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KHWPHUII (10KTOPJIMK JHCCEPTANUACH AHHOTALMSCH)

JAuccepranmsi MAB3yCHHMHI 0J13ap0Juru Ba 3apypatu. J[yHé mukécuma
onmub Oopwiran Eppgar Ba KOCMHK TelleCKOIUIapAard Ky3aTyBiap Ba SIKUHJA
KWIMHTaH Kamuériaap Kopa YpalapHUHT OO0BEKTIapra CajiMOKIH TabCUP
KypcaTHIlld, IOJAYy3JIapHU IOTUIIM HaTWXacuja KywIid TramMMa-4akHalUlapHU
BY)KYJra KENTUPHIIM, SHTU IOJAY3JapHU Maigo OYIUIIMHU parOaTIaHTUPHUIIH
XaKyJa WIMOHAPIW HCOOTNIap KEeNTUpAW. AWIaHyBYM Kopa Yypamap artpodmuma
(GOTOHNAPHUHT XapakaTd TaJAKUKOTH, XyCycaH, Ym0y OOBEKTIap Cosapu
IIaKJUTAPUHUA TOMHWII Ba TaxJIMJ 3THUII KOpa YpaJapHUHI XOJMCajJap TOPU30HTH
MaBXXYJIMTUHA UCOOTH Ba OW3HWHT TajaKTUKaMHU3 MapKa3uaard oOBEKT XaKuaa
MabIyMOTIapHH oymil yuyH xu3maT Kuiaaurad Black Hole Cam (BHC) u Event
Horizon Telesop (EHT) xankapo noiuxajapHu KYWWIWIIA 3aMOHaBUU
acTpo(pU3MKaHUHT MyXHUM Bazudanapugan Oupu 6yaud KOJIMOK/IA.

MycTakuuMK WHUTapya MamiIakaTUMuU3/la Ha3zapuil (pr3uKa Ba aCTPOHOMUS
UYHAIMIIUIApUHA ~ PUBOXKJIAHTHPUIL  Xamja JyHE Mukécuaa (QyHIaMeHTal
MyaMMOJIapHU XaJl ATHINra ajoxuaa bTHOOp KapaTwiaud. by Oopama KoMmmakT
OOBEKTIIap  PEISTUBUCTUK  aCTPOPU3UKACUHU  PUBOXKJIAHTHPHUIN, HEUTPOH
IOJAy3/1ap MarHutocdepacu MOJESUIApUHU UIIad 4YMKUII, Kopa Vypanap
atpodunaru ¢azo-BaKT CTPYKTYpaCHMHHM TaxJIMJIA Ba yinap aTpodumard CHUHOB
3appaJlapHUHT XapakaTh Oopacujia Ce3WIapiii HaThKajaapra SpUILAIIN.

Kommakt o0bekTiap arpoduaaru acTpopusMK xkapaCHJIapHU YpraHull Ba
yJIapHU Ky3aTyB HaTH>KaJlapu OWJIaH TaKKOCHall OPKAJIM MapKa3Wil I'paBUTALIMOH
O00BEKT XaKH/a MabIyMOTJIap OJMII MyXHM axaMmusiT kacO 3TMokaa. by Gopana
MaKcauin WIMHUN-TAIKUKOTIIAPHYU, JKYyMJIaJaH, KyHUJarn WyHUIMIUIapAard
WIMUN  M3JaHUIUIAPHU  aMalira OUIMPHUII MYyXUMM BasudanapaaH Oupu
XUCOOJaHaAW: KOMIAKT TPaBUTAIMOH oOOBeKTIap arpodumaru (a3o-BaKTHU
TaBCU(JIOBUM TPaBUTAIMOH Hazapus JoUpacujia Kopa YpaJlapHUHT €4YUMIIapUHU
TOTHIIL, TONMWITaH edumiiap jJoupacuga (a3zo-BakT CTPYKTypacHMHH Ba yIIOy
¢dazoza CUHOB 3appalaApUHUHT, XYCyCaH, AIEKTPOMATHUT TYJIKUHIAPHUHT Xapakar
TEHTJIAMAJIApUHU  TOMUII; YMYMUW HUCOMIJIMK Ha3apusCM Ba aJbTEpPHATHB
rpaBUTAIMSl Ha3apusiICH JIOMpacujia TOMMWITaH Kopa ypajap €4uMHu Y4yH Kopa
ypanap COSICHHM aHUKJAIl;, KOopa ypajap cosulapura MapKasuid TIpaBUTalMOH
O00OBEKT Ba YHUHI arpodugard MyXUTHUHT TabCUPUHU aHUKJIAIL, PEJISTUBUCTHUK
IOJITy3JIAPHUHT DHEPTUsl UYKOTHUIIMIAa TPaBUTAILIMOH MOJICIUIAPHUHT TabCUPUHU
anukiam.  FOxopujga KenTUpWIraH WIMUN TaIKUKOTIAp Ma3Kyp IuccepTaius
MaB3yCUHMHT JOJ3apOJIUIMHU U30XJ 1Al IH.

V36exucron Pecny6nmkacu Bupuauu Ipesunentuauar 1993 i 11 depan-
naru [1K-559-con «ActpoHoMuUK OallaHATOF 00cepBaTOpHUsIIapU Ba yjapra Xu3mar
KypcaryBun Maxkmyanap tyrpucugantu Ba 2013 iun 1 maptoaru [1P-4512-con
«MykoOun »Heprusi MaHOalTapuHHU SHA/Aa PUBOMIIAHTUPHUIN dYOpa-TaaOupiapu
Tyrpucugantu  Kapoprmapumaa xamaa Maskyp (GaonusTra TETHILIN OOIIKa
MEBEPUN-XYKYKHI XyXoKaTiaapaa OenruiaHrad Basu(alapHd amalra OUIUPHINTa
yi0y TaAKUKOT MyailsiH Japakaja Xu3MaT KAJIaau.



TaagkMKOTHUHT pecny0jMKa (paH Ba TEXHOJOTMSJIAPH PHUBOKJIAHUIIN-
HUHI YCTYBOP HyHaJuNLIapura OOFJIMKJIUIU. Maskyp TaIKUKOT pecryOnuka
(daH Ba TEXHOJIOTUSIIAPU PUBOXITAHUIIUHUHT |l. « DHEpreTHKa, SHEprus Ba pecypc
TEXAMKOPJIMTU» YCTYBOP WYHAIMIIN JOUpacuia Oaxapuira.

Jluccepranusi MaB3ycH OyinYa XOPHKHH MJIMMI-TaAKMKOT/IAp IApXu’,
Tamku acuMnTOTHK OMp >KMHCIM MarHUT MaiioHJa >KoWjamraH Kopa ypaiap
aTpoduaru >IeKTPOMArHuT MaioH KOH(MUTYpalUICH Ba TY3WIMILHU, IIYHUHTIEK
alJIaHyBYM KOpa COSUIAPUHUHI TAAKUKOTH MYaMMOJIADU YCTHAA H3JaHULLIAP
KaXOHHUHI €TaKYM WIMUM MapKas3jlapy Ba OJIMM TabJIMM Myaccacayapy,
KymilaJaH, ACTpPOHOMHUS HWHCTUTYTH, A.DWHIITEHMH Mapkazu Ba OmaBaaaru
Cunesuss  ynuBepcutetn (Yexus), Aunsbepra VYuuBepcuretn (Kanana),
A.DiiHmreliH Homuaarn Makce IDmaHk rpaBuTanmoH (HU3MKAa WHCTUTYTH Ba
@®pankdpypr yauepcutretn (['epmanus), YHUBEpCHUTETIapapo acTPOHOMHUS Ba
actpousuka Mapkasu, Puszmka Oyiinua wiMuil JnabopaTtopus Ba Tata
GyHmameHTan TaAKUKOTIAp WHCTHTYTH (XuWHIWCTOH), bpemenmaru amanmii
KOCMHUK TeXHojorusmap mapkasu Ba OunpaeHOypr yHusepcuretd (I'epmanus),
MockBa nasnat yHuBepcutretu IltepuGepr HoMuparu JlaBiaT acTpoHOMUS
uHctutytH (Poccus), SAnpo ¢gusumkacu MHCTUTYTH, ACTPOHOMHS HWHCTUTYTH Ba
V36exucTon Mumii yHUBEpPCUTETH TOMOHH/IAH OJTHG GOPUIMOKIA.

Tamku MarauT MaiiJloHa KoWIalrad Kopa ypaiap atpoduia 3appajapHUHT
XapakaTH Ba »JJIEKTPOMArHUT MAaWJOHJApUra OuJ XaxoHJa oJaud Oopuiran
TaIKUKOTIAp HATWXKACHIA KaTop, JKyMJIAJaH, KyWuJaru WIMUNA HaTHXKajlap
OJIMHTaH: YMYMHI HUCOMIJIMK Ha3apusICH Ba MOAM(DUKALMSIIAHTAH aJbTEPHATHUB
IpaBUTALMS Ha3apusulapu JOWPACHIA AMIaHYBYM KOpa YPAJIAPHHUHT COSUIApU
OJIMHTaH Ba YJApHUHI Xoccanapu ypranuirad (A.OWHIITEHH HoMmMuaarn Makc
[Inank rpaBuTalMOH (QuU3MKa MHCTUTYTH Ba @DpaHkypT YHUBEPCUTETH,
['epmanusi; YHUBEpCHUTETIApapo acTpOHOMHS Ba acTpodusuka mapkazu, Dusnka
Oyiinua unMuii naboparopust Ba Tara dyHAamMeHTan TaAKUKOTIAp HHCTHUTYTH,
XUHIUCTOH; bpemeHmarn aMaimii KOCMHUK TEXHOJIOTHsSIAp Mapkasu, ['epmaHus;
MockBa naBnatr yauBepcutetn IlltepuOepr Homumaru J[laBmaT acTpoHOMUS
uHCTUTYTH, Poccusi, An-®apobuit Homuaarn Ko30rucTon MIIITUN YHUBEPCUTETH,
Ko3zorucTon); aiijaHyBudM Kopa ypamap aTpoduia d3ICKTPOMArHUT MaijgoHIap
TY3WIHMIIHA aHUKJIAHTaH, TalllKi MarHUT MaiI0H/1a >KoIamran Kopa ypa atpoduaa
3apsA/UIaHTaH  3appajapHUHI  XapakaT TeHrjamanapu OJIMHraH (AcCTpoHOMUS
MHCTUTYTH, A.DWHIITEWH Mapka3u Ba OnaBanaru Cuiie3susi yHUBEpCUTETH, Uexus;
AnvOepra YuHuBepcutetu, Kanana; YHuBepcuTeTnapapo acTpoOHOMHS Ba
acTpodusuka Mapkasu, XUHIUCTOH; bpemMennaru amanuii KOCMUK TEXHOJIOTHsLIIAP
mapkasu Ba OunbaeHOypr yHuBepcuteTH, ['epmanus); yMyMUH HUCOUNIMK
Ha3apHsCU Ba AJIbTEPHATUB IPABUTAIIMOH HA3apuslap JoMpacuia ailJlaHyBuYd Kopa
Vpanap arpoduga HSHEpPreTuK kapacHiap, XycycaH, XopiKaBa TI'paBUTAllMOH
Mozaenuaa Kopa Ypamap arpoduma ¢pa3o-BaKT CTPYKTYypacH aHHUKJIAHTaH

Muccepranus MaB3ycHu Oyitnua XOPHIKUH WIMHIA-TaJKUKOTIIAp LIapXH http://arxiv.org;
https://webofknowledge.com; https://scholar/google/com. XK. Physical Review Letters; JK. Physical Review D; XK.
Monthly Notices of Royal Astronomical Society; XK. Astrophysical Journal; XK. Astrophysics and Space Science; XK.
International Joournal of Modern Physics D; Ba Gorika man6anap acocu/a Unuiad 4YuKuiIraH.
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(ActpoHomusi uwHCTUTYTH, A. DiHIITEH Mapkasu Ba OmnaBagaru Cuiesus
yHuBepcuteTH, Uexus, AnpOepra YHuBepcutetu, Kanama;, bpemenmaru amanuii
KOCMUK TEXHOJIOTHsJIap Mapkaszu, A.DuWHmTeiH Homugaru Makc Ilnank
IpaBUTAIIMOH (U3MKAa HUHCTUTYTH Ba @DpaHkdypT yHHUBEpCUTETH, | epmaHus;
VYHuBepcuteTiaapapo acTpoHOMusi Ba acTpodusumka Mmapkazu, dusuka Oyiinua
wiMuil maboparopus Ba Tara pyHnaMeHTan TaAKUKOTIAP UHCTUTYTH, XHUHJUCTOH,
MockBa pnaBnatr yauBepcutetu IlltepuOepr Homumaru J[laBmaT acTpoHOMUS
MHCTUTYTH, Poccus, An-®@apobuii Homunaru Ko30fucTOH MWIIMN YHUBEPCUTETH,
Ko3zoructon).

Kaxonna aillaHyBUM KOpa YpallapHUHT COsJIapy, KOMIAKT TPaBUTALMOH
oOBekTIap arpoduma 3appaiap XapakaTH Ba JHEPreTUK >KapaCHIApHH TaJKHK
ATUII MyamMMoiapu OViinua Katop, )KyMjaJaH, KylWnaard yCTyBop WyHamuuuiapaa
TaJKUKOTIap OJU0 OOPUIMOKJIA: YMyMHU HUCOMNIIMK HA3apUsACH Ba ajlbTEPHATUB
IpaBUTAIIMOH Hazapusuiap joupacuja (OTOHIAp XapakaTH Ba aWaHYyBYM KOpa
ypanap COSUIapUHHUHT TaXJIUJIUHU OO OOpHII; KOMIAKT IPaBUTAIIMOH 00BEKTIAp
aTpoduia SIEKTPOMArHUT MalIOHJIAPHUHT HAa3apUil MOJIEIUIAPUHU TY3HIII Ba yJap
atpoduia CHHOB 3appajapUHUHT XapaKaTUHU TaxJIMJI KWJUII, TAlIKd MarHuT
MalJIOH MaBXy[JIUrUAa aljlaHyBuUd Kopa Ypanap aTtpoduja dSHEPreTHK
*KapaCHJIapHU YPraHWIIl, KOMIIAKT TPaBUTAIMOH OOBEKTIap/laH 3JIEKTPOMArHuT Ba
IpaBUTALIMOH HypJIaHULUIAPHU TaJAKUK ITHIII.

MyaMMOHMHI YPraHWITaHJIUK Aapamacu. ANUIaHyBYM KOpAa ypaJIapHUHT
coslapy Mapkasuil OOBEKTHUHT TYpJIM MapaMeTpiiapu Y4yH, XYCYCaH, JJIEKTP
3apsiiv, OpaH 3apsiy, aJbTePHATUB TPABUTALMOH MOJIEN JOMpacuiard MarHuT
3apsiaura OOFJIMKJIMTH Iy maiTrada kKyrmiad onumiap, MacajlaH, SHOHUSIIMK
(K.Hioki, K.Maeda), amepukamuk (J.Bardeen), rommangusuiuk (H.Falcke),
repmanusuiukiap (C.Laemmerzahl, V.Perlick, A.Grenzebach), aprentunanuxiap
(L.Amarilla, E.Eiroa), ntamusuiuk (C.Bambi), yexusmuknap (Z.Stuchlik, J.Schee),
xunaucronaukiaap (N. Dadhich, S. Ghosh, P. Joshi, M. Patil), poccusmuxmap (O.
[lynko, A. 3axapos, B. ®ponos, . HoBukoB) Ba Oomikaiap TOMOHUJAH YpraHuo
KenmMHMOK1a. bupok ymoOy uiiapia KOMIakT 00beKTIap YUYH OJMHTAH MabllyM
Oup euuMmiap JOoUpacHia KWIMHTaH Kopa YpalapHUHT MOJENH, TPaBUTAIMOH
Hazapusiapu Ba yiyam yciayOnapura OOFNMK OyiMaraH TaXJWIMHUHT YMYMHMA
dbopman3mMu MaBxKy1 SMac.

Tamky acMMNTOTUK OWp >KUHCIM MarHUT MaljoHzaa >xoinamraH Kepp
AlJIAHYBYM KOpA ypacHh YUYyH DJIEKTPOMArHUT MAaWJOH TEHIJaMalapyd €YUMIIApH,
YHUHT aTpoduaa 3apsjiaHrad 3appaHUHT XapakaTH, alJlaHyBuUd Kopa Yypayap
atpodua 3appalapHUHT Te3JalllMIlIM, CEKMH aiJlaHyBYM Kopa ¥ypa arpoduna
3appajlapHUHT TE3JalllMIINAa MarHUT MaWJOHHUHT POJM KaTop Myautuduap,
MacanaH, amepukanukiap (M.Banados, J.Silk, S.M.West Ba Oomikaiap), UHIIIN3
omumiapu (R.Wald Ba OGomikamap), poccusumuxmap (/.B.['anbmos, B.®pomos,
A.AmmeB), Typkusiuk (N.Ozdemir), xunaucronnukiap (N. Dadhich, S. Ghosh, P.
Joshi, M. Patil), poccusimuknap (O. Llynko, A. 3axapos, B. ®pomnos, . HoBukon)
Ba OomIKajiap TOMOHUAAH ypranwirad. bupok ymoy unmiapaa TpaBUTOMAarHUT Ba
nedopmarys mapamerpiapyu HodjaH (Gopkiau OYiraH TallKd MarHAT MaijoH[a
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KOWJAIraH ailllaHyBuM Kopa Ypamap arpoduia 3apsjjiaHTaH 3appajapHUHT
XapakaTd Ba DSHEPreTHK kapa€Hiap, XyCycaH, 3appajJlapHUHT TYKHAIIMIIN
ypranunmarad. YmOy >xapa€HlapHU TaJAKUK OTHUII TPAaBUTOMArHUT 3apsii Ba
nedopmalisi mapaMeTpu CHHrapu Kopa VpaHHHT TapaMmerpiapura uerapalap
YpHATUIIl UMKOHUHU OEpajiu.

YMyMuil HUCOMIUIMK Ha3apusICH JIOMpacHJa KOMIIAKT TpaBUTAIMOH
oObekTnap arpoduna (oroHmap xapakaTura Iuia3Ma MYXUTHHUHT TabCUPUHU
ypranvim MyaMMOCHM OMp  Karop OJaumiap, MacajlaH, pPOCCHUSIIMKIAp
(I'.C.bucnoBatsiii-Koran, O. Ilynko), ¥y36ex omummapu (b.2K.Axmenos,
A.A.TypcynoB, B.C.Mopo3zosa), kaHaganuk (A.Rogers), HemHuC onumIIapu
(V.Perlick, J.Kunz), rommannusnuk (H.Falcke), xunauctonmuknap (N. Dadhich, S.
Ghosh, P. Joshi, M. Patil) Ba Gomkamap TOMOHHMIAH ypraHWIraH. AMMO ymOy
uniapaa Oup >KUHCIM OYiaMaraH IUJIa3MaHUHT Kopa ypajap ONTHK Xoccajlapura
TabCUPH, XYCyCaH, IJIA3MaHUHT aliJlaHyBYM KOpa ypayap cosulapura TabCUPUHUHT
TaxXJIUJT KUJIMHMaraH.

XoprkaBa rpaBUTAIIMOH MOJIENU Jloupacuaa Kopa ypanap arpodumaru daszo-
BaKT XoOccajapu Ba 3appajlapHUHT XapakaTH KaTrop OJuMiap, Macala,
yexusunkiaap  (Z.Stuchlik, J.Schee) mnompmanukaap (M.Abramowicz Ba
6omkanap), nopryramusunkiap (F.Lobo T. Harko, F.Eiroa), nemuc omummnapu
(C.Laemmerzahl, J.Kunz, E.Hackmann) Ba Oomikagap TOMOHHIAH TaIKUK
stunrad. lllynra kapamall Xo3upru naWTAa SHEPreTUK jKapa€Hiapra METPHUK
IapaMeTpiap Ba MArHAUT MAJIOHHUHT POJIM YpraHUIMan KOJIAETHP.

Juccepranuss MaB3yCHHHMHI JUCCEPTALMSA 0AKAPUITAH OJHI TABJIUM Ba
WIMHMA-TAAKUKOT Myaccacacu MWJIMHH-TAAKHUKOT MILJIAPU OUJIaH OOFJIMKJIMIH.
Juccepranusi TaAKUKOTH SApo (pU3MKACH MHCTUTYTH Ba ACTPOHOMHSI HHCTUTYTHU
UIMUR-TaAKUKOoTHAap pexxacuHUHT DA-D2-O079+D069 «Pendarusma actpodusuka
Ba KOCMOJIOTHS/Ia TPABUTALIMOH Ba JICKTPOAMHAMUK MUIJOHIAP TEHTJIaMaJlapUHU
Xamja aJpoHJap Ba yJIapHUHT y3apo TabcupuHu TaBcuuamma KX]|
(DCHOMOHOJIOTUK MOJICIMHU HIILTa0 YHMKHIN Ba puBOKIaHTHpHID (2007-2011);
OA-O2-F058 «I'paBuTanMoH JMH3ajap, M[IAKUIAHAETraH TaJlaKTUKadap Ba
acTpo(pu3uK OOBEKTIAPHUHT YMYMIIAIITUPUITAH MOJE/UIapu TaaKuKoTu» (2007-
2011); DE2-OA-D134 «PenatuB 1onay3nap Ba albTEPHATHB TPaBUTAIUS
HazapusAcHula Kopa Ypanap arpoduma 3appajnap XapakaTd Ba JJIEKTPOMArHUT
maiinornapy (2012-2013); E®2-DA-0-25046 «KoMIaKT rpaBUTAIOH 00BEKTIAP
atpoduga cnuHra odra OydraHn 3appajgap XapakaTd Ba  AJIEKTPOMAarHuT
TYIKUHIApHUHT Tapkamuimm» (2014-2015); Ne 1-10 «HOMpOHKO3WK HWHU  Ba
KOPOHFM DHEpPrusiiaH uOopar pensaTuB IoJay3iap arpoduaa 3appaidap Ba
maiimonnap»  (2010-2011) maB3ycuumarm WIMHHA  JIOWUXanap  JIOMpacuaa
OakapuJIraH.

TaagKMKOTHHHT MaKCaJAu Kopa ypajap COsUIapuHU TaBCUGIIOBUM Hazapuit
dopmanu3M Ty3uil Ba aijaHyBuUM Kopa Ypanap arpoduma FOKOpU SHEPTreTHK
xapacuinap QUMK KOHYHUSTIAPUHU aHUKJIagaH noopar.



TagKuKoTHUHT Basudaiapu:

Kopa Vpajiap cosjlapuHu TaBcudiall y4yH SHIM KOOpAMHATara OOFJIUK
OynMmaran Qopmanu3M Ty3WII Ba Kopa ypajlap COSJIAPUHUHT IIaK/UIapyd Y4YyH
CUKWIWII MapaMeTpiapura ssHru Tabpudiap Takiaudg 3THIIL

aHru GopmanusM Ba Oolka Myauiudiaap TOMOHUAAH Takiaud STUITaH KOpa
ypalap cosJlapy [AKIUIApM  CUKWJIWII — MapaMETPJIApUHUHT  COJMILITHPHIL
TaxJIWINHU YTKa3ULI;

TalllKd aCUMIOTOTUK OUp >KUHCIIA MarHUT MaiJIOH]a >KOMJIAlIrad aijaHyBYU
nedopManysUIaHTaH  Kopa Yypanmap arpoduaa dJIEKTPOMAarHUT MaiaoH Ba
3apsyIJIaHTaH 3appajiap XapakaTHHU ypraHul;

TalllKi MAarHUT MaWJOHJAA KOMJIAIlraH TPaBUTOMATHUT 3apsjira sra OYyiraH
Kopa Ypa atpodusia 3apsajiaHrad 3appajlapHUHT TYKHAITUIIIMHA KYPUO YUKHIIL,

alilaHyBYM Kopa Vypajlap cosulapu IIakiaura Oup JKUHCIM OYiMmaras
IJIa3MaHUHT TAbCUPUHU aHHUKJIAII;

TallKu MarHuT MaijgoH wmaBxkymauruaa Kexarmac  Cdercoc  oymk
CUHTYJISIpJIMK aTpoduaa 3apsjiaHraH Ba HEUTpan 3appaiap XapakaTh Xamja
TYKHAIIUIIUHUHT TaXJIWJIWHA YTKA3HUIIL

XopkaBa TpaBUTAllMOH MOJENAAard anjaHyBUM Kopa YpajlapJaH 4UKaETraH
SHEPTUsi MUKJIOPUHU OaxoJai;

pPENSATUB  KOMIIAKT  IOJIAY3JAPHUHT  DJIEKTPOMAarHuT  MalJIOHJIapu  Ba
alJTaHUIIMHUHT CEKUHJIAITUIITMHN TaKKOCTaII.

TagKUKOTHUHI 00BEKTH KOpa Yypajap, pPENsITUB HEUTPOH Ba FalaTH
FOJITY3JIapaup.

TagKUKOTHUHT TPeIMeTH KOMIAKT OOBEeKTIap arpoduaa 3IEKTPOMArHUT
MaiiioHnap, Kopa Ypanap arpoduia CHUHOB 3appajlapuHUHT HWYKU TYPFYH
JOMpaBH opOUTaNIapy, IiIa3Ma MaBXXyUIMTHIa Kopa YpalapHUHT COsUIapH, TallK{
MarHuT MaWJOHJard aijlaHyBYM Kopa ypayiap arpoduia dHEPreTHuK xapacHiap
XucoOJaHaIu.

TagKMKOTHUHT ycyJiapu. YMyMHU HUCOMIIMK Ha3apusACH]la MAKPOCKOTTHK
ANIEKTPOJMHAMUKA Ba MeTpUK adpun auddepeHiman reoMeTpUsiHUHT MaTeMaTHK
anmapaTH, XapakaT Ba MalWJAOHHUHT auddepeHIuan TeHIIaMaJlapuHu CUUITHUHT
aHAJIMTHK Ba paKamMJIM YCYJUIApH KYJUTAaHWIITaH.

TagKUKOTHUHT WJIMHUI SIHTHJIMIH KyHuaaruiapaad noopar:

WK O0p Kopa ypanap cosuiap IIaKIMHU TaBcUQalila KoopauHaTara OOFIuK
OynMaraH sHru QopManu3M Ty3uirad, OyHAa ailllaHyBYM Kopa YpaJlapHUHT
costtapunn 0,1% aHukauk OwjaH TaBcudIam y4dyyH Karop MOJUHOMH
KO3 PULIMEHTIIApUHUHT AacT/Ia0Ku OellITacu eTapid SKaHW aHUKJIAHTaH Ba COs
MAKJIMHUHT CUKWIWII TapaMeTpiiapy IIOBKUH CUTHAJIUTa HUCOATaH TYPFYHJIUTH
KYpCaTWITaH;

KOpa ypa COSICHHUHI Yio4aMd 3JICKTPOMAarHUuT HYPJIAHUIIHUHT IJ1a3ma
MYXHUTH]Ia CHHUIIN XUCOOUTA KaMaluIIH KYpCaTUJITaH,

¥Ta I0OKOPHU PHEPreTUK KapacHiap/ia FOKOPU caMapaJopiIMKKa SPUILIUII YUYyH
XOJlMcanap TOPU3OHTUHUHT OYJIMACIWTH Ba TPAaBUTAIIMOH OOBEKTHUHT KyWId
AJIaHUIIM JAPKOPJIUTY KYpCaTUIITaH;



3appaJIapHUHT  IOKOPU JHEprusjlapra HSpUIIMINM KyIIMMYa 3apsajiaHraH
3appanapra TabCUp OSTYBUM OHJIEKTPOMATHUT Kapa€HIAPHUHT XHcoOura pyu
Oepullln MyMKUHITUTH KYpCaTUJITaH;

XopxkaBa MOJEIHJA SHEPTUsl aXpalull MexaHusmiapu opacuzaa IleHpoys
xKapaCHU OpKaJid KOpa YpaaaH dHEPIus aKpaind YUKHUIIN XaKUKATra IKWHPOKIUTH
KypcaTwiirad, OyHAaH TallKapyd XOp>KaBa MOJAEIHU KYUIUMYaCUHUHT TabCUPH
3appavajap YeKCU3JIMKKa4a TE3JAIIMIIMHUHT OJIIUHH OJUMIIN KYpPCaTUJITaH;

PEIATUB FOJIIY3HUHT DJIEKTPOMArHUT HSHEPrus KYBBATMHHUHI WYKOTHILINATA
FAJIATH OJAY3HUHT KOMIAKTIMK TABCUPU MYXUM SKAHJIUTU KYPCATUITaH;

YMyMHUIl HUCOMWMJIMK Ha3apusACH JOMpacuja FajaTH IOJy3 XyAAW LIyHaau
ailllaHyBYM HEUTPOH IOJIy3ra HUCOATaH KYTIPOK SHEPTUs WYKOTUIIN aHUKJIaHTaH.

