIaB, 3aKJIIOYECHHUS W crhucka Jurepatypbl. O0Bem cocraBiser 216
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CTPAHHMIL.
3AK/IIOYEHUE

[To pe3ynpTaTaM WCCIICOBAHHIA, MPOBEJACHHBIX IO TEME JOKTOPCKOM
auccepTaiuu  «ACTpoU3MYECKUE TPOILECChl B OKPECTHOCTH YEPHBIX [bIP U
KOCMHYECKHUE JTYYH BBICOKHX SHEPTHUiD», MPEICTABICHBI CIICIYIOIINE BHIBOJIBL:

1. YcraHOBEH BEepXHUM pEaTUCTUYHBINA MpeNeN 3JIEKTPUUYECKOro 3apsiia
YepHOU JBIPHI B 1ieHTpe Miteunoro ITytu Q, ~10" Kz, HE BIMSIONINI Ha T€OMETPHIO

npocTpaHcTBa—BpeMeHu. [IpensioskeH HOBBIM CIOCOO M3MEpEHHUs 3apsia YepHOU
JBIpBl TIPU TIOMOINM HaOJIOJIEHU B PEHTIEHOBCKOM nuana3one. Ha ocHoBe
JaHHBIX Teneckona Yauapa, NEeMOHCTPUPYIOUIUX CHUXKEHUE MPOPUIs SPKOCTH
TOPMO3HOTO U3JIydeHHs] BONMM3M SgrA*, mojydyeH BEpXHHMM HaOIIOAaTeNIbHbBIN
npenesn Ha 3apsif, Qg . ~ 3% 10°Kx.

2. Tloka3zaHo, YTO HEHYJEBOM 3apsji YepHOU AbIPhl MOXKET 3(HPEKTUBHO
UMUTHPOBATh MapameTp crnuHa 10 60% OT ero MakCHUMaJIbHOTO 3HA4Y€HUs, 4YTO
OTpa)kaeTCsi B 3HAYUTEIHLHOM CMEIICHUU OiKaliel CcTaOWIbHONH KpYyroBOid
OpOUTHI I 3apsSHKEHHBIX YacTUIl. TakuMm 00pa3oM, OOJBIIMHCTBO MOJIETEH,
OLICHUBAIOIIMX CIMH YEpHOM JbIpbl, TPeOYIOT IMepecMoTpa U  ydeTa
AJEKTPOMArHUTHOTO B3aMMOJICHCTBUS M3-3a2 BO3HUKAIOIIEH HEIOOIMPEIEICHHOCTH
IapaMeTpa CINHA.

3. BmnepBble mnpoaHamu3UpOBaHbl AJIECKTPOMArHUTHBIC CBOMCTBA SIPKUX
BCHBIIICYHBIX KOMIIOHEHTOB, Bpallaloluxcsi BOKpyr Sgr A*, oOHapy>KEHHbIC
kosmabopamueit GRAVITY B mae—utone 2018 roma. B uwacTHOoCTH, BIiepBbie
MOKa3aHo, 4YTO IUIa3Ma, OKpyxkaromias Sgr A*, sBusercs peasiTUBUCTCKON U
HaMarHM4eHHOM, 4TO MPUBOAMT K pa3/elieHHuI0 3apsAaoB B IuiazMe. [lomyuyena
OIIEHKA TIJIOTHOCTH YHUCJa M30BITOYHBIX 3apsiiOB B KBa3U-HEUTpAJbHOM IIa3Me,
oKpykaromeir Sgr A*, uro cocraBimseTl0°cv®, TOrga Kak IMOJHAs IUIOTHOCTD
YaCTHII B IJIa3ME MMEET MOPs 0K 10" cn > .

4. Tlonyuyena dopmyrna s pacueTa BEpPOSTHOCTH OOHApPYKEHHS 3BE3Jbl,
nepecekaromiei ommkainryto obmacts ['amakTudeckoro 1meHTpa, rjiae BEpOSITHOCTh
HaXO0XJIECHUS SIPKUX 3BE3J, KaK OXKUJAeTCs, yNaJeT Hike eauHuipl. [lokazana
MaJIOBEPOSITHOCTh OOHApY>KEHUS SPKUX 3Be3]l Ha paccTosHusx Ommke 1500
panuycoB IlIBapuimiabsaa oT 4yepHo AbIpbl Sgr A*, ogHaKko 00JeT 3Be3]] Ha TaKUX
PaCCTOSIHUSX BO3MOKEH Ha BBICOKOIKCIIEHTPUYHBIX OpOUTaX.

