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OO0mas xapakTepucTUKa padoThl

AKmyanbuocmb membol U CmeneHsv eepa3pa60manuocmu

N3 Bcex BO3MOXHBIX KJIACCOB aKTUBHBIX si/Iep TaJaKTUK Hanbosee SpKUMU
MCTOYHMKAMU B TraMMa-JIMala3oHe SBISIIOTCA Ona3apbl, HMEIOIIME JIXKETHI,
HaIpaBJeHHbIE B CTOpOHY HabOmoaarens. Kak mpaBuiio, THIUYHOE CHEKTPaIbHOE
pacnpenenenue sueprun (Spectral Energy Distribution unu SED) 61a3apoB umeet
XapakTepHyto AByropOyrwo crpykrypy. llepseiii mmx SED, naxonsmmiics B
HHEPreTUUECKOM Jlhala3oHe OT HH(QPaAKpacHOro JI0 PEHTTEHOBCKOIO, BbI3BAaH
CUHXPOTPOHHBIM H3JIyY€HHEM PEISTUBHCTCKUX JJIEKTPOHOB B JIKETE, a BTOPOMH,
HaxXOJIAIIMNCA B PEHTT€HOBCKOM - FaMMa-/IMana3oHe, - 00paTHbIM KOMIITOHOBCKHUM
U3JTyYCHUEM DJJIEKTPOHOB Ha (DOTOHHBIX TMOJISIX WJIM AJPOHHBIMU TMPOIECCAMHU.
[ToMuMO mpouYMX CBOWCTB 0J1a3apoOB, MPEICTABISAIOIINX HAYYHBIA HUHTEPEC, OHU
TaKK€ HCIHOJIB3YIOTCSI B KayeCTBE CTaHAAPTHBIX CBEUEW Il U3YYEHUS
MPO3pavyHOCTH BceneHHoW Mo OTHOLIEHWI0 K raMMa-kBaHTaM. ['amMMa-KBaHTBI OT
nanékux 0Jia3apoB MOJBEPKEHBI MOIMVIONIEHUI0 Ha (oToHax BHeramakTuyeckoro
®onoBoro Uznyuenus (Extragalactic Background Light unu EBL) nmocpenctsom
npoiiecca oopazoBaHus map. ITo 03Hayaet, uto Habmoaaemeie SED ramma-kBaHTOB
OT TAaKUX HCTOYHUKOB OyAyT 0oJjiee MITKUMHU IO CPABHEHUIO C TMEPBHUYHBIMU.
[lepBuunbie (Wi BoccTaHoBieHHbIE) SED MOXHO TONy4HUTh, CKOPPEKTHPOBAB
HaOmonaembie SED ¢ y4€TOM BBIIIEYNIOMSHYTOTO MOTJIOIIEHHUS] TaMMa-KBaHTOB B
Meraranaktuke. B nanHoii paboTte paccMaTpuBarOTCs T.H. SKCTpeMaiibHbie ToBHbIC
0J1a3aphl, TO €CTh OJ1a3apbl, KOTOPHIE UMEIOT MUK BoccTaHoBIIeHHOr0 SED B ThBHOM
nuanazoHe. Ha gaHHBIE MOMEHT OBUIO 3aperucTpUpOBAaHO OKOJO JIECATH
sKcTpeMabHbIX T3BHBIX OnazapoB [1]. IlepBbie ramMma-kBaHThl B T3BHOM

JMana3oHe OT 3KCTpeMalibHbIX TABHBIX 051a3apoB 3aperucTpUpPOBaHbI TEIECKOTIOM



H.E.S.S. B pabote [2]. OnHuUM U3 CBOMCTB, KOTOpBIE OTIMYAIOT HKCTPEMAaJIbHBIC
T>BHble 051a3apbl OT OCTaJbHBIX TUIIOB 0J1a3apoB, SBISIETCS UX MEJUIEHHas (Kak
MPaBWIIO, MECAUBI-TOABI) M cialas (Bapuamus aMmImIUTYIsl C (pakTopom <2)
NEePEeMEHHOCTh. biaroaaps 3Toil cinaboif mepeMeHHOCTH OHU MPEACTABISAIOT COOOM
UacaJbHble  OOBEKTHl JJI  HCCIENOBAaHUS  MOJENEH  BHETaJlaKTHYECKOIO
pacupocTpaHEHUs YACTHII.

HccenenoBanue INPOXOXKACHHUS TaMMa-KBAaHTOB OT JalEKUX HMCTOYHUKOB,
TaKUX Kak »JKcTpemaibHble TsBHble Onazapbl, B MeTaranakTuke SsBISETCS
MIEPCIIEKTUBHON HAYYHOM 3aJ1aueii, U3y4YEHNE KOTOPOU MOKET ITO3BOJIUTH YTOYHUTD
CTPYKTYpY BHeranaktudeckux MaruuTHbIX (Extragalactic Magnetic Field, EGMF) u
¢dotonnbix nozneit. Hanpumep, EGMF OTKIOHSIOT 3apsKeHHbIE YacTHIBI Kackaja
M0 MyTH OT MCTOYHHMKA K HAOIIOJATENI0, YTO OTPAKaeTCsl Ha 3HEPreTHYECKOM,
YIIIOBOM W BPEMEHHOM paclpeleliecHHd HaOIoaeMbIX raMMa-KBaHTOB [3,4].
Takum 00pa3oMm, H3yYEHHE OTUX pACIPEACIICHUA MO3BOJISIET IOCTaBUTH
orpaHuueHusi Ha BenuuuHy W CTpykTypy EGMF. Takxke, Ha [aHHBIA MOMEHT
CYIIECTBYET HeckoJibko mojene EBL, HO ero cmektp ompenenéH HETOYHO, B
0COOEHHOCTH, B OOJACTH BTOPOro MNHKa (CPEOHUN - JanbHUN HHPpPaKpaCHBIN
nuana3oH). lccnenoBaHue KacKaJHbIX MOJENIEH MOXET IOMOYb IIOCTABUTH
orpannyeHuss Ha cnektpel EBL. IlomMumo »3Toro, umcciienoBaHue KacCKaaHBIX
MOJIEJIEN TIO3BOJISIET ITOCTAaBUTh OIPAHUYEHUS HA MMAPaMETPhl TAKMX IK30THUYECKHUX
IPOLIECCOB, KAK, HAIIPUMEP, IPOLECCHI C HapyIIeHHEM JIOpEeHII-NHBapUAHTHOCTH.

Astopsl [5] momyumim BocctanoBiieHHble SED pasnuuHbIx 6J1a3apoB (B TOM
quclie 3KCTpeMaibHbIX TABHBIX Ona3apoB) U OOHApPYXWIM YTO AJII HECKOJBKHX
MCTOYHUKOB HAOJIIOJAETC AaHOMAJbHBIM M30BITOK YKCJAa TaMMa-KBAaHTOB B
ONTHUYECKH TOJICTOM oOslacTh criekTpa (Tpu SHEprusx mnopsaka eauHul; TaB).
ABTOpBI [6] Takke MpOBENM HCCIEIOBAaHHE ITOM AHOMAIMM W YCTAHOBHIM €€

CYIIECTBOBAHME CO 3HAYMMOCTBIO 2 CTaHJApPTHBIX OTKJIOHEHHs. OnHa U3



MEPCIEKTUBHBIX MOJENEH pacnpoCTpaHEHUsi raMMa-KBaHTOB B MerarajgakTuke,
CIIOCOOHBIX OOBSICHUTH JIAHHYIO OCOOCHHOCTh BOCCTAHOBJICHHBIX CIIEKTPOB
051a3apoB, - 3TO MOJENIb T.H. akCHOHONOI00HBIX uacTull (Axion-Like Particles,
ALP). ALP nipecraBisior co00# IceBIoCKaISIpHBIC 0030HBI ¢ TIPECIIBHO HU3KUMHU
MaccaMu, CIOCOOHBIE OCIIMJUTMPOBAaTh B POTOHBI U 0OOpaTHO HamoaoOue mporecca
ociuSIui HeWTpuHO. [lo MyTH OT MCTOYHMKA K HAOMIOJATENI0 raMMa-KBaHTHI
OUYEHb BBICOKHMX SHEPTuil OT 0Jia3apoB MOTYT IepexoauTh B ALP B MarHuUTHBIX
MOJIAX, TIPOXOJIUTh 3HAUUTENbHOE paccTosiHue kak ALP, Takum oOpazoM MuHYs
noryomenne Ha ¢oroHax EBL, a 3aTtem mepexoauTs oOpaTHO B raMMa-KBaHTBI
BOJIM3M K HAOJII0JATEINIO.