TaagKMKOTHUHT aMaJIMii HATUKAJAPH Kyiuaaruaapaan noopar:

TalllKM ACUMNOTOTHK OWp JKUHCIM MarHuT MaWJoHAaru anjaaHyBYU
nedopMalMsUIaHTal Kopa YpallapHUHT BaKyyM SJIEKTPOMArHUT MaiIOHJIapu yUyH
aHaMUTUK udojanap TomwiraH Ba JedopmalsuiaHraH Kopa Yypanap arpodwujia
WHAYKIUSJIAHTaH 3JIEKTp MaloHW jAedopMalius mapaMeTpura Yu3ukiId, MarHuT
MaiJI0H 3ca ymi0y MmapaMeTpHUHT KBaJpaTUra MyTaHOCUOJIUTH aHUKJIaHTaH;

rPaBUTOMArHuT 3apsii Ba TallKM MarHUT MalJIOH MaBXyMJIATHIa Kopa ypa
aTpoduaru 3apsijIaHral 3appajapHUHT YHEPTUsl, UMITYJIbC MOMEHTH XaM/Jla WIKU
TYpFYH JOUpaBUil OpOUTANAPHUHT U(oJanapy TOMUITAH Ba TPAaBUTOMArHUT 3apsij|
TabCUpPU  3appadayiap 4YEKCH3JIMKKaya TE3JAIMIIMHUHT  OJAWHU  OJIMIIHU
KYpCaTHWJITaH;

KOpa ypa COSCHUHMHI Ky3aTWJIyBUM IIAKIM IUIa3Ma MapameTpura, Kopa
VpaHUHT aillaHUuII [apaMeTpura Ba KOopa ypa alVlaHuIl YKUHUHT Ky3aTyB
TEKHUCIIUTUTa OFUIL Oypyarura OOFIuK OYIUIIN KYpCaTUiraH;

WYKU TYpPFyH JIOUpaBUi OpOMTaIapHU Ky3aTyB HaTHXKajlapu Xamja Hazapui
OJIMHTaH HATWXXAJApHU TaKKOCHIAll Wynu OuiiaH aijmaHyBuM aedopMalvsiiaHTaH
Kopa YpaHuHT nedopmalus napaMmeTpu yayH I0KOpU yerapa Kynujard KypuHHIIIA
OJIMHTaH € < 22;

Oup KuHCIAM OYyIMaraH Tjla3Ma MaBXyJIUTHA allaHyBYM Kopa Vypaiap
COSUIApMHUHT IIAKJUIApU OJMHTaH, Ba Ym0y MIaK/Iap Ccosgard Kylmmmua
aCUMMETPUSUUIAPHA aHMKJAIl Xamja Oy OpKaliM IiasMa Ba MapKa3ui KOMITaKT
OOBEKTHH TaBCU(IIOBUM TMapaMeTpiiap XakKuja MabIyMOTJIApHH OJHIN yYyH
WILIATWIAIIN MyYMKHH.

TagKuKOT HATHKAJAPUHUHT WIIOHWIMJIMIH WA YMYMUH HUCOMIIMK
Ha3apusACH Ba Hazapuil (PU3MKAHMHI 3aMOHABUW YyCyJUIapuIaH Xamja caMapaiu
pakamiid ycyJulap Ba airopuTmiiapiaH (olgamaHWIraHu; OJMHTaH Ha3apui
HATWKAJIApHU aCTPOHOMHM, acTpo(U3HMK Ky3aTyBJap HATIKajapu OWJIaH Xamja
Ooomka wmyamuduap Taxpubanapu OWJaH COJMINTUPWITAHIUTH; OJMHTaH
XYJOCAJIADHUHT TPABUTAIMOH KOMMAKT OOBEKTIap MaiJIoH Ha3apusIapUHUHT
acoCHil TaMOMMIUTapY OMJIAaH MOCIIUTH OMJIaH W30XJIaHAIH.

TaagKUKOT HATHKAJAPUHMHI WIMHMH Ba aMaJiuii axamMMsiTH. TaJIKUKOT
HaTIWKAJIADUHUHT WIMHUH  aXaMHUsITA SIHTM  paJuoTesiecKoIiapu  €paamujia
MWIJIMMETP JAWana3oHWa SKUH KelakakJa OJMHAJuraH Kopa Yypaiap
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COSUITApDUHUHT  TaXJIWIWga  JWcCepTauusaga  Ty3wiraH  (OpMalTU3MHHUHT
KYJUIAaHWINIIM Ba OM3HUHT xamaa M7 ranakTukaigapyu MapKa3uJaru yTa MaccHB
KOpa  VpaHUHI  Typiud  @apaMeTpiapy Ba  XoccajJlapu  TYFpUCHIAru
MabJIyMOTJIAPHUHT OJMHMINM OWJIaH M30XJ1aHAIu. ByHIaH TallKapu COsUTApHUHT
AHTH (OpMaIN3M OpKaJIM TaXJIWIM YMyMHUI HUCOMNIMK Ha3zapuscu Ba OoIIKa
aIbTEPHATUB TpaBUTALMS HA3apUsUIApUHU TEKIIMpUII OYiiMdya CHHOBJIApHU
JOWMXAJIaITUPUII UMKOHUHU Oepajiu.

TagKMKOT HATW KAIAPUHUHT aMaJInid axaMUATH IIYHIAKW, KOpa ypajlapHUHT
TypAH MapaMeTpiiapu, XyCycaH, TPaBUTOMArHuT 3apsij, AedopMmaius napaMmerpu
xamaa XopskaBa TpaBHTalMs Ha3apusicH Joupacuia naugo  OyiayBun
nmapamMeTpiapHu Oaxosamia QoimamaHuin MyMKAH. Hatwkamap, TIyHUHTICK
,TPAaBUTAL[MOH MAlJOHHUHI XapaKTepH Ba JMHAMHMKACU TaXJIWIAJA XaMJa FajlaTu
IOJIY3JIApHUA TOMMII Ba aHMKJIAM Oyinya TakpuOaldapHH JIOMUXAJAlITUPHILIA
UILIATHIAIIN MyMKHH.

TaagKMKOT HATHKAJIAPUHHUHI KOPUH KWIMHUIIK. KOMITaKT rpaBHTallioOH
oOBbekTIap aTpoduaa 3appajap XapakaTH Ba 3JEKTPOMarHUT MaWOHJap Y4YyH
OJIMHTaH u(o/1a Ba HATHXKaJlap acoCcHa:

Kexarnac-Cdercoc skcTpeman OUMK CUHTYISIPIMK aTpoduaa 3appajapHUHT
IOKOpY DJHEPTeTHK apaCHJIapyu Ba YJIapHHUHI Y30KJaru Ky3aTyBUM TOMOHUJAH
Kaig sTuiaumM Oyitnda onuHrad xynocanap “Komnakt oObeKTiap peiasiTUBUCTHK
acTpo(u3MKacua Xajakapo Hazapuil Ba Ky3aTyB TaJKUKOTIAp TapMOFU OuWiaH
MHTErpajUlallyBHl  Kyiuia0-kyBBariamr”  (EBpoma Urtudokum Ba  Yexus
PecnyOnukacuHUHT  AaBiaT  OO/KETH  TU3UMIM  GOHIIapU  TOMOHHUJAH
Monusutamtupwirad Ba CZ.1.07/2.3.00/20.0071 pakamu OwiiaH Kail STHICaH,
2010-2014) pmactypu powpacuia OUYMK CHHTYISAPIMK aTpoduaa aKKpeuuoH
TUCKIIApHU MoOIeJUIAIITHPUIIAA UIIATUITaH (OnaBagaru Cunesus
yHuBepcuTeTHHUHT 2015 #iun 23  ampenmard  MabIiyMOTHOMAacH). YOy
MOJICJUTAIITUPHUII HaTHKacua rajlakTuKaiap MapKasuja rnaijgo OyiayBuu pessiTUB
JDKETJIAPHUHT TaOMaTUHU TYLITYHTUPUILTA SPUIIAIITAH.

KOpa YpaJJapHUHI COsUIapy Ba yJjlapra Ijla3Ma MyXUTHHHUHI Tabcupu Jlexim
Mapkasuii yHuBepcuteTd (XunauctoH) Hazapuii ¢usuka wmapkasuma om0
OOpwIIyBUM WIMMHA JIOMMXajap JOMpacua KOMIIAKT TPAaBUTAIMOH OOBEKTIIAp
atpoduna GOTOHIAPHUHT XapakaTMHU XucoOnamga doinananuiran (exmu
Mapka3uil yHuBepcuTeTHHUHT 2016 ¥inn 20 ceHTAOpuaaru MabIyMOTHOMACH).
Ymby xucobnanutap Hatmxkacuga bopH-Uudensn rpaButanus Hazapusacu
Joupacua OJIMHTaH Kopa YpaJlapHUHT COsUTApUHU XHUCOOIall UMKOHUHY Oep/Iu.

Helitpon  107Ay3/lapHUHT  CEKMHJAIIMIIMHUHT  YHUHT  aTpoduaaru
MarHuTocepacu Ba YIAPHUHT KOMIAKTIMK MapaMeTpura OOFJIUKIUTHHU
uponanoun udponanap XuHaucToHHUHT [lyHa maxpugaru YHHBEpCHUTETIApapo
acTpoHOMHUSI Ba acTpodu3WKa Mapkazujga onaud  OopunaéTraH  WIMHM
TaJAKUKOTIIApia HEUTPOH IOJIy3/1ap MarHuTOCepacuHu MOJEIUIAIITUPHUIIIA
xKopuil  KwiMHrad (YHUBEpPCUTETIapapo  acTpOHOMHsS Ba  acTpodu3uka
MapkazuHuHr 2016  vmn 21 ceraOpumarn  MabIyMOTHOMAcH). YOy
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MOJICIIAIITUPHUIIT Ba XHCOONamIiap HaTWKacuaa HEHUTPOH OJIy3Jap CUPTHIArU
MarHuT MailIoH KWMMAaTUHU aHUKJIAlll IMKOHUHU OepaH.

TagKMKOT HATHKAJTAPUHUHT anpodaumsicu. TaakukoT HaTwKaimapu 16 Ta
WIMHI aH)KyMaHjapnaa, XymiajgaH, «3aMoHaBuUi (u3uka Ba aCTPOHOMUSHUHT
nomsap6 wmyammonapu» (Kapum, 2010), «3amoHaBuii (Qu3MKaHUHT J0J13ap0
myammonapu» (Camapkana, 2010), «Fusion and Plasma Physics» (Triest, 2011),
39-COSPAR General Assembly (Mysore, 2012), «Snepnas Hayka u ee
npumeHenue» (Camapkann, 2012), «MexayHapomHas IIKOJia IO CYOsSIEpHOU
¢usuke» (Erice, 2013), «General Relativity and Gravitation» (Warsaw, 2013),
«Prague Synergy 2013: Accreting relativistic compact objects » (Prague, 2013),
«Synergy Olomouc — 2014» (Olomouc, 2014), 40-COSPAR General Assembly
(MockBa, 2014), «International Congress of Mathematicians» (Seoul, 2014), ,
“RAGTime — 2013” (Opava, 2013), “RAGTime — 2014 (Prague, 2014),
“RAGTime — 20157 (Opava, 2015), “XII Marcel Grossman Meeting” (Rome,
2015), 41-COSPAR General Assembly (Istanbul, 2012) maB3ynapugara xaaikapo
Ba pecnyOiuKa WIMHi-aManuii KoHpepeHIusiapyuaa Mabpy3a KypuHuiuaa 6a¢H
ATWITAH Xamja anpoOanusiad YTKa3uiraH.

Jluccepranysi UINMHUHT acOCUM HaTkKanapu SAnapo ¢Gu3uKacu WHCTUTYTU
(2010-2016), Actponomusi uHcTHTYTH (2010-2016), V30ekuCTOH MMILIHIA
YHHUBEPCHUTETH sSIpO Ba Hazapuil ¢usukacu kadempacu (2015-2016), Uexusaaru
Cunesus ynuBepcutetr, OnaBamaru dancada Ba dan dakynsrern (2013-2016),
I'epmanusinarn 'ére ynuepcutetn (2010-2016), 'epmanusmarn Maxc [lnank
rpaButaims  Guszukacu HHCTUTYTH (2013), T'epmanusigaru AManuii KOCMHK
TEXHOJIOTHUsJIap Ba MUKporpaButauus wmapkazu (2011), Xunaucronmarm Tara
dyHmameHnTan  TaakukoTiap — mHCTUTYTH  (2014-2015), XuHaucToHmaru
YHHUBepCUTETIapapo acTpoHOMHUsi Ba actpodusmka wmapkasu (2010-2016),
Xungucronmarn [exnu wmapkasuii  yauBepcutetu (2010-2016), Hranusgaru
Xankapo Hazapuii ¢uzumka mapkaszu (2011) wnmuii cemuHapiapuaa Mabpysa
KWJIMHTaH Ba MyXOKaMaJlaH yTraH.

TagkMKOT HATHXKAJIAPUHHUHI JbJOH KWIMHMIIM. J[uccepranus MaB3ycu
Oyiinua s>xamu 30 Ta WIMMIA WII HAMp KWIMHTAH, MIyJapJaH, V36exucron
PecniyOnukacu Onuit aTTecTanus KOMUCCUSICHHUHT JOKTOPJIUK IUCCepTaIusiapu
acoCuil WIMHI HaTWKaJlapyHU YOIl 3TUILl TABCUS STUJITAH WIMHUN Hampiapaa 15 ta
MaKoJia, )KymiaaaaH, 15 tacu xopuxuil )xypHaijapaa Hallp STUJTaH.

JluccepTAaMSIHUHT TY3WJIMINM Ba XakMH. [[uccepTarus TapkuOW KHPHII,
TypTTa 000, Xyjoca, OWTTa WioBa Ba (oimasaHwiran agabuétinap pyuxatujaaH
noopat. JlucceprauussHuHr XakxmMu 181 GeTHU TaliKui 3Taau.
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JJACCEPTAIIUSIHUHI ACOCUM MASMYHH

Kupum kucmuaa yTKa3wiral TaJIKUKOTIAPHUHT J0J3apOJUrU Ba 3apypaTu
acociaHraH, TaJKUKOTHUHT MakcaJu Ba Basu(anapu, oOBEKT Ba MpeAMETIapu
TaBcu(anraH, pecmyoirka ¢paH Ba TEXHOJIOTHUIAPH PUBOXIIAHUIITUHUHT YCTYBOP
WYHUIMIUIAPUTa MOCIHWTH KYpCATWITAaH, TAJAKAKOTHUHI WJIMHW SIHTWJIMTH Ba
amaiuil HaTwxkanapy 0a€H KUJIMHIAH, OJMHTAH HATH)KAJIADHUHT WIMHI Ba aMaluii
axamMHUATH o4nO OepwuiiraH, TaJAKUKOT HATWKAJapUHU aMaJIMETra OpPUN KHWIIMIL,
Hallp OTWITaH UOUIAp Ba JAUCCepTalus TY3Wnumu OYindya MabliyMOTIap
KEJITUPUJITAH.

JluccepTallusiHUHT «AMJIaHYyBYH Kopa ypa arpoduaa ¢oronnaap Ba
3appajJlapHMHI XapakaTu» 10 HOMJIaHTaH OMpUHYM 000HMa TAllIKU aCUMIITOTHK
Oup JKMHCIIM MarHUT MaiIoHTa XKOWIAIITUPUITaH aijlaHyBuM JepopMalusiianral
Xamjia TPaBUTOMArHUT 3apsiara sra OynraH kopa ypa artpoduna 3apsiiaHraH
3appaHUHI XapakaTyh Ba 3JEKTPOMAarHuT MaigoH kypuO uukwiras. lllyHunraek,
ym0y 6001a Kopa ypa COSACHHHM TaBCU(DIOBUM YMyMUH (OpManu3M Ty3WITaH.
COsSHMHI MIaKIu pPaJHOacCTPOHOMHUK Ky3aTyBlap HaTH)KacuJa OJUHYBYM Ba
Ky3aTyBUM KaijJ KWJIAQIUIraH SICCM TEKHUCIHMKAA >KOWJAIIraH €muK SIPU YM3HK
KYPVHHILN/IA OJUHTaH.

@dapa3 KuIailIMK, acCTPOHOMHK Ky3aTyBJIap KOpa Yypa COSCHHM KyWHJlaru
TEHIJIaMa OpPKaJiy Oup YirdaMiu €MUK TPy YU3UK KYPUHHILINIA OCpUIITaH.

R =R(y") (1)
Oy epia R Ba y' - mapkazu O HykTajga OyiraH KyTO KOOpJUHATaJIap
CUCTEMAaCHHUHT pajauan Ba Oypuak kKoopauHaTanapu. KyTO srpu 4M3UFUHHUHT
CXeMaTHK TacBUpH la) pacMmia kenTupwirad, OyHaa «' Ba S - Ky3aTyYBUMHHMHT
OCMOH TEKHUCJIUTH KOOpJUHATaapu OViaubd, yiap OpTOroHand KoopauHaTaiap
CUCTEMACHHU TalIKWJI 3TA]IH.

g B

8,111

SI

2) 6) D
l1-pacm. Kopa §ypanap cossiapy mMAaK/UIADUHUHI CXeMaTHK TACBHpPJApH: a) cos
IIAKJIMHUHT MapKa3WHH TonMuI, §) TasiHY aiijlaHa Ba CHKMWJIMII KO3(puuIMeHTIApUHI
aHMKJIAII
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Kynaii koopauHaTtamap CHUCTEMACHMHM aHMKJIAIl MAaKCaauaa, XycCycaH,
[IBapmmuibsa Kopa ypacu JOUpaBUN IIAKIra 3ra OViaajuraH CUCTEMaHU TOIUII
YUyH 3TpU YU3UKHUHT 3 (PEKTUB MapKa3u aHUKJIAHTaH

2z
{8 Rlgww (@R 1dy ¥ +a,, [ “dy’
I:_éo =t 2 , (2)
J-[gR'R'(dR,/dl//,)Z + gw/]l dy’

0

Oy epma €, — paauan KOOPAWHATAHMHI OUPIIMK BEKTOPH Ba Opg, 0., — KyTO
KoopauHaranap cucremacu (R',y') HUHT METPHUK (QyHKIHUSIIAPH.

R, BEKTOPHUHI KMIMATHMHU OWITaH XOJJa, SSHIM KOOPAMHATA MAapKa3MHHHT
nudoaacuHM KyHuaaru KYpuHUIIIa aHUKJIalll MyMKUAH OYau:

2z A oz 2 2z 2 12
R, :=(J.R'd w’j (IR’z cosyd z//’J +(IR’Zsin wd w'j : (3)
0

0 0

27 12 i [ '
_[0 R'“sinydy

v, =tan™

2 /2 , , ) (4)

_[0 R'“cosydy
Mapkasu arpu YU3UKHHHT 3()PEKTHB MapKa3u OWIIaH yCTMa-yCT TYIIYBUYH

SHIM KyTO KOOpAMHATajap CHUCTeMacMHHM Kuputamus (R, y). DCKM Ba SHIH

KOOpAWHATajJap CUCTEMACH y3apo Kyluaaruia OOFJIaHTaH
12

R= [(R’cosw’ —Rycosy, ) +(R'siny’ — R, sin z//o)z]l : (5)
1 R'siny’ =R, siny, (6)

R'cosy’ — R, cosy,

SIHIM KOOpIMHATANIAD CHCTEMACH I TasHY alIaHaAHW AHUKJIAIIMMHI3 MYMKHH,
OyH/Ia aiiyiaHa MIUIard J0Upa KO3 SIPU YM3HK OUIIaH YerapajaHraH coXa K3acura
TeHr. bepuiran R=R(y) €mUK 5rpy YM3HK OHMJIAH YerapalaHraH coxa 03acu
KyWuJIarura TeHr:

w = tan

A= j:dy/j; 0rrd,, AR =% " Rdy =%Lj Rz(l)z—ZdL (7)
Oy epaa ggz =1 Ba g,, =R’ sKkamnuruaaH GpolnamaHiuK, A — STPU YU3HUK Oyimda
OJIMHTaH KaHAAWAup SPKUH mapaMmeTp, sbHH R=R(w(1)). Arap cos maxmm &mumx
ATpU 4YM3MKJAaH uOopar Oyica, MHTErpalall 4erapacu 4, KyHuaara mapriap
opkanm Tormmnaam y(1)=0 Ba y(1)=2x.
TadgH4 aliylTaHaHUHT PAAUYCUHH KyHHUIaruda TONUI MyMKHH:
1/2
R, =(£) | (8)
Kuputunran TasH4Y aljaHara HucOaTaH CHKWIHII ITapaMeTpIapyuHA
KUpUTaMHU3. OTPHU 4YU3UKAA MOC Xoyjaa yw =0, w=7x/2 Ba w=37/2 Xonariapaa
éryBun yura A, B Ba D Hykramapuu kapamjgan Oouwaimus (16 pacmaaru
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nuarpammara kKapasr). Koopmunatamap mapkasu O mykraman OA, OB Ba OD
macodarnapra Moc X0J/1a Kyduaarura TeHr

Ry = Ry/(l// = 0): ZCePe(COS‘//)‘ = Zcz = A, ©)
=0 y=0 (=0
= = (20)0 ~
Ry =R, (y =712)=>c,P,(cosy =3 (-1 -=5¢c, =B, (10)
=0 w=rl2 (=0 2 (f I)
R, =R, (y=37/2)= icﬁ(cos@{ =R,. (11)
(=0 w=3r12

R,=R; =R, MIApTHM KOHAUPYBYM SHIU NAPAMETPUK OIPU UYU3UKHU
aHUKJIaNMU3

Cprq = cz{(— 1) % —1}. (12)

Tasny alinananunr A, B, Ba D nykranapaan yragu ned xuco6mad, uxtuépuit
WyHaIumga [apaMeTpuK  3rpU  YU3UKHHUHI  AWIaHAJaH  YEeTJAIIHIIAHUA
AHUKJIAUIMMU3 MyMKHH. Alnanum Yku B Oyiinya iyHaiaran Kopa YpaHUHT COSICH
« KoopauHaTa OVyilMua MakcuMal 4YeTJalllMIIra Jra SKaHIurulaH =7
WYHAIMIIAA YETJIAMNII HUMara TeHI SKaHJIUTUHU aHUKJIAIl MyMKWH

d,, =R, -R,,(w=7)= |§—gcy +gc2“. (13)
Exu yruaMcu3 CUKMIIMII HapaMeTpy ydyH Kyﬁﬂz;am Hd);)z[ara KeJamu3
- (14)

s, |
CUKuIuI napaMeTpUHUHT UKKUHYU TabpU(PUHU KOOpAMHATA MapKazuaaHn A
Ba B Hykraraua Oynaran wmacodamap TEHT »HMaciurujaH QoiinanaHuo
KUPUTUIITUMU3 MYMKHH, SbHU R, #R;. By Xonaa ykna suru E Hykranu Tannao
onamu3ku, Oynaa macodanap AE=EB Ba E HykTa TSHY aillaHaHUHT MapkKaszu
O0yu0 Xu3MaT Kuiau.
byHna cuxkumuin napaMeTpuHA KyWHarunya aHuKIa MyMKHAH:

d B2 - AC
S, = o — 7| 15
TR, (BZ+AZJ (15)
Oy epaa d,,, —3rpy YM3UKHMHT ailJlaHaJaH YEeTJIAIMIIN Ba
C=R,(y=37/2)=> (-1 c,. (16)

(=0
YYuHYHM, CUKWIUII TTapaMETPUHUHT ONTHMANI Tabpu(du, cOosS MAaKIN o YKKa
HUcOaTaH CUMMETPUK OYynuin Oviian Oup Katopaa B YKHU HOJ OFUIIl OUsiaH Kecuo
VTMalau, SbHU TOPU30HTIa HUCOATaH HOJ OFMINTA dra OynraH S HykKTa f YKia
éTMalIn.
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Mapkaszu E HykTaga Oynran TasHu aillaHaHUHT A Ba S HyKTaJlapAaH yTau,
ned xuco0sad, alJaHaAaHWHT PAaJUyCH Ba CUKWJIMII NApaMeTpu Y4yH Kyiluaaru
nudoaJapHu OJUII MyMKUH:

Cox A RO (57 e o)

Rs,lll = p )
2> c,-P(x)x,)

c,P(x)-x>" ¢, ,—AC
d3’||| = 2RS,I|I — RA+ RC :(Z[ QC/ \Z/ =0 SZ/ -1 720-1

2C (1 POcx)
S = sIII_Z(Zé OCP /~ Z ( ) Xs21Cora ™ AC (19)

Re —2X A(Zﬁ oCr P ) (ZZZOC/,P@(XS))Z |

Oy epaa x, — Kyiuaaru TeHIJIaMaHUHT €UUMHU.
- - dP(X)
D eP(xx=>" ¢, T(l— X ): 0. (20)
2-pacmaa aitmanyBun Kepp Kopa ypacu coscu ydyH XHCOOJIaHTaH YIIdaMCHh3
CUKWIHII TapaMEeTPIApUHUHT KaTop KodpduimeHtiapu ¢ ra OOFIUKIUTH
KEeATUpWIraH. 2-pamjaard ydra rpapuk 6,,, O, Ba O,  CUKWIMII

(17)

(18)

napameTpJjiapura Moc kenaau. Yoy OOFJaHUIIIaH KaTOPHUHT JTapakacu Op THILN
OWIaH MOC XaJHUHT KUMMaTu Kamaino® OopummHu Kypuil MyMkuH. [IlyHuHTr ek,
Kopa Yypa aljaHuil TapaMETPUHUHT OIIMINK OWJIaH CHUKWIHII [apaMeTpu
MOJYJIMHUHT OLIWIIN XaM Ky3aTUIaIau.

[ — T T [ — ] T T T T T T T T T ]
1e E 1 E 1E "~ _ E
E El E 3 E —. 3
01k 0.1 - 0.1k \ N
. T 3
- ‘\‘ \\ ]
Eoe 1 F e - 1
0.01 0.01 & W E 0.01 ¢ " =Y =
F — 3 = — e 3
3 ] E " ‘b
0.001 & 0.001 | - 0.001 w3
F e El F .
F N 3 E -
[ NN i L ]
0.0001 & 0.0001 NN E 0.0001 -
E \\. E E E
F 5, \ 3 F 3
b N ] E ]
10-s 107 O W o 10°s O .
E E \ 3 E 3
10-6 10-¢ -

r ] oel L 111
9 10 001 2 3 4 5
{
2-pacM. AiilaHyBYH KOpa ypa aililaHMII MapaMeTPJIapUHUHI TYPJH KUHMATIapH YYyH
CHKWJINII NapaMeTPUHUHT KATOP KO3 PUIHEHTIAPH TapaKacuTra OOFIHKINTH.

| | | | | | L1 | | | | | | | | | |
01 2 3 4 5 6 7 8 9 10 0 1 2 3 4 6 7 8 6 7 8 9 10
{

o~ o —

Hedopmanusiianrad Kopa ypa atpoduaaru craimoHap akcuajl CUMMETPUK,
ACUMIITOTHK $SICCH, BakyyM (ha3o-BakTWHU TaBcu(ioBun w™Metpuka bowep-
JIMHAKBUCT KOOpAMHATANAPUIA KyMuJaru KypyuHUILTa 3ra

2Mr 4aMrsin? @ »?(1+h)
ds® =— 1+h)dt? -——————(1+h)dtd dr?
° ( ¥? j( ) ¥? (1) P AT athsin?o rr

2(x2 in?2
+22 d02+|:22+a (2 +22|\2/|r)SIn 9(1+ h):|S|n20d¢2; (21)
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Oy epma S'=r'+d’cos’q, D=r’-2Mr+d*, h=eM*/S', e — nebopmarus
napameTpu. >0 Ba e<0 xonaTiap moc xohna Kepp kopa ypacura HucOGaTan
KaBapuK Eku OOTHK OOBeKTJIapra TYFpu Kenaad. e=0 XoJjja Kopa Ypa ojaTui
yMyMUW HUCOMWIWK Hazapusicu jgoupacuaarn Kepp kopa ypacura yraau.
DNEKTPOMarHuT MaliIOHHUHT 4-BEKTOp NOTEHIUANN A, KyHHJaru KypyUHHILTA 3ra:

2 —2Mr+ Mrsin? 6

A =-aB 57 (1+h), A =0, A =0, (22)
A, =%Bsin2.9{z2 +(ZM”ZZ);”Z‘9_4Mra2(1+h)}. (23)

Hedopmanusuianran Kopa ypa arpoduaaru 3apsjjiaHTaH 3appajapHUHT XapakaTu
[MamunbTOH-AK00M TEHTIIaMallapu OPKaJId TOTHIITaH

g‘”[ 05 —eAﬂj( 05 —eAj=—m2, (24)

6><_” ox”

Oy eplla € Ba M CHHOB 3appaCHHUHI MOC XOJj1a JJICKTP 3apsad Ba Maccacwu.