5. [lpemnioxeH opurvuHaIbHbIM, CBEPX3(PPEKTUBHBIA MEXAaHU3M YCKOPEHHS
KOoCcMHUYeCKHX Jiydel cBepxBbicOkuxX sHepruii (KJICBD) ¢ moMonipio u3BICYEHUS
SHEPIrUU U3 CBEPXMACCHUBHBIX YEPHBIX JbIp. [[puMeHeHrneM MarHUTHOIO Tporiecca
Ilenpoy3a K paauoakTHUBHBIM pacnajaM WM HOHM3AlMH sIep IOKa3aHO, 4YTO
SHEPIHs BBUIETAIONIET0 IPOTOHA MOXET MpeBbImaTh 107 3B OKOIO THIIHYHOM
CBEPXMACCUBHON 4YepHOH ObIppl Maccoil 10°M_, HOTPYXKEHHOH BO BHEIIHEE
MarHUTHOE MoJie mopsiaka 10° I'c.

6. BiepBble oka3aHo, 4YTO SHEPTHUs BHUIETAIOLIETO MPOTOHA U3 OKPECTHOCTH
4epHOM ABIPBI B LieHTpe ['anaktuku pocruraeT nopsaka 10%°° 5B, uro coBnagaer ¢
KOJIEHOM 3JHEPreTUYECKOTO CIEKTpa KOCMUYECKHUX Jydyel, TJe MOTOK 4YacCTHI]
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3HAUUTENBbHO YyMeHblaeTcs. OcCTpoTa CHEKTPaTbHOTO KOJIEHA TakKKe MOXKET
YKa3bIBaTh Ha CYIECTBOBaHHE €IMHCTBEHHOIO MCTOYHMKA MPH HYHEPTHUH KOJECHA,
YTO TMOATBEPXKIAACT MPEIJIOKEHHYI0O MOJAeNnb. Pe3ynpTaThl MOITBEPKIEHBI
YUCJICHHO, C TOMOUIBI0 CUMYJISIIAN MPOLIECCa HOHU3AIMHA HEUTPAJIbHOW YaCTULIBI B
OKPECTHOCTH YEPHON JbIpbl B NPUCYTCTBHUH BHEIIHETO MAarHUTHOTO TOJIS.
[TokazaHo, 4TO MpPOIECC MPAKTHUYECKH HE 3aBUCUT OT BbIOOpa KOH(HUTypanuu
MarHMTHOTO TOJIS.

7. OOHapykeH HOBbIA A(DPEeKT OpOUTATBLHOTO PACHIMPEHHUS 3aPSHKEHHBIX
yacTUI] BOJIM3M HAMarHMYEHHOW 4YepHOW nbIpbl. BcneiacTBue TOpMOXKEHUs
U3JTyYCHUEM B CHJIBHOM TPAaBUTAIIMIOHHOM II0JI€ KPYTOBbIE OPOUTHI 3apssKEHHBIX
YacTHUI[ MOTYT CMEIIAThCA B CTOPOHY OT YEPHOM ABIPbI, YTO OOHAPYKUBAECTCS B
cilydae ¢ oTTajkuBatouiei cuioi Jlopenua, T.e. korna qLB>0, rae q u L — 3apsan u
YIJI0BOM MOMEHT YacTullbl, B — HampsHpkKeHHOCTh MarHUTHOTO Toiid. DdQexT He
3aBHCUT OT KOH(UIrypalMl MAarHUTHOTO TIOJIA TIPH YCIOBUU AaKCHAIbHOMN
cumMmeTpun. 1loKa3aHo, YTO TPOTOHBI OXJakaaTcsas B cpemHem B 100 pas
MeJJIEHHEeE, YeM JIEKTPOHBI, B UIEHTHYHBIX YCIOBHUSIX BOKPYT YEPHBIX JIBIP.

8. IlomyudeHbl 3aBHUCHMMOCTH pa3Mepa U (HOpPMBI TEHU YEPHOU IBIPHI OT
3apsija 4YepHOU IbIPbl U KOCMOJIOTHYECKON MOCTOSIHHON. BbIpakeHus MoryT ObITh
UCIIOJIb30BaHbl JIJIs1 MTOJIyUYEHUsl MPEENIbHbIX 3HAUEHUN MapaMeTpoOB YEPHBIX JbIP
SgrA* um M87 nyrem cpaBHEHUST C JIAHHBIMA ~ OyAylIMX  pajuo-
UHTEp(HEepoOMETpUUECKUX HAOIIOACHHUM, IOJYyYEHHBIX, HAlpUMEpP, C MOMOUIbIO
Teneckomna «l'opu3oHT coObiTuit». [lomydeHbl BblpakeHMs JUIsl yIJjla BpallleHHus
IUIOCKOCTH TOJISIPU3ALMH B CIIy4ae CUJIbHO HEOJHOPOJHOM IJIa3Mbl, OKpY Karolen
BpalIaIOLIUICs KOMIIAKTHBIA TPaBUTAIUOHHBIA OOBEKT.
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