OTKphITHE AKCMOHOMOAOOHBIX YACTHUI] MYTEM IMOMCKA OCHMJUIALMK ramMmma-
kBaHTOB B ALP wu o00parHO mnoTpeOyeT TIIATEIbHONM OLEHKM M y4déra
acTpou3ndeckoro (GpoHa ajs 3TOro Mpolecca U, 3aTeM, MOAABIECHUS 3TOro (QoHa.
Kackagnpie ramMma-KBaHTBl OT IMEPBUYHBIX MPOTOHOB MPEACTABIAIOT Hauboiee
OIMacHBI MCTOYHMK (OHA JuIs mporecca ocumutaiuii ramma-ALP [7]. TTosatomy,
MCCJIEIOBAHME TJIABHBIX XapaKTEPUCTUK KACKaJHBIX MOJEJIEH, a TaKKe MOJyuYEeHHE
AHEPreTUYECKHUX CIEKTPOB U YIJIOBBIX pa3MepoB 0J1a3apoB B paMKax 3THUX MOAENIEH
U CpaBHEHHE HX CO chekTpamMu B Mozensix ALP mno3BosisieT MNOTEHIHAIBHO
YMEHBIIUTH (POH IS MOMCKa ocuuiuanuii ramma-ALP B onTruecku ToncToi yactu

CHEKTPOB 0J1a3apoB.
Ilensb u 3a0auu uccneoosanusn
[lenbto  maHHOM  JUCCEPTALIMOHHOW  pabOTHI  SIBISJIOCH  M3Y4YEHHUE

BO3MOXHOCTEHW MHTEpIIpeTaliui HabIt0IeHU SKcTpeManbHbIX THhBHbBIX 01a3apoB B

paMKax ABYX BapI/IaI_II/If/JI BHCTAJIAKTHYCCKUX KaCKaaHbIX Mozxeneﬁ



(2JIEKTpOMAarHUTHOM W aJpPOHHOM) M pa3HbIX BapualMil BHETAJAKTHYECKOIO
MarHUTHOTO TOJIs (BKJIIOYasi COBPEMEHHBIE aCTPOPU3UUECKUE MOJICIH).
B pabore penieHsl ciaeayomuye 3a1a4uu:

1. Pa3pabotana Meroauka pacuéra XapakTEPUCTHK MOTOKOB
HAOJIIOIAeMbIX ~ TaMMa-KBAaHTOB  OT  BHETAJIAKTUYECKUX  HMCTOYHHKOB
KOCMUYECKUX JIyded TMpelesIbHO BBICOKMX DSHEPrUi, YYMUTHIBAIOIIAs
BHETAJIAKTUYECKHUE KACKabl.

2. PeanuzoBan OPUTHMHAJIbHBIN KOJ, COCIUHSIOIINHN
MOJICTUPOBAaHUE TIOTEPh TMEPBUYHBIX YACTUIl TPU B3aUMOJCHCTBUMU C
(OTOHHBIMU TIOJISIM, UX OTKJIOHEHUW BHETAJaKTUYECKUM MAarHUTHBIM TOJIEM,
a TAK)K€ KaCKaJHBIX MPOIECCOB.

3. C nmnomompl MOJYYEHHOTO KOJAa IMPOBEAEHBI  PacCyETHI
HAO0JIIOIAEMBIX CIIEKTPOB TaMMa-KBaHTOB W YIJIOBBIX pa3MEpOB TraMma-
M3JIy4YeHUsl SKCTpeMalibHBIX TaBHBIX 01a3apOB U COMOCTABIICHBI C JaHHBIMU
HAOJIOICHU W OCHOBHBIMHM XapakTepucTukaMu (auddepeHmanbHpIMU
YYBCTBUTEJIILHOCTSIMU U YIJIOBBIMU Pa3pelICHUsIMH) CYIIECCTBYIOIIUX U

MIPOEKTUPYEMBIX TaMMa-TEJIECKOIOB.

Oo6vexkm u npeomem uccnedo8anHus

OOBEKTOM JaHHOIO HCCIEIOBAaHUS SBJSIIOTCS AKCTpeMaibHble TrBHbIE
0Jla3apbl, TO €CThb AaKTHUBHBIC SIipa TalaKTUK, Y KOTOPBIX JDKET HampaBlieH
MPEUMYIIECTBEHHO 10 HANpaBJIEHUWIO K HAOMIOAATENI0 M KOTOPble UMEIOT IHK
BoccTaHoBieHHoro SED B TsBHoM nuamnasone. KoHKpeTHBIE HMCTOYHUKH,
paccMmaTpuBaeMble B TaHHOM paboTe, uMmeroT kpacHbie cMetienus 0.14 < z < 0.29.
[IpenMer naHHOTO MCCIEIOBAHUS - 3TO HAOIIOAaeMble YIIIOBbIE U SHEPTETHUECKHE

pacupeaciacHus ramMmma-KBaHTOB oT JaHHBIX HCTOYHHKOB B paMKax



BHCTAJIAKTHYCCKHUX KaCKaJHBIX MOI[@JIGFI.

Memooonozusa uccineoosanus

OcHOBHBIE pPE3yJbTAaThl, NPEJCTABICHHBIE B JHCCEPTAIIMOHHONW paboTe,
MOJIy4eHBI C TIOMOIIBI0 METOJOB MaTeMaTHYECKOTO MOJCITUPOBaHUS. bpuim
HCIIOJIb30BaHbl KaK OTKPBIThIC Iporpammubie koabsl CRPropa3 [8], ELMAG 2.03
[9], Tak u pa3spaboTaHHBII ABTOPOM OPUTHHATIBHBINA THOPUIHBIN KOJI, COSTUHSIOIINI
pacy€éTel Ha OCHOBE aHAJUTHYECKUX YPAaBHCHHH, WCIOJIB3YEeMbIE IS
pacnpocTpaHeHus IEPBUYHBIX MPOTOHOB U pacy€Ta uX NoTepb Ha (POTOHHBIX MOJIAX,
C YHCJICHHBIM MOJICITMPOBAHUEM OTKIOHEHUS 3TUX MMPOTOHOB BO BHETAJAKTUYECKOM
MAarHuTHOM TI0JI€ M YHCJCHHBIM MOJCIMPOBAHUEM HAOJIIOJAEMBIX CIIEKTPOB OT

KaCKal0B, MHUIIUUPOBAHHBIX BTOPUYHBIMH YdCTUIIAMMH.

Hayunasa noeusna

[Ipennoxxena rtuOpuUIHAS METOJWKA, OOBEAUHSIONIAS MOJEIUPOBAHUE
B3aMMOJICUCTBUIM TEPBUYHBIX YacTUIl C (OTOHHBIMH TOJSIMH TPU  HX
pacOpoCTpaHEHUH B MEXTAIAKTUYECKOW CpeAe W PACUET MPOMEKYTOUHBIX
KaCKaJHbIX CIIEKTPOB OT BTOPMYHBIX YaCTUL[ OTUX B3aUMOJECUCTBUM B
MPEANOI0KEHNN C1ab0l YHHBEPCAIBHOCTH (CHEKTp Kackajla HE 3aBUCHUT OT
SHEPTrUM W TUMNA WHUIUHUPYIOMIEH KAacKaJ YacTUIbl, HO 3aBUCUT OT BEJIUYHUHBI
KpPaCHOTO CMEIIICHUs TOUKHM Havayia kackana). s MmoauduimpoBaHHOM aapOHHOM
MOJIENIY JaHHAsI METOIMKA TAKKE BKIIFOYAET MOJAECITUPOBAHUE OTKIIOHEHHUS POTOHOB
BO BHETAJIAKTUYECKOM MArHUTHOM TT0JI€, ONTUChIBAEMOM COBPEMEHHBIMU MOJEIISIMH.

Pa3paboTan opurnHaIbHBIA TPOTPAaMMHBIA KOJI, OCHOBAaHHBIN Ha JTaHHOMN

TUOPUIHON METOJAMKE M UCIIOIB30BABIIUNCS I pacuéTa HAOII0JaeMbIX CIIEKTPOB



raMMa-KBaHTOB H YIJIOBBIX pPa3MEPOB TaMMa-U3JIy4eHUs OT DSKCTPEMaIbHBIX
T>BHBIX 6;1a3apoB B paMKax aJIpOHHON KacKaJIHOW MOJIEIIH.

B pamMkax »neKTpOMarHMTHOM KacKaJHOM MOJEIN BIEPBBIE IPOBEICHO
¢uTHpoBaHME  HAOMIOMAEMBIX  SHEPreTHYECKHX  CIEKTPOB  MOJEIbHBIMU
3aBUCUMOCTSIMU Ji1 OOJIBIION BBIOOPKM 3KCTpeMaibHbIX T3BHBIX OrnazapoB, u
JeTabHO OMUCAHBl UX OCHOBHBIE OCOOEHHOCTH B paMKaxX 3TOM MOJEIH.

BnepBbie paccuutaHbl HaOMOlaeMble  DHEPreTUUYECKHUE CHEKTPhl U
3aBUCUMOCTHM OT DJHEpPruu KBaHTWIEH HaO0J0laeéMoro YIJOBOTO pa3Mmepa
BHETaJaKTUYECKUX HMCTOYHHKOB MPOTOHOB MPEAEIIBHO BBICOKUX 3HEpruid (Ooiiee
KOHKPETHO, JKCcTpeMalibHbIX TaBHbIX OnmazapoB 1ES1101-232, 1ES0229+200 u
1ES0414+009) ¢ y4éTOoM OTKJIOHEHUS IEPBUYHBIX TPOTOHOB BO BHETAJAKTUYECKOM
MarHuTHOM 1oie (MoauduIupoBaHHAs  aJpoOHHAs  KackajgHas  MOJEIb),
OIIMCBIBAEMOM COBPEMEHHBIMU acTpou3nyecKuMu MOJESIMU,
COOTBETCTBYIOIIMMH KPYITHOMACIITAOHOW CTPYKTYpE paclpeiesieHus MaTepun BO

Bcenennoii (0onee koukpeTHo, moaeasmu [10] u [11]).

HOJZOJ!C‘@HM}I, 6blHOCUMbBlE Ha 3auiumy

1. HaGnrogaemplil ciekTp raMma-KBaHTOB OT 3KCTpeMalibHbIX T3BHBIX
0y1a3apoB B paMKax MOIU(UIIMPOBAHHON aJPOHHOM KACKAJHOW MOJEIU HMEET
IIOABJICHUE IIPU BBICOKUX DHEPIUsX.