Bakrcumon Ba (azocumon KWUIMHT BEKTOPJAPUHUHT MAaBXYHJIUTU CHUHOB

3appacH YUyH TabCUPHHU KyHHJaru KYpUHUIIIA E3UIT MMKOHUHH Oepain
S:—Et+L(p+Sw(r,gD),, (25)

Oy epna E Ba L — CHHOB 3appacHHHHT CaKJIaHYBYH SHEPTHUs Ba HMITYJIbC MOMECHTH.
i1 e=0.5 187 (RN
Liof ! ] | \-e=0.5

Losf ' ] 16}

= Loof
0.95F \.._\\\‘ =0 ] O /E:O

0.90 \\"'--.__:._.'_"_'---._'__ = I 12} ‘-'._ _— :_-_-_'_::_'_-__---""

M M

3-pacm. JledopMmanusi mapaMeTPUHUHT TYPJM KHAMATJIapu y4yH Kopa ypaaap arpoduaa
aoupaBuii opOuTa Oyilad XxapakaT/JaHaéTraH 3appajJJapHUHI JHeprusicu (4amjaa) Ba
HMILYJIbC MOMEHTJIAPUHHUHT (YHI/1a) paguaJj y3rapuiim.

3-pacMaa nedopmarys MapaMETPUHUHT TYpJIM KAWMATIApu Yy4yH Kopa
Vpamap arpodmma dSKBaTOpMal TEKHCIMKAA JOWpaBuid opbuta OVitnad
XapakarjiaHa€TraH 3appajlapHUHT JHEPTUSICM Ba UMITYJILC MOMEHTIAPUHUHT
paauan y3rapuind KeITUpWiIran. Ymioy pacmaad nedopmaius mapaMeTpUHUHT
MaH(pul KuiMaTiapuaa CHHOB 3appacd JOUpaBUM OpOWTana KOJHWIIU YUyH
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KaTTapoK SHEpPrusira sra Oyiuil napkopiaurd kypunaau. by manduii nepopmarus
napaMeTpy XUCOOHUra rpaBUTAMOH NOTEHIIMATHUHT OPTUIINA HATHXKACUTUD.

WNmipga, myHuHraek, cTtaOuin JoupaBuil  opOuTamap paanyciIapuHUHT
Pisco = Nisco /M HoOaaIapn TonmiIraH,

Pisco :6_%4‘0(52) (26)

Actpodusukaaard Mmaraut b=eBM/m >>1 6ynran xonaTiapaa pisco Kyiumaru
KypuHUIIra sra Oyiaau:

» _1+1—2a2/M2—5
ISCO \/Eb

+0(b2,£) (27)

[lynunraek, oupuHun 000/1a rpaBUTOMArHUT 3apsiara sra Oyiran xKopa ypa
aTpoduaa OUPUHUHT Maccacu m Ba JJICKTP 3apsau e OYJIraH xXamjaa JOUpaBU
opOuTaza xapakarjiaHa€TraH UKKUTA 3apPaHUHT MapKa3uil TYKHAIIUIIN XaM KYpuo
yTwirad. KKWHYK BEKTp KUXATIaH HeWTpan OyiaraH 3appa sca Kopa ypara
YEeKCU3IMKAAH Keaub Tymaau. TYKHaIIyBuUM 3appajlapHUHT Macca MapKasu
SHEPrUsiCU KyWuaaru KypuHUIITa 3ra:

Ein 03[90 s (28)

m - V8+1°
Oy epna | — Mmapkasuit Kopa ypaHHHT TPaBUTOMArHHUT 3aPsi/IH.

HMuccepranmsHunr «Ilimazma MaBKyAJMIHAArd KOpa YPaJapHUHI ONTHK
xoccajgapu» 1e0 HOMJIaHTaH UKKUHYM 000M1a Kopa ypa aTpoduaard mia3MaHUHT
YHUHT ONTUK XyCYCUSATIIAPUTa TAbCUPHU YPraHUIITaH.

AlinanyBur Kopa ypa artpodunaru (azo-BakT KyHUIarn MeTpUKa OpKaJld
TaBcU(IaHA N

dszz—( ZMrjdz wdtd +—dr

( + 2Mr)sm 17
22

+22d¢92+{22 } in”@de?,
(29)

Oy epnra M Ba a — Kopa ypaHUHT Maccacu Ba COJUIITAPMA OypuyaKk MOMEHTH.
Akcuan kopa Yypa arpoduaa masMaHd KypuO umkamus. [lmasmaHuHr
CUHIVPUII KYpPCATKU4HU — n=n(xi,a) , Oy epia @ — u” Te3nMKka sra OyiraH
Ky3aTyBuUd TOMOHHAAH VymdaHrad ¢GoToH yactotacu. DoToHHWHT 3(pdexTuB
sHeprusicu ho=-p,u” kypunumra sra. [[masMaHUHT CHUHIMPUII KYpCATKUYU
TYPT YyII4aMiIM UMIYJIbCHUHT (YHKUMSACH KYpUHHUIIAA Kyluaarnya udoaanaHaiu:

p, p*
(pﬂ ﬁ)z (50

n=1+-—2"_
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miazmMa MyK Oynranna cuHAMpUIN KypcaTkuuu N=1 ra teur. [Imazmagaru kopa
Yypa arpopuna xapakariaHa€rraH (OTOHHUHI TaMWIbTOHMAHM KyWHMJaru
KYpUHHIITA 3ra:

a a 1 a, 2
(. p°)=2op,p, + (1o, ] (31)
[11a3MaHUHT CUHAMPUII KYPCATKUYH YUyH Kyluaara uogaHu uiiaTaMus
2
n?=1-% (32)
@

6y cpaa @, — IJIadMa 4aCTOTAaCH.

bepunran ¢azo-BakTHUHT reoMmeTpusicuaa (GOTOH XapakaT TEHIJIaMalapuHU
aHukIam yuyyH ['amuneTon-Ako0u TeHrnamanapuaan GoinanaHamus

§=—%[g“ﬁpa P, —(nz—l)(pomﬂ’ (33)

oo
Oy epma p, =0S/ox”,

afM=0.1 a/M=0.5 a/M=09
14 g :
12
10
08
06
04
02

00

Vers

00

4-pacM. AyIaHMII [apaMeTpd Ba IUIa3Ma CHHAUPHMII KYPCATKMYUHHUHI TYPJIH
KuMaTJaapu Y4yH (OTOH pajuajJ Xxapakatd 3(@eKTuB NOTEHUHATHHHHI paJuaj
y3rapumm; 0y epaa 3¢pdextuB noreHuman Ve ¢oron 3Heprusicu E ra nHucoOaran
HOPMaJ/UIAIITHPHJITAH

4-pacMja aliJIaHMII TApaMEeTPH Ba TIa3Ma CUHAMPHUII KYPCATKUIMHUHT TYypIIU
KuiiMatiapu yuyH (oToH pamuan xapakatd 3(Q(PEeKTUB MOTCHIIMATMHUHT Paauai
y3rapuiiy Kentupuwirad. Pamma kentupwiran rpadukiap/ia HyKTaBui, MyHKTHP Ba
y3IyKCH3 4n3uKiIap Moc xoiaa n? = 0.2; 0.44; 0.89 kuiimarnapra TYFpu Kenaau. 4-
pacMIaH  CHHIWPHUIN  KYPCAaTKUYMHUHT  KamMalumu  OwiaH  JOUpaBUid
OpOUTANAPHUHT panycliapy KaMaluIly KypcaTUiIraH.

Kopa Vpanunr arpoduma miazma OYaraH XoJjgard cosulapuHu Kypuo
yuKaMu3. Arap ruiasma OuiaH ypanran Kopa ypa €pyriauk MaHOacu Ky3aTyBUH
opacuja >KoWiamica, Ky3aryBuuM EpkuMH (oOHAA KOpa JOFHM KYpUIIU MYMKHH.
Ky3atyBun ac606mu Kopa YpaHuHT (POTOHJIAPHU IOTHIIM XUCOOUTra r03ara KeJIyBUM
KOpa COXaHUHT aTtpodujaH KeayBYM (DOTOHJApPHU Kaiia sTaau. YmlOy JOF Kopa
YpaHUHI cosiCUTa TYFpU KelaJd Ba YHHMHI 4erapacu Kopa Yypa artpoduna
(GOTOHIAPHUHT XapakaT TeHIJIaMacH OpKaJIM TOMWINIINA MYMKHH.

[Inazma OwiaH Kypmiajaradn Kopa ypa COSICHHUHT KYpHUHMA MAKIWHUA TOIHUII
yayH €nuK opOuTanapHu Kapabd uyMKamu3. XapakaT TEHTJIaMallapu CakjIaHyBUd
KarTanukiap — sHeprus E, Oypuak momeHnTu L Ba mHTerpamnam goumwuiicu K ra
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OOfNIMK OynaraHn Yy4yH HOpMaJIAIITHPWITaH Karrtaaukiapgan &<=L/E Ba
n=K/E* doligananamus.

[Ina3sma MaBXyInuruja Kopa ypa COSCHHMHI INAKIMHU KyHUJard maptiiap
OpPKaJIy TONMII MyMKHH.
du”
dr
Oy epma u' — ¢hOTOH paguas XapakaTHHUHT TCHIJIaMacH.

CosiHMHT 4Yerapacu xapakaT TeHrjamMajaapu OpKald M(OoJalaHHUIIA MYMKHH.
[ITara xapamai, cOosl Ky3aTyBUMHUHI «OCMOH TEKHCIWTM»AAa Ky3aTWJIaad Ba Y
OCMOH KOOpJAMHATATapu OpKajiu TaBcu(IaHaIH

(e dg e 2de
a—|lm( ry sin 6, drj’ yij Ilm[ I, dr)’ (35)

fo—>© ry—>0

u' =0, 0, (34)

Oy epna I, - Kopa ypalnaH Ky3aTyBuuraua Oynrad macoda, 6, - Kopa ypa aigaHuII
YKUHUHT Ky3aTyB TEKUCIMTUTa OFULI Oypyary.

S-pacMIa Kopa ypa aillaHMII [apaMeTpu Ba OFUII OYpYarMHUHT TYpJU
KUIIMaTJIapy YUyH aiJlaHyBYM KOpa YpPaHUHT COslIapy IIAKIUIApU KEATUPUIITaH. S-
pacMIaH ailJlaHWII MMapaMeTpy Ba OFUILI OypUYAarMHUHI Y3rapuIld COsl IIAKINWIA
CUKWIMLUIAPHUHT Taugo Oynummura oiu0d Kenuiuu KYypuHuO Typubau. by
(OTOHJAPHUHT KOpa ypa rpaBUTALMOH MailJIOHWJa KU3WIra CHWDKUALI 3(P(PEKTH
Ow1aH OOFIUKIUD.

x n n n
a/M=02, 9,7=E a/M=04, 0[;:; a/M=0.7, 9,,:5 a/M=0.99, 99:5

a/M a/M

n
a/M=04, 90=;

BIM
)

a2 0 2 4 s 4 2 0 2 4 6
a/M a/M
S5-pacm. Kopa ypajapHuHr cosiiapu: mjiasma oyamaran (y3JyKCH3 YHM3HMKJap) Ba mja3ma
OyJaran (MyHKTHP YM3HKJIAP) X0LJIAp Y4YyH

HucceprauussHuHr «Xop:kaBa-JInguun rpaBUTaluoH MOAEJUAATH KOpa
ypajgap arpoduaa 3HepreTuk xkapaénjaap» ne0 HOMJIAHTAaH y4YuHYM OoOwuja
XopkaBa MOJAENM JoWpacuaa anjlaHyBuUd Kopa Ypanap aTpoduia SHEPreTHK
xapaéunap VYpranwirad. Kexarunac-Cdercoc (a3o-BakTH TeOMETPUSCUHUHT
20



TaxXJWIA KEITUPWITaH. XopaBa TPaBUTALMOH MOJEN JOUpacujiaru cgepuk-
CUMMETpPUK Kopa ¥pa atpoduaaru ¢azo-paktHu TaBcudiaoBun Kexarnac-Cdercoc
(KC) metpukacu cepuk KoopauHaTantapa Kydujgaruia KypuHHUIITra ora.

-1

1 1
ds’ =— 1+ 1w 1—[1+4—Nlj2 dt’ +| 1+ r’e 1—(1+4—Nl]2 dr? +r2(d6? +sin?adg?),  (36)
or or

Oy epma w— XopkaBa TpaBUTALMAICH Ty3aTMajapu XucoOura maiyno OyiayBuu
napamerp.

KC d¢a3o-Baktima ¢GoToHIap XapakaTd TEHTJIaMacHd OJUHTAaH. Xapakar
TEHTJIaMajapu 3appajapHUHT IOKOPHU SHEPreTHK TYKHAIIWIUIAPUHHU YpTraHuIIaa
WIUIATWITAH. Y4Ta XapakTepsid XOojarjap y4yyH Macca MapKasu SHeprusiapu
xuco0nad yukuiarad. Ymapaan ukkutacu skctpeman KC ¢azo-Baktu atpoduna
TYKHAIIMOUIAp pyil Oepulll XoJIaTJapUHM TaJAKUK 3Taad. ByHna 4YeKkcusnukaaH
panuan hynamumaa kenaérran 3appanap (E = m u L = 0) nompasuii opOutama
XapakariaaHa€TraH 3appa OujaH €KUM MKKATa paguan HyHauumaa KejnaéTraH
3appajlapHUHT ¥y3apo TYKHAIIMII Macajlajlapyd KYpuiradH. YUWHYM XOJlaTAa 3ca
3appajiap SKBaTOpuaj TEKHMCIMKIAa KapaMa-KapliM HyHanunuiapaa JI0UpaBUi
opburtanap Oyina® xapakarnaHumagud. byHna ymapHuHr Oypyak MOMEHTIApU
UIIOpajlapd Xap-XWil Ba OpOuTanapu pajauan OypHJIMII HYKTacHuJa >KOMJIAIraH.
Copnanvik y4yH TUHWIMKJIArH SHEPIHsICH OMp XWJl OYJraH UKKWUTA 3appaHu KypHuO
yuKamu3. Macca Mapkasu sHeprusicd upojiacu KyMuaaru KypuHHILTa 3ra.

Ec.m. = 2m2(1_ gaﬂulau2ﬁ) (37)
1.8F g v v
’,/
16F 0281
NE I.'II
T 14 .
z S ol S,
oy | 02 S O%
J / a /- £
12F |/ 0.
,/ 0.1
/ -
Lokl i : "

-

6-pacm. o = 01, 0,15 0,2, Ba 0,281 kwuiimataap yuyH Kenmiep opouraaa
XapaKkaTJaHaéTran Ba paauaj HYHAIMIIAA KeJaéTraH HKKUTA 3appajlapHUHI Macca
MAapKa3u YJHEPTUSICHHUHT PauaJl Y3rapuum

6-pacMma noupaBuil opOMTaza XapakaTiaHaéTraH Ba pajaual HyHaaumaa
KenaéTraH WKKUTa 3appajapHHHT Macca MapKa3d SHEPTHSACHHUHT —paauajl
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y3rapumm kentupwirad. KypunuO typuOauku, «© mNapaMeTpHUHT KaMalWIIH
OWJIaH HPHEPTUSHUHI MAaKCUMall KUHMaTH XaM Kamanuo Oopsintu. llyHuHraek, o
HapaMeTPHUHI KaMaWWIIM OWJIaH MaKCUMYMHUHI SKOMIAIIUIIKA XaM CHUJDKUIIM
Ky3aTHIMOK/A.

7-pacMIa MarHUT MalJoH D Ba @ MapaMETPHHHT OUp Heya XapaKTepiu
KAMMAaTJIapd Y4yH 3appajlapHUHI Macca MapKa3W DHHEPrUsJIapUHUHT paauall
y3rapumm KenThpwirad. byHJIa TamKd acUMOTOTUK OWp JKMHCIM MAarHur
Maigonna okodnamran KC OYMK CHHTYJISpAUTH atpoduaa 3appajapHUHT
TE3NAIlMII KapaéHWra TPaBUTALMOH Ba JJIEKTPOMArHUT MauJOHJIAPUHUHT
TabCHUPHUJIAa Macca MapKa3d DHEPrUSCHHUHI CE3WIAPIM OLIMIIMHUA KYy3aTHII
MYMKHH.

Mynunrgex, ymoOy ©606ma XopkaBa TpaBUTAIMOH MOJENb JIOMpacuia
OJIMHIaH alJaHyBYM Kopa ¥ypa edyuMHu TaBcu(H, ailaHyBYM Kopa ypa
sprocepacuHUHI Xoccajlapd Ba HSHEprus axpanud yuKUMHUHT [leHpoy3
KapaéHiapu TaJKUK STWIraH. OKcTpemall aillaHyBYM Kopa ypa arpoduia
3appajlapHUHT IOKOPH DHEprusjiapra Te3jlaluil MeXaHu3Milapy ypraHuiras.

0T T L s s W e e e S B

3.0 0.45 .

o]
c.m/zm

>
ra

1,() 1 1 I I I 1 I I I 1 1 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 |

r/M
7-pacm. Maruut Maiiion b = 0.1  xapakrep/im KHIiMaTH YYyH 3appajlapHMHT Macca
MAapKa3M SHEePrusIAPUHUHT PAIUaJ Y3rapuilu.

JuccepranustHuHT «Maruurjianran HEeNTPOH 10JI1y371ap
JIEKTPOAUHAMMKACH Ba CEKHMHJIAIMIIN» 10 HOMJIAHTaH TYPTHHUM O00m;a
ailllaHyBYM Ba MarHMWTJIAHTaH FajaTH IOJAY3HUHT DJIEKTPOMArHUT HYpJIAHUIIHWIra
YMYMHM HUCOMIUIMK Ha3zapuscMHUHT Jddextnapu ©O0aéH kuiauHrad. bynna
AJIEKTPOMATHUT HYpJaHUII FajaTH FOJIy3HUHT JAUNON KOH(UTypauuscura sra
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Oyiaran MarHUT MalJoHWTra HUCOATaH OFUII Oypyak OCTHJA alIaHMIIN XHCOOHra
By)KyAra kKenaaw. Famath FONAy3HHMHT KOMIIAKTIMK MapamMeTpu FOJAY3HHUHT
AJIEKTPOMATHUT HYPJIAHUIIN HATHXKACUIA SHEPTUS HYKOTUIITUTA Ce3UIIapIIU TabCUP
KypcaTumy (IIyHIald Maccald HEHTPOH FOJNAY3HUHT 3JICKTPOMArHUT HYPJIAHHII
XMCOOMra H»Heprus HyKoTHIUAaH YHIA0 (ous (apKk KUIMIIA MYMKHHINATH)
aHWKJIaHIW. by  kenmakakma — FamaTH  IONAY3JMapHU  ITyJIbCapJIapHUHT
CEKMHJIAIIUIINHNA Ky3aTUI EpJlaMuia aHUKJIal UMKOHUHY Oepaiu.

AWaHyBYM FaJlaTy IOJAY3HUHT 3JIEKTPOMArHUT MarHUTOAUIIONb HYPJIaHUIIH
XUCOOUra CEKMHJIAHWIIMHU KypuO unkamu3. byHna wmarHuTiIaHrad [oiays
MarHUTOJIUIIONG HYpJIAHUII XHUCOOWTa Iyibcap Kabu Kysartwiamu, ned dapas
KuiamMu3. J(Urmonb HypJaHHWII XMCOOWTra PpEesSTHB IONAY3HUHT EPKUHINTU EKU
JUIOJb 3JIEKTPOMArHUT HypJIaHUIIHUHT KyBBaTH KyHuarura TeHr:

W.R® B?

L, = %sin’ ¢, (38)

em 3

C

Oy epma Twiga yYMyMUM HHCOMIIMK Ha3apuscH Ty3aTMacH XucoOura Moc
KaTTAIMKHUHT Y3raprad KHUMaTHHU OWIaupaan, R uHIEeKC 3ca MOC KaTTaTMKHUHT
r=R nmarm KuiMaTWHM aHTJaTaad Ba y — MarHUT MaiJOH Ba aWJlaHUII YKJIapH
opacuaru oruil Oypyaru XucoOaaHaIu.

HOnny3 SHEeprusSCMHUHT NWUIMOIb HYPJIAHUIIN XHCOOWUTa HYKOTHIWIIMHUHT
Hproron Mexanukacuaara ndoacuHu Kapacaxk,

_WR°B? _,
( em)Nem‘WS'” C, (39)

(18) udomamaru pensTUB Ty3aTManap KUCMAaH MarHUT MaWJOHHUHT IOJY3
CHUPTHIA KyYauHILIN

N > D3 3

BBR (S 2y M) (o)
B, 2u 8M R R

Ba KUCMaH aWJaHUMIMHUHT 3(PGeKTUB Oypyak TE3JIUTMHUHT OIIMIIKA XUCcoOWra

AKAHJIUTUHU KYPUIIl MyMKHH:

Q(r)=Q, %:QR . (41)

DOHeprus MYKOTHUIIHU MyJbcapiap Ky3aTyB XapaKTepHUCTHUKajlapu OuiiaH OOFIMK
Oyaran Kynai kypuHMIAa “domanam xaMm MyMKHH: ailanumn naBpu P Ba yHMHT
BakT OYyinua xocunacu P=dP/dt. 1-xansanna Oepuiran HaTwxKagapJaH KypuHuO
TypuOJUKH, FAIATH FOJITy3Jap OJaTUN HEHUTPOH IOJay3jiapra HuUcOaTaH 5 mapra
TE3pOK CEeKHHJamapkaH. AcTpodu3MK Ky3aTyBlap KynruHa nyibcapiap 1 c
ainmanum gappura Ba 10 g0 10 arpodupma maBpuHmHr xocumacura ora
Oynanunap.  JlaBpiap XOCWJIACHMHUHT Y3rapuill JWamna3oHd HWKKA TapTuOja
y3rapuilliHA ~XUcoOra oJraH Xojja HEUTPOH IOJAy3Jap JaBpiapUHUHT
XOCUJIAJIAPH O
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A¥inaHyBYM FajaTt IOJAy3 arpoduia miazMa MarHUTOCHEpacHHU MaBXY/]
ne6 Ownnb, YHUHI OYMK Kyd YHM3MKJIap OVinua Iia3Ma OKMUMHUHUHI XucoOWra
CEKMHJIAaHUIINHN XUCOOIalINK.

PensTuBHCTHK 3appajiap OKUMUHUHT TYJIMK OKUM M(OJACMHU Ha3zapra ojiuo,
EPKUHIMKHUHT MaKCUMaJl KHMaTHUHU XHUCOOJIalll MyMKHH |

(Lp )max = gK(l_ K)"em’

— uHepuuss MOMeHTH | OyiraH [OJIAY3HHMHT KOMITAKTIIUK

(42)

oyuna k=2I/R°
napameTpH.

1-skanBag
(PP) | (PP),, GOFIAHMIIHUHT KOMIAKT 00LEKTIAP TYPJIH NapaMeTPJIapra GOrIHKININ:
maccacu (Kyém maccacu Oupsmkinapuia), ranatu (R ,/.) Ba weiitpon (R .1 )

HJITY3JIAPHUHT PAIMYCH Ba HHEPIUSI MOMEHTJIApPH.

(PP) | (PP), 4,34463 | 453723 | 5.1094 | 6.16863
MIM 1.2 1.3 1.4 1.5
R , km 7.48 7.62 7.69 7.68
Rys » km 11.75 11.72 11.7 11.68
l,x10%* gm cm® 0.65 0.74 0.825 0.9
ls,x10* gm cm’ 1.08 1.2 1.36 1.72

HeliTpon Ba fanaTu OJAY3JapHUHT Maccallapu, paguyCH Ba HHEPIIHS
MOMEHTJIapM  KuiMaTiapugaH  ¢oinananud,  yJIapHUHT  CEKHHJIAIIUIIH
XUCOOJaHTaH. 2-)KajBajjard HaTWKalapAaH KYpUHUO TypuOIuKH, TIja3Ma
MarHuTocepacu MapxyJ OYIraHma rajgaTv IOJIYy3 HEUTPOH rOJay3ra HucOataH
Kypa 5 Mapra CeKMHJallapKaH.

2-3KaaBaj
IMnasma wmaraurocdepacu MaBKyLJIMrHAAQ (PP)SS/(PP)NS OOFIAHMIIHHHT KOMIAKT
o0beKTIap TYpJHM  IapaMeTpJiapura (Kyém

oupiukaapuna), ranatu (R I,¢) 10J1y31apHUHT pajuycH Ba

OOFJIMKJIUIHU:

I) Ba meiitpon (R,

mMaccacu Maccacu

HHepUHs MOMEHTJIApH

(PP) | (PP), 0,2053 0.2165 0.2199 0.2146
MIM 1.2 1.3 1.4 1.5
R , km 7.48 7.62 7.69 7.68
Rys » km 11.75 11.72 11.7 11.68
l ,x10% gm cm? 0.65 0.74 0.825 0.9
s x10% gm cm’ 1.08 1.2 1.36 1.72
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OnuHran HaTWKaJTApHUHT MYyXUM  KYJUIAHWIIA — TapuKacuaa CEeKUH
alJlaHyBYM FaJlaTH IOJIY3HUHT DJHEPrusi MYKOTHINM XUCOOHaHAW. YMyMuUi
HUCOMIUIMK JTOMpacH/ia FajlaTy 0JAy3Jiap HEUTPOH 10Jay3iapra HucOaTaH KYImpoK
SHEprusl MYKOTUIIN aHUKIAaHAU. OJMMHTaH HaTHXKajlap MyJbcapiaap CEKMHJIANINIIN
TYFpucugaru acTpopu3uK Ky3aTyBllap HaTWKajlapu OWIaH OUprajvuk FajaTu
I0JIAY3JIApHUHT KEITYCHa aHUKJIaHUIIKM OViinya TaiKuKoTiapaa goitnanu 6yaaam.

MarauTianran (oiay3 KyTO KajdlmofuJaH Ila3Ma OKUMUHUHT XHCOOHTa
DHEPTUS WYKOTUINM KyTO COXACHHUHT YMyMHH [03acH OWIaH aHWKJTaHA]IH.
[IyHUHT y4yH SHEpPrusi UYKOTUIIM IUIa3MAHUHT KUHETHK JYHEPTUSICH Ba KyTO
KAJIMOFMHUHT f03acura OofnmuK Oynanmd. YMyMuld HUCOWIIIMK —Ha3apuscu
Ty3aTMajiapy Ijla3Ma OKUMUHUHT Kydalummmra ojau0 kencana (F0Jay3 CUpPTHUAArd
MarHuT Mai0H KHAMaTHHUHT OIIUIITN XUCOOUTA), yMYMHU HUCOMIIINK Ha3apHUsICU
noupacuaa Kyr0 KaJINOFUHUHT 103aCH KaMasiii Ba TUia3Ma dHEPTrusl 3UUIMTUHUHT
OPTUIIH KyTO COXaCMHMHI KaMaWMHWIIMHU KOMIIEHCAMsUIak onMaian. HaTuxaBwuii
SHEPrus NYKOTHUILIAp YMYMUNM HUCOMMIMK Joupacuja aHya Kamasjau. Famatu
I0JIy3J1apa KOMIIAKT IMapaMeTpy HEHUTPOH IOJAY3JIapHUKHUIAH KaTTa OYiIraHauru
cababiu, FajaTu 10Jay3J1apaa SHeprusl HYKOTHIIl CEKUHPOK pYil Oepaau.

HNnoBanapaa Tamku MarHdT maioHnard aedopmalysuiaHral Kopa ypasiap
atpoduia HNEKTPOMAarHUT MaWJOHJAp YYYH aHUK HQojanapu; aiiaHmaiiaurax
IPaBUTOMATHUT 3apsiara sra OynraH Kopa ypanap arpoduaa 3JI€KTp Ba MarHuT
Maiinonnap udonpanapu; Tamku MarHut madgongaru Kexarmac-Cdercoc oumk
CUHTYJISIpJIUTU aTpoduia 3JIEKTPOMAarHuT MaIoH MOTeHIHaIK udoaanapu; TalKku
Maraut maiinonaaru Kexarunac-Cdercoc ounk CUHTYISIpaUTH atpoduaa hoToHmap
Ba 3appajlapHUHT XAPAKATH.

XVYJIO0CA

«AKCHAT-CHMMETPUK KOMIIAKT TPABHTAIIMOH OOBEKTIAp arpoduaaru
3appadajiap Ba  JJEKTPOMArHUT  MaWJIOHJap»  MaB3yCHJAard  JOKTOPJIMK
aucceprauusicu OVinuya onu0 OopwiraH TaaKUKOT/Iap HaTWKacuaa KyWuaard
XyJiocajiap TaKIuM 3THIIIN:

1. Kopa ypamap cosmap makiavuHU TaBcU]Iamn ydyH KoOpAuHaTara OOFIIUK
Oynmaran sHTH  GopMaiu3M Ty3WwiIraH, OyHJQ COSHHHT IIAKJId KYyTO
KoopJMHaTanap Tu3uMuaa JIexxaHap MOJMHOMIIAPH OpKaIH HdOJaTaHUIINUra
acocianrad. AiumtanyBuu Kopa YpanapHuHr cosutapuau 0,1% aHukamk Owuiad
TaBcU(IIANl YUYyH KATOP MOJMHOMH KOA()PHUITMEHTIIApUHUHT NacTiabku Oemracu
eTapid DKaHMW aHWKJIaHraH. SIHTM QopMamu3M COSHUHT XOcCcajdapyu XakKuja
OwMMIIapra acociaHMaraH Ba 3rpy YM3UKHU XapaKTEpJIOBYM OMp HEUTAa CUKUIIUII
napameTpiaapu TabpuduHu Takiaud staau. Takiaud dSTUATAH €O IIAKIWHUHT
CUKWJIUII ITapaMeTpJiapy IIOBKUH CHTHAJIUTAa HUCOATaH TYPFYHJIMTH KYpPCATHIITaH,
ymdy mapaMmeTpiap Ky3aTyBIla OJMHMINU KyTUJIa€TraH TacBHPJIApHU FOKOPU
AQHUKJIMK/Ia Tax AT STUIII UIMKOHWHH Oepaji.