2. OkcTtpemanibhblie ToBHbIE Oazapsl MOTYT OBITh 3aperuCTPUPOBAHBI
KaK OpOTSOKEHHbIE (@ HE TOYEYHbIE) MCTOYHUKHM JIEUCTBYIOIIMMH U
IPOEKTUPYEMBIMU FaMMa-TEJIECKONIAMH.

3. MexranakTU4eCcKue Kackaabl OT NPOTOHOB NPEAEIBHO BBICOKHX
DHEPruil HE MOTYT 3HAYUTENIbHO TMOBBINATh 3(P(HEKTUBHYIO MPO3PAYHOCTD

Bceenennoil g ramMMma-KBaHTOB OYEHb BBICOKMX DJHEPIrUM, B CJy4yae €CId



OTKJIOHEHUE 3THX MNPOTOHOB B CKOIUICHHUSIX TAJIAKTUK W BO BHETAJAKTUYECKHUX
GuIaMeHTax HACTOJBKO CHJIbHOE, KakK TNpeickaspiBaeTcss Mojenbio [10] (wm

CWIBHEE, YEM IIPEJICKA3BIBACTCSA ITOW MOJENBIO).

Teopemuuecmm U npakmuuecKkas sSHauumocmas

[Ipomecc pa3BUTHS BHETAIAKTUYECKUX JJICKTPOMArHUTHBIX KAacKajoB OT
MEePBUYHBIX MPOTOHOB MJIM TaMMa-KBaHTOB MPHUBOJAUT K 00Opa30BaHUIO BTOPHUYHBIX
(KacKaHBIX ) TaMMa-KBAaHTOB, KOTOPHIE HAOJIFOTAFOTCSl rTaMMa-TEIeCKOTIaMU U MOT'YT
UMETh JIOCTAaTOYHO BBICOKHE DHEPTHH (BIUIOTH A0 HECKOJBKUX ThB). OTH ramma-
KBaHTHI MPECTABIISIOT CO00M (hOH, MACKUPYIOITUI MPOIECCHl OCIUJUISIUMNA raMMa-
KBAaHTOB B aKCHOHOIOJ00HBIE YacThlbl. [l0aTOMY, MCCIeIOBaHNE U TIO/IaBJICHHE
aTOor0  (GoHAa  TMOMOXKET  yHOPOCTHTh  IOMCKH  TpoIlecca  OCHMJIISIIHMA
AKCUOHOITOJOOHBIX YaCTHUIl B TaMMa-KBaHTEI.

[TonydenHble B JaHHOW pabOTE PHEPrETHYECKUE CIEKTPHI W 3aBUCHUMOCTH
KBaHTHJICH HAOJFOMAEMOTr0 YTJOBOTO pa3Mepa HMCTOYHHUKOB OT SHEPTHH MOTYT
WCIIONIB30BaThCA 11 CpaBHEHUS ¢ OyAylmuMU JaHHBIMH HAOJIIOJECHUN OTHX
HMCTOYHUKOB TaMMa-TeJIeCKOaMy CJICIYIOMEero IokojeHus, Takux kak CTA wu
LHAASO.

['ubpugnass meronuka, KoTopas Oblia pa3paboTaHa B JIaHHOU
JTUCCEepTAallMOHHONW  paboTe, MOXET OBbITh HCIOJIB30BaHA I Oyaymmx
MCCJICIOBAHUI BHETATAKTUYECKOTO PACIIPOCTPAHCHUS BBICOKOOHEPTUYHBIX TaMMa-

KBAaHTOB U KOCMHUYCCKHNX J'Iy‘-ICfI npcaciabHO BEICOKHUX 3HCpFHI>i.

Cmenenb ()ocmosepuocmu pe3yiromamoe

JIOCTOBEPHOCTh PE3yJIbTAaTOB, MOJYYEHHBIX C IMOMOIIBIO MpejjaracMoi B



JaHHOW  paboTe THOpPUAHOW  METOMWKH (B MPEANoOJIOKEHWH  cIaboii
YHUBEPCAIBHOCTH, O3HAYAIONIEH, UTO HAOII0JaeMble CIIEKTPhI Kackaja He 3aBUCST
OT DHEPrUM W THUIIA 4YaCTUIbl, WHUIMHPYIOIMIEH Kackaa) oOecrneuynBaeTcs
CpaBHEHHUEM C pPe3ylbTaTaMH, MOJYYCHHBIMH C TIOMOIIBIO APYTOd THOPHIHOU
METOJIMKH, MPeANoararonieil MoJAeIMpoBaHre pacPOCTPAHEHUS ITUX YacTUIl O€3
JomymieHus:  cinabol  yHuUBepcadbHOCTH. DOpMBI  MOJEIBHBIX  CIIEKTPOB,
MOJIYYEHHBIX JUIsl 0a30BOM apOHHON MOEIIN, HAXOASITCS B COOTBETCTBUHU C (hOpMOMA
MOJICIIBHBIX CIIEKTPOB, MOJIYYCHHBIX APYTUMH aBTOpaMu (B yacTHOCTH, [12], [13] u
[14]). Pesynbrarhl, MOJYYCHHBIE C ITOMOIIBIO OTICIBHBIX 4YacTed KoJja,
UCIIOJIB3YIOIMX AaHAIUTUYECKHE W MOJIETbHBIE pacd€Thl, CPABHUBAIUCH C

pe3ysibTaTaMu aBTOpoB 3TuX pacuéroB ([15], [16], [17], [10], [18]).
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Interactions, 2016, MockBa, Poccus;

25 European Cosmic Ray Symposium, 2016, Typun, Utanus;

The 2nd International Conference on Particle Physics and Astrophysics, 2016,
Mocksa, Poccus;

35th International Cosmic Ray Conference, 2017, bycan, IOxHnas Kopes;

Half a Century of Blazars and Beyond, 2018, Typun, Utanus;

26th Extended European Cosmic Ray Symposium and 35th Russian Cosmic
Ray Conference, 2018, bapuayin, Poccus;

QUARKS-2018 20th International Seminar on High Energy Physics, 2018,

Banpaii, Poccus;



The 2019 TeV Particle Astrophysics conference (TeVPA 2019), 2019,
Cupnneii, ABcTpanus;
The extreme Universe viewed in very-high-energy gamma rays 2020, ornaiia

KOH(epeHIIHS.

Ilyonuxkayuu asmopa no meme ouccepmayuu

OcHOBHBIE pe3yJbTaThl JUCCEPTAIMOHHON paboThl omyOnuKoBaHbl B 11
MeYaTHbIX paboTax, B TOM 4YHCIE B / CTaThbsIX B PEIEH3UPYEMBIX >KypHajax,
uHgekcupyembix B Web of Science u Scopus u peKOMEHI0OBaHHBIX JIJIs 3aIlUThI B
nrccepTauuoHHOM coBete MI'Y 1o crienuanbHOCTH.

B peyensupyemvix ocypnanax, unoexcupyemwix Web of Science u SCOPUS:

1. Khalikov E., Dzhatdoev T. Observable spectral and angular distributions of
gamma-rays from extragalactic ultrahigh energy cosmic ray accelerators: the case of
extreme tev blazars // Monthly Notices of the Royal Astronomical Society,
505(2):1940-1953, 2021. Impact Factor: 5.287 [DOI: 10.1093/mnras/stab1393];

2. Emil Khalikov. Modeling gamma-ray seds and angular extensions of
extreme tev blazars from intergalactic proton-initiated cascades in contemporary
astrophysical egmf models. UNIVERSE, 7(7):220, 2021. Impact Factor: 2.278
[DOI: 10.3390/universe7070220]

3. T. A. Dzhatdoev, E. V. Khalikov, A. P. Kircheva, and A. A. Lyukshin.
Electromagnetic cascade masquerade: a way to mimic gamma-axion-like particle
mixing effects in blazar spectra. Astronomy and Astrophysics, 603(59):1-24, 2017.
Impact Factor: 5.802 [DOI: 10.1051/0004-6361/201629660];

4. T. A. JIxarnoes, O. B. Xamuko, A. II. Kupuera u A. A. JlrokmuH.
Oco0OeHHOCTH CIEKTPOB 01a3apoB B paMKax JJICKTPOMAarHUTHOM W aJPOHHOU

MOJIEJIEM MEXKTaJaKTUYECKOTO Kackaaa. M3Bectuss Poccuiickoi akaaeMuu Hayk.



Cepus msuueckas, 81(4):157-162, 2017. Nmnakr daktop (SJR): 0.226 [DOI:
10.3103/S1062873817040165];

5. C. A. baknarun, T. A. [Ixatnoes, A. I1. Kupuesa, A. A. Jlrokmus u 3. B.
XaJINKOB. KaCKaI[BI OT IICPBUYHLIX IraMMa-KBAHTOB W SAJCP - UCTOYHUK (I)OHa JJIA
MOMCKa OCHWIIAIMK (OTOHOB B  aKCHOHOIOJO0OHBIC 4yacTuilbl. Dusuka
AJIIEMEHTAPHBIX YaCTUIl U aTroMHoro sijapa, 49(1):157-162, 2018. Mmnakt ¢daktop
(SJR): 0.242 [DOI: 10.1134/S1063779618010045];

6. Timur Dzhatdoev, Emil Khalikov, Egor Podlesnyi, and Anastasia Telegina.
Intergalactic gamma-ray propagation: basic ideas, processes, and constraints.
Journal of Physics: Conference Series, 1181(1):1-6, 2019. Impact Factor (SJR):
0.210 [DOI: 10.1088/1742-6596/1181/1/012049];

7. T. A. Dzhatdoev, E. V. Khalikov, A. P. Kircheva, and A. A. Lyukshin.
Testing models of extragalactic gamma-ray propagation using observations of
extreme blazars in gev and tev energy ranges. Journal of Physics: Conference Series,
798:1-5, 2017. Impact Factor (SJR): 0.210 [DOIl: 10.1088/1742-
6596/798/1/012002].

Jlpyeue nyoruxayuu asmopa:

1. Timur Dzhatdoev, Emil Khalikov, Anna Kircheva, Egor Podlesnyi, and
Anastasia Telegina. Intergalactic electromagnetic cascades in the magnetized
universe as a tool of astroparticle physics. EPJ Web of Conferences, 191(08009):1-
8, 2018. [DOI 10.1051/epjconf/201819108009];

2. Timur Dzhatdoev, Emil Khalikov, Anna Kircheva, and Alexander
Lyukshin. The vhe anomaly in blazar spectra and related phenomena. EPJ Web of
Conferences, 145(17002):1-6, 2017. [DOI: 10.1051/epjconf/201614517002];

3. Dzhatdoev Timur, Khalikov Emil, and Kircheva Anna. Extragalactic



$\gamma$-ray propagation: beyond the absorption-only model. Proceedings of
Science, 301(866):1-8, 2017;

4. Dzhatdoev Timur and Khalikov Emil. An excess of extreme tev blazars
from the fermi lat distribution on the voidiness parameter. Proceedings of Science,
301(863):1-8, 2017.

Oobvem u cmpykmypa ouccepmayuu

Jluccepranusi COCTOUT U3~BBEJICHUS, YETHIPEX TJIaB U 3akitoueHus. [TomHbIit
o0beM auccepranuu coctaBisier 152 crpanunibl ¢ 46 pucynkamu u 1 Tabnuiiei.

Crmcok muTepaTypsl COACPKUT 292 HauMEHOBAHUS.

Cooeporcanue padomut

Jluccepranusi COCTOUT U3 BBEACHHUS, YETHIPEX IJIaB U 3aKJIFOYECHUS.

B mepBoii riaBe omMcaHbl BaXHEWIIHME MPOUUIbIC, JACHCTBYIOIIHUE U
MPOEKTUPYEMBIE SKCIIEPUMEHTBI, PETUCTPUPYIOIIME BHETAJAKTUUECKUE TraMma-
KBaHTbl BBICOKMX M OYEHb BBICOKHMX JHEPIUH, a TAKXE€ OCHOBHBIE WCTOYHUKHU
BHETAJIAKTUYECKOTO TaMMa-U3JTy4YCHHUS.

OCHOBHBIE HMHCTPYMEHTHI, PETHCTPUPYIOIINE BHETATAKTUYECKOE TraMma-
U3ITyYeHUE, IETATCA Ha TPU THUIMA: OpOUTAIBHBIE TaMMa-TEJIECKOIIbI, aTMOC(hEPHbBIC
YEPEHKOBCKUE TEJECKOIBl M THOPUIHBIC JETEKTOPHI / TeTeKTOphI yacTuil. B nepBom
¥ BTOPOM paszenax MepBOM IJ1aBbl OMMCAHbI METOAbI PETUCTPALIMM FAMMa-KBAHTOB
BBICOKMX M OYEHb BBICOKHMX JHEPTHH, PEaIM30BAHHBIE B TEJIECKOMAX ATHUX TPEX
TUIOB, a TakKXKe NpPUBEAEH 0030p BCEX OCHOBHBIX TaMMa-TEJIECKONOB, UX

XapaKTCPUCTUK, HAYUHBIX 3a/1a4 U I'NIaBHBIX PC3YJIbTATOB.



Tperunii pa3aen MepBOM TIABBI MOCBSIIEH KPATKOMY OMMCAHUI0 OCHOBHBIX
MCTOYHHUKOB BHETAJIAKTUYECKOTO ramma-uznydeHus. Ocoboe BHHMaHHE B 3TOM
paszene yAelseTrcsl ONUCAaHUI0 CBOMCTB 0OJyla3apoB M, B  OCOOEHHOCTH,
sKCTpeMalbHbIX ToBHBIX O1a3apoB, MpenCTaBISMIONINX HAUOOJIBIINNA UHTEpEC AJIs
JTAaHHOU PabOTHI.

Bo BTOpoOii rinaBe o0CcyxaaroTcs BHETaIakKTUYeCKue (DOTOHHBIE MO (pa3aen
1), BHEraJJakTHY4ECKOC MarHWTHOE moJie (pasien 2), a TakKe OCHOBHBIC MOJICIH
pacrpocTpaHeHus raMMa-kKBaHTOB B MeTaranakTtuke (pas3zaen 3).

Hanbosiee MHTEHCUMBHBIM BHETAJaKTHUYECKUM (POTOHHBIM IOJIEM MOXHO
CUMTAaTh KOCMHMYECKOE MHKpPOBOJIHOBOE (poHOBoe wu3inyueHue (CMB) wnn
PEIMKTOBOE H3JIy4Y€HUE, BO3HHKIIEE B 310Xy pexomOuHanuu. CMB uzotpomnHo,
OJTHOPOJHO C JOBOJILHO OOJIBIION TOYHOCTBIO, 3aIOJIHAET BCE MPOCTPAHCTBO
Bcenennoil u uMeeT TEIJIOBOM CHEKTP C XapakTepHOM Temreparypou 2.725 K u
IIOTHOCTEIO SHepruu 0.25 5B/cM®,

Breranaktuueckoe (oHoBoe msnyueHue (EBL) - 310 cBeT, M3mydeHHBIH
3BE31aMU M aKTUBHBIMH  SIIpAMH  TaJlaKTUK W TEPEU3Iy4EHHBIH WK
MepepacCcestHHbIA YaCTUIAMU KOCMHMYECKOW MBUIM 3a BCE BpeMs CYIIECTBOBAHUS
Bcenennoit. OCHOBHas €ro 4acTh pacnojioKeHa B Auana3oHe JIMH BoJIH oT 0.1 1o
1000 mxm, a xapakTepHas IUIOTHOCTb JHEpPruu cocrasiser npumepHo 10% or
miotHoct >Hepru CMB. [Tomumo CMB u EBL Bcenennyto Takke 3amojHseT
muddy3HbIi paaro GoH.

CoBpeMeHHbIE MOJIEIM KOCMHUYECKUX MAarHUTHBIX MOJIEH, KOTOpPbIE HOCAT
oOmee wHaszBauue "Bueramaktnmueckoe wMaruutHoe mnoie' wm  EGMF,
OpeanojaraloT, YTo OHM CHJIBHO KOPPEIUPYIOT C  HEOJHOPOJHOCTSIMHU
KpymHOMacIiTabHoit cTpyktypbl Bcenennoii (Large Scale Structure, LSS).
MarHutHble TOJS B CKOIUIGHHSIX TallaKTUK M3BECTHBI XOPOLIO M HUMEIOT

HanpspkéHHocTH oT 1 10 10 MxI'c. B punamentax EGMF 6b110 3apeructpupoBaHo



Onmarojapsi CHHXpOTpoHHOMY m3inydeHuio [19] n mmeer HanpspkéaHOCTs 500-600
Hl'c. B Boiinax EGMF wu3BecTHO XyXe€ BCEro, HO IpPU TOM HA HErO CTaBATCA
orparndenns ceepxy (B<10® I'c) u camsy (B>10% — 10 Ic).

CraHmapTHbIe MEXaHHM3MBI OOpa30BaHHWS MArHUTHOTO TOJS B 3BE37aX,
raJlakKTUKaX M CKOIUICHHMSX TaJaKTUK OCHOBBIBAIOTCS HA HJee yCHIIeHUs Ooiee
cnaboro HavyanbHOTO (''3aTpaBOYHOrO') MArHUTHOTO MOJS MYyTEM MEXaHHW3Ma
JUHAMO WJIM TIPU TPaBUTAIMOHHOM KOJIIAariCe, COMPOBOXKIAIONIEM OOpa30BaHUE
oObekTa. CaMo k€ 3aTpaBOYHOE MOJIE€ MOTJIO OBITh CO3/IaHO WJIM YCHUJICHO WJIH B
panHeit Beenennoit (B anoxy nHQusuy, (Ha3zoBbIX MEpexo0B WM OapuoreHesa),
WIH B MPOIECCE TPABUTAIIMOHHOTO KOJlIarca Bo Bpems hopmupoBanus LSS.

JI1st MoieTupoBaHUs BHETAJTAKTUYECKOTO MAaTHUTHOTO TIOJIS B JAHHOU paboTe
ObuH BEIOpaHEI aBe Moaen EGMF: [lonara 2005 [10] u Xakmreitna 2018 [11]. B
padote [11] paccmatpuBaercs 1ects moxenacii EGMF: Tpu mepBHYHBIX MOIEIH
(T.e. MOIENH, B KOTOPBIX 3aTPAaBOYHOE MATrHUTHOE TOJIE TOSBIISICTCS B paHHEH
Bcenennoit) u Tpu actpodusuueckux Mozead (B KOTOPhIX MarHMTHOE IIOJIC
MOSIBJISICTCS WJIM 3aMETHO YCHJIMBAeTCsl B 3moxy oOpasoBanusi LSS). HemaBusis
pabora [18] mnokazama, uyto wmoxenu astrophysical R wu astrophysical 1R
JEMOHCTPUPYIOT TMPAKTUYECKH OJIMHAKOBYIO 3aBUCHUMOCTb CPEJHEro yriia
oTki0oHeHus nepBUYHbIX KJI 0T uX sk€cTKOCTH (3HEPTUH, TOIENEHHOM Ha 3apsAA0BOE
yrcio). [loatomy, u3 Tpéx acrpodusmueckux monenei u3 [11] B gaHHO# padboTe
OBLITM pacCMOTPEHBI JBE.