2. Tamky acuMOTOTUK OWp SKMHCIM MArHUT MAaNJOHJArd aillaHyBYu
nedopManysUIaHTal Kopa YpaJlapHUHT BaKyyM SJIEKTPOMArHUT MalOHJIApU yUyH
aHamuTuK udonamap tomwirad. Jlepopmanusananran Kopa Vypamap arpoduma
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WHIYKIUSJIAHTaH 3JIEKTp MalaoHU AedopMainus mapaMmMeTpura YM3WUKJIA, MarHUuT
MaiJIOH 3ca yndy napaMeTpHUHT KBaJpaTUra MyTaHOCUOJIUTY aHUKJIAHTaH. Y10y
MabJIyMOTJIAp Ky3aTyBiap €paaMujia aedopmalusiiaHrad Kopa ypajaapHu axkpaTiuo
OJIMIII UMKOHUHU Oepajiu.

3. Mukum TypryH aoupaBuil opOUTajIapHM Ky3aTyB HaTWKajapu Hazapui
OJIMHTaH HATHXKAJApHU TaKKOCHAll Wynu OuWiiaH ainaHyBuM AeopMalvsiiaHTaH
Kopa YpaHuHr Aedopmaiys mapameTpura KOpH derapa KyWuJIard KYpUHHINIA
onuHU: €< 22.

4. bup xuHCaM OynMarad Ijasma MapxXyJJIUTruaa aijJaHyBUM Kopa ypaiap
COSUIAPDUHUHT IIAKUIapH  OMUHAM. YOy cos Makuliapuaard —KylnmMmua
acUMMeTpHUsIap IJIa3Ma Ba MapKa3uil KOMIAakT OOBEKT MmapaMeTpiiapu TYFpucuia
MabJIyMOTJIap OJUILI UMKOHUHH O€paiu.

5. [I'paBuTamarHuT 3apsii Ba TallKUM MarHUT MalJI0H MaBXyIJIUTHIa Kopa ypa
atpodumaru 3apsjiaHraH 3appajapHUHT DHEPrus Ba MMIYJIbC MOMEHTH Xamja
WYKUA TYpPFYH JOMPaBHUil opOuTanmapHUHr udojasapu Tomwirad. ['paBUTOMarHuT
3apsii TabCHpPU 3appavajap YEKCU3JIMKKAada TE3JAllUIINHUHT OJAWHU OJIUIIN
KypcaTwirad. YmoOy HaTWXKalapfaH pelsITUB  JDKETIapHU  TaBCU(IIOBYU
MOJIeJUTApUHHU SpaTuiaa GoiaaaHuIn MyMKIH.

6. Ilmazma OunaH KypliairaH Kopa ypa COSICMHUHT Ky3aTHJIyBYHM IIAKIH (a)
1azMa mapaMerpura, (0) Kopa YpaHUHT ailllaHUIl MapaMeTpura Ba (B) Kopa ypa
aliaHuIl VKUHUHT Ky3aTyB TEKHCJIMIUra OFUIN Oypuarura OOFJIUK OYIuIIN
Kypcatwirad. Kopa ypa COACHHMHI yiI4aMH 3JIEKTPOMATHUT HYPJIAHUIIHWHT
IJ1a3Ma MyXUTHJIa CHHUIIKA XUCcOOUra KaMaluIy KypcaTUiIraH. Viyamcus miasma
MapaMEeTPUHUHT OPTUILIM OWJIaH Kopa Ypa HYpJIaHUII SHEPTHUsICH WHTECHCUBIIUTU
KaMalluIM aHUKJIaHraH. YOy HaTwkajnap Kopa ypajap cosjapuaard Kylmumua
acMMMeTpHUsiIap TAOMATUHU TYIIYHTUPHUIIIA KYJTAHUIUIITN MyMKHH.

7. VTa I0KOpPH SHEPreTHK KapaHiapAa IOKOPH caMapajopiHKKa SPHIIHII
y4yH XOJucaiap TOPU3OHTHUHHUHT OYJIMACIWTU Ba KyWIH ailIAaHUIIHUHT OYIWIIN
JApKOPJIMTH  KypCaTWIraH. 3appajlapHUHT IOKOPM DSHEpPrusiapra JpUILUIIN
KyllMMYa  3apsjiJlaHraH  3appajapra  TabCHp  3TYBUM  DJIEKTPOMArHuT
*KapaCHJIApHUHT XUcoOura pyil Oepui MyMKHH.

8. XopraBa MoJienuaa dHEPrUsi aKpaIHill MexaHusmiapu opacuaa llenpoys
xKapaCHHU OpKaJu KOpa YpaaaH dSHEePTHs aKpaauld YUKUIIN XaKUKATra SKHHPOKJIUTY
Kypcatwirad. byHnaH tamkapu XopKaBa MOJETM KYIIMMYAaCHHHHI TabCHPU
3appavajap YEKCU3JIMKKadya TE3JAIMIIMHUHT OJIIMHHM OJUIIM KypcaTWiraH Ba
yi0y MabIyMOT/IapJaH KOMIAKT 0ObEKTIap SHEPreTUKACUHN MOJIEUIAIITHPUILIA
doliamaHuIT MyMKUH.

9. PenaATuB 10JIYy3HUHT SJEKTPOMATHUT DHEPTUsl KyBBAaTUHUHI WYKOTHIIIMIA
FAJIaTU OJy3HUHT KOMIAKTIUK TAhCUPU MYXHUM SKAHJIUTH KYypPCaTUIITaH. Y MyMU
HUCOMMINK Ha3apuscH JOUpacHaa FajaTH IOJAy3 XyAAU IMyHAAW ailaHyBYU
HEUTPOH FOJIy3ra HUCOATaH KYNPOK DHEPrus WYKOTUINM aHWKJIaHTaH. OJIWHTaH
HaTWKajllap KeArycuja FajlaThd  IOJAy3JapHU  aHHUKJIalml  TaJKUKOTIapHaa
WIIATAIUIIN MYMKHH.
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HAYYHBINA COBET no IIPUCYXKJEHUIO YYEHOU CTEIIEHA
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Tamkent — 2016



Tema JOKTOPCKO qHCCEPTAIIMH 3aperncTPHpoBaHa B Boicieii aTTecTAlMOHHO KOMHCCHHI
npu Kaounere Munuctpo Pecnyoauku Y30ekucran 3a Homepom 28.04.2016/B2016.2.FM31.
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BBEJEHUE (AHHOTAUMs TOKTOPCKOM THCCEPTAINH)

AKTYaJIbHOCTh U BOCTPeOOBAHHOCTH TeMbl auccepranuu. COBpEMEHHbIE
ACTPOHOMHUYECKHE HAOIIOJCHUSI HA MBIPOBOM YPOBHE Ha 3€MHBIX U KOCMHUYECKHX
TEJIECKONaxX U HEJAaBHHE OTKPBITHS MPEICTABUIU YOETUTEIBHOE JOKA3aTeIbCTBO
TOTO, 4YTO YEpHbIE JABIPhl HMMEIOT 3HAYWTEIbHOE BIMSHUE Ha Onu3Jexaliue
00BEKTHl BOKpYT, H3JIy4yass MOIIHbIE raMMa-BCIUIECKH, MOIJIonas OmmKaniime
3B€3[lbl, U CTUMYJHPYS POCT YHMCJIA HOBBIX 3B€3]l B OJuU3JIEKalIMX paillOHaX.
UccnenoBanune paBmxeHWe (POTOHOB BOKPYT BpPANIAIOIIMXCS YEPHBIX HBIP, B
YaCTHOCTH, HaXOXJACHUE U aHAIU3 (OPMBI CHITYyITOB 3TUX OOBEKTOB, MOCTAHOBKA
U 3(dexTUBHOE OCYIIECTBICHHE COOTBETCTBYIOIIUX PaIHACTPOHOMHUYECKHUX
HaONIOAEHUI MO JOKAa3aTelIbCTBY CYIIECTBOBAHUS TOPU30HTA COOBITHI YEpHBIX
JBIp Y U3BJICYEHUIO HHPOPMALIMKA O LUEHTPATIbHOM OOBEKTE B HAIIeW rajJakTUKE B
pamkax MexayHaponaubix npoektoB Black Hole Cam (BHC) u Event Horizon
Telesop (EHT) siByisitoTCs OTHUM M3 BaXKHBIX 33]1a4 COBPEMECHHOM acTpO(pHU3UKH.

B roasl He3aBUCHMOCTH y/ENEHO OOJBIIOE BHUMAHWE Ha Pa3BUTHUS
TEOpEeTUYeCKOM (U3MKU W aCTPOHOMUU W Ha MpoBeleHUs (yHIaMEHTaTbHBIX
UCCJICIOBAHUN IO ATUM HaIlpaBJICHUSM Ha MHPOBOM ypoBHE. B sTom rmiaHe
yIaloCh JOCTHMYb 3HAYMMBIM pe3yjibTaTaM B OOJAcTH  PEISITUBUCTCKOU
acTpo(u3uKH, B YaCTHOCTHU, MO pa3pabOTKe MOJEIU MarHUTOChephl HEUTPOHHOM
3BE3/Ibl, AHAJM3Yy CTPYKTYPhl MPOCTPAHCTBA-BPEMEHU U JIBXKCHHUIO TMPOOHBIX
YJaCTHI] BOKPYT YEPHBIX JBIP

N3yuenne actpou3HUECKUX NPOLECCOB B OKPECTHOCTH KOMITAKTHBIX
00BEKTOB U CpPaBHEHHE MX C HAOJIIOJATEIbHBIMU JAHHBIMU SIBJISIETCS B HACTOSILEE
BpeMsi HauOosiee BaXKHBIM B HU3YYEHUHM acTpO(U3UKY KOMITAKTHBIX OOBEKTOB.
BaxuelmuMu ~ 3agadamMu SBISETCS  MPOBEIECHHE  IIEJIBHBIX  HAy4YHO-
UCCJIEIOBATEILCKUX pPabdOT, B YACTHOCTU HCCIEAOBAHUN TIO CIEIYIOYIIUM
HAIPaBJICHUSAM: TIOMCK TOYHBIX PEIICHUN OMMCHIBAIOIINX MPOCTPAHCTBO-BPEMS
BOKPYI  KOMMNAKTHBIX  TPABUTAIIMOHHBIX  OOBEKTOB; AaHAIU3  CTPYKTYPHI
IPOCTPAHCTBA-BPEMEHU B paMKax ATUX PEIICHUM M MOUCK YPaBHEHHS JIBUKEHUS
MPOOHBIX YACTHIl, B YaCTHOCTU (DOTOHOB; OMpPENENECHUsI CUIIyITOB YEPHBIX JIbIP B
paMKax 00IIeil TEOpUU OTHOCUTEILHOCTH M aJIbTEPHATUBHBIX TEOPUN TPaBUTAIUY;
oTmpe/eieHUe BIUSHUS MapaMeTPOB IIEHTPATHLHOTO O0BEKTA U MIIA3MEHHYIO CPEIy
Ha (OpMBI CHIIYdTa, BBISBUTH 3aBUCUMOCTH IOTEPh SHEPTHH PEIATUBHUCTCKOU
3BE3/Ibl OT BBIOOpA rPaBUTAIMOHHON Mojieau. IMEeHHO 3TH 3a7auun 000CHOBBIBAIOT
aKTyaJbHOCTh HA MUPOBOM YPOBHE JAHHOTO HAYYHOT'O MCCIIEIOBAHUS.

JlanHass HayyHO-MCClieoBaTelbCKasgs paboTa COOTBETCTBYET  3ajadaM
YTBEP)KJICHHBIX B TOCYJAapCTBEHHBIX HOMpPATHUBHBIX JOKYMEHTaX, B YKazax
[Ipesuaenta PecnyOnuku VY36ekuctan 3a No VII-559 «O BBICOKOTOPHBIX
ACTPOHOMHUYECKHUX O0O0CEpBATOPUSAX U KOMIUIEKCAX HX OOCIyXuBaHus» oT 11
deBpans 1993 roma, 3a Ne VII-4512 «O mepax mo najabHEHIIEMY pPa3BUTHUIO
alNTEepHATUBHBIX UCTOYHUKOB 3Heprum» oT 1 mapta 2013 rona.
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CooTBeTcTBHE HCCJEI0BAHMA € TNPUHOPUTETHBIMHM HANPaBJICHUSIMHA

Pa3BUTHS HAYKH M TEXHOJOTM pecnmy0JuKu. J(uccepTaimoHHOE UCCIEN0BAHNE
BBIIIOJTHEHO B COOTBETCTBUM C MPUOPUTETHBIM HAIPABICHUEM Pa3BUTUSA HAYKH U
TexHosorud B PecnyOmuke VY30ekuctan — Il. «DHepreruka, »sHepro- u
pecypcocoepexeHuey.
O030p 3apy0eKHBIX HAYYHBIX HCCICIOBAHMI II0 TeMe JHCCEPTALMHUZ,
Hayunble nccneaoBanusi KOHQUTYpallUd U CTPYKTYPBI DJIEKTPOMArHUTHBIX TOJIEH
BO BHEIIHEM ACUMITOTHYECKH OJHOPOJHOM MAarHMTHOM IIOJIE, & TAKKE CHIIYDITOB
BpAIIAIONIMXCSI YEPHBIX JbIp MIPOBOAATCS BEAYIIMMH MHUPOBBIMU HAYYHBIMU
LHEHTpaMU M BBICIIMMH OOpa30BaTEIbHBIMU YUYPEKICHUSIMH, B TOM YHCIE,
AcTpoHOMHYECKMM HMHCTUTYTOM, lLlenTpoMm A.DitHmireiiHa u Cuie3niickum
yauBepcuterom B Omase (YUexus), Yuuepcuterom Anbbepter (Kanama),
Nucturytom Makca [lnanka rpaBUTalMOHHON (u3uMku uM. A.DWHIITEWHA U
O®pankyprckum yHuBepcureroM (I'epmanus), MexXyHUBEPCUTETCKUM LEHTPOM
actpoHomMuu u actpodusuku, Hayunoit naGopatopueir mno ¢usuke u Tata
UHCTUTYTOM (GyHAaMEHTaNbHBIX HuccienoBanuit (Muaus), [lenTpoM mpukiIagHbIx
KOCMMYECKUX TEXHOJIOTMA W MUKpOrpaBUTAallMM B bpeMeHe U YHHUBEPCUTETOM
OnbnenOypra (I'epmanusi), ['ocymapcTBEHHBIM aCTPOHOMMUYECKUM HHCTUTYTOM
uMm. Ilrepubepra MockoBckoro I'ocymapctBenHoro yHuBepcuteTa (Poccus),
WuctutyToM  anepHod  GU3MKH,  ACTPOHOMMYECKHM  HHCTUTYTOM U
HannonansHeIM yHUBEpCUTETOM Y30ekucTana (Y30€KUCTaH).

[Io uccnenoBaHWIO NBHXKEHUS YACTUL] U AJIEKTPOMArHUTHOIO IIOJISI BOKPYT
YEpHOU JbIPbl BO BHEIIHEM MAarHMUTHOM I10JI€ HA MHUPOBOM YpOBHE ObUI MOJy4Y€H
pAN OpPWUTMHAIBHBIX HAYYHBIX PE3YyJbTAaTOB, B TOM YHUCJIE: IIOJYYEHBl H
MCCJIEI0BaHbl CBOMCTBA CHIJIY3TOB BpAIAIOUIMXCSl YEPHBIX JIBIp B paMKax oOmien
TEOPUH OTHOCUTEIBHOCTH W MOJU(PHUIMPOBAHHBIX aJbTEPHATHUBHBIX TEOPUN
rpasutaiun  (Muctutyr  Makca [lnanka rpaBuUTanoHHON (U3UMKH UM. A.
Oiinmrelina 1 OpankdypTckuii yHuBEepcuTeT, [ epmanus; MexXyHUBEPCUTETCKUAN
IIEHTP acTpoHOMUU U actpodusuku, Hayunas nabopatopus mo ¢usuke, Tata
WHCTUTYT (QyHIAaAMEHTaIbHBIX wucciaenoBanuid, Wuaus; LlenTp npukmagHbx
KOCMUYECKUX TEXHOJIOTUW M MUKporpaBuTanuu, ['epmanus; ['ocynapcTBEHHbIN
actpoHomudeckuid HHCTUTYT uM. [lITepHbepra MockoBckoro I'ocynapcTBeHHOTO
yHuBepcuteTta, Poccusi, Ka3zaxckuii HalMOHalbHBIA YHUBEPCUTET HMEHU AlJlb-
®apabu, KazaxcraH); HalJCHBI CTPYKTYpbhI SJIEKTPOMArHHTHOTO TMOJISI BOKPYT
BPALAIOIICICSA YEPHOU IBIPbI, UCCIEAOBAHbl YPABHEHUS IBUKCHUS 3apSyKCHHBIX
YaCTHUILl BOKPYT BPAIAOMIENCS YEPHOU ABIPHI IPU HAJTMYUHU BHEIIHETO MAarHUTHOTO
nosia (ActpoHomuyeckuid MHCTUTYT, LlenTp A.DiHmreiina u Cune3uiickuit
yHuBepcuteT B Omae, UYexus; VYHuBepcuter AnnbOeptsl, Kanana;
MexXyHUBEPCUTETCKUN WEHTp acTpoHoMuUM U actpodusuku, Wugus; Lentp
MPUKJIAJHBIX KOCMHUYECKMX TEXHOJOTMM W MHKpOrpaBUTAlMU, bpemeH u
OnbnenOyprckuit  yHuBepcuteT, ['epmaHusi); NIpPOBEICHO  HCCIEIOBaHHUE

2 0630p 3apyOexkHBIX HAy4YHBIX HCCIEIOBaHMI 0 TeMe aucCepTaldu pa3paboTaH Ha OCHOBE CJIELYIONIUX
ucrounukos: http://arxiv.org; https://webofknowledge.com; https://scholar/google/com. K. Physical Review Letters;
XK. Physical Review D; JX. Monthly Notices of Royal Astronomical Society; XK. Astrophysical Journal; K.
Astrophysics and Space Science; K. International Joournal of Modern Physics D; u np.
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DHEPreTUYECKUX MPOLIECCOB B OKPECTHOCTH BPAIAIOIINXCS YEPHBIX IBIP B pAMKax
oO1el Teopur OTHOCUTEIBHOCTH M aJbTEPHATUBHBIX TEOPUM TpaBUTALMM, B
YaCTHOCTU IIMPOKO HCCIEAOBAaHbl CBOMCTBA IPOCTPAHCTBA-BPEMEHU BOKPYT
YepHOU JbIpbl B rpaBUTAlMOHHON Monenu Xopxkaa (Llentp A.JiiHIuTeliHa U
Cunesuiickuii yauBepcuteT B OnaBe, Yexus; YHuBepcurer AnnOeptol, Kanana;
[{eHTp NMpUKIIAJHBIX KOCMUYECKUX TEXHOJIOTMHA UM MUKporpaBuTauuu B bpemene,
Nuctutyr Maxkc Ilnanka 1o rTpaBuTaniMoHHOW (Qu3NKM uUMeHH AJbbOepra
Ounmreiina u Opankdyprckuii yHusepcuteT, ['epmanus, MexXxyHHUBEpCUTETCKUN
LEHTp acTpoHOMHUHM U acTpodusuku, Hayunas maGopatopusi mo ¢usuke, Tara
WHCTUTYT (yHIaMEHTanbHBIX wuccienoBanmii, Wumus; LleHTp mNpUKIaTHBIX
KOCMHYECKMX TEXHOJOTMM M MUKporpaBuTanuu, I'epmanus; ['ocynapCTBEHHBIN
acTpoHoMuYecKknid UHCTUTYT UM. IlItepHOepra MockoBckoro I'ocynapcTBEHHOTO
yHuBepcuteTa, Poccus, Kazaxckuii HalMOHAJIBHBIM YHHBEPCUTET UMEHH AJlb-
®dapadu, Kazaxcran).

B Hacrosimee BpemMs B Mupe IO MpodieMe HCCIEIOBaHMUS CUIYITOB
BPAIIAIOIINXCSl YEPHBIX AbIP, ABHKEHUS YACTHUIl U SHEPIETHYECKUX MPOLECCOB B
OKPECTHOCTH KOMITAKTHBIX TPABUTALIMOHHBIX OOBEKTOB MPOBOJSATCS UCCIIEIOBAHMS
0 PsiAy NPUOPUTETHBIX HAIPaBICHUM, B TOM YHCJIE: MCCIIEIOBAHUE JIBUKCHHUS
(OTOHOB M MOJIyYEHUE CUJIy3Ta BpALIAIOMIMXCS YEPHBIX JbIp B pamKax oOmiei
TEOPUU OTHOCHUTEIIBHOCTH WU aJbTEPHATUBHBIX TEOPUN T'PAaBUTALMU U UX AHAIIN3;
TEOPETUYECKOE MOJEIUPOBAHUE AJIEKTPOMArHUTHBIX MOJIEM BOKPYT KOMIAKTHBIX
IPABUTAIMOHHBIX OOBEKTOB M AHAJIU3 JBUKEHUS YaCTULl BOKPYT 3TUX OOBEKTOB;
M3YYCHHE DHEPTETHUECKUX ITPOLIECCOB B OKPECTHOCTH BPAILAIOIINXCS YEPHBIX JBIP
IIPU HAJIAYAHA BHEIIHETO JJIEKTPOMArHUTHOIO TMOJIA; JJIEKTPOMAarHUTHOE U
IPABUTAIIMOHHOE U3ITyYE€HUE OT KOMIAKTHBIX TPaBUTALMOHHBIX OOBEKTOB.

Crenenb u3ydyeHHOCTHM mpoOJembl. CHydThl BpallaroOlIEHCs YEpHOU
ABIPBl NIl PA3IMYHBIX TapaMeTpoB IEHTPAIbHOIO OO0BEKTa, B YaCTHOCTHU
AIIEKTPUYECKOr0 3apsna, OpaH 3apsga, MarHUTHOTO 3apsiia, B paMKax
albTEPHATUBHOM TEOPUU TpPaBUTAIMM MCCIEAOBAaHbl MHOTMMH  YYEHBIMH,
Hanpumep simonckumu (K. Hioki, K. Maeda), amepukanckumu (J. Bardeen),
routanackumu  (H. Falcke), memenxumu (C. Laemmerzahl, V. Perlick, A.
Grenzebach), aprentuiickumu (L. Amarilla, E. Eiroa), uranesackumu (C. Bambi),
yemickumu (Z. Stuchlik, J. Schee), unaniickumu (N. Dadhich, S. Ghosh, P. Joshi,
M. Patil), poccuiickumu (O. I{ynko, A. 3axapos, B. ®ponos, 1. HoBukoB) u ap.
Opnako Bce 3TH pabOThI BBIMOJHSJIMCH B PAMKaxX OTAEIBHO B3SITOTO PELICHUS
KOMITAaKTHBIX OOBEKTOB, TJI€ OTCYTCTBYET OOIIM (PopMalu3M OMUCAHUS CHITYyITOB
YEpHBIX JbIp HE3aBUCUMO OT BbIOOpa MOJENIN YEPHBIX JAbIP, TEOPUU TPABUTALIUU U
METOJa U3MEPEHUS.

Pemienne ypaBHEHUN 3JIEKTPOMArHUTHOTO MOJIS Il BpalalOIIEUCs YepHON
nelppl Keppa BO BHEIIHEM acCMMITOTHYECKHM OAHOPOJHOM MAarHUTHOM IIOJIE,
JIBUKEHUE 3apsXKEHHBIX YaCTHIl BOKPYT BpalllarolIeucss yepHou IbIipel Keppa BO
BHEIIHEM MarHUTHOM II0JIE, YCKOPEHHE YacTHI] BOKPYI BpallaroLIElcs YEpHON
JBIPBI, POJIb MArHUTHOTO TOJISI HA TIPOLIECCHI CTOJKHOBEHHUSI YaCTULL B OKPECTHOCTH
MEUIEHHO BpAaIIalOUICCd YEepHOM JbIpbl HCCIECIO0BAaHbBl MHOTMMH YYE€HBIMH,
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Hanpumep, amepukanckumu (M. Banados, J. Silk, S.M. West u np.), anrmiickumu
(R. Wald u ap.), poccuiickumu (/1.B. Tanbuios, B. ®ponos, A. Anues), TypelKUMH
(N. Ozdemir), unamiickumu (N. Dadhich, S. Ghosh, P. Joshi, M. Patil) u ap.
OpHako JeTanbHOE W3YYCHUE NIBIKEHUS 3apsSHKCHHBIX YaCTHUI] U YHEPTETHUECKUX
IIPOIIECCOB, B YaCTHOCTH, CTOJIKHOBEHHS YacTHIl BOJHM3U BpAIIAIONIEHCS YepHOU
IBIPBI, TOMEIICHHOH BO  BHEIIHEE MArHUTHOE TIOJ€ C  HEHYJICBBIM
IPaBUTOMArHUTHBIM 3apsioM W/WIU TapamMeTpoM jaedopmamuu OCTaeTcs He
n3ydeHHbIM. M3ydeHne 5Tux 53(P¢dEeKTOB IMO3BOJUT CHAENAaTh OTPAHWYCHUS Ha
YUCIICHHBIC 3HAYCHHS Pa3IMYHBIX IMapaMETPOB YCPHOW JBIPHI, TaKHX Kak
I'PaBUTOMArHUTHBIN 3apsi, mapaMmeTp jaedopmamuu u Jap.

3amaun, CBS3aHHBIC C WCCIICOBAHWEM BIUSHUS IUIA3MEHHOW Cpeabpl Ha
JBWOKCHHE (POTOHOB BOKPYT KOMITAKTHBIX I'DABHTAIMOHHBIX OOBEKTOB B paMKax
o01Iel TeOpUH OTHOCUTEIIBHOCTH M3YYaINCh PA3IMIHBIMA aBTOPaMH, B YaCTHOCTH
poccuiickumu (I'.C. bucnosarsiii-Koran, O. Ilymnko), y36exckumu (b.JK. Axmenos,
A.A. TypcynoB, B.C. MoposoBa), xanaiackum (A. Rogers), nemeuxkumu (V.
Perlick, J. Kunz), romnannckumu (H. Falcke), unmuiickumu (N. Dadhich, S.
Ghosh, P. Joshi, M. Patil) u ap. B sTtux pabotax OTCYTCTBYET HCCIICOBAHUC
BJIMSTHEEC HEOTHOPOIHOM TUTa3Mbl HA ONITHYCCKUE CBOMCTBA BPAIIAIOIINXCS YSPHBIX
IBIp, B YaCTHOCTH Ha (OPMBI CHITydTa TEHHU BPAIIAIONIMXCS YCPHBIX IBIP TIPH
HAJTMYUHN HEOJHOPOTHOU TITa3MBl.

CBoiicTBa METPUKH MPOCTPAHCTBA-BPEMEHH M JBW)KCHHE 4YAacTHI[ B
OKPECTHOCTH YEpPHOM JbIpbl B paMKaxX I'PaBUTAIMOHHOM Mojenu XopkaBa ObUIH
W3y4eHBl psjgoM aBTopoB, yemickumu (Z. Stuchlik, J. Schee) mombckumm (M.
Abramowicz u np.), nopryraisckumu (F. Lobo T. Harko, F. Eiroa), nemerkumu
(C. Laemmerzahl, J. Kunz, E. Hackmann u ap.) u ap. Tem He MeHee, Ha JaHHBIN
MOMCHT B JIUTEpaType HE pPacCMOTPEHBI BOIMPOCHI BIHUSHUS METPHUUCCKHUX
napaMeTpOB TPAaBUTAIMOHHONW MOJEIM Ha JHEPreTUYCCKUE TMPOIECCHl M POJIU
MarHATHOTO TTOJISI B 3TUX IMPOIIeccax.