Kmaccnueckoldk ~ MOJenpl0  pacmpocCTpaHEHWs  TraMMa-KBaHTOB B
MeraraiakTuke CYUTAaeTCs T.H. MOJIeTb TOJIBKO MOTJIOMIEHUS, KOTOPask YYUTHIBACT
MOTJIONICHWE TaMMa-KBaHTOB BBICOKMX M OYCHBH BBICOKMX JSHEPTHHA Ha (POTOHHBIX
nossix EBL u CMB, a takke anuabatuueckue motepu. OIHAKO, CYIIECTBYIOT
MHOTOYHUCJICHHBIC yKa3aHus Ha e€ HenmosHoTy. OaHO u3 Hauboyiee 3HAYUTEIIbHBIX

ObUTO omnmcaHo B pabote [5]. ABTOpBI ATOH pabOTHI UCIIOJIB30BAIH HAOIIOAaEMbIC



CIEKTPHI psiga 0J1a3apoB, 3apETHCTPUPOBAHHBIX YEPEHKOBCKUMHU JETEKTOPAMH, U
CKOPPEKTUPOBAIIM 3TH CIIEKTPHI C YUETOM NOTJIONIECHHUS (TTOJyYeHHbIE UMU CIIEKTPBI
JOJDKHBI OBITh ONMHM3KHA K WX TEPBUYHBIM). [loTydeHHBI MMU pe3ysbTaT Mmokas3al,
9TO HaOIr0jaeMasi MTHTEHCUBHOCTD COOBITHI B 00JIACTH ¢ ONTHUYECKOM TOJIIMHON >
2 okasbiBaeTcs Oosbliie oxkunaemMon. CylecTBYIOT U ApyTrre aHOMaIuu (Harpumep,
[6]), cTaTrcTHUecKas 3HAYMMOCTh KaKJOW M3 KOTOPBIX HE SBJISCTCS JOCTATOYHO
OOJBIION, YTOOBI JOKAa3aTh HEMPUMEHHUMOCTh MOJIETH TOJBKO MOTJIOUIEHUS, HO
BMECTE OHU YKa3bIBAIOT HA €€ HEMOJHOTY U HEOOXOIUMOCTh €€ MO (DUKAIUY.

B kadectBe anbTepHATHUBHON MOJEIU PACIHPOCTPAHEHUS TaMMa-KBAaHTOB
aBTOpPHl AHOMAJMHM HA BBICOKMX OJHEpPrusx [5] mpemtoxunu  Mojaeib
akcuoHonmono0HbIX yactull (ALP). JlelicTBUTENTEHO, BBICOKOYHEPTHYHBIC (DOTOHBI,
ociuipyromue B ALP 0KOJIO HCTOYHMKA M PACIIPOCTPAHSIOIIMECS B TAKOM BHJIE
OOJBIITYI0 YacTh MyTH, MUHYIOT moriomenue Ha EBL, u MoryTr ocumiminpoBathb
o0paTHO B (OTOHBI YK€ pAJIOM C HaOJOIaTesieM, TeM CaMbiM OOBACHSS
3aBBIIIEHHYIO JOJIF0 TaMMa-KBAaHTOB B ONTUYECKH IUIOTHOM YacTH CIEKTPA.

CymiecTtByet apyras rpynna MOJeneil BHEraJakTH4eCKOro pacpoCTpaHeHUs
raMMa-KBaHTOB, KOTOpasi CIOCOOHA OOBSICHUTh aHOMAJIBHYIO KECTKOCTh CIIEKTPOB
611a3apoB. B aTuX MOfeIsIX, MIMEHYEMbIX KaCKaJIHBIMU MOJIEIISIMU, TIPEINOIaraeTcs,
YTO YacTh HAOJIIOJAEMbIX TaMMa-KBAaHTOB 00pa3yeTcsi He BHYTPU MCTOYHUKA, a B
mporecce pasButus OM  kackaga B MertarajgakTuke. MeXralakTHUYeCKUe
KAaCKaJIHbIe MOJEJIH JEATCSA Ha JBAa BHAA B 3aBUCUMOCTH OT THUIIA MEPBUYHOU
YaCTHUIIBL: DJIEKTPOMarHUTHBIC KackaaHbie Mojienii (ECM), rie nepBUYHbBIC YaCTHUIIBI
- TaMMa-KBaHThI, U aJJpOHHbIE KackaaHubie Mojienu (HCM), riie nepBUYHBIE YACTUILIBI
- IPOTOHHI U siipa. IMEHHO 5T MOIeNIU UCTIOJIB3YIOTCS B TAHHOM JUCCEPTAIMOHHON
pabore.

B Tperneii riaBe ommcana mporeaypa pacdeTa HaOJIOTAEMBIX CIIEKTPOB

MOTOKOB TaMMa-KBaHTOB OT JKCTpeMaibHbIX THhBHBIX Osa3apoB B pamkax



ANIEKTPOMATHUTHOM KAacKaJHOM MOJEIM U Ppe3yJbTaThl COOTBETCTBYIOIIMX
pacyeToB.

B 351eKTpOMaraMTHOM KackaJHOM MOJENH MPEANOIAaracTcs, 4yTo:

1. YacTp HaOIFOTaEMBIX TaMMa-KBAaHTOB 00pa3yeTcsl HE BHYTPH NCTOYHHKA, a
B pe3yJbTare pa3BuTus OM KackanoB B MeTrarajiakTHKe.

2. llepBuyHBIC YacTHIBI — raMMa-KBaHTHl OYCHb BBICOKHUX SHEPIHM; OHU
o0pa3yloT BTOpPHUYHBIE (KacCKaJHbIE) OJIEKTPOHBI M 7Y-KBAaHThI B Ipolieccax
obOpazoBanust map Ha EBL u CMB u 00paTHOro KOMOTOHOBCKOTO pacCEsHUs
BTOPUYHBIX JIEKTPOHOB.

dopmMa HaAOJIIOAEMOr0 CIIEKTpa AJIEKTPOMArHUTHOTO Kackaaa (coriacHo
[12]) He 3aBHCHT OT HaYaIBHOW PHEPTUU MEPBUYHOTO ramma-kBaHTa Es. [ToaTomy,
TaKOM peKUM pa3BUTHS KacKaja Ha3bIBACTCA PEKMMOM CHIIBHOW YHUBEPCAIBHOCTH,
a 3TOT CHEKTP HOCUT Ha3BaHHUE YHUBEPCAILHOTO CreKTpa. B Ooree peaincTuuHbIX
acTpo(pU3MYECKUX  CIEHApHsIX, YYMTHIBAIOIIMX pacuipeHue  BceneHHoi,
KacKaJHBINA CIEKTP OYyJEeT 3aBUCETh OT KPACHOTO CMEIIEHUSI UCTOYHUKA Zs. Takou
PEXUM pa3BUTHUS KacKaJa Ha3bIBAETCS PEXKUMOM CI1a00i YHUBEPCATbHOCTH.

B pa6ore [20] mamccepTanToM W coaBTOpamMH IOJ PYKOBOACTBOM Tumypa
JlxatnoeBa ObUTM TOCTPOEHBI AMMPOKCUMAIIMHM CHEKTPOB pAa SKCTPEMAaTbHBIX
ToBHbIX OmazapoB B pamkax ECM [21]. [lepBu4HbIil crieKTp raMMa-KBaHTOB ObLI
BbIOpaH B cOOTBeTCTBUU ¢ (opmymnoit dN/dE, & Eo_yexp(—Eo/EOC), rae Ey. —
MOPOT IO SHEPTUHU.

UtoroBeiii HaOMOgaeMbI  CIEKTP COCTOSUI M3 JBYX KOMIIOHEHTOB:
MEPBUYHOrO KOMIIOHEHTa OT MEPBUYHBIX IaMMa-KBAHTOB, HE MOIJIOLIEHHBIX Ha
doronax EBL wu pomenmux OT MCTOYHMKA K HAOIIOIATEN0, U BTOPUYHOTO
KaCKaJIHOTO KOMITOHEHTA.

Ha pucynke 1 mpencraBneno SED Omazapa 1ES 0347-121, xotopsiii

HaOmoancs arMocepHbIM depeHKoBckuM Teneckonnom H.E.S.S. [22], u ero



¢utupoBanue B pamkax ECM. Bunen kak nepBUYHbBIN KOMIOHEHT (0003HAUEHHBIN
4épHOM KpHBOI), TaKk M KacKaJHbIN (0003HAaYCHHBIN 3eaEHON KpuBoii). [Ipu 3TOM,
KAaCKaJIHbII1 KOMIIOHEHT, JOMHHHUPYIOIIUNA Ha HU3KUX DJHEPrusix, oOecredynBacT
Xopoliee corjacue (PUTUPOBAHUS Ha ITUX SHEPTUSIX U "MackupyeT" 6osee KECTKU
NEPBUYHBIA KOMIIOHEHT B ONTHYECKM TOHKOM 4acTH CIeKTpa. B To ke Bpems Ha
BBICOKHMX JHEpPrusix (TJie ONnTUYecKas TOJIIHUHA OoJblie 2) KECTKUN MepBUYHBIN
CIEKTp 00ECeUnBaeT JOCTATOUYHOE YUCIIO (POTOHOB, YTOOBI OOBSCHUTH AHOMAJIUIO

[5]. OToT 3hpekT MackupoBKHU He 0OCYKIAIICS paHEe B IUTEPATYPE U MPEICTABIIICT

OPUTUHAJIIBHBIN pPE3ybTarT.

SED [TeVem?s|

10712

107"

E [TeV]

PucyHok 1. CnekmpanbHoe pacnpedeneHue sHepauu (SED) Habnodaembix 2amma-
keaHmoe om bniazapa 1ES 0347-121 npu Hynegom mazHUMHOM rosie. YépHas nyHKmupHasi
Kpueasi 0bo3Hayaem nepeuYHbIl Ccriekmp, 4YEpHas CrrowWHas — Mepe8uYHbIl KOMMIOHEHM
Habrirodaemoz20 criekmpa, 3enéHasi — KackaOHbIU KOMIMOHEHM, CUHSI — cymMmapHoe SED,

KpacHble moyKu — OaHHble HabrrodeHuli H.E.S.S.



B 4verBépToii riiaBe onucana nporeaypa pacyera HaOMIOJAEMbIX CIIEKTPOB
MIOTOKOB TraMMa-KBaHTOB OT 3KCTpeMalbHbIX T3BHBIX 0j1la3apoB M MX YTIOBBIX
pasMepoB B paMKax AaJpOHHBIX KacCKaJHbIX MOJEIEM U  PE3yJIbTaThl
COOTBETCTBYIOIIUX PAaCUETOB.

B anpoHHBIX KacKaJHBIX MOJEISAX NPEANOIAraeTcs, 4To:

1. YacTp HaOIFOTa€MBIX TaMMa-KBAaHTOB 00pa3yeTcsl HE BHYTPH HCTOYHHKA, a
B pe3yJbTare pa3BuTus OM KackanoB B MeTarajnakTHKE;

2. IlepBUYHBIE YACTULIBI — KOCMUYECKHUE JIyYH MPEIEIbHO BBICOKMX YHEPIUN;
OHM 00pa3ylIOT BTOPUYHBIE 3JIEKTPOHBI M Y-KBaHTHI B mpoieccax bere-I'aiiTiepa
(oOpazoBanus map B moje sapa) u doroampoHHbXx mporeccax Ha CMB u EBL,
3aTEM Pa3BUBACTCS KAaCKaL;

Kackannsie Mmosienu, pacCMOTPEHHBIE B TaHHOU padoTe, IeNATCS Ha TPY THUIA!

o bazoBas HCM: nepBUYHBIE 4YacTULBI — TOJBKO IPOTOHBI,

MAarHATHOE I10JIE€ HE YUYUTBIBAETCS,

o Cwmemannags HCM: nepBryHbBIE 4aCTUIBI — IPOTOHBI U TaMMa-

KBaHTbI, MATHUTHOE T10JI€ HE YYUTBIBACTCH,

o Moaudunupoannas HCM: nepBuYHBIE YacTUIBI — TOJBKO

MPOTOHBI, MAarHUTHOE TI0JIE YYMTHIBAETCS (MM Kak I0JIE CKOILJICHUS

TaJIaKTHUK, IOJHOCTBIO PACCEUBAIOLIEE NOTOK IMEPBUYHBIX IIPOTOHOB, WM C

nomoliikeio coBpeMeHHbix Mmojieneit EGMF ¢ yuétom oTkIIOHEHUS! IPOTOHOB).

B nanHo# paboTe yYUTHIBAIOTCS TOJIBKO MEPBUYHBIE MPOTOHBI, XOTS BCE 3TU
MO/IEJIA CIPABEJIUBBI U ISl IEPBUYHBIX SIAEP.

JUist MoaenupoBaHUs XapaKTEPUCTUK TOTOKOB HAOMIOAAEMbIX TraMma-
KBAaHTOB B paMKaxX aJpOHHBIX KaCKaJHBIX Mojeled OblT pa3paboTaH KO,
OCHOBaHHBIA Ha THOpUAHOM moaxone. [lepBbIM mIarom 3TOro Mojaxoja sBIISAETCS
MOJENUPOBAHUE PACTIPOCTPAHEHNS IEPBUYHBIX IPOTOHOB OT HCTOYHHKA C KPACHBIM

CMCIICHHUEM Zs K Ha6J'IIOI[aTeJ'HO C KpaCHbIM CMCIOCHHUEM Z = 0. Ha KaXXJ0M IIarc



PACCUUTHIBAIMCH CPEAHUE IHEPTrETUUECKUE MTOTEPHU MPOTOHOB HA (POTOHHBIX MOJSAX
B COOTBETCTBUU C aHATUTUYCCKUMHU (opmyaamu u3 [15], 1 0OHOBISIIOCH 3HAUCHUE
SHEPruM NpoTOHOB. J1yia 6a30BOI aAPOHHON MOJENH YUUTHIBAIMCH TOJBKO MOTEPU
nporoHoB Ha CMB (xak 3a c4€T (POTONMMOHHBIX MPOIECCOB, TaK M 3a CUET
oOpa3oBaHus Nap B 10JIe MPOTOHA), JIJIs1 MOAU(MUIIMPOBAHHOM TaKXKE YUUTHIBAIIUCH
¢doTonmoHHbIe TOTepH poTOHOB Ha EBL.

BropeiM 1m1arom OblT  pacdy€T CHEKTPOB YacTHIl, OOpa30BaHHBIX MpHU
B3aUMOJEUCTBUSIX MEPBUYHBIX MPOTOHOB ¢ (oToHamMu CMB. Jlns 3Tux pacuéron
OBUIM HCIIONIL30BaHbI (popMyIibl, TipeacTaBicHHble B [16]. C ux momMomnsio ObLIH
paccuuTaHbl CIEKTPhl Pa3IUYHBIX BTOPUYHBIX YacTull (Y, €', Ve, Vy, V), KOTOpHIE
3aTeM CPaBHHUBAJIUCH C pe3yibTataMu u3 [16] s mpoBepkH.

TperbuM maroM ObLT pacy€T CIEKTPOB HAOIIOIAEMbIX (KACKaHBIX) raMMa-
KBaHTOB. [lockonbKy 0OJbIIas 4acTh BTOPUYHBIX (POTOHOB M 3JIEKTPOHOB UMEIOT
sHepruu 6osbire 100 THB, To mpuMeHUMO MPEanoIoKeHue 00 YHUBEPCATIBHOCTH
Kackana. B TakoMm ciydae HaOtOaeMblii CHEKTp MPAKTUYECKHM HE 3aBUCUT OT
DHEPTUM M THUMA MEPBUYHON YacTUIbl. Takol moaxoa OBbLT HCIOIB30BaH s
YOPOLIEHUSI U YCKOpEHHUs pacuéra HaOmrogaeMbiX cnekTpoB. C MOMONIBIO KOJa
ELMAG 2.02 u monenu EBL [23] Obu1 paccunTan MaccuB HaOJIIO1a€MBIX CIICKTPOB
OT MEPBUYHBIX TaMMa-KBAHTOB ¢ (uKcupoBaHHOU 3Hepruer 1 I1BB mis pasHbix
BEJIMYMH KPacHOro CMEUIeHMsI Z, paclpeAeiéHHBIX ClydallHbIM 00pa3oM
paBHOMepHO B jnuama3zoHe oT 0 mo 0.3. C ucmoib30BaHUEM 3TOTO MaccuBa OBLI
paccunTaH HaOJIIOJaeMbli CIIEKTp raMMa-KBaHTOB B paMkax 0a30BOil aApOHHOM
KaCKaJHOM MOJICIIH.

[TonyuuBmeecs SED HaOmomaeMbIX TraMma-KBaHTOB OT IEPBUYHBIX
IpOTOHOB ¢ 3Hepruen Ey = 30 O3B B 06a30Boi afpOHHON MOJENM MOKA3aHO Ha
pucyHke 2. [To cpaBHEHHUIO C 3EKTPOMArHUTHOM MOJIETBIO, IS AAPOHHON MOJEIN

Ha0II01aeMblid CIIEKTp Topasio OoJiee mojoruii B obsactu suepruii E > 200 1B,
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PucyrHok 2. SED Habnwodaembix esamma-keaHmos 8 6a3080l aldpOHHOU MOoJesu.
LLImpuxoeas nyHKmupHas nuHusa obosHavaem SED, nocyumaHHbIl ¢ Mopo2oM ro saHepauu Ein
= 10 MaB, eonybasi - SED ¢ nopozom 10 3B. YépHas, kpacHasi, 3en1éHas U CUHSISI JIUHUU
npedcmassnisrom cobol annpokcuMauyuu pasHbiX y4acmkoe criekmpa cmerneHHouU yHKyued.
UépHble nodnucu obosHayarom napamMempbl Hak/IOHa CMeErneHHo20 criekmpa 6 6asosol
aldpoHHOU Moderiu, KpacHble — 8 afiekmpomasHUMHoU kackadHou modenu [12].