CBsi3b TeMBbI JHCCEPTAIMM € HAYYHO-HCCJIET0BATEIbCKHMH padoTamMmu
BBICIIIET0 00pPa30BATEJBLHOI0 W HAYYHO-HCCIET0BATEIHLCKOTO YUpeKIAeHUsl,
rie BbITOJHEHA Auccepranus. /[ucceprallmoHHOE HMCCIIEIOBaHNE BBITOJHCHO B
pamMKax HAayYHBIX MPOEKTOB MHCTHUTyTa snepHON (U3HKH W ACTPOHOMHUYECKOTO
uHcTUTyTa 10 TeMam: DA-D2-O079+D069 «Pa3paboTka U pa3BuTHE ypaBHEHUN
AIIEKTPOMATHUTHOTO W TPABUTAIMOHHOTO TOJICH B PEISITUBUCTCKON acTpOPU3UKE
U KOCMOJOTHM, a Takxke (enomeHnonornueckux mojened KXJ[ B onucanum
aJpoHOB W uX B3aumojeicTBuit» (2007-2011); DA-D2-F058 «MccnenoBanue
I'PaBUTAIIMOHHBIX JIMH3, 00pa30BaHMs TAJAKTHK W 00OOIICHHBIC TPaBUTAIMOHHBIC
moaenn» (2007-2011); ®E2-OA-D134 «/IBrkeHHEe YacTHI] U 3JICKTPOMArHUTHBIC
HOJII B OKPECTHOCTH PEISATUBHCTCKMX 3BE3J M YCPHBIX JbIP B AJIbTEPHATHBHBIX
Teopusix Tpasutarum» (2012-2013); ED2-DA-0-25046 «J[BuKeHHE YacTHI] CO
COIMHOM ¥ PAcIpOCTPAaHCHHWE DJICKTPOMATHUTHBIX BOJH B  OKPECTHOCTH
KOMITAKTHBIX TPaBUTAIIMOHHBIX 00bekTOB» (2014-2015); No 1-10 «YacTuibl u
MOJIT B OKPECTHOCTH PEJISATUBUCTCKUAX TPABUTAIMOHHBIX OOBEKTOB W3 TEMHOMN
SHEPruu U KpoToBbIX HOpy» (2010-2011).
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Leabo ucciaenoBaHusi SIBISIETCS CO3/aHUE TEOPETUUYECKOro (opmanuma
OMMCAHUS CUIYITOB UYEPHBIX JbIP U BBIABICHHE (PU3MUYECKUX 3aKOHOMEPHOCTEH
BBICOKODHEPIE€TUYECKUX  IPOLIECCOB B HEMOCPEICTBEHHOM  OKPECTHOCTH
BPALAIOIIMNXCS YEPHBIX JIBIP.

3agaum uccJIe10BaHNA:

pa3paboTaTh HOBBIA KOOPAMHATHO-HE3aBUCHUMBIN (OpMaIU3M JJIsi ONMUCAHUS
CUJIy3Ta YEpPHOW [JbIpl W TPEAJIOKUTH HOBBIE OINPEIEICHUS NapaMeTpoB
UCKaXEHUSI (POPMBI TEHU YEPHOH JBIPHI;

IIPOBECTH CPABHUTEJIbHBIA aHAIN3 MapaMETPOB MCKAKEHUS CHUIYy3Ta YEPHOMR
IBIPBI, TPEAJIOKEHHBIX B paMKax HOBOTo Qopmaiu3mMa U C I[apamMeTpamu,
MOJIyYEHHBIMH JIPYTUMU aBTOPaMU;

U3YYUTh AJIEKTPOMATHUTHOE TIOJIE W JBHKEHHUE 3apsDKCHHBIX YacTHI[ B
OKPECTHOCTH Bpallaroeics 1epOpMUPOBAHHON YEPHOW NIBIPHI, IOMEUIEHHOW BO
BHEILHEE ACUMIITOTUYECKH OJJHOPOJHOE MATHUTHOE MOJIE;

PacCMOTPETh CTOJKHOBEHHE DJIEKTPUYECKH 3apsDKEHHBIX YacTUL BOKPYT
YEpHON JBIPBl C HEHYJIEBBIM I'DAaBUTOMAarHUTHBIM 3apsioM, ITIOMELIEHHOW BO
BHEIIIHEE MAarHUTHOE I10JIE;

ONpEAENUTh BIUSHUE HEOJAHOPOAHOW TIIa3Mbl Ha (QopMy CHIIy3Ta
BPALLIAIOLIENCS YEPHOU JIBIPHI;

OPOBECTH AaHAIM3 [JBWXCHHS 3apSDKEHHBIX M HEUTPAJIBHBIX YacTHUL M
ctosikHOBeHUsI BOKpyr Kexarnac Cdercoc royioli CUHTYJISIPHOCTH B MPUCYTCTBUU
BHEIIHETO MArHUTHOT'O TOJIS;

MOJIYYUTh OLIEHKM Ha BEJIMYMHY HM3BJIEKAEMO 3HEpPruM W3 Bpallarouieiics
YEPHOU ABIPHI B TPABUTALIMOHHOM MOJENN XOpKaBa;

CPaBHUTh  JJIEKTPOMATHUTHBIE  TOJI M 3aMEJJIeHHE  BpalleHUs
PENSTUBUCTCKUX KOMITAKTHBIX 3BE37.

O0beKkTOM MCCIeIOBAHUS SIBIISIFOTCS YEpPHBIE JbIPbl, HEUTPOHHBIE U
CTPAHHBIE PEJIITUBUCTCKHE 3BE3/IbI.

IIpeamMeTroM uHCCIeI0BAHMS SIBISIOTCS DJIEKTPOMATHUTHBIE IIOJISI BOKPYT
KOMITAaKTHBIX OOBEKTOB, BHYTPEHHHE CTAOWJIbHBIE KPYTrOBbIE OPOUTHI MPOOHBIX
YacTUL] BOKPYI YEPHBIX JABIP, CWIY3Thl YEPHBIX JbIp MPU HAIUYHUH [UIA3MBI,
SHEPreTUYECKHE MPOLECChl B OKPECTHOCTH BPAIIAIOIIMXCS YEPHBIX JBIP B
IPUCYTCTBUH BHEIIHETO MArHUTHOI'O ITOJIS.

MeTtoabl uccienoBaHus. MaTeMaTHUYeCKUW amnmaparT MaKpOCKOMWYECKOU
ANEKTPOJMHAMUKH B OOIIEH TEOPUH OTHOCUTEIBLHOCTH U METpUUYecKor ap(huHHON
muddepeHrnanbHON TeOMETpUH, aHATUTUYECKUE U YMCIICHHBIE METOJbI pelIeHUS
muddepeHnrnanbHbIX YpaBHEHUN ABUKEHUS U TOJIS.

Hay4Hasi HOBU3HA MCCJIEIOBAHUA 3aKII0YAETCS B CIECAYIOIIEM:

BIIEpBbIE pa3pabOTaH HOBBIM KOOPJAMHATHO-HE3aBUCUMBIA (OopManmu3M st
onucaHuss (OpPMBI CHIIydTa 4YEPHBIX [JbIp. BBISIBICHO, 4YTO TeEpBbIE TAThH
K03 (UIIMEHTOB NOJMHOMA MPU PA3JI0KEHUH JOCTATOYHBI JJIsi ONMCAHUS CBOMCTB
CUJIy3TOB BpallalOIIMXCAd YEpPHBIX JbIp ¢ TOYHOCThIO 110 0,1%. Ilokazano, 4To
MpeJIOKEHHbIE ONPEIEICHUS UCKAXKEHNUS (POPMBI CHITy3Ta YEPHBIX ABIP SBISIOTCS
YCTOMYMBBIMU HA CUTHAJIBHBIE LITYMBI;
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YCTaHOBJICHO, YTO HAOJI0/Ia€MbIl pa3Mep TEHU YEPHOM JbIPbl YMEHBIIAETCS
3a CYET MPEJIOMIICHUS 3JIEKTPOMArHUTHOTO U3JIy4YEeHUs B IIJIA3MEHHOU CPEE;

MOKA3aHO, YTO JJIsl BBICOKOM 3(PGHEKTUBHOCTH TOCTHXKEHHSI CBEPXBBICOKHX
HSHEPreTUYECKUX  MPOILECCOB  OTHOCUTEIBHO  YAQJICHHOIO  HaOIrojaTess,
HEOOXOMMO  OTCYTCTBME TOpHU30HTA COOBITUH W  CHJIBHOE  BpallleHUE
rPaBUTALIMOHHOTO UCTOYHUKA,

BBISIBJICHO, YTO 3HAYUTENIbHOE yBeIMUeHUE 3()PEKTUBHOCTH CTOJIKHOBEHUH 10
YIABTPABBICOKMX 3HEPTHIN BO3MOXHO 32 CUET JOMOIHUTEIBHBIX JICKTPOMATHUTHBIX
SIBJICHHUH, BIUSIOIINX HA CTOJIKHOBEHHE 3aPSyKEHHBIX YaCTHII;

MOKAa3aHO, YTO M3BJICYCHHE HHEpPruu uepe3 mnpouecc llenpoysa sBusercs
0oJiee pEATMCTUYHBIM TPOIIECCOM CPEAN MEXAHW3MOB HW3BJICUCHUS SHEPTUU W3
BpAIAIOIICHCA YEPHOU ABIPHI B CLIEHAPUU XOPXKaBa; KpOME TOr0, U3-3a MOMPABOK
IrpaBUTALIMOHHON MoieNn XOprKaBa 4acCTHUIIbI TPEJOTBPAIIAIOTCS OT OECKOHEUHOTO
YCKOpPEHUS;

MoKa3aHo, 4YTo A3(PGEeKT KOMMAKTHOCTH CTPAaHHOM 3Be3[bl Ha TOTEpPHU
MOIIHOCTH 3JIEKTPOMAarHUTHOM JSHEPIUM PEIIATUBUCTCKOM 3BE31bl SIBIIACTCS
3HAYUTEIIbHBIM;

YCTaHOBJICHO, YTO CTpaHHAas 3Be3/la TepsieT OOJIbIIEe SHEPTUH B CPAaBHEHUU C
aHAJIOTMYHOW BpaIlalolecss HEUTPOHHON 3Be3J0M B paMKax OOIIeH Teopuu
OTHOCUTEIIbHOCTH.

IIpakTHUYecKkHe pe3yJabTAThI HCCIACA0OBAHUSA 3AKIIOYAIOTCS B CICAYIOLIEM:

HAWJEHbl AHAIMTUYECKUE BBIPAXKCHUS IS BAKYYMHBIX 3JIEKTPOMArHUTHBIX
nojeil  Bpamjaromuxcs J1e(OpMHUPOBAHHBIX YEPHBIX JBIp BO  BHEIIHEM
ACHUMIITOTUYECKHA OJTHOPOJHOM MAarHUTHOM IMOJIE; BBIABJICHO, YTO MHIYLIUPOBAHHOE
AJIEKTPUUYECKOE TI0JI€ BOKPYr Ae)OpPMUPOBAHHOW YEPHOW JbIPhl 3aBUCUT OT
napamMeTtpa aedopmanuu JIMHEHHO, a MArHUTHOE T0JIe — KBaJPaTU4IHO;

HaWJICHbl BBIPAXKEHUS JUISI DHEPIrMM M MOMEHTa HMIYJbCa, a TaKXKe
BHYTPEHHHUX CTAOWJIBHBIX KPYTOBBIX OPOUT 3apsHKEHHBIX YACTHUIl B OKPECTHOCTH
YEPHOU JBIPHI IPU HAJIMYUHU TPABUTOMArHUTHOTO 3apsA/ia U BHEIIHETO MAarHUTHOTO
MOJISI; YCTAHOBJIEHO, YTO H3-3a 3(¢deKTa TPaBUTOMATHUTHOTO 3apsjia YaCTHUIIbI
IPEIOTBPAIIAIOTCS OT OECKOHEYHOTO YCKOPEHUS;

MOKa3aHo, YTO HaOmogaemass ¢opMa M pa3Mep TEHM YEPHOW JIbIPbI
U3MEHSIOTCS B 3aBUCUMOCTM OT [apaMeTpoOB IUIa3Mbl, IAapameTpa BpaALICHUS
YEepHOW JbIphl M YIVIAa HAKJIOHA MEXIY IUIOCKOCThIO HAOMoAaTeNsi U OChIO
BpAILICHUSI YEPHOU JIBIPHI.

NOJIydeH BEpXHHUM Tmpefen s mnapamerpa aedopManuu  Bpalaroiieics
ne(OpMUPOBAHHOM YEPHOM IbIPhl MyTEM CpPaBHEHHS HAOJIOAAEMbIX 3HAUCHUU
paguyca BHYTPEHHUX CTaOMJIBHBIX KPYTOBBIX OpPOMT C TEOPETUYECKUMU
pe3ysibTaTaMu B BUJE € < 22;

MOJTy4eHbI ()OPMBI CHITYITOB T€HU BPAIAIONIUXCS YEPHBIX JIBIP TPU HATHIHH
HEOJHOPOJIHON TIIa3Mbl, KOTOpPhIE MOTYT OBITH MCIIOJB30BAHbBI ISl BBISBICHUS
JIOTIOJTHUTENIBHBIX aCUMMETPH B (popMe CrilydTa W U3BJICUCHHS HH(POPMAIUUA O
napameTpax Ia3Mbl ¥ [EHTPATLHOTO KOMITAKTHOTO 0OBEKTA.
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JlocToBepHOCTH pe3yJIbTaTOB HCCJIeI0BAHNS 00OCHOBBIBAETCS
UCIIOJIb30BAHUEM COBPEMEHHBIX METOJ0B OOIeld TEOpHUH OTHOCUTEIBHOCTH H
TeopeThuyecKkor (pU3MKH, a Takke BechbMa d(P(HEKTUBHBIX YUCICHHBIX METOJIOB U
UCIIOJB3YEMBIX ~ QJITOPUTMOB;  TIHIATENBHOM  IMPOBEPKOM  COINIACOBAaHHOCTH
MOJIyYEHHBIX TEOPETUYECKUX pE3YJIbTATOB C JAHHBIMU aCTPOHOMHYECKHUX U
acTpo(u3nvYecKrux HaAOMIOACHUIN U pe3yibTaTaMu JPYTrUX aBTOPOB; COOTBETCTBHEM
BBIBOJJOB C OCHOBHBIMU TIOJIOKEHHUSIMM TEOPHUHM TOJ T'PaBUTALHOHHBIX
KOMITAKTHBIX OOBEKTOB.

Hayynas u npakruyeckasi 3HAYMMOCTb Pe3yJIbTATOB MCCJICAOBAHUS.
Hay4dHast 3HaUMMOCTh PE3yJIbTATOB MCCIEAOBAHMS ONPEACIIAETCS BO3MOKHOCTBIO
NPUMEHEHHUs pa3pabOTaHHOrO B AMcCcepTaluu (GopMamu3Ma K aHalu3y CHUIYITOB
YEpHBIX JbIp, MOJYYEHHBIX B MWUIMMETPOBOM JHANa30HE C IOMOIIbIO
PaAMOTENECKOIIOB HOBOTO IMOKOJICHHSI B OJMbKaiiiieM OyJylieM, W IMOJIyYEeHUEM
MHpOpMaAIlMU O pa3IMYHBIX NapaMeTpax U CBOMCTBaX CBEPXMACCHUBHBIX YEPHBIX
JBIp B LICHTPE HALIEH raJakTUKU U TastakTuku M87. Kpome Toro, aHains CHILy>TOB
C TOMOIIbIO HOBOTO (opMain3Ma JaeT BO3MOKHOCTh MPOEKTUPOBAHUS HOBBIX
TECTOB IO MPOBEPKE OOIIEH TEOPUN OTHOCUTENIBHOCTH U APYTUX aJbTEPHATUBHBIX
TEOPUN rPaBUTALMU.

[IpakTrueckass 3Ha4MMOCTb PE3YyJIbTAaTOB MCCIIECIOBAHUIN 3aKIFOYAETCS B TOM,
YTO OHM MOTYT OBITh HCHOJB30BaHBl Ul IMOJIYYEHHS OLICHOK pPa3IMYHBIX
napamMeTpoB  YEpHBIX Jblp, TaKUX Kak BpaumieHue, aepopmauusd, U
IPaBUTOMATHUTHBIN 3apsj], a TAKXKE IMapaMmeTpa, MOSBISIOMIET0Cs U3-3a MOMPABOK
0oJiee BBICOKOTO TMOpsAJIKAa B TI'PABUTAIMOHHOW Teopun XopxkaBa. Pe3ynpTaTel
MOTYT OBITh Tak)Ke TIOJIE3HBl [UIsl AaHaJIM3a Xapakrepa MW JIUHAMHKHU
IPaBUTAIMOHHOTO TIOJIA, B pa3pabOTKe HAONIOAATENbHBIX JKCIEPUMEHTOB U
KPUTEPHUEB MO OOHAPYKEHUIO U BBISIBICHHUIO CTPAHHBIX 3BE3/.

BHenpenne  pe3yabTaTOB  HMCCIEJOBAHUSl.  BBICOKOHEPreTHUYECKHE
CTOJIKHOBEHHS YaCTHUI] B OKpECTHOCTU sKcTpeManbHbIX Kexarnac-Cdercoc rosbix
CUHTYJIIDHOCTEH M BO3MOXKHOCTb MX HAOJIIOJIEHUS yAaJE€HHBIM HaOII0AaTeIeM
ObUIM HWCIOJIb30BaHbl ISl pa3pabOTKM MOJEIM aKPEUUOHHBIX JHCKOB B
OKPECTHOCTH YEPHBIX JAbIP B AJIBTEPHATUBHBIX TEOPUAX I'PABUTALMH B PAMKAX
nporpammbl  «llognepxka uHTErpanuu ¢ MEXAYHaApOIHOM TEOPETUYECKOM U
HAOIIOJaTeIbHOW  CEThI0  MCCJICAOBAaHWNA B  PEISTUBUCTCKOM  acTpodu3nke
KOMITAKTHBIX 00bekTOB» (2010-2014) (momaep:kaHHOW CTPYKTYpHbIMU (poHIaMU
EBpomneiickoro Coro3a u I'ocynapctBeHHoro bromkera Yemickoi PecnyOnuku u
3apeructpupoBanHoi  mojg  Homepom  CZ.1.07/2.3.00/20.0071)  (cmpaBka
Cunesuiickoro ynusepcurera B Onase, Yemickas pecny0iuka, ot 23 anpens 2015
r.).

CunysTbl 4YEpHBIX M BIIMSHHME IJIa3Mbl HMCIOJB30BaHbl MPHU BBIYHCICHUU
TPACKTOPHUI (POTOHOB BOKPYT KOMIAKTHBIX IPAaBUTALMOHHBIX OOBEKTOB B paMKax
npoektoB llenTpanbHoro ynuBepcutera enu, Muausa (cmpaBka LleHTpanbHOro
yauBepcuteta Jlemu, Mamus ot 20 centsops 2016 r.). C momompio 3THX
BBIYMCIIEHUW MOJyYEHBI CUITY3Thl YEPHBIX JBIP B PaMKax rPaBUTALMOHHON TEOPUHU
bopu-Uudensaa.
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Marnutocdepa u 3aMeUIeHHsT HEHTPOHHBIX 3BE3]l HCIOJIB30BaHBI IPH
MOJIETMPOBAHUU TIa3MEHHON MarHuTocepbl BOKPYT HEUTPOHHBIX 3BE3]] B paMKax
IPOEKTOB MeKYHUBEPCUTETCKOTO IEHTPa aCTPOHOMHUHU U acTpodU3UKU (CHpaBKa
MexXyHUBEPCUTETCKOTO IIEHTPA aCTPOHOMHUH M acTpOodU3UKU). DTU MOJEIH AU
BO3MOXHOCTh MOJYYUTh OIICHKM HA 3HAYEHHUsI MAarHUTHOTO MOJIsl HA MOBEPXHOCTH
PEISTUBUCTCKON 3BE3/IbI.

AnpoGauusi pe3yabTaTOB HccJIeq0BaHMA. Pe3ynbTaThl uCClIeI0BaHUN
MIPE/ICTaBJICHBI B BUJIE YCTHBIX JOKJIAI0B M anpoOrUpoBaHbl Ha 16 MeXTyHapOIHBIX
U pPECryONUKAaHCKUX HAyYHO-TIPAKTUYECKHX KOH(PEPEeHIUAX, B YaCTHOCTU:
«AKTyasabpHbIE MPOOIEeMBbI coBpeMeHHOM ¢u3uku u acrponomun» (Kapmm, 2010),
«AKTyanpHBIC TIPOOJIEeMBI coBpeMeHHoU ¢u3nkm» (Camapkann, 2010), «Fusion and
Plasma Physics» (Triest, 2011), 39-COSPAR General Assembly (Mysore, 2012),
«Snepnas Hayka u ee npuMenenue» (Camapkang, 2012), MexaynapoaHas mkosia
no cyosmepront ¢usuke (Erice, 2013), «General Relativity and Gravitation»
(Warsaw, 2013), «Prague Synergy 2013: Accreting relativistic compact objects»
(Prague, 2013), «Synergy Olomouc 2014» (Olomouc, 2014), 40- COSPAR
General Assembly (Mocksa, 2014), «International Congress of Mathematicians»
(Seoul, 2014), “RAGTime — 2013” (Opava, 2013), “RAGTime — 2014 (Prague,
2014), “RAGTime — 2015” (Opava, 2015), “XIlI Marcel Grossman Meeting”
(Rome, 2015), 41-COSPAR General Assembly (Istanbul, 2012).

OcHOBHBIE pe3ynbTaThl JUCCEPTALMM MPEACTaBICHbl W OOCYXKIECHBI Ha
Hay4YHBIX  cemmHapax  Wucturyra  sgepHodt  ¢wmsukm  (2010-2016),
Actponomuueckoro uHctutyta (2010-2016), Kadenps! ssaepHoit U TeopeTHuecKon
¢u3ukn HammonaneHoro ynusepcurera Y3oOekucrana (2015-2016), dakynprera
¢urocopun wu Hayku Cunesckoro yaHuBepcureta B UYexwmm (2013-2016),
O®pankdpyprckoro ynusepcurera ['ére (2013-2016), Uucturyra Makca Ilnanka
['paButanionnot  gusuku (2010-2016), llenTpa nNPHUKIAAHBIX KOCMHYECKHUX
TEXHOJIOTUA W  MuUKporpaButanmu B  [epmanum  (2011), HWacturyra
dbynnameHTanbHbIX ucciaenoBanuii Tata (2014-2015), MexXyHUBEPCUTETCKOTO
IeHTpa acTpoHoMuH U actpodusuku (2010-2016), IleHTpanbHOrO YHUBEPCHUTETA
Jenu B Uumuu (2010-2016), MexayHapOAHOTO IIEHTPa TCOPETHYCCKON (PU3UKHU B
Wramum (2011).

Ony0JuKOBaHHOCTH pe3yJabTAaTOB HcciaenoBanus. [lo teme nuccepranum
onyonrkoBaHo 30 HaydHbIX padOT, U3 HUX 15 Hay4yHBIX cTaTedl B 3apyOexHBIX
KypHajax, peKOMEH/I0BaHHbIX BrIciiell arTecTaimoHHOM Komuccuen PecyOnmku
V30ekuctan s MyOJMKAalMd OCHOBHBIX HAYYHBIX PE3yJbTaTOB JOKTOPCKUX
JTIACCEPTALUM.

O0beM m cTpyKTypa amccepraumu. J[uccepramus COCTOUT U3 BBEICHHS,
YeThIpeX TJIaB, 3aKIIOYEHMs, MPWIOKEHUsS M Cchucka jauteparypbl. OObeM
nuccepranum coctapiseT 181 crpanui.
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OCHOBHOE COIEP KAHUE IUCCEPTALINHN

Bo BBegeHuMm 0OOCHOBAaHBI aKTyaJlbHOCTb M BOCTPEOOBAHHOCTH TEMBbI
auccepTanuy, chopMynMpoBaHbl LENb U 33J1a4M, BBIIBICHBI OOBEKT, MPEAMET U
METOJIbl CCIIEIOBAHUS, ONPEIEICHO COOTBETCTBUE UCCIEAOBAHUS IPUOPUTETHBIM
HalpaBJICHUSAM pPa3BUTUS Hayku M TexHojorud B Pecnybnmuke VY30ekucra,
U3JI0’)KEHAa HayyHash HOBHM3HA HCCIIEJJOBaHMs, OOOCHOBaHa JIOCTOBEPHOCTH
IIOJIYYCHHBIX pE3yJbTaTOB, PACKpPbhITA HUX TEOPETHYECKAs] W IPAKTHYECKas
3HAYMMOCTb, IIPUBEICHBI KpPATKHUE CBEACHHWS O BHEIPEHUM pE3yJbTaTOB U
arpoOaruu paboThl, a TAKKE O CTPYKTYpPE IUCCEPTALINH.

B mnepBoit rnaBe pauccepraimn «/IBmikeHue (POoTOHOB M uyacTHIl B
OKPEeCTHOCTH Bpalamoieiicss 4YepHOl AbIPbDY, PACCMOTPEHBl JBHKEHUE
3apSOKEHHBIX YACTHUILl M PACHpPEEICHHE 3IIEKTPOMAarHUTHOTO TMOJISI BOKPYT
Bpanjaromencs: 1eQpopMUpoBaHHOW YEPHOU JIbIPbl U YEPHOU JIbIPHI C HEHYJIEBBIM
IPAaBUTOMATHUTHBIM  3apsiIoM, TOMEIIEHHOM BO BHEUIHEE AaCHUMITOTUYECKU
OJIHOPOJJHOE MAarHuTHoe moje. Takke B ATOM IWaBe pa3paboTaH oOIWuUi
dopManusmM A8 ONMCaHUA CUIydTa uepHoW Ablpel. Dopma  cuirysTta
paccMaTpuBaeTcs Kak 3aMKHyTas KpuBas B AaCHUMNTOTUYECKH IIJIOCKOM
IPOCTPAHCTBE, B KOTOPOM H300pa)K€HHE MOJIYyYaeMbIX PAaTUO0ACTPOHOMHUYECKHUX
MHCTPYMEHTOB OYET JOCTYITHO JUIsl yAAJICHHBIX HaOI0AaTeNeH.

[Ipenmnonoxum, 4To acCTPOHOMHUYECKHE HAOMIOACHMS AAIOT CHIIY3T YEPHBIX
JIbIp B KAYE€CTBE OJHOMEPHOM 3aMKHYTON KPHUBOM, 33JaHHON YPaBHEHHEM

R =R(y), (1)
rie R M y' — paguanbHas W YIVIOBAas KOOPAMHATHI B TOJSIPHOM CUCTEME
KOOpJIMHAT C LIEHTpOoM B Touke O'. CxemaTH4ecKoe MpEeACTaBICHUE MOISIPHOU
KpUBOM MMOKa3aHO Ha puc. 1a, rae o' u ' — HebecHble KOOPAUHATHI HAOII0JaTeNs,
U TPEACTaBISIOT COOOW OPTOrOHAJbHYIO CHUCTEMY KOOpAMHAT C OJHOM U3
€AMHUYHBIX BEKTOPOB, HAXOISIINUXCS BJIOJIb JUHUU IPSIMOM BUAUMOCTH.

Bl s

S§,III

SI
0) D
Puc. 1. CxemaTtuyeckoe nzodpaxenue (popmMbl CHIYITA YEPHOIi AbIPbI:
a) HaXoK/eHue IeHTPa (PopMBbI CHITYITA,
0) onpeaeJieHre OMOPHOI0 KPyra v napaMeTrpa UCKaKeHust

a)
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JIist HaXOoXKAeHusT yA0oOHON CHCTeMBl KOOPAWHAT, B YACTHOCTH, B KOTOPOM
yepHas Aeipa [lIBapimuiabaa umeer GopMy cuilydTa B BHJAEC Kpyra, ONmpeacsieHO
noJsioykeHue 3P HEKTUBHOTO IIEHTPa KPUBOM Kak

2z
— r r ’ 2 12 4
(& Rowm @R 1dy Y +,, ] *dy
- 0

—

R,

2z /2 (2)
J.[QR'R'(dR'/d‘//')2 + g.//y/]l dy’
0

r1e €, - EAMHUYHBIA BEKTOP paaualbHON KOOPAMHATEI U Qg , 0, — METPHYECKHE
(GYHKIIUHU B MOJSPHBIX KOOPIWHATAX (R',z//’).

Ecnu 3Hauenue BekTopa ﬁo W3BECTHO, TO MOYXHO HAWTH BBIPAXKCHUS IS
KOOPAMHAT IIeHTpa (JOPMBI CHITYITa B BUIE

b -1 T
R, = ﬁ R'd ://’J (2.[ R'? cosyd W']
0 0

2 12 a3 [/ '

_ . IO R'“sinydy
l//o ':tan 25 12 [ '
IO R’ cosydy

2 1/2

27
+(JR’2 siny/d l//’j , (3)
0

2

(4)

BBezieM HOBYIO MOJSPHYIO CHCTEMY KOOPIHMHAT, HAYaI0 KOTOPOH COBNALaeT
¢ a¢dexTuBHBIM 1EeHTpoM cuiaydTa (R, w). KoopmuHarel HOBOM u  cTapoi
TIOJISIPHOM CHCTEMBI CBA3aHBI CIIEAYIOIMM 00pa3oM:

R:= [(R’cosw’ — R, cosy, )’ +(R'siny’ —R,siny, ) ]1/2 , (5)
4 R'siny’ —R;siny, ©)
R'cosy’—R,cosy,

B HOBOH cHCTEMe KOOPAMHAT MOKHO OIPENEIUTh OIMOPHYIO OKPYKHOCTB,
MMEIOIIYIO Ty XK€ IUIOIIA[b, 3AKIIOYEHHYIO BHYTPH PacCMaTPUBAEMOM KPHBOIA.
Jlyist 3a71aHHOM 3aMKHYTOM TapaMeTpr4ecKoi KpuBoi R =R(y) miomans 3agaercs
B BHJIE

w =tan

A=[" dy [ [9er0,, R =% "Ry = %jf RZ(A)‘Z—‘: dA, (7)
I7IC UCTOJIb30BaHbl COOTHOIICHUS (e =1 ¥ g, = R?*, 1 — Hekuil mapamerp BIOJb
kpuBoii, T.e. R=R(y(1)). Eciu ¢opma TeHH sBIsETCSs 3aMKHYTOW KPHUBOM,
MHTETPUPOBAHUE OTPAHMYMBAETCH /,,, 3HAUEHHMS KOTOPHIX MOKHO HaiTH M3

yenosust w(4)=0 u y(1)=2x.