ITomumo 6a30B0OH aPOHHOM MOJIEIH OBLITN UCCIISOBAHBI TAKKE CMEIIaHHAS
aJpoOHHAs KacKajgHas MOJieIb U MOJU(PUIIMPOBAHHAS aApPOHHAS MOJCIb CO
CKOIUICHHEM TajakTukK. /(s peanuzanuu cMeniaHHONW MoJenu ObLIU ONpeeieHbI
3HAYCHHUS MapaMeTpoB (HOPMHUPOBKH IIEPBHYHOTO KACKaJHOTO KOMIIOHEHTOB,
MOKa3aTelis Y U SHEPTUH BBICOKOYHEPTUIHOTO 00pe3anus Ey,. MepBUIHOTO CIIEKTpa
ramma-kBanToB dN/dE, «< E, Yexp(—Ey/Eo.)), KOTOpble HAMIydIIHM 0Opa3oM
OMHCHIBAIOT JaHHbIE HaOmoAeHW. B momuduimpoBanHoi KackagHON Mojaenu
IPEANOIarajJoch, YTO Ha CBOEM IYTHU IPOTOHBI BCTPEUYAKOT CKOIUICHUE TaJIAKTHUK,

MAravuTHOC II0JIC KOTOPOI'0 ITIOJHOCTBIO PACCCUBACT IIPOTOHBI. Paccrosnue (B



€AMHUIAX KPACHOTO CMENIEHUS) OT ICTOYHUKA /10 TAKOT'O CKOTUIEHHSI OBLJIO MPUHATO
KaK OTHEJIbHBII mapaMeTp pacy€éToB M OOO3HAUEHO Kak Zc. Pe3ynbraTel —
HaOoAaeMble CHEKTPhl MOTOKOB raMMa-KBaHTOB OT Onazapa 1ES 0347-121 B
paMKax 3THX MOJEJEN — IpeCcTaBiIeHbl Ha pyc. 3. Ha 1eBOM pUCYHKE IPECTABIECHO
SED B paMmkax cMeIIaHHON MOJIENM U pa3Hble KOMIIOHEHTHI criekTpa. Ha mpaBom
pucynke npeactaBieHsl SED st ciy4aeB HyJIEBOTO MAarHUTHOTO — IIOJIS,
MarHUTHOTO I0JII CKOIUIEHHUS TAJITAKTUK, HAXOASILErocs Ha pa3HbIX pacCTOSIHUAX OT
UCTOYHMKA, a TaKKe (PUTHUPOBAHHUE JJI CIydash CTEIIEHHOIO CHEKTpa MEPBUYHBIX

NPOTOHOB € SHEPTUAMH d Ny, /d Ep, o X Ezjoz ot 1 1o 100 23B.
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PucyHok 3. Cnekmpbl bnaszapa 1ES 0347-121 e pamkax cmewaHHoU (crieea) u
MoouuyuposaHHOU (CO cKonmeHueM 2anakmuk, cripasa) adpOHHbIX KackaOHbix modersned.
KpacHbie moy4ku o6o3Haqyarom aKcrepumeHmaribHble OaHHbIE, N0o/1y4YeHHbIe 2aMMa-mesieCKonom
H.E.S.S. [22]. Ha nesom pucyHKe CuHsisl CriiiowHasi Kpusasi obo3Hadaem Habrtodaembil criekmp,
yépHas MyHKmMuUpHasi - nepeuYHbIl CreKmp 2aMma-KeaHmos, YEpHasi CriowHas - nepeuyHbil
KOMIMOHeHm, 3enéHasi Cri/ioWHasi - KackaOHbll KOMMIOHeHm. Ha npagom pucyHke CriiowHou
yépHoll Kpusoli 0603Ha4eHO ¢humuposaHue O MOHOSHEP2UYHOU repsuyHol 3sHepauu
rnpomoHos Eyo = 30 33B u 3HayeHus z: = 0, nyprnypHoeo - . = 0.02, 3enéHoeo - z. = 0.05, cuHe20
— z¢ = 0.10; nyHKkmupHoU Kpueol o0b603Ha4YeHO humuposaHue Orid CMeneHHo20 MNep8u4yHO20
criekmpa rpomoHos ¢ aHepausmu om 1 3o 100 33B u 3HavyeHus z: = 0.

Pesynprar pacuéra ana  MoAUPUIIMPOBAHHOW  KAacKaJHOW  MOJETU

CpaBHUBAJICA C PE3YJIbTATOM, ITOJTYUYCHHBIM oe3 MMPCAITIOJIOKCHNA YHUBCPCAIIbBHOCTU



kackaga. Habmromaemble CIEKTpPBI C MCHOJb30BaHUEM OOEHUX METOJMK MOKa3aln
OTJIMYHOE COTJIacue.

[enpto nanpHeIe padboThI SBISIOCH UCCIETOBAHUE BIMSAHUS OTKIOHECHUS
MPOTOHOB B CWIbHO HeoaHopoaHoM EGMF, onuckiBaeMOM COBpEeMEHHBIMU
acTpo(pU3MYeCKUMU MOJENISIMH, Ha HaONIOAaeMble CIEKTPATbHBIE M YIJIOBBIE
pacupeneneHuss raMMma-KBaHTOB. J[JI1 3TOro MOXHO pPAaCCMOTPETH CIEAYIOIIYIO
CXEMY BHETaJIaAKTUYECKOTO0 PACIPOCTPAHEHHS] MEPBUYHBIX MPOTOHOB: MPOTOH OT
uctounuka Bcrpedaer guiamentsl EGMF, oTkioHsieTcss Ha HUX U HENPEPBHIBHO
co3maét kackanpl. IIpeamosaraercsi, 4To KacKaJHbIE T'aMMa-KBAHTBI COXPAaHSIOT
HaIIPaBIICHUE POJIUTENILCKOTO MPOTOHA U, HE OTKIOHssACh HAa EGMF, noxonsar no
Hac. [[7s1 Takoii cxembl ObUIH CAETaHbl OLIEHKU BEIMYMHBI OTKJIOHEHHSI TIPOTOHOB Ha
OJIHOM, JBYX M MNPOU3BOJBHOM umcie ¢uiameHToB. B Tabn. 1 mpencraBieHsbl
3HaueHUs HabmogaeMoro yria (TO €CTh yrjla MEXIy JHHHEH WCTOYHUK-
HaONIoAaTeNlb M HANpaBJIEHUEM HAJIETAIOIIET0 KACKaJHOINO raMMa-KBaHTA) IS
pa3Horo yrciia GUIaMeHTOB U Pa3HbIX 3HaYEHUH mapaMmeTpa L, xapakTepusyoiero
WU pa3Mep BOMIA, KOTOPHIA MPOXOIAT MPOTOHBI MEpel TeM, KaK BCTPETUTH
dbunameHT (B ciiydae OJHOTO (UIAMEHTa), WIM PACCTOSHUE MEXIy ABYyMS
¢unamentamu (B ciaydyae JBYX (PUIAMEHTOB), WM PACCTOSIHHME OT UCTOYHHKA JI0

TOYKHM Hayajia Kackaza (B cirydae N GUIaMEHTOB).

Ly/Ly,/L 50 Mnx 100 Mnx 200 Mnx 500 Mok
OJIMH (hUJIaMEHT 0.064 0.13 0.25 0.64
nBa (punamMeHTa 0.073 0.16 0.37 2.1

N humaMeHToB 0.016 0.045 0.13 0.51

Tabnuya 1. OueHKu 8enuyuHbl Habrmrodaemozo yena (8 2padycax) dns modeneli EGMF ¢
pasHbIM YUCITOM buriameHmoes.

Ha ocHoBe cBO#CTB BHETaAJIaKTHUECKUX KaCKaJ0B MOKHO C/IeJIaTh BBIBOJI, UTO

HaO0JII0TaeMbII CITIEKTP CTAHOBHUTCS OoJiee KECTKUM, KOT/1a KaCKa {bl HTHUIIMHUPOBAHBI



BOM3K HaOmonarens. OgHako, 3Ta )K€ 4acTh CHEKTpa OyleT UMETh YIIUPEHHBIN
YIJI0BOM pa3mep, T.K. HaOIr0AaTeN b OJMKe U KacKaabl MHULIMUPYIOTCS IPOTOHAMU,
yxke cuibHO OTKIOHEHHBIMU EGMF. D10 nmomxHO mpuBOauTh K 3PPEKTUBHOMY
BBICOKOOHEPTUYHOMY OOPE3aHUI0 WM MOAABICHUIO HAO0JI0IaeMOro CHEKTpa Mpu
BBICOKMX OJHEPrUsX BHYTPU (YHKIMHM paccessHUs TOYKHM HaOIIONA0IIEro
MHCTPYMEHTA.

Jigs Toro, 4yrtoObl HPOBEPUTH ATH NPEANOJONKEHUS, OBbUT pacIIMpeH
TUOPHUAHBIN KOJI, 4YTOOBI BKIIIOUATh TAKXKE PACCUMTAHHBIE C IMOMOIIBIO OTKPHITOTO
nporpaMmmuoro kojga CRPropa3 [8] oTkioHEeHHsS HPOTOHOB B Pa3HBIX MOJEISAX
BHETaJIAKTUYECKOT0 MAarHUTHOTO MOJs, MOJAEIUPYIOUIMX KPYIMHOMACIITaOHYIO
CTpyKTYypy Beenennoit.

Jnst mopenmn EGMF [10] u nepBuuHBIX IpOTOHOB ¢ dHeprusivMu 30 O3B Obutn
paccuutanbl SED, 117151 KOTOpBIX Ha0II01aeMBbIil yrodl ynoBiaeTBopsia yeiaosuio 0<0.1
rpagyca (tTunuuHas BenuuuHa PSF aTMocepHBIX UYEpEHKOBCKMX TEJIECKOIOB
(AUYT)). Ha puc. 5 Takoit SED mns Omazapa 1ES1101-232 u momenu EBL [25]
MOKa3aH CHHEH KpUBOW B cpaBHEHWHU ¢ mHTerpanbHbiM SED, mist xotoporo ne
HaKJIaJbIBAJINCh HUKAKUE YCIOBUs Uisl HaOmonaeMoro yria (u€pHas Kpuas), a
TaK)Ke C YHUBEPCAIBHBIM CIEKTPOM MCTOUYHMKA B pamkax ECM (kpacHast kpuBas).
Tak, npencka3zaHus MPO BBICOKO3HEPTUYHOE OOpEe3aHHe, MPEMSIOKEHHBIE paHee,
HOJTBEPKIAIOTCS IPEJICTABICHHBIM 3[IECh PE3YJIbTATOM, IOCKOJIBbKY HabJI01aeMoe
SED B pamkax moauduiupoBanHoii HCM BayTpu PSF ucneIThiBaeT HacTONIBKO
CWIBHYIO MPOCaAKy B 00sacTi THBHBIX SHEPTrUil MO CPAaBHEHUIO C MHTETPATIbHBIM
SED, uto ero ¢popMa mpoxoauT ropaszo Oiamke K yHuepcaibHomy ciektpy ECM,

YeM K CIEKTpy 0a30BOM aIpOHHON MOJIEIIH.
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PucyHrok 4. Habnodaembie SED 8 pamkax 8Hezanakmu4ecKux kackaOHbix modesnel 0ns
ucmoyHuka 1ES 1101-232 ¢ z = 0.186 u modenu EBL [25]. YépHas kpueasi obosHad4aem SED e
pamkax b6a3oeol adpoHHOU KackaOHol modesniu, cuHss Kpueass - SED e pamkax
moducbuuyuposaHHoli adpoHHOU KackadHoUu modesnu, KpacHass Kpueass - SED e pamkax
asiekKmpomasHUMHoU kackaGHoU modernu (yHueepcarsbHbIU PexXum).