MO3KHO ONIPENENUTh PANYC ONIOPHOTO KPYTa B BUJIE
1/2
R, = (éj | (8)
T

BBengem HOBble ompejeneHus HCKaxeHUs (GOpMbl CHUIIydITa OTHOCUTEIBHO
OMOPHOr0 Kpyra, UCMOib3ysl TPU TOUKHU HA NOJsipHOM KpuBoil A, B u D, kotopsie
3aHUMAalOT TOYHBIC YTJIOBbIC MO3ULIMHU w =0, v =7/2 U w =37/2, COOTBETCTBEHHO
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(cm. mmarpammy Ha puc. 10). CoorBerctBytomnue paccrossauss OA, OB u OD or
neHTpa koopauHat O MOTYT OBITH BBIPAXKEHBI KaK

o0

R, =0)= e pfeosy] =3 -, ©

w=0 =0

| ~

R3=m<yx=mz)=icga<cos4_ z(n% B, (10

=0

R; :RW(W:BH/Z):ic(F’ﬂ(COSy/){ =R,. (11)
w=37/2

(=0
OmnpeneneHa HOBasg MapaMeTpuyecKas KpuBas, AJId KOTOpol R, =R, =R, u
YIOBJIETBOPSIIOT CJIEAYIOIIEMY YCIIOBHUIO

Cya =Gy (_ 1)£ % -1, (12)

[Ipeanonaras, 4To ONOPHBIA KPYT MPOXOAUT uepe3 Touku A, B, u D Mmoxem
HalTH OTKJOHEHHE NapaMEeTPUUYECKOM KpPHUBOW OT ONOPHOrO Kpyra B JIHOOOM
VIJIOBOM TMOJNOXEeHUU. Mcmonb3yss H3BECTHBIM (AKT O TOM, UYTO CHITY3T
BpaILAIOLIEICsl YEPHOU IBIPBI C OChIO BPAILLEHUS BJIOJb OCH [ MMEET HauOOJbIINe
OTKJIOHEHUS 110 OCU « , MOKHO OIPEIEIUTh PA3HUILy MEXIY ITUMHU KPUBBIMU IIpU
W = KaK

ds,l = Rs,l _Rz//,|(‘//:”): g_icze*‘icz“, (13)
WK 0e3pa3MEepHBIN TapaMeTp UCKAKCHUS _ _
. dS‘I chzz—l
S, = R, B (14)

BTopoe BO3MOKHOE OIpenesIeHnE NapaMeTpa NCKAKEHHSI TIPEAII0IIaraeT, YTo
pactostHUsL 710 ToueK A u B oT Hayama koopAauHAT HEOOS3aTEIBHO PABHBI MEKIY
coboii, T.€. R, #R;. B 3TOM cityyae MOKHO paccMOTpeTh HOBYIO TOUKY E Ha ocu «
TakuM oOpazoM, uto paccrosinug AE=EB, u koTopas moria Obl CITyKUTh LIEHTPOM
OMOPHOTO Kpyra.

[TapameTp HCKaX)eHUS B ’TOM ClTydyae MOXKHO ONPEIETUTh KaKk

d B?—AC
S, == =2 — 15
TR, B2+ A? )’ (15)
rae d,,, — OTKIIOHEHUE KPUBOU OT Kpyra U
C=R,(y=37/2)=>(-1)c,. (16)

(=0
Tperbe ¥ BO3MOXHO, Oo0Jiee ONTHUMAIBHOE OMNpEIeNiCHue MapameTpa
npeamnoyiaraer, 4ro ¢opma TEHH, OCTaBasCh 3E€PKaJbHO CHMMETPUYHOM MO
OTHOIIEHUIO OCH « , HE TIEPECEKAET OCh B C HYJEBBHIM HAKJIOHOM, T.€. TOUKa S, B
KOTOPOW KPHUBAs UMEET HYJIEBOW HAKIIOH OTHOCUTEIBHO FOPU3OHTAIBHOM OCU HE
JIE)KUT Ha OCH f3.
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[Ipeanonarasi, 4TO ONOPHBIA KPYr C LEHTPOM B To4uke E mpoxomut uepes
TOYKU A M S, MOKHO HAlTH pajyc Kpyra 1 napaMmeTp UCKaKEHUS B BUJIE

R Al e Rl (o))
" ZZZOCé(l— Pé(xs)xs) ’

. ” ¢,P(x.)-x>" ¢, ,—AC
ds,lll = ZRS,III —Ry+R. = (ZK_OCZPK(XS))Z” - IQE ) =1 27 , (18)
Z/ OC/ 1 f XS)XS

S, = sIII _2(26 < P /~ Z ) sZﬂ 102/; AC 19)
Ro —2X A@/ 0 P, Xs))+ (Zg oC€ é )2

TJ€ X, — PEIICHNUE YPABHEHHUS
- - dP(x)
[ 2)_

D P (xx=>"" ¢, o (1—x )—O (20)
Ha puc. 2 npuBeneHbl 3HaueHUs Oe3pa3MEpHBIX MapaMETPOB HCKaXKEHUS,
BBIUMCJICHHBIX JIJI1 CHJIydTa Bpalaromencs yepHou aeipel Keppa B 3aBUCHMOCTH
oT kod(dduuuenta pasznoxeHuss (. Tpu maHenu Ha pHUC. 2 COOTBETCTBYIOT
napaMeTrpaMm HCKaxeHus O,,, 6, U O, , COOTBETCTBEHHO. W3 3aBucuMoOCTH

(17)

BHJIHO, YTO WIEHBI Pa3JI0KE€HUS BCEX TPEX NAapaMETPOB UCKAXKEHUsI YMEHbIAIOTCS
[0 MEpe YBEJIMYEHUsl CTENECHH pasyiokeHus. Takxke HaONofaeTcsl yBEIMUYEHHE
MOAYJSl TMapaMeTpa UCKAKEHUs C YBEIMYEHUEM IMapaMeTpa BpalleHUs YEpHOU
JBIPHL.

= 0.01
0.001 i - E _ = 0.001 £

0.0001 E 5 0001 E e 4 00001 £ 4

1 b O

Puc. 2. 3aBucHMOCTH IapaMeTPOB HCKAKEHU OT MOPSIAKA Pa3JioKeHUs I
Pa3IMYHBIX 3HAYEHUIi MapaMeTpPa BpallleHUsl YePHOii AbIPbI

Metpuka, onuchiBaromas  CTAlMOHAPHOE  AKCUAIbHO-CUMMETPUYHOE,
ACHMIITOTUYECKH TIJIOCKOE, BAaKYyMHOE IPOCTPAHCTBO-BpeMs AehOpMUPOBAHHON
YEPHOU JIBIPBI B CTAHAAPTHBIX KoopAuHarax bowep-JIuHakBucTa nmeer BU

2Mr 4aMrsin® 0 >?(1+h)
ds® =— 1+h)dt® -————>(1+h)dtd dr?
( ¥? j( ) 32 (1) T ATathsinZo
2 2 H
a’(x +2'\2"r)3'” 6(1+h)}sin20d(p2 (21)

+3%do? +{22 +
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e S =r’+a’cos’q, D=r*- 2Mr+ad®, h=eM%/S', BenuuuHa € — mapamerp
negopmaruu. BemmunHa >0 U €<0 COOTBETCTBYIOT BBITAHYTBIM HIIH
CILUTIOCHYTBIM 00BEKTAM OTHOCHTENBLHO uepHOM abiphl Keppa. Ilpu e=0 uyepnas
IBIpa CBOAUTCA K CTAaHAApPTHON uepHOW ablpe Keppa B pamkax oOIied Teopun
OTHOCHTENBHOCTH. 4-BEKTOPHBIM MOTEHIMan A, 3JIEKTPOMATHUTHOIO  TIOJIS
NPUHUAMAET CIIEYIOIIN BUL

>? —2Mr + Mrsin® @
22

A, =-aB (L+h), A =0, A =0, (22)

(2Mr+22)sin2 6—AMr
22

A, =%Bsin20{22+ a’(l+h)| (23)

JIBUOKEHUsT 3apsDKEHHBIX YacTHI[ BOKPYT Bpallaromiencs aeGopmMupoBaHHOU
YEPHOU ABIPHI U3yUYEHBI C IIOMOIIIBIO ypaBHEeHUS ["amuiibToHa- k00U

o))

ox* N\ ox”

re € U M DIEeKTPUYECKUU 3aps] M Macca NMPOOHOW YacCTHUIbl, COOTBETCTBEHHO.
CymecTBoBaHHE BPEMEHUIIOJOOHOIO U IPOCTPAHCTBEHHOIIOJO0OHOTO BEKTOPOB
Kumnmara no3Bosser 3anucaTs JeiicTBrE A TPOOHON 4acTUIlbl B cenapadenbHOM
BUJIC

S=-Et+Le+S,,(r,9), (25)

I7Ic COXpAHSIOMMUECS BEMMYMHBI £ U L — 3HEpruss ¥ MOMEHT MMITyJIbca MPOOHOM
YaCTUIIbI HA OECKOHEUYHOCTH.

161

0.90

™ M

Puc. 3. PaananbHasi 3aBHCHMOCTDb JHePruM (cjieBa) U YrJI0BOro MOMeHTa (CrpaBa)
YaCTHLBI, ABUKYLIEHCSl BOKPYT BPalaKoleics 1e()OpMUPOBAHHON YEPHOI IbIPHI 110
KPYIOBBIM OpOMTAM /ISl pa3/IMYHbIX 3HA4YeHUI mapaMerpa aegpopmManuu

Ha puc. 3. mokazansl paavalbHblE 3aBUCUMOCTH JHEPIUA WM YIIOBOTO
MOMEHTa TMPOOHOW 4YaCTHIbl, MABIXKYIIEWCS IO KPYroBOod OpOUTE BOKpPYT
neOpMUPOBAHHON YEPHOU JBIPHI B DKBATOPHAIBHOW IJIOCKOCTH. M3 pucyHKa
BUJHO, YTO MNpPHU OTPHUIATENBHBIX 3HAuYe€HUN Mmapamerpa Jedopmanuu mnpoOHas
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94acTHIlA JTOJDKHA UMETh OOJIBIIIYIO SHEPTHUIO M YIJIOBOM MOMEHT JIJISI HAXOXKIECHUS
Ha KPYroBoil opOuTe. DTO SABISIETCS CIEICTBUEM YBEIUYEHHUS T'PABUTALIMOHHOIO
NOTeHIIMaJIa  Bpamiawmomieiics  ne@opMuUpoBaHHOW  YepHOH  JbIpbl  MpHU
OTpHULIATEIBHBIX 3HAUCHUH MapameTpa redopmanuu.

B pabote HaiieHbl BBIpaXEHUS JUIsI PAJUYyCOB CTAOMIBHBIX KPYTOBBIX
MPOOHBIX YACTHIL Ve = liseo /M

2¢
Pisco :6_?"'0(52) (26)
B acTtpodu3nUecKUX peanu3yeMbIX CUTYyaLUsaX, KOIJa MarHUTHEIM apaMeTp

b=eBM/m>1, ananutudyeckoe BBIpaXXCHUE IS pisco TPUHUMAET BU/I:

» _1+1—2a2/M2—5
ISCO \/Eb

+0(b2,£) (27)

Takke B MepBOM TJIaBE paccMaTPUBAETCS LIEHTPAIBHOE CTOJKHOBEHHUE JIBYX
YacCTHUIl B OKPECTHOCTU YEPHOU JABIPHI C HEHYJIEBBIM T'PABUTOMArHUTHBIM 3apsoM,
IpeArnoJiaras, 4To OJIHa U3 3TUX YaCTHUIl UMEET Maccy M U 3JIEKTPUUECKUN 3apsil e
U BpallaeTcs 1Mo KpyroBoi opoure. [pyras sIeKTpuYecKd HEUTpajabHas 4acTUIla
CBOOOJIHO TMAaJaeT HAa YEPHYIO NbIPYy M3 OCCKOHEYHOCTU. DHEPrus IEHTpa Macc
CTaJIKMBAIOIIMXCS YACTUI] UMEET CIEAYIOIINNA BUA:

(28)

rie | — rpaBUTOMAarHUTHBIN 3apsil IEHTPATBHOW YSPHOU JBIPHI.

Bo BTopo# riase auccepranmn «Onru4ecKue CBOMCTBA YEePHbIX AbIP NPHU
HAJIMYUM IUIa3MbD», PACCMOTPEHBI ONTHYECKHME CBOWCTBA YEPHBIX IbIPp MpHU
HaJIMYUU T1J1a3MBI.

[IpocTpaHCTBO-BpeMsI BOKPYT BPAILAIOUIENCS YEPHOM HBIPHI OINHCHIBAETCS
MeTtpukoit Keppa

=2 2
ds? = _(1_ ZMrjdtz —wdtd¢+%dr2 '

>? >?

2 2 HJ
+22d92+{22+a (Z +2Mr)sm 6’} .

57 sin®@de?,
(29)
rae M u a — macca 1 yieNIbHbIN YTII0BOM MOMEHT YEPHOM ABIPHI.

PaccmoTpena 1miazma BOKpPYI aKCHAJIbHO-CUMMETPUYHOW YEPHOU JBIPBI.
[TokazaTenb mnpenomiieHHs] TUIa3Mbl — N =N xi,a)), rie @ — 4acrtora (orToHa
u3MepsieMor HaOJroIaTesieM co CKOpocThio U”. DddexTruBHas 3Heprus GpoToHa
uMmeer Bua ho=-p,u”. Ilokasatenp mnpenoOMIICHHS TUTa3Mbl Kak (DYHKIUS
YETBIPEXMEPHOTO UMITYJIbCA UMEET CIICTYIOUTUI BU/I:
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2

p, P*
n- = 1 + a—ﬂ y (30)
(pﬂu )2
IIpH OTCYTCTBHH ILIIAa3Mbl IIOKA3aTCIb IIPCIOMIICHUA PaBCH N =1. ['aMmunbTOHHAH
U1t GOTOHA BOKPYT YEPHOM JIBIPHI ITPU HAJTUYUH TIJIa3Mbl, UMEET CJICTYIOIINI BU/I:

a o 1 o 2
H(x P ):E[g ﬂpapﬁ+(n2—1Xpﬂuﬂ) ] (31)
Jli1st moKasaTess IpEIOMIIEHHS HCIIOIb3YEM BBIPAXKEHHE
2
n*=1-"%, (32)

ric @, — jaa3sMCHHaA 4aCcToTa.

Hcnons3oBano ypaBHeHue ['amuiibToHa-AK00M M) onpeeseHUs] YpaBHEHHUS
JBUKEHUS (DOTOHOB IS 33JTAHHON T'€OMETPUH MPOCTPAHCTBA-BPEMEHHU

B _ 1[g“ﬁpapﬁ—(n2—1)(pomﬂ’ (33)

oc 2
rae p, =0S/ox”.

a/M=0.1 a/M=0.5 a/M=09
14 o : R 20 ;
5% JrERR oD
10
08

06

1.0

Vet

04
02

00 00

Puc. 4. PaananbHas 3aBUCMMOCTD 3¢ (PeKTHBHOI0 MOTEHIHAJIA PATUAIBHOIO IBHKEHHS
()oTOHOB /ISl Pa3JIMYHBIX 3HAYEHUI MapaMeTpa BpalleHUs U MOKa3aTeJIs MpeJoMJIeHUs
mia3mbl. 31ech 3¢ PpekTUBHBIN MOTEeHIHAJ Veff HOPMHUPYeTcs Ha JHepruio ¢gorona E

Ha puc. 4 nokazana paauanbHas 3aBUCUMOCTbh 3(P(HEKTUBHOTO MOTECHIIHAIA
paauaNbHOTO JBWIKEHUS (OTOHOB TMPU PA3IMYHBIX 3HAYCHHUSX IMOKA3aTeIs
NpeJIOMJICHUST TUIa3Mbl M [MapaMeTpa CIHUHAa 4YepHOW nbIpbl. B rpadukax,
npuBeeHHbIX Ha pucyHkax N? = 0.2; 0.44; 0.89 1 TOYEUHBIX, NIYHKTHPHBIX U
CIUIOIUHBIX JIMHUM, COOTBETCTBEHHO. BUAHO, YTO C YMEHBIIEHHEM IOKa3aTess
MIPEJIOMIICHUS PAINYChI CTAOMIIBHBIX KPYTOBBIX OPOUT (DOTOHOB YMEHBIITAIOTCS.

PaccMOTpeH cuimysT TeHH YepHOU AbIPHI, OKPYKEHHOM I1a3Mou. Eciin uepHas
IbIpa, OKpY)KEHHas IUIa3MOW, HaXOAUTCS MEXJIy HCTOYHHUKOM CBETa U
HaOmoAaTesieM, TO TMOCJIEIHUNA MOKET HaOJII0JaTh TEMHOE MATHO Ha CBETIOM
¢done. IHCTpyMeHT HaOIIOAATENS PETUCTPUPYET CBETOBOM MOTOK BOKPYT TEMHOM
obyiacTi, OTKyZa MOTOK (POTOHOB HE JOXOJUT A0 HaOJroAaTeNs 3a CUET 3axBara
NOCJHENHUX YEPHOU ABIPOW. DTO MATHO COOTBETCTBYET TEHHW YEPHOW IBIPHI, U €€
TpaHUIlA MOXKET OBITH OTpeJeleHa ¢ MOMOIIBI0 aHAJIN3a YPAaBHECHUS JBUIKEHUS
(OTOHOB BOKPYT YEPHOU JBIPHI.
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Jns onucanuss BUAMMOM (OpPMBI YEpHOUM HBIPbI, OKPYKEHHOM ILIa3MOH,
paccMOTpEHbl 3aMKHYTbl€ KpyroBble OpOWUTHI. Tak Kak ypaBHEHUS JBUKECHMS
3aBUCIT OT COXPAHSIOUIMXCS BEIMYMH — HHEPruM FE, yrioBoro MomeHTta L u
KOHCTaHTbl MHTerpupoBaHus Kaprepa K, uUCHOJIb30BaHbl HOPMHUPOBAaHHbBIE
napameTpsl £=L/E u n=K/E?,

CuiryaT TEHM 4YEpHOM JbIpbl B MPUCYTCTBUU ILIA3Mbl MOXHO HaWTH,
UCIIONIb3Ysl YCIOBUS
du®
Fral
rae U’ — paauanbHasi CKOPOCTh JIBHKEHHS (JOTOHOB.

['panuna cuiysTa TEHH 4YEpHOM JAbIpbl, HaOMOJaeMoOil Ha «HEOECHOMH
IJIOCKOCTH» OMUCHIBAETCS] HEOECHBIMH KOOPAMHATAMHU

a= Iim(— > sin 6, %) B= Iim(— r’ ?}I—fj (35)

fo—>® fg—©

ur=0, 0, (34)

rje I, — paccTOosSTHUuE MEXy YepHOU JbIpoil U HalItoaaTeneM, 6, — yrojl HaKJIOHa

OCH BpallleHUs] YEPHOU JBIPBI HA TUIOCKOCTh HAOIIOICHHUS.

Ha puc. 5 npeacraBieHsl CuIy3Thl TEHM BpalllaloOIIENCcss YEPHOU ABIPHI NS
pa3IMYHBIX 3HAUEHWH TMapaMeTpa BpallleHWs YEpHOW IBIphl U yIJla HAKIOHA
MEX]y IJIOCKOCTBbIO HaOyojaTenss M Ochlo BpameHus. M3 puc. 5 BHIHO, 4YTO
W3MEHEHHE TMapamMeTpa BpalleHWs W yria HaKJIOHA MPUBOAWT K TOSBICHHUIO
UCKaXeHHM B ¢opme cuinysTa. Du3nuecku 3TO CBsI3aHO ¢ 3PdeKToM
TPaBUTAIMOHHOTO KPACHOTO CMEIIEHUs (POTOHOB B TPAaBUTAIIIOHHOM TIOJIE€ YEPHOU

JBIPHI.

e n n n
a/M=02, go=E a/M=04, 09=5 a/M=0.7, 90=E a/M=0.99, 9n=5

s
a/M=04, 9,,=5

B
o

T 0 2 Ta e 4 -2 0 2 4 6
a/M a/M

Puc. 5. Cuiry3Thl Bpamamoueiicst 4epHoii AbIpbI NPH OTCYTCTBUHU (CIJIOIIHBbIE TUHUH) U
HAJIMYMHU (IIYHKTHPHbIE JTMHUHU) IJ1a3MbI

B Ttperbeil TnaBe nauccepraiuu «JHepreTuvecKne IMpPoLecChl BOKPYT
YEepPHBIX AbIP B IPABUTALMOHHOM MoJe M XopxkaBa-JIuduuua», paccMOTpEeHbI
SHEPreTUYECKUE MPOLECCHl BOKPYI YEPHOM AbIPbl B TPABUTALMOHHON MOJEIHU
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XopxkaBa. IlpuBogutcss moapoOHBIN aHaIM3 T€OMETPUU MPOCTPAHCTBA-BPEMEHH
Kexarnaca-Cdercoca. Cdepuueckn CUMMETPUYHOE pEIIEHHE B  paMKax
MOIM(ULIMPOBAHHON TEOpUHU TpaBUTALMU XOp)KaBa, KOTOPOE BKIIOYAET B ceOs
npoctpaHcTBO-Bpems [lIBapiimmipaa Kak 4acTHBIN ClIydail B IPEIEIbHOM Cydae,
Tak Ha3plBaeMoe npoctpaHcTBo-BpeMsi Kexarnaca-Cdercoca (KC) B cranzapTHBIX
cepruecKUX KOOpPAUHATAaX UMEET JIMHEUHBIN 3JIEMEHT B BUJIE

1 1!
ds? =—{ 1+ 10 1—(1+4—'Vij2 dt? +| 1+ %0 1—(1+4—'Vij2 dr? +r2(de? +sin® adg?),  (36)
wr wr
rie W — TmapameTp, MOSBISIONIMICS 3a CYeT MOMPABOK TEOPUU TPaBUTALUU
Xopasa.

[TomydyeHsl ypaBHEHUS IBIKEHUS (POTOHOB M KEIJICPOBCKHUE OpPOUTHI B
npoctpancTBe-BpeMeHn KC. YpaBHEHUs NBUKEHUS HCIOJIB30BAHbI I U3YUEHHUS
BBICOKODHEPTETUICCKUX CTOJKHOBCHHM YaCcTHIl. DHEPTHUS IIEHTPa MACC ISl YaCTHUIT
BBIYKCIICHA ISl TPEX XapaKTEPHBIX ciiydaeB. J[Ba U3 HUX COOTBETCTBYIOT CIIydasiM,
KOT'/Ia BRICOKODPHEPTETUYECKHE CTOJKHOBEHHS IPOUCXOIAT B IPOCTPAHCTBE OKOJIO-
skcTpeManbHbiX reomeTpuit KC, a HMMEHHO, CTOJKHOBEHHS YacTHI] CBOOOIHO
nanaronmx u3 6eckoneunoctd (E = m u L = 0) B paauanibHOM HaNpaBiICHHUU C
YacTUI[AMH, JBIDKYIIUMHUCS 1O KPYroBbIM oOpOUTaM, WIM C paguaibHO
JIBIDKYIIUMHCS dacTuiiamu, umetonumMu E=m u L=0. B tperbem cnyuae
paccMaTpUBAIOTCS CTOJKHOBEHUS YACTHUIl, JABUXKYIIUXCS B HKBATOPUAIBHOU
IJIOCKOCTH C TPOTHUBOTIOJIOKHBIMUA yTJIOBBIMH MOMEHTAMH B TOYKE MOBOPOTA HMX
paguaibHOTO  JBIWKCHMs. J[1  TpOCTOTBI  pacCMOTPEHBI  CTOJKHOBECHHUS
OJIMHAKOBBIX YACTHII, UMCIOIINX OJUHAKOBYIO DHEPTHUIO MOKOS. DHEPTHs IIEHTpa
Macc 4aCTHI] UMEET BU]T

Ec.m. = 2m2(1— gaﬂulaUZﬂ) ) (37)

PannanbHas 3aBUCHMOCTD SHEPTUH LEHTPA MACC CTAIKMBAIOLIUX PAAUAIBHO
najamiiell W Bpalllalomieics MO KPYroBOM KEIJIEPOBCKOW OpOUTE YacTHIl
nmpencTaBieHa Ha puc. 6. BugHo, 9T0 MakcMManbHOE 3HAYEHHE HYHEPTUH LIEHTpPA
MacC YMEHBIIAETCs C YMEHbILIEHHEM 3HAaYeHUs napameTrpa ®. Takke Habmonaercs
CABUT pACIIOJIOKEHUSI MAaKCUMyMa B CTOPOHY OOJBIIMX 3HAYCHHM paauyca ¢
YMEHBIIICHUEM 3HAUEHUS MMapaMeTpa .

PapnanbHasi 3aBUCUMOCTh DSHEPrUM ILIEHTpa MacC IS  HEKOTOPBIX
XapaKTePHBIX 3HAYCHWH MAarHUTHOTO TMapameTpa b u mapameTpa @ MOKa3aHbl Ha
puc. 7, AEMOHCTPUPYIOIIEH BaXXHYIO POJIb MAarHUTHOTO IMOJSI B 3HAYUTEILHOM
YBEIIMUYEHUH  YCKOPEHUS  YacTHI] B  COYETAHMM  TPAaBUTALMOHHOIO H
AJEKTPOMArHUTHOIO MOJIE B OKPECTHOCTH ToJioil cuHryispHoctd KC Bo BHelIHEM
ACUMIITOTHYECKU OJHOPOJHOM MAarHWTHOM IIOJIE.

Takke B 9TOH TJlaBe NPUBOJUTCA ONUCAHUE PEIIEHUS U 3procdepbl
BpAIAIOIIECNCA YEPHOW [IbIpbl, W paccmarpuBactTcs npouecc Ilenpoyza B
sprocdepe Bpalarouieiicss Y4epHOU IbIpbl B TPaBUTAMOHHOW MOJEIN XOprKaBa.
[IpoBeneH neTanbHBIA aHANU3 YCKOPEHHSI YaCTUL B OKPECTHOCTH AKCTPEMAJIBHO
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BpAIIAIOUIENCA YEPHOW JBbIPbl B PAaMKax AJbTEPHATUBHOM TEOPHUHU I'PABUTALIAU
Xop:kaBa.

™ i ‘4‘771ﬁ )

j
C

E.

Puc. 6. PagnajibHasi 3aBHCHMOCTh SHEPIrUH HEHTPa MACC CTATKHBAIOIIHXCSH
PaIHAJIbHO MAIAIMX U Bpalmawimxcs no Kpyrosoii KensiepoBckoii opouTe yacTuu s
pa3IMuHBIX 3HaYeHui mapamerpa o = 0,1, 0,15, 0,2, u 0,281

B d4erBeproi rnaBe nauccepranuu «JEKTPOAMHAMHMKA M 3aMelJIeHHe
BpalleHUs] HAMATHHYEHHBIX PeJIATHUBHBCTCKHX 3Be€3[», PaCCMOTPEHBI
oOmepenaTuBUCTCKUE 3P(EKTH HA JIEKTPOMAarHUTHOE M3JIyYEHHE Bpallaromencs
Y HAMarHW4eHHOM HEUTPOHHOW W CTPAaHHOM 3BE3/bl, KOTOpas IPOU3BOIAUTCA 32
CYET BPAILICHUS HEUTPOHHOM M CTPAHHOM 3BE3/bI C YIIIOM HAKJIOHA OTHOCHUTEIIBHO
MAarHuTHOTrO TMOJS  JUIONbHOW KoH(purypauuu. Ilokazano, uro sddekr
KOMITAKTHOCTA CTPAaHHOW 3B€31bl B 3HAYUTEIIBHOW MEpE BIMACT Ha IIO0TEpU
KMHETUYECKOW DHEPTUMHU 3BE3Zbl 3a CUET AJIIEKTPOMArHUTHOIO WU3JIyYEHUS 3BE3Jbl
(MOXeT pas3iInyaTbCsi HA JECSATKUA IPOLEHTOB OT NOTEPU DSHEPIHMM 3a CYET
AIIEKTPOMATHUTHOTO W3JIYYeHHUS HEWTPOHHOM 3BE3llbl OJIMHAKOBOM MAacChl) U
MOXKET IOMOYb B OyIylIeM pa3jiuuduTh CTpPaHHbIE 3BE3[bl C MOMOUIBIO
HaOJI0ICHUS 3aMeJICHUS TIEprOo/ia BpallleHUs ITyJIbCapOoB.

PaccmoTpeHo 3amensieHne Bpallarolieicss CTpaHHOW 3Be3Jlbl HaOII0gaeMOM
Kak IyJbCcap 3a CYET OJJIEKTPOMAarHUTHOTO MArHUTOAUIIONBHOTO W3JIyYEHUS.
CBETUMOCTB PEATUBUCTCKON 3BE3/IbI B CIIy4ae YMCTO AUMOJBHOIO U3ITyYEHUS WU
MOIIHOCTb, H3JIy4aeMas B BHUJE IHUIIOJBHOTIO 3JIEKTPOMAarHUTHOTO H3JIy4YEHHS,
JaeTcs B BUIE

_MR6BZ

L %sin® c, (38)

em 3

6c
r7e TWIbJa 0003HA4YaeT OOIIEPENATUBUCTCKOE 3HAYECHUE COOTBETCTBYIOIICH

BCIIMYMHBI, MHACKC R o0Oo3Hauaer 3HaucHHE COOTBGTCTBYIOIHGI‘/JI BCIIMYHUHBI IIPpHU
r=Ru X — YI'OJI HaKJIOHAa MCXKJ/Y OCAMHU MArHUTHOI'O I1OJISA 1 BpAIICHU .
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Puc. 7. PaamanbHasi 3aBHCHMOCTDH JHEPrUM LEeHTPa MacC HEHTPAJIbHO
CTAJIKHBAIONIUXCS JIeTPUYECKH 3aPSKEHHON YacTHIBI 10 KPYroBoii opouTe u
HEeHTPaJIbHON YacTHIbI, NaJaloel U3 0€CKOHEeYHOCTH, 1JIsl 3HAYeHUZ MATHUTHOI0
napamerpa b: b =0.10.
Yri10B0ii MOMEHT HelfTpajbHOM YacThubl L =1

ECJ'II/I CpaBHI/ITB C AaHAJIOI'MYHBbIM HBKOTOHOBCKHUM BI)Ipa)KeHI/IeM JJIA HOTepB
BHG];)FI/II/I 3BC3/1bI qepe3 JUITIOJIBHOC HBHy‘{eHHe:
WR®R? .
—_ 0 2
(Lem)Newt =i sin® ¢, (39)

c
TO BHUAHO, YTO PEIATUBUCTCKHE IMOMpaBKH B BbIpakeHun (18) mosBastoTCS
YaCTUYHO U3-3a YCUJICHUSI MATHUTHOI'O MOJISI HA IIOBEPXHOCTH 3BE3/bI

B. B.R® 3R® 2M M

Bo B R _ g R lnze e M1 MY (40)
B, 2u 8M R R

M YaCTUYHO 3a cueT yBeludeHus d(P(PEKTUBHON YTrIOBOW CKOPOCTH BpaIIEHUS,

CO3HaBaeMOﬁ FpaBI/ITaHI/IOHHBIM KpaCHBIM CMCIICHUEM

(41)

[ToTepu sHEpruM MOXHO 3amucath B Oosiee ya00HOM BUJE depe3 Hanbosee
BaXKHBIC HAOJIOaeMbIe XapaKTEPUCTUKH MyJibcapa: mepuoj BpamieHuss P u ero
IPOU3BOIHYIO IO BpeMeHH P =dP/dt. VI3 pe3ynbraroB, NPHUBEAEHHLIX B Tabm. 1
BHJIHO, YTO CTpaHHas 3Be3/1a 3aMeUIseTCsS NMPUMEPHO B 5 pa3 OwIcTpee, 4yeM
TUMMYHAS HEHTPOHHAs 3Be3/a. AcTpodu3nyeckue HaOIIOASHHUS MOKa3hIBAIOT, YTO
OOJIBIIIMHCTBO MyJILCAPOB UMEIOT MEepUObl 1 ¢ U MPOU3BOAHBIC TIEPHUOIOB 10716 no
101, Tak kak IPOM3BOJHBIE TEPHUOJOB HAXOMATCA B JHANa30HE OKOJO JBYX
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MMOpAAKOB, MO’KHO 3aKJIIOYWThb, 4YTO IPOU3BOAHAA IICPHOJA HGfITpOHHbIX 3BC3 ]
IMPUHUMACT MCHBIICC 3HAYCHHNEC 110 CPABHCHHUIO CO CTPAaHHBIMHA 3BC3/1aMU.

Ta0nanna 1
3apucumocth orHowmenust (PP) . /(PP), 0T pa3siuYnbIX N1apaMeTPOB KOMIIAKTHOIO

o0beKTa: Macchl (B exuHMIax Maccbl CoJiHIa), pagnyca ¥ MOMEHTA HHEPIUHN CTPAHHBIX

(R 1, )m neiitpounnix (R 1, ) 38e31.
(PP)SS /(PP)NS 4,34463 | 4.53723 5.1094 6.16863
MIM 1.2 1.3 1.4 1.5
Ry , km 7.48 7.62 7.69 7.68
Rys » km 11.75 11.72 11.7 11.68
I ,x10® gm cm? 0.65 0.74 0.825 0.9
Iy »x10* gm cm? 1.08 1.2 1.36 1.72

[IpenmnonoxeHo HAIMUKE TUIA3MEHHOW MarHUTOC(hephl BOKPYT BpalllatoIieics
CTPAaHHOW 3BE3[bl U M3YYEHO €€ 3aMEJUICHHE H3-32 MarHUTOC(EpHBIX NOTEPh
SHEPruM 3a CYET OTTOKA IJIa3Mbl BAOJb OTKPBITHIX MArHUTHBIX CHJIOBBIX JIMHUM.

Hcnonb3yss BbIpaXeHUE Uil MOJHOW MOIIHOCTH IOTOKA PENSTUBHUCTCKHUX
YacCTHUIl MOYKHO PacCYUTaTh MAKCUMAJIbHOE 3HAYEHUE CBETUMOCTH:

(L), = gk(l—K)Lem, (42)

rne k=21/R® — nmapaMeTp KOMIAKTHOCTH 3B€3/IbI C MOMEHTOM MHEPIHH .

Wcnonb3ys JaHHBIE AJI MAacChl, pauyca, MOMEHTAa UHEPLIUH HEUTPOHHBIX U
CTPaHHBIX 3BE€3J] PACCUYUTAHO COOTHOLIECHUE 3aMEJIEHUN HEUTPOHHOU U CTPAHHOMU
3Be3n. M3 pe3ynbTaroB NpHUBENEHHBIX B Tabi. 2 BHUIHO, YTO CTpaHHas 3Be3/a
3aMeJUIsIeTCs PUMEPHO B D pa3 MeJJICHHEE, YeM HEUTPOHHAs 3Be3/1a.

B kadecTBe Ba)KHOrO NMPHUMEHEHMs MOJYYEHHBIX PE3yJIbTaTOB PAacCCUUTAHBI
HOTEPHU SHEPTUU MEIJIEHHO Bpallarollelics CTpaHHOM 3Be3/bl U OOHAPYKEHO, YTO
CTpaHHasi 3Be3/a TepseT OoJiblIe HHEPruu, 4YeM OObIYHbIE BpallarolIuecs
HEHUTPOHHBIE 3Be3lbl B 0OmEeNd Teopuu OTHOcHUTENbHOCTH. [lomyueHHas
3aBUCHUMOCTh B COYETaHHU C acTpoPU3MUECKUMM JaHHBIMH O 3aMeJICHUU
MyJbCapoOB MOET OBbITh TMOJIE3HOW B JaJIbHEMIIUX HCCIEIOBAaHUSAX IO
BO3MOXXHOMY OOHAPY>KCHUIO / BBIJICIICHUIO CTPAHHBIX 3BE3/I.

OOmasi morepss PHEPrUM HAMAarHUYEHHOW 3BE3/bl BBI3BIBAETCS OTTOKOM
I1a3Mbl 4epe3 MOJSPHYIO WHIANKy W ONpeNeNsieTcs CyYMMHUPOBAaHUEM IO Bce
wiomwaan noysgpHod manku. IloaToMy oOHa 3aBUCHUT Kak OT IUIOTHOCTH
KMHETHUYECKOW PHEPTUU TUIa3Mbl, TaK W TUIONIAJHM MTOBEPXHOCTU MOJSPHON MIATIKH.
XoTs o0uiepensiTUBUCTCKUE 3(PPEKThl MPUBOIAT K HEKOTOPOMY YBEIMYEHUIO
IJIOTHOCTY 3HEPIMM MCTEKAIOUIEH I1a3Mbl (B CBA3M C YBEJIIMYEHUEM MAarHUTHOIO
IOJIsI Ha TOBEPXHOCTH 3BE37bl), IUIOLAAb MOJIAPHOM IIANKKM YMEHBLIAETCS B
pamMKax oOIel TeoOpHuH OTHOCUTEIBHOCTH U YBEIWYEHHE IUIOTHOCTH HSHEPrHH
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IJa3Mbl HE MOXET KOMIIEHCHPOBATh COKpAILlEHHE pa3Mepa MOJIIPHOW IIAnKH.
CyMMapHble TMOTEpPH SHEPrHM 3BE3/bl 3HAYMTENBHO YMEHBIIAIOTCA B 0OIIen
TEOpPUU OTHOCHUTEIHOCTU. Tak Kak KOMIIAKTHOCTb Y CTpPaHHBIX 3B€3J] HMEET
OoJplliee 3HAUYECHUE, YEM Y HEUTPOHHBIX 3B€3J, MOTEPSl SHEPTHHU CTPAHHBIX 3BE3]l
IIPOUCXOJIUT rOPa3/io MEAJICHHEE.

Taoauna 2
3aBucumocts orHomenust (PP) ./ (PP), . 0T pa3au4HbIX NapaMeTPOB KOMIIAKTHOIO

00beKTa: Macchl (B CAMHUIAX MaCChI CO.]'IHIIa), paanyca 1 MOMEHTA UHEPUUHN CTPAHHBIX

(Ry .1 )u neiiTponnbix (R ./, ) 3B€3/1 OKPYKEHHBIX UIA3MeHHOIi MarnuTocdepoii
(PP)SS / (PP)NS 0,2053 0.2165 0.2199 0.2146
MIM 1.2 1.3 14 15
Ry , km 7.48 7.62 7.69 7.68
Rys » km 11.75 11.72 11.7 11.68
I ,x10* gm cm? 0.65 0.74 0.825 0.9
s ,x10%* gm cm? 1.08 1.2 1.36 1.72

B npusioskeHMAX NPUBEIECHBI TOYHBIE BBIPAXKEHUS 3JEKTPOMArHUTHOIO OIS
BOKPYT Je(OPMUPOBAHHONW YEPHOW [bIPbl BO BHEIIHEM MAarHUTHOM IIOJIE;
BBIPAKEHUS JJISI 3JIEKTPUYECKOTO U MAarHUTHOTO IMOJIEN BOKPYT HEBpALIAOIIEHCS
YEpHOM JbIpbl C HEHYJEBbIM T'PAaBUTOMArHUTHBIM 3aps0M; IOTEHIIMAIbI
AJEKTPOMArHUTHOTO TOJISI TOJIOM CHUHTYJISIPHOCTH BO BHEIIHEM MAarHUTHOM IIOJIE;
ypaBHEHUS NBWKCHHS (POTOHOB M YACTHUI] B OKPECTHOCTH TOJION CHHTYJISIPHOCTH
Kexarunaca-Cdercoca BO BHEIIHEM MarHUTHOM TI0JIE.

3AK/TIOYEHHUE

[Io pe3ynpraram HCCIEAOBAHUM, NPOBEACHHBIX IO TEME JOKTOPCKOH
aucceprauuy «HacTulbl U 3JIEKTPOMArHUTHBIE TIOJISI B OKPECTHOCTSIX aKCHAIbHO-
CUMMETPUYHBIX KOMITAKTHBIX TPABUTAIMOHHBIX OOBEKTOB»  MPEJCTABIICHBI
CJIEIYIOLIME HUKE BBIBOJIBI:

1. Pa3zpaboTaH HOBBIII KOOPJMHATHO-HE3aBUCUMBIN (hOpMaIU3M AJI1 ONUCAHUS
(GopMbI CUITy3Ta YEpHBIX JBIP, TJe opMa TEHH OMUCHIBAETCA KaK MPOU3BOJIbHAS
KpUBasi, BbIpAXEHHAas B TMOJSPHBIX KOOpJAMHATAX TMOJIMHOMaMH Jlexanapa.
BoisiBieHo, 4TO mepBble MATH KOI(PPUIMEHTOB MOJMHOMA MpPHU Pa3I0KEHUU
JIOCTATOYHBI JJIsI OMUCAHUSI CBOMCTB CHIIYSTOB BpAUIAOIIMXCS YEPHBIX JABIP C
TouHOCTHIO 710 0,1%. HoBbIil popmanmsm He mpesnoiaraeT Kakux-aubo 3HaHUN O
CBOMCTBaxX CHJIY3TOB M TMpejaraeT psii ONpPEACNICHUN Uisl XapaKTepUCTUKHU
cBoicTB KpuBoii. [TokazaHo, 4TO IPEASIOKEHHBIC ONIPEIEeTICHUS UCKAKEHUS (DOPMBI
CUJIY3Ta YEPHBIX JIbIP SBISAIOTCA YCTOMYMBBIMUA HA CUTHAJIBHBIE IIIYMBI.

2. HaiineHsl aHaTUTUYECKHE BBIPAKECHUS JJII BAKYYMHBIX AJIEKTPOMArHUTHBIX
MoJIe  Bpamaronmxcss  1e(OpMUPOBAHHBIX YEPHBIX JBIP BO  BHEIIHEM
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ACUMIITOTUYECKHM  OJHOPOJHOM  MarHuTHOM  nojie.  BbIABI€HO,  4TO
MHAYLUPOBAHHOE 3JIEKTPUUECKOE I10JI€ BOKPYT AE(POPMUPOBAHHON YEPHOU JbIPBI
3aBHCHT OT IapameTpa AepopMaliy JUHEHHO, a MATHUTHOE T0JI€ — KBaIPaTHUYHO.

3. IlomyuyeH BepxHMI mpenen [Uisl mapamerpa aedopmanuy Bpallarolencs
1e(pOPMUPOBAHHON YEpHOM ABIPHI IyTEM CpPaBHEHHUSI HAOJIOAaeMbIX 3HAUEHUMN
paauyca BHYTPEHHUX CTaOWJIBHBIX KpPYIOBBIX OpOMT C TEOPETUYECKHUMHU
pe3ysibTaTaMu, OJIY4€HHBIMHU B IUCCEPTALIUU B BUJIE B BUJIE € < 22.

4. TlomyuyeHsl (OPMBI CHIIYITOB TEHHM BpAIAIOMIMXCS YEPHBIX [bIp MpHU
HaJU4YMH HEOAHOPOJHOM IUIa3Mbl, KOTOPbIE MOTYT OBITh HCHOJb30BAHBI IS
BBISIBJICHHS JIOTIOJIHUTEIBHBIX aCUMMETpUil B (QopMe CHUIydTa U H3BICUYCHUS
uH(pOpMaIIMU O MapaMeTpax MIa3Mbl U HEHTPATLHOTO KOMIIAKTHOTO OOBEKTA.

5. Halinensl BBIpaKEHHSI Uil SHEPTMM W MOMEHTA HUMITYJIbCA, a TaKXKe
BHYTPEHHUX CTAOMJIBHBIX KPYTOBBIX OpPOMT 3apsKEHHBIX YacTHI B OKPECTHOCTH
YEPHOU JIBIPHI IIPY HAJWYUHU IPABUTOMATHUTHOTO 3apsi/ia U BHEIIHErO0 MarHUTHOIO
nojisi. YCTaHOBJEHO, 4TO HU3-3a 3((deKTa TpaBUTOMArHUTHOTO 3apsiia YacTHUIIbI
IpEeIOTBpPALIAIOTCS OT OECKOHEYHOI'O YCKOPEHUSI.

6. Iloka3aHo, 4TO MpU HAJIMYMM IJIa3Mbl HaOmonaeMas GopMa U pa3mMep TECHU
BpalLlaloLIECsl YepHOU ABIPbl M3MEHSETCS B 3aBUCHMOCTH OT (@) IJIa3MEHHBIX
napaMeTpoB, (0) CIMH mapameTpa YEepHOH AbIpbl U (B) yria HakKJIOHAa MEXAY
IUIOCKOCTBIO HaOJIOATEeNsl U OChIO BPAILLEHUS YEPHOM JBIPBL. Y CTAaHOBJIEHO, YTO
MO/ BO3JCHCTBUEM IUIa3Mbl, HAONIOAAEMBIA pa3Mep TEHU YEpPHOU JAbIPbI
YMEHBIIAETCS 32 CYET NPEIOMJICHHUS JJIEKTPOMATHUTHOTO H3IY4YEHUS B
IJIa3MEHHOM cpejie. BhIsiBIeHO, 4TO ¢ yBeTuueHHuEM 0e3pa3MEPHOro IMIa3MEHHOIO
rnapamMeTpa MaKCUMalbHOE 3HAUYEHHE WHTEHCHUBHOCTU W3JYyYEHUS HHEPrUud U3
YEpHOU JbIPbl YMEHBIIAETCS 32 CUET YMEHBIICHHS pa3Mepa TEHHU.

7. TlokazaHo, 4TO aJisi BBICOKOW 3(DPEKTUBHOCTU AOCTUKEHUS CBEPXBBICOKHX
HHEPreTUUECKUX  MPOLECCOB  OTHOCUTEIbHO  YJAJIEHHOTO  HabmrojaTels
HEOOXOAMMO OTCYTCTBHE T'OPH30HTA COOBITUH M CUJIbHOE BpalleHue. BrisiBieHO,
YTO  3HAUMUTEIbHOE  YyBEIUMYEHHE  A(PPEKTUBHOCTH  CTOJKHOBEHUH 0
YJIBTPABBICOKHX 3HEPIUI BO3MOXHO 32 CUET JOMOJHUTEIBHBIX AIEKTPOMAarHUTHBIX
SBJICHUM, BIIMAIOIIMX HA CTOJIKHOBEHHUE 3apSKEHHBIX YaCTHLI.

8. IlokazaHo, uTO M3BJe€UEHUE PHEpPruu depe3 mpouecc lleHpoysa sBisercs
0ojiee peaIMCTUYHBIM TPOLIECCOM CPEIU MEXaHHW3MOB HW3BIICUEHHS] SHEPTUU U3
BPAILIAIOIIEICS YEPHOU JIBIPBI B clieHapuu Xopxkasa. Kpome Toro, n3-3a nonpaBok
IPaBUTAIMOHHON MOJENIH XOpkKaBa YaCTUIbI PEIOTBPAIIAIOTCS OT OECKOHEYHOTO
YCKOPEHUS.

9. IlokazaHo, 4to 3(QEeKT KOMIAKTHOCTH CTPaHHOW 3BE3[bl Ha TMOTEepHU
MOIIIHOCTH 3JIEKTPOMArHUTHOM SHEPIHMM PEJSATUBUCTCKON 3BE31bl  SBISETCA
3HAUYUTEIBHBIM, U MOXXET TMOMOYb B OyAylleM OOHapyX UThb CTpPaHHBIE 3BE37bl
yepe3 HaONIOACHWE CHUHXPOHHU3ALMU MYJIbCapoB. YCTAHOBJIEHO, YTO CTpaHHas
3Be37a TepsieT OoJibllle SHEPrUM B CPAaBHEHWHU C aHAJOTHYHON Bpamlaromencs
HEUTPOHHOW 3BE3/I0M B pamMKax OOIIeil Teopuu OTHOCHUTENIbHOCTH. [lomyueHHas
3aBHCHUMOCTh MOKET OBITh MOJE3HOW B JaJbHEHMIINX HMCCIEAOBAHUSAX C LEIBIO
BO3MOKHOTO OOHApYKEHUsI CTPAHHBIX 3BE3/I.
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INTPRODUCTION (Annotation of doctoral dissertation)

Topicality and demand of the theme of dissertation. Modern astronomical
observations on myrovom level on the ground and space telescopes, and recent
discoveries have provided convincing evidence that black holes have a significant
Impact on nearby objects around, emitting powerful gamma-ray bursts, absorbing
the next star, and stimulating the growth of newborn stars in the surrounding areas.
Study the photons motion around rotating black holes, in particular, the discovery
and analysis of the form of silhouettes of these objects, setting and effective
implementation of relevant radiostronomical observations on the proof of the
existence of the black hole horizon and retrieval of information events on the
central object in our galaxy within the Black Hole Cam (BHC) and Event Horizon
Telesop (EHT) international projects is one of the most important tasks of modern
astrophysics.

In the years of Independence, huge attention is paid to the development of
theoretical physics and astronomy and basic research in these areas on a global
level. In this regard has been achieved significant results in the field of relativistic
astrophysics, in particular, developping a model of the magnetosphere of a neutron
star, the analysis of the space-time structure and motion of test particles around
black holes.

The study astrophysical processes in the vicinity of compact objects and their
comparison with observational data is now one of the most important tasks in
astrophysics of compact objects. The most important tasks is to conduct solid
research work, in particular studies on following directions: to find the exact
solutions describing the space-time around a gravitational compact objects;
analysis of space-time structures in the framework of these decisions and find the
equation of motion of test particles, such as photons; determining the silhouettes of
black holes in general relativity and alternative theories of gravity; determination
of the influence of the central object parameters and the plasma environment on the
form of a silhouette; identify energy loss dependence on the choice of the
relativistic star of the gravity model. These objectives justify the topicality of the
global level of scientific research.

This research work corresponds the tasks given by governmental regulatory
documents, Orders of President of the Republic of Uzbekistan # UP-559 “Onhigh
level astronomical observatories and complexes of their service” from February 11,
1993, # UP-4512 “On works further developing alternative sources of energies”
from March 1, 2013.

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: I1. “Power, energy and resource saving”.
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Review of international scientific researches on dissertation subject®.
The electromagnetic field configurations in the external asymptotically uniform
magnetic field, as well as shadows of rotating black holes has been carried out by
the world's leading research centers and institutions of higher eduaction, 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 (Russia), Institute of Nuclear Physics,
Astronomical Institute and National University of Uzbekistan (Uzbekistan).

On the study of particles motion and electromagnetic fields around the black
hole in external magnetic field it has been obtained a large number of original
scientific results in the globe, including obtaining and study the properties of
rotating black holes shadow in the framework of General Relativity and modified
alternative theories of gravity (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; State Astronomical Institute named after Sternberg of
Moscow State University, Russia, Al-Farabi Kazakh National University,
Kazakhstan); 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; 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; State Astronomical Institute named after Sternberg of Moscow State
University, Russia, Al-Farabi Kazakh National University, Kazakhstan).

3 Review of international scientific researches on dissertation subject composed on the basis of the following
sources: http://arxiv.org; https://webofknowledge.com; https://scholar/google/com. J. Physical Review Letters; J.
Physical Review D; J. Monthly Notices of Royal Astronomical Society; J. Astrophysical Journal; . Astrophysics
and Space Science; J. International Joournal of Modern Physics D; and others.
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Currently, in order to study shadows of rotating black holes, the particles
motion and 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: the study of the photons motion and obtaining shadow of rotating
black holes in the framework of general relativity and alternative theories of
gravity and their analysis; theoretical modeling of electromagnetic fields around a
compact gravitational objects 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; electromagnetic and gravitational radiation
from compact gravitating objects.

Degree of study of the problem. Shadow of a rotating black hole with the
various parameters of the central object, such as electric charge, brane charge,
magnetic charge, in the framework of alternative theories of gravity have been
studied by many scientists, for example from Japan (K. Hioki, K. Maeda), USA (J.
Bardeen), Netherlands (H. Falcke), Germany (C. Laemmerzahl, V. Perlick, A.
Grenzebach), Argentina (L. Amarilla, E. Eiroa), Italy (S. Bambi), Czech Republic
(Z. Stuchlik, J. Schee), and others. However, all these works 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, gravity theories and methods of measurement.

The solution of the electromagnetic field equations for rotating Kerr black
hole in an external asymptotically uniform magnetic field, the study of charged
particles motion around a rotating Kerr black hole immersed in an external uniform
magnetic field, particles acceleration around a rotating black hole, the role of the
magnetic field in the particles collision processes in the vicinity of slowly rotating
black hole have been studied by many scientists, for example, from the USA (M.
Banados, J. Silk, S.M. West et al.), the UK (R. Wald et al.), Russia (D.V. Gal'tsov,
Frolov, A. Aliyev), Turkey (N. Ozdemir), and others. However, a detailed study of
the motion of charged particles and energy processes, such as the particles collision
near a rotating black hole in an external magnetic field with a nonzero
gravitomagnetic charge and/or deformation parameter has not been yet considered.
The study of these effects would make constraints on the values of the various
parameters of the black hole, such as gravitomagnetic charge and deformation
parameter.

Investigations related to the study of the plasma effect on the photon motion
around the compact objects in the framework of general relativity have been
studied by various authors, in particular from Russia (G.S. Bisnovatyi-Kogan, O.
Tsupko), Uzbekistan (B.J. Ahmedov, A.A. Tursunov, V.S. Morozov), Canada (A.
Rogers), Germany (V. Perlick, J. Kunz), Dutch (H. Falcke), India (N. Dadhich, S.
Ghosh, P. Joshi, M. Patil) and others. In these studies, however, there is no
investigation related to the study of the impact of inhomogenous plasma on the
optical properties of rotating black hole, in particular form a shadow of rotating
black hole in the presence of an inhomogenous plasma.
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The properties of space-time metric and the motion of the particles in the
vicinity of a black hole within the Horava gravity model have been studied by
several authors, for example from Czech Republic (Z. Stuchlik, J. Schee), Poland
(M. Abramowicz et al.), Portugal (F. Lobo, T. Harko, F. Eiroa), Germany (S.
Laemmerzahl, J. Kunz, E. Hackmann et al.), India (N. Dadhich, S. Ghosh, P. Joshi,
M. Patil) and others. However, at this moment in the literature there is no research
works addressed the study of the impact of the metric parameters of the gravity
model on energetic processe and the role of the magnetic field in these processes.

Connection of the topic of dissertation with the scientific works of
scientific research organizations, where the dissertation was carried out. The
dissertation work was carried out in the framework of the scientific projects of the
Institute of Nuclear Physics and Astronomical Institute: FA-F2-FO79+F069
"Development of the equations of the electromagnetic and gravitational fields in
relativistic astrophysics and cosmology, and phenomenological models of QCD in
the description of hadrons and their interactions” (2007-2011); FA-F2-F058 "Study
of Gravitational Lenses, Formed Galaxies and Generalized Gravita- tional Models"
(2007-2011); FE2-FA-F134 "The particles motion and electromagnetic fields in
the vicinity of relativis- tic stars and black holes in the alternative theories of
gravity" (2012-2013); EF2-FA-0-12477 "Motion of particles with spin and
propagation of electromagnetic waves in the vicinity of compact gravitational
objects" (2014-2015); 1-10 "Particles and fields in the vicinity of relativistic
gravitational objects from dark energy and wormholes" (2010-2011).

The aim of the research is the development of a theoretical formalism
describing shadows of black holes and the identification of the physical laws of
high-energetical processes in the vicinity of rotating black holes.

The tasks of the research:

to develop a new coordinate-independent formalism to describe the shadow of
a black hole, and define new parameters of distortion of black hole shadow;

to make a comparative analysis of the distortion parameters of a black hole
shadow, proposed in the framework of the new formalism and parameters obtained
by other authors;

to study the electromagnetic field and the charged particles motion in the
vicinity of a deformed rotating black hole immersed in an external uniform
magnetic field;

to consider the collision of electrically charged particles around a black hole
with a non-zero gravitomagnetic charge immersed in an external magnetic field;

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

to analyze the charged and neutral particles motion and collisions around
Kehagias Sfetsos naked singularity in the presence of an external magnetic field;

to obtain estimates of the value of extracted energy from rotating black holes
in the gravity model Horava;

to compare electromagnetic fields and spin down of the rotating relativistic
compact stars.
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The objects of the research are the black holes, neutron and strange
relativistic stars.

The subjects of the research are the electromagnetic fields around compact
objects, innermost stable circular orbits of the test particles around black holes,
black hole shadow in the presence of plasma, energetic processes around rotating
black holes in the presence of external magnetic field.

The methods of the research. On the theoretical level, the research methods
are mathematical apparatus of macroscopic electrodynamics in general relativity
and metric affine differential geometry, analytical and numerical methods for
solving differential equations of motion and field.