Takxke ObUla MOCTPOEHA 3aBUCUMOCTb YIJIOBOTO pa3Mepa HCTOYHHKA OT
SHeprum (TOouHee, yrya, B IpeAeiax KOTOPOro MOYKHO 3apeructpupoBatb 68%
Ha0MoAaeMbIX raMMa-KBaHTOB OT HMCTOYHMKa). Ha puc. 6 3Ta 3aBHCHMMOCTD
[OKA3aHa KPAaCHOM IyHKTUPHOM KpPWUBOW BMECTE C YIJIOBBIMU pa3pelICHUSMU
Heckonpkux aeictByrommx (HESS, MAGIC u Fermi-LAT) u npoektupyembix
(CTA u MAST) ramma-teneckonos. Janusie s Fermi-LAT ObLau B3sTHI 13 [26],
ans H.E.S.S., MAGIC u CTA — u3 [27], mis MAST - u3 [28]. Kak BuaHO H3
rpaduka, MOJACIBHBINA YIIOBOM pa3Mep HMCTOYHHMKA TPOXOJUT BBIIIE TOPOTOB
YTJIOBOTO Pa3pelieHus] 3TUX WHCTPYMEHTOB, YTO 3HAYUT, YTO OTU UHCTPYMEHTHI

OyIyT BUIETHh 3TOT UCTOYHUK HE KaK TOUYCUHBIH, a CKOpee KaK MPOTHKEHHBIH.
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PucyHok 5. Yenoeoe paspeuweHue (yeon PSF uHcmpymeHma, 8 rpedesiax Komopozo
amom uHcmpymeHm criocobeH 3apeaucmpuposame 68% Habrirol0aemozo criekmpa) pasinuyHbIX
2aMmMma-mesieckornos (CrilowHble Kpueble: YEpHasi Kpugsasi coomeemcmeyem UHCMpPyMeHmy
Fermi LAT, kpacHas - H.E.S.S., 3enéHas - MAGIC, cuHss - CTA, nypnypHas - MAST) e
CpasHeHUU CO 3HadyeHuem Habnwodaemozo yana, 6 npedeniax Komopoz2o MOXHO
3apeaucmpuposamps 68% HabriroOaemoao criekmpa, 05151 MoOeribHbIX CreKmpos ucmoyHuka 1ES
1101-232 ¢ z = 0.186 8 pamkax moluguyuposaHHol HCM u modenu EBL [23] (kpacHas
MyHKMUpHas Kpueas).

Haxkowern, 1 skctpeMainbHbix TaBHBIX O0mazapos 1ES 0229+200 (z = 0.14)
u 1ES 0414+009 (z = 0.287) 6wt moctpoerbl SED v KBaHTHIIM 3aBHCHMOCTCH
HAOJIFOIAeMOr0 yIjla OT DHEPruM B paMKax MOJU(PHUIIMPOBAHHOW aJpOHHOU
KackagHoi momenmu um Tpéx moxencit EGMF: monenmu [10], a taxke monencit
astrophysical u astrophysical R u3 [11].

Ha pucynke 7 uzo6paxkensl moaenbubie SED, st KOTOPBIX HaOIIOAaEMBIiA
yron 0<0.1 rpamyca, mnosydyeHHble B paMmkax MoaudumnupoBannoii HCM
(0003HaYEHHBIE CAHUMU KPUBBIMH ) JIJ1s1 000UX UCTOYHHUKOB U TpEX moneneit EGMF.

Taxoke st cpaBHeHUsT ToKazaHbl uHTerpaibHbie SED B pamkax 6azooit HCM



(u€pHbie kpuBbIie) U yHHBEpcasibHble SED B pamkax ECM (kpacHble kpuBbie). 13
pUCYHKa MOXHO yBHJETh, uTo MojenbHbie SED mis monmeneir EGMF [10] u
astrophysical R 3HauuTenbHo Oosiee MSTKHE 1O CPAaBHEHUIO C HUHTErPajbHBIMU
CIEKTpaMH, OCOOEHHO B 001acTu 0oJjiee BBICOKMX HHEPrHil. DTO yMEHbBIIECHHE
’KECTKOCTH CIIEKTPOB CUIIbHEE BCEeTo mposiBisieTcs st moaenu [10] u cnabee Bcero

- U1 Mojenu astrophysical.
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PucyHok 6. Habnodaemblie SED 8 pamkax pasHbix KackadHbix modesnel U pasHbIX
moOeneti EGMF. CuHue Kpusbie o6o3Ha4yarom SED 6 pamkax modugpuyuposaHHoud HCM eHympu
PSF 0.1 epadyca, YépHbie kpuebie - uHmezapasnsHble SED 6 pamkax IHCM, kpacHbie Kpugble -
yHueepcaribHble criekmpbl 8 pamkax ECM. BepxHue epachuku coomeemcmaytom UCMOYHUKY
1ES 0229+200 u modensm EGMF [10], astrophysical ([11]) u astrophysical R ([11])
€COOMEemMCMeBEHHO; HUXHUEe epacbuku - ucmoyHuky 1ES 0414+009 u modensm EGMF [10],
astrophysical ([11]) u astrophysical R ([11]) coomeemcmeeHHoO.

Ha puc. 8 uzo0pakeHbl 3Haue€HUs1 HA0II01AEMOT0 yTJ1a, B IpeJiesiax KOTOPOTro
MO>KHO 3aperiucTpupoBath n % HaOII0gaeMOro CeKTpa (KBaHTUIIN) B 3aBUCUMOCTHU
OT 3HEpPruM B pamMkax Mojenu mojauduirpoBanHoi HCM u BbIIEYNIOMSHYTBIX
nctouyHukoB U mojnened EGMF. MoxHO 3aMeTuTh JBE€ XapaKTEPHBIX YTIIOBBIX
kaptunbl. J{inst momenu [10] 3HayeHus yria Juis BCeX KBAaHTHJICH 3HAYHUTEIBHO

YBEJIMYUBAKOTCA € pOCTOM »HHepru, Tak 4yro npu E = 10 TaB 68% Bcex



HaOmo1aeMbIx yriioB Oombine 0.73 rpamyca s mcrounuka 1ES 0229+200 (z =
0.14) u 2.35 rpanyca - mist ucrounuka 1ES 0414+009 (z = 0.287).

CoepieHHO Jipyras KapTuHa HaOmogaercs s moxeneit [11]. Torma kak
YIIBI BEPXHUX KBAaHTHJICH pPACTyT JIOBOJILHO OBICTPO C POCTOM DSHEPTUH, IS
HIDKHUX KBaHTHJICH BUJEH JIMIIb HEOOJBIIONW POCT 3HAYCHHUN YTIIOB. ITO MOXKET
O03Ha4yaTh, YTO JJISI ITHX MOJENCH JOCTaTOYHO OOJbINas 4acTh MPOTOHOB HE
BCTpEUAeT HUKAKUX (priiaMeHTOB Ha CBOEM MyTH (WJIM BCTpedyaeT OoJjiee TOHKHE

(1)I/IJ]aM€HTI>I) H, TCM CaMbIM, HC MCIIBITBIBACT CHJIBHOI'O OTKIIOHCHH .
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PucyHok 7. KeaHmunu HabrirodaemMoz20 ya/108020 pa3Mepa UCMOYHUKO8 8 paMKax
moougpuyuposaHHol HCM. YépHas cnnowHass kpueassi 0603Hayaem Y20/, 8 KOMOPOM
codepxumcs 5% kackaOa, kpacHas crnowHass - 10%, 3enéHas cninowHass - 20%, CuHsis
crinowHas - 40%, 4dépHas nyHkmupHas - 68%, kpacHas nyHkmupHas - 80%, 3enéHas
nyHkmupHas - 90% u cuHaa nyHkmupHas - 95%. BepxHue epacbuku coomeemcmeyom
ucmoyHuKy 1ES 0229+200 u modensm EGMF [10], astrophysical ([11]) u astrophysical R ([11])
COOMBEeMCMBEHHO; HUXHUE 2pauKku-- ucmoyHuky 1ES 0414+009 u modensm EGMF [10],
astrophysical ([11]) u astrophysical R ([11]) coomeemcmeeHHoO.

Taxoke, momydeHHble B pamkax 3tux mojeneit EGMF yriossie pazmeps, kak
U puC. 6, MOKA3bIBAIOT, YTO PACCMATPHUBAEMbBIC HCTOYHUKHN OyIyT BOCIPUHUMATHCS

AUYT B kauecTBe NPOTSIHKEHHBIX UCTOYHUKOB. ITO