The scientific novelty of the research is the follows:

For the first time a new coordinate-independent formalism to describe the
shape of the black holes shadow has been developed and it was revealed that the
first five coefficients of the polynomial expansion is sufficient to describe the
properties of rotating black holes shadow with the accuracy of ~0.1%, it has been
shown that the proposed definition of distortion of black holes shadow are stable
under the signal noise;

it has been found that the observed size of the shadow of the black hole
decreases due to the refraction of electromagnetic radiation in a plasma
environment;

for the first time it was shown that for the high efficiency of the ultrahigh-
energy processes relative to distant observers, both the non-existence of the
horizon, and the strong rotational effects are necessary;

it was also shown that significant magnification of the efficiency of the ultra-
high energy collisions is possible due to additional electromagnetic phenomena
influencing collisions of charged particles;

for the first time it was shown that energy extraction through Penrose process
IS more realistic process among the energy extraction mechanisms from the
rotating black hole in Horava-Lifshitz scenario; moreover, due to the Horava-
Lifshitz gravity correction particles could be prevented from the infinite
acceleration.

for the first time it was shown that the effect of compactness of strange star
on the electromagnetic power loss of the star is non-negligible;

it was found that the strange star will lose more energy than typical rotating
neutron star in general relativity.

Practical results of the research are as follows:

The analytical expressions for the vacuum electromagnetic fields of deformed
rotating black holes in the external asymptotically uniform magnetic field hads
been obtained and it has been revealed that the induced electric field around the
deformed black hole depends on the deformation parameter linearly, and the
magnetic field squared;

expressions for energy and momentum, as well as radii of innermost stable
circular orbits of charged particles in the vicinity of a black hole with
gravitomagnetic charge immersed in external magnetic field has been obtained. It
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has been established that due to the existence of gravitomagnetic charge particle
are prevented from acceleration to infinitely high energires;

it has been shown that the shape and size of the observed shadow of black
hole varies depending on the plasma parameters, the rotation parameter of black
hole and inclination angle between the observer plane and the axis of rotation of
the black hole;

an upper limit for the deformation parameter of a rotating non-Kerr black hole
has been obtained in the form & < 22 using the comparison of the observation
results on the radius of innermost stable circular orbits with the theoretical results;

it has been obtained the silhouettes of the rotating black holes shadow in the
presence of an inhomogeneous plasma, which can be used to identify additional
asymmetries in the shape of the shadow and retrieve information on the plasma
parameters and the central compact object.

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

Scientific and practical significance of the research results. The scientific
significance of the research results is determined by the ability of the developed
formalism in the dissertation to analyze the black holes shadow obtained by a new
generation of radiotelescopes in the millimeter diapason in the near future, and get
an information on the various parameters and properties of the supermassive black
holes at the center of our galaxy and galaxy M87. In addition, analysis of the
silhouettes with the new formalism makes it possible to design new tests to verify
the general relativity and other alternative theories of gravity.

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
rotation, deformation, and gravitomagnetic charge, as well as the option that
appears due to the higher-order corrections in Horava gravity model. 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 strange stars.

Application of the research results. Ultra-high-energy collisions of particles
in the field of near-extreme Kehagias-Sfetsos naked singularities and their
appearance to distant observers have been studied in the frame of the program
"Supporting Integration with the International Theoretical and Observational
Research Network in Relativistic Astrophysics of Compact Objects” (2010-2014)
(supported by the Operational Programme Education for Competitiveness funded
by Structural Funds of the European Union and state budget of the Czech Republic
and registered by number CZ.1.07/2.3.00/20.0071).

Shadows of the black holes and plasma influences have been used to obtain
the trajectories of the photons around compact gravitating objectswithin the
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projects of the Central University of Delhi, India (Letter of Central University of
Delhi, India from September 20, 2016). This trajectories have been used to obtain
the shadows of the black holes within the Born-Infield gravity theory.

The magnetosphere and slow down of the neutron stars have been used to
develop the model of the neutron stars within the projets of Inter University Centre
for Astronomy and Astrophysics (Letter from Inter University for Astronomy and
Astrophysics, Pune, India from September 21, 2016). The models of the neutron
stars have been used to obtain the value of the magnetic field at the stellar surface.

Approbation of the research results. The research results were reported in
the form of reports and tested at 16 international and local scientific conferences,
in particular: «Modern Problems of Physics and Astronomy» (Karshi, 2010),
«Modern Problems of Modern Physics» (Samarkand, 2010), «Fusion and Plasma
Physics» (Triest, 2011), 39-COSPAR general Assembly (Mysore, 2012), «Nuclear
Science and Its Application» (Samarkand, 2012), International school on
subnuclear physics (Erice, 2013), «General Relativity and Gravitation» (Warsaw,
2013), «Prague Synergy 2013: Accreting relativistic compact objects» (Prague,
2013), «Synergy Olomouc 2014» (Olomouc, 2014), 40-COSPAR General
Assembly (Moscow, 2014), «International Congress of Mathematicians» (Seoul,
2014), , “RAGTime - 2013” (Opava, 2013), “RAGTime - 2014 (Prague, 2014),
“RAGTime - 2015” (Opava, 2015), “XII Marcel Grossman Meeting” (Rome,
2015), 41-COSPAR General Assembly (Istanbul, 2012).

The main results of the study were tested at the scientific seminars of the
Institute of Nuclear Physics (2010-2016), Astronomical Institute (2010-2016), of
the Department of Nuclear and Theoretical Physics of National University of
Uzbekistan (2015-2016), Faculty of Philosophy and Science of Silesian University
in Opava (Czech Republic, 2013-2016), Goethe University (Germany, 2013-2016),
Max Planck Institute for Gravitational Physics (Germany, 2010-2016), Center for
Applied Space Technology and Microgravity (Germany, 2011), Tata Institute for
Fundamental Research (India, 2014-2015), Inter-University Center for Astronomy
and Astrophysics (India, 2010-2016), Delhi Central University (India, 2010-2016),
International Centre for Theoretical Physics (Italy, 2011).

Publication of the research results. On the dissertation theme there were
published 30 scientific works, including 15 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, one appendix and a bibliography. The size
of the dissertation is 181 pages.
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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 “Photon and particle motion around
rotating black hole” is devoted to study the charged particle motion and the
electromagnetic field around rotating non-Kerr black hole and black hole with
nonvanishing gravitomagnetic charge immersed in external uniform magnetic
field. In this chapter we have developed new general formalism to describe the
black hole shadow. The shadow is considered as a closed curve in a flat space, as
the one in which the image will be available to us as distant observers.

Assume that the astronomical observations provide the shadow as an one-
dimensional closed curve defined by the equation

R'=R(y) (1)
where R and ' can be thought of as the radial and angular coordinates in a polar
coordinate system with origin inO’. A schematic example of the polar curve is
shown in Fig. la, where o' u g are the so-called “celestial coordinates” of the
observer, and represent an orthogonal coordinate system with one of the unit
vectors being along the line of sight.

Bl 5

S/

b) D

Fig. 1. Schematic representation of the black-hole shadow:
a) defining the center of the curve

b) defining the reference circle and distortion parameter

In order to find a better coordinate system, and, in particular, one in which a
Schwarzschild black hole has a circular shadow, we define the effective center of
the curve in strict analogy with the definition of the center of mass in a collection
of point particles
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0
where &, is the radial-coordinate unit g.., g,, are the metric functions of the

polar coordinate system (R',y").
From the knowledge of the vector R,, the coordinate position of the effective
centre can be expressed explicitly in terms of the radial and angular coordinates as

27 e 2 (o 21
Ro ::UR'dl//'j [UR'ZCOSWW'] {IR’ZSMWW,M , (3)
0 0 0

27 12 i [ '
.[0 R“sinydy

v, =tan™

2 ,2 , , ) (4)
J'O R'“cosydy

Having determined the effective centre of the shadow, it is convenient to

define a new polar coordinate system centred in it with coordinates(R, ). The
relation between the two coordinate systems is given by
R:= [(R’cosw’ —R,cosy, | +(R'siny’ — R, sin z//o)z]m, (5)
1 R'siny’ =R, siny, . ©)
R'cosy’—R, cosy,
A well-defined centre of coordinates allows us now to obtain a robust
definition of the reference areal circle as the circle having the same area as the one
enclosed by the shadow. In particular, given the closed parametric curve R=R(y)
its area will in general be given by

v =1tan

. Vo R _1 4] 2 _1 Ao 2 dl//
A._j% dl//J.O Ored,, IR = ["R dt,//—ELq R (ﬂ)d7di. (7)
where in the second equality we have set g.,=1 n g,, =R?*, while in the third
equality we consider the representation of the curve in terms of a more generic

parameter 4 i.e. R=R(y(4)). If the shadow is a closed curve, the integration limits
A, can be found from the conditions w(1)=0 u w(1)=27z. We can then define the
areal radius RA of the reference circle simply as
1/2
R, = [éj | ©)
T
We define the distortion parameters relatively the reference circle passing
three points on the polar curve A, B and D, which occupy precise angular positions
at w=0, w=nx/2 and w=37/2, respectively (see diagram in Fig. 1b). The
corresponding distances OA, OB u OD from the centre of coordinates O can then
be expressed as
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Ry = R(//(l// = O): ic,epé(cosv/)‘ = Zcz = A )

w=0 =0
S S , (27)! ~
Rg = Rv/(‘// = 7[/2): ;Czpf(cosw*wmz = ;(_1)/ 25/,(2 !)2 ¢, =B, (10)
R, =R, (y=37/2)= icﬁ(cosw){ =R,. (11)
(=0 w=3r1/2

Next, we define a new parametric curve for which R, =R, =R, and thus that
satisfies the following condition

Cprq = cz{(—l)‘* 2%) !!)2 —1}. (12)

We can now compute the deviation of the parametric curve from the
corresponding background circle passing the points A, B and D at any angular
position. However, as customary in this type of considerations, we can consider the
shadow to be produced by a rotating black hole with spin axis along the £ axis, so
that the largest deviations will be on the axis of negative . More specifically, we
can define the difference between the curves at w = ras

d,, =R, -R,,(y=7)= §—2026+2C2H, (13)
or for the dimensionless distortion parameter : :
S, = NS5 (14)

s, 1
A second possible definition of the distortion parameter is slightly more
general and assumes that the radial distance of points A and B from the centre of
coordinates is not necessarily the same, i.e. R, #R,. In this case, one can think of
introducing a new point E on the o axis, such that the distances AE=EB and which
could therefore serve as the centre of the reference circle.
We can introduce the distortion parameter as

d BZ—AC
5 — s, 11 — 2 — I ’ 15
TR, (BZ+A2J (15)
where d,, is the distortion of the curve from the reference circle and
C=R,(y=37/2)=>(-1)c. (16)

=0
A third and possibly optimal definition of the distortion parameter is one that
IS meant to consider the case in which the shadow is still reflection symmetric
relative to the o axis, but does not cross the g axis with a zero slope, i.e. the point
S, where curve has zero slope does not lie on axis .
Assuming that reference circle passes the points A and S with the center at E,
one can easily find the radius and distortion parameter in the form
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where x, is the solution of the equatlon
oo » _ dP(x
D eP(xx=>" ¢, %(1— xz): 0. (20)
In Fig. 2 the values of the dimensionless distortion parameters as computed
for the shadow of a Kerr black hole and for increasing values of the expansion
index ¢. The three different panels in Fig. 2 are relative respectively to the
parameters o, ,, d,, u J,, , respectively. From the dependenc one can easily see

that each of the three distortion parameters decreases as the expansion includes
higher order terms. At the same time, because larger rotation rates introduce larger
distortions in the shadow, they also lead to larger values of the distortion
parameters for a fixed value of 7.
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Fig. 2. Dependences of the distortion parameters from the expansion order for the
different values of rotation parameter of the black hole

The deformed Kerr-like metric which describes a stationary axisymmetric,
and asymptotically flat vacuum spacetime, in the standard Boyer-Lindquist
coordinates, can be expressed as

2
dsZ=—( 2|\/|rj(1 +h)dt? _4aMrsm 9(1 h)dtdg + 2(21+_h)2 dr?
>? >? A+a hsin® @

22 in?2
+22 d02+|:22+a (z +22|\2/|r)SIn 9(1+ h):|S|n20d¢2; (21)

where S*=r’+d’cos’q, D=r*- 2Mr+ad*>, h=eM’/S*, and the constant e ws the
deformation parameter. The quantity e>0 and e<0 corresponds to the cases in
which the compact object is more prolate or oblate than the Kerr black hole,
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respectively. As e=0, the black hole is reduced to the typical Kerr black hole
known in general relativity. The the 4-vector potential A, of the electromagnetic
field will take the following form

>? —2Mr + Mrsin? @

A, =-aB 57 (L+h), A =0, A =0, (22)
AS:%Bsinze{zz+(2Mr+22)zsizn20_4Mra2(1+h)} (23)

The motion of the charged particles around a rotating non-Kerr black hole can be
studied using the Hamilton-Jacobi equation

gw(ﬁ_%j( 0 _e;\j:_mz, (24)

ox* ox”

where e and m are the charge and the mass of a test particle, respectively. Due to
the existence of the timelike and spacelike Killing vectors one can write the action
in the form

S=-Et+Le+S, (). (25)
where the conserved quantities E and L are the energy and the angular momentum
of a test particle at infinity.

.15 n
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Fig. 3. Radial dependence of the energy (left plot) and angular momentum (right
panel) of the particles moving along circular orbits around around rotating non-Kerr
black hole for the different values of deformation parameter

Fig 3 shows the radial dependence of both the energy and the angular
momentum of the test particle moving on circular orbits around non-Kerr black
hole in the equatorial plane. One can easily see that the presence of the negative
deformation parameter forces a test particle to have bigger energy and angular
momentum in order to be kept on its circular orbit. It is a consequence of the
increase of the gravitational potential of the rotating non-Kerr black hole with the
negative deformation parameter. In the case of positive deformation parameter the
shape of graphs shifts towards the origin and means that the stable orbits shifts
towards the central object.
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In the dissertation it has been found the solution for the ISCO radius
Pisco = Nseo /M 10 the limit of small ¢ in the following form

Pisco :6_%4‘0(52) (26)

In the astrophysical situation when b=eBM/m>1, the analytic expression for
ISCO has the form
1-2a*/M?—¢
Pisco =1+ \/Eb
Consider the center-of-mass collision of two particles in the vicinity of a
black hole with nonvanishing gravitomagnetic charge, when one of these particles
has the mass m and charge g and rotates along the circular orbit. Another particle is
neutral and freely falls from the rest at spatial infinity. The center of mass energy
of the colliding particle has the following form:

Eem /96—|2 /
T ~0.3 Wbl 4, (28)

where | is the gravitomagnetic charge of the central black hole.

The second chapter of the thesis entitled “Optical properties of black hole
in the presence of plasma” is devoted to study the optical properties of the
rotating black holes in the presence of the inhomogenous plasma.

The spacetime around rotating black hole is described by the metric

] 2
ds? = _(1_ Zg/zlrjdtz - D+ =+

+0(b2,£) (27)

2 2 HJ
a(ﬁ +2vrﬁm 9}9n20d¢3
z (29)

where M and « are the total mass and the specific angular momentum of the black
hole, respectively.
Consider the plasma surrounding the central axially symmetric black hole.

The refraction index of the plasma will be n= n(xi,a)), where the photon frequency

measure by observer with velocity u® is wIn this case the effective energy of
photon has the form 7o =—-p,u”. The refraction index of the plasma as a function

of the photon four-momentum has the following form:
P, P”

(pﬂuﬁf’

and for the vacuum case one has the relation n=1. The Hamiltonian for the photon

around an arbitrary black hole surrounded by plasma has the following form:

[24 [24 l a,
e, p)= 2o, p, + (-1 p,0° (31
Assume that the refractive index has the general form

+22d92+{22+

n* =1+ (30)
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n*=1-7%, (32)

where @, is the plasma frequency.
We will use the Hamilton-Jacobi equation to define the equation of motion of

the photons for a given space-time geometry

é=—%[g“”’|oa of —(nz—lxpomﬂ’ (33)

oo
where p, =0S/ox”.
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Fig. 4. The radial dependence of the effective potential of radial motion of photons for the
different values of rotation parameter and refraction index of the plasma. Here the
guantity Vest is normalised by the energy of the photon

The radial dependence of the effective potential for different values of plasma
refraction n and black hole spin a has been presented in Fig. 4. In the plots, in Fig.
4 n? = 0.2; 0.44; 0.89 for dotted, dashed and solid lines, respectively. One can
easily see, that with the decrease the refraction parameter of the plasma the radius
of the circular orbits also dcrease.

Consider the shadow cast by black hole surrounded by plasma. If black hole
surrounded by plasma originated between the light source and the observer, then
the latter can observe the black spot on the bright background. The observer at the
infinity can only observe the light beam scattered away and due to capturing of the
photons by the black hole the shaded area on the sky would be appeared. This spot
corresponds to the shadow of the black hole and its boundary can be defined using
the equation of motion around black hole.

In order to describe the apparent shape of the the black hole surrounded by
plasma we need to consider the closed orbits around it. Since the equations of
motion depend on conserved quantities E, L and the Carter constant K, it is
convenient to parametrize them using the normalised parameters £=L/Eand
n=K/E?,

The silhouette of the black hole shadow in the presence of the plasma can be
found using the conditions
du”
dr
where u' is the radial velocity of the photons.

u =0,

0, (34)
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The boundary of the black hole’s shadow can be fully determined through the
equation of motion of photons. However, the shadow will be observed at
’observer’s sky’, which can be referenced by the celestial coordinates related to the
real astronomical measurements. The celestial coordinates are defined as

: . d¢ : do
=lim| —r?sin 9, — =lim| —r?==|,
o ( 0 Odrj’ p=1 ( 0 dr) (35)

Iy Ip—©

where 1, is the distance between black hole and observer, 6, is the inclination

angle between axis of rotation and observer plane.

In Fig 5 the shadow of the rotating black hole for the different values of black
hole rotation parameter, inclination angle between the observer and the axis of the
rotation is represented. From the Fig. 5 one can observe the change of the size and
shape of the rotating black hole surrounded by plasma. Physical reason for this is
due to gravitational redshift of photons in the gravitational field of the black hole.
The frequency change due to gravitational redshift affects on the plasma refraction
index.

P n n n
a/M=02, 9,,:5 a/M=04, 9{1=5 a/M=0., 60=5 a/M=0.99, 6u=5

BIM

BIM
BIM

a2 0 2 Td s 4 2 0 2 4 6
a/M a/M

Fig. 5. Shadow of rotating black hole in the absence (solid lines) and presence (dashed
lines) of plasma

The third chapter of the thesis entitled “Energetic processes around black
hole in Horava-Lifshitz gravity” is devoted to study the energetic processes
around black hole in Horava-Lishitz gravity. The geometry of the Kehagias-Sfetsos
spacetime is analyzed. The spherically symmetric solution of the so called
modified Horava gravity, allowing for the Schwarzschild spacetime as an
appropriate limit, is the Kehagias-Sfetsos (KS) spacetime, described in the
standard Schwarzschild coordinates and the geometric units by the line element
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1 N
ds’ = [1+ r%{l(ﬂ 4—';/!jzndt2 +[1+ r%{l(ﬂ 4—&)2]] dr? +r2(d6? +sin? @dg?)  (36)
[0, [0,

We consider the photon motion and Keplerian orbits in KS spacetime. Ultra-
high energy collision of the particles have been studied. We calculate the center of
mass energy of colliding particles in three characteristic cases. Two of them
correspond to the situations when the ultra-high-energy collisions were treated in
the field of near-extreme superspinning Kerr geometry — namely the collisions of
particles in radial free fall from infinity (E = m and L = 0) with particles following
geodesic circular orbits, or with radially escaping particles havingE=mand L =0
that inverted their motion at r = 0. As the third case we consider collisions of
particles moving in the equatorial plane with opposite angular momentum at the
turning point of their radial motion. For simplicity, we consider collisions of
identical particles, having the same rest energy. The CM energy reads

Ec.m. = 2m2(1_ gaﬁ’ulau2ﬁ) (37)

The behaviour of the CM energy of the collisions between radially falling
particles and orbiting particles on Keplerian orbits is presented in Fig. 6. One
clearly sees that the maximum of the collisional CM energy decreases with
decreasing value of parameter ®. The location of the maximum shifts to the larger
values of the radius r with decreasing value of the parameter .
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Fig. 6. The plots of the CM energy of the collisions between radially falling particles
and orbiting particles on Keplerian orbits are given for five representative values of the
parameter w = 0.1, 0.15, 0.2, and 0.281

The results obtained for some characteristic values of the magnetic parameter
b and KS parameter ® are illustrated in Fig. 7. They are demonstrating a critical
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role of the magnetic field enabling a significant enhancement of the acceleration of
particles in the combined gravitational and electromagnetic fields of the KS naked
singularities immersed in a uniform magnetic field.
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Fig.7. Centre of mass energy of head on collision of charged particle on circular orbit
and neutral particle coming from infinity for the value of parameter b: the parameter b =
0.1. The angular momentum of the neutral particle is takentobe L = 1

The description of the rotating black hole solution and ergosphere around it
has been considered. Penrose process in the ergosphere of the rotating black hole
in Horava-Lifshitz gravity has been studied. Also in this chapter we study the
particle acceleration mechanism near the black hole in Horava-Lifshitz gravity.

The third chapter of the thesis entitled “Electrodynamics and spin down of
magnetized neutron stars” is devoted to study the general relativistic effects on
the electromagnetic luminosity of a rotating magnetic strange star, which is
produced due to the rotation of the strange star with the inclined dipolar magnetic
field configuration. It is shown that the effect of compactness of strange star on the
electromagnetic power loss of the star is non-negligible (may have the order of tens
percents of the value for the neutron star) and may help in future in distinguishing
the strange star model via pulsar timing observations.

We studied the spin-down of a rotating strange star due to magnetodipolar
electromagnetic emission. Assume that the oblique rotating magnetized star is
observed as radio pulsar through magnetic dipole radiation. Then the luminosity of
the relativistic star in the case of a purely dipolar radiation, and the power radiated
in the form of dipolar electromagnetic radiation, is given as
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4 6 p2

L, - %sinz 7 (38)

where tilde denotes the general relativistic value of the corresponding quantity,

subscript R denotes the value of the corresponding quantity at r = R and y is the

inclination angle between magnetic and rotational axes. We used the spacetime of

slowly rotating relativistic star.

When compared with the equivalent Newtonian expression for the rate of
electromagnetic energy loss through dipolar radiation
Q*R°B% . ,

(Lem)Newt :Tsm X (39)

it is easy to realize that the general relativistic corrections emerging in expression
(19) are due partly to the magnetic field amplification at the stellar surface

N > DP3 3

B BB R e 241, M) (40)
B, 2u 8M R R

and partly to the increase in the effective rotational angular velocity produced by

the gravitational redshift

Q(r)zﬂR%:QR (

R—ZM)r

r-2m JR” (41)

Energy loss can be written in a more useful form in terms of the pulsar’s most
important observables: the period P and its time derivative P=dP/d:. Results are
summarized in the Table 1 from where one can see that the strange star is spinning
down approximately 5 times faster than that of the neutron star. P is the period and
dot denotes the time derivative. According to the astrophysical observations the
majority of pulsars have the periods of 1 s and period derivatives of 10® to 104,
Since period derivatives are in the range of about two orders one may conclude
that the neutron stars have less period derivative with compare to the strange stars.

Assume the presence of plasma magnetosphere around a rotating strange star
and study the spin-down of it due to the magnetospheric energy losses through
plasma outflow along the open field lines.

Using expression for the total power carried away by the relativistically
moving particles one can calculate maximum value for luminosity:

(Lp )max = g’((l_ K)Lem' (42)

Where the parameter k=27/R® is the compactness parameter of the star with
moment of inertion I.
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Table 1
The dependence of the ratio (PP)SS / (PP)NSfrom the different parameters of the compact

object: mass (in units of solar mass), radii and moment of inertia of the Strange

(R ,I)and Neutron (R .1, )stars.
(PP) ! (PP) s 4,34463 | 4.53723 5.1094 6.16863
MIM 1.2 1.3 1.4 1.5
Ry , km 7.48 7.62 7.69 7.68
Rys » km 11.75 11.72 11.7 11.68
I ,x10%* gm cm? 0.65 0.74 0.825 0.9
Iy ,x10® gm cm? 1.08 1.2 1.36 1.72

Using the data for the mass, the radius, the moment of inertia of neutron
stars and strange stars we have calculated the ratio of spin down of neutron star to
one of the strange star for the compact stars of the different masses. Results are
summarized in the table 2 from where one can see that the strange star is spinning
down approximately 5 times slower that the neutron star.

Table 2
The dependence of the ratio (PP) ! (PP) «sTrom the different parameters of the compact

object: mass (in units of solar mass), radii and moment of inertia of the Strange
(R, 1, )and Neutron (R, .1, )stars surrounded by plasma magnetosphere

(PP) I (PP), 0,2053 0.2165 0.2199 0.2146
MIM. 1.2 1.3 1.4 1.5
R , km 7.48 7.62 7.69 7.68
Rys » km 11.75 11.72 11.7 11.68
I ,x10® gm cm? 0.65 0.74 0.825 0.9
s ,x10% gm cm? 1.08 1.2 1.36 1.72

As an important application of the obtained results we have calculated energy
losses of slowly rotating strange star and found that the strange star will lose more
energy than typical rotating neutron star in general relativity. The obtained
dependence may be combined with the astrophysical data on pulsar period
slowdowns and be useful in further investigations of the possible
detection/distinguish of the strange stars.

The total energy loss resulting from the magnetized star causing plasma
outflow through the polar cap region, is determined through an integral over the
whole polar cap area, and so it depends on both the kinetic energy density of the
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outflowing plasma and the surface area of the polar cap. Although general
relativistic effects lead to some increase in the energy density of the outflowing
plasma (due to the increase in the surface magnetic field strength for a given
magnetic moment), the area of the polar cap is smaller in general relativity and the
increasing the energy density of the outflowing plasma cannot compensate for the
shrinking in size of the polar cap. Therefore the total energy losses of the star are
significantly smaller in general relativity than in Newtonian theory. Since strange
stars have bigger compactnqgess parameter than that of neutron stars the energy
loss of the strange stars is much slower.

In the appendices we present the exact expressions for the electromagnetic
field around rotating non-Kerr back hole immersed in external magnetic field;
expressions for the electric and magnetic field around nonrotating black hole with
nonvanishing gravitomagnetic charge; potential of electromagnetic fild around
Kehagias-Sfetsos naked singularity in external magnetic field; equation of motion
of photons and particles around Kehagias-Sfetsos naked singularity in the external
magnetic field.

CONCLUSION

According to the results of the research carried out on the theme of the
doctoral dissertation “Particles and electromagnetic fields around axial-symmetric
compact gravitating objects”, the following conclusions are presented:

1. We have developed a new general and coordinate-independent formalism in
which the shadow is described as an arbitrary polar curve expressed in terms of a
Legendre expansion. It was revealed that the first five coefficients of the
polynomial expansion is sufficient to describe the properties of rotating black holes
shadow with the accuracy of ~0.1%. Our formalism does not presume any
knowledge of the properties of the shadow and offers a number of routes to
characterize the properties of the curve. It has been shown that the proposed
definition of distortion of black holes shadow are stable under the signal noise.

2. The analytical expressions for the vacuum electromagnetic fields of
deformed rotating black holes in the external asymptotically uniform magnetic
field hads been obtained. It has been revealed that the induced electric field around
the deformed black hole depends on the deformation parameter linearly, and the
magnetic field squared.

3. An upper limit for the deformation parameter for the rotating non-Kerr black
hole has been obtained through comparison of the observable values of the radius
of innermost stable circular orbits with the theoretical results obtained in the
dissertation as € < 22.

4. It has been obtained the silhouettes of the rotating black holes shadow in the
presence of an inhomogeneous plasma, which can be used to identify additional
asymmetries in the shape of the shadow and retrieve information on the plasma
parameters and the central compact object.
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5. Expressions for energy and momentum, as well as radii of innermost stable
circular orbits of charged particles in the vicinity of a black hole with
gravitomagnetic charge immersed in external magnetic field has been obtained. It
has been established that due to the existence of gravitomagnetic charge particle
are prevented from acceleration to infinitely high energires.

6. It has been shown that In the presence of a plasma the observed shape and
size of the shadow changes depending on (i) the plasma parameters, (ii) the black
hole spin, and (iii) the inclination angle between the observer plane and the axis of
rotation of the black hole. It has been found that the observed size of the shadow of
the black hole decreases due to the refraction of electromagnetic radiation in a
plasma environment. It was shown that with the increase of the dimensionless
plasma parameter, the maximum value of the energy emission rate from the black
hole decreases due to the decrease of the size of the black hole shadow.

7. 1t was shown that for the high efficiency of the ultrahigh-energy processes
relative to distant observers, both the non-existence of the horizon, and the strong
rotational effects are necessary; it was also shown that significant magnification of
the efficiency of the ultra-high energy collisions is possible due to additional
electromagnetic phenomena influencing collisions of charged particles.

8.1t was shown that energy extraction through Penrose process is more
realistic process among the energy extraction mechanisms from the rotating black
hole in Horava-Lifshitz scenario; moreover, due to the Horava-Lifshitz gravity
correction particles could be prevented from the infinite acceleration.

9.1t was shown that the effect of compactness of strange star on the
electromagnetic power loss of the star is non-negligible and may help in future in
distinguishing the strange star model via pulsar timing observations. It was found
that the relativistic strange star would lose more energy than typical rotating
neutron star in general relativity. The obtained dependence may be useful in further
investigations of the possible detection/distinguishment of the strange stars.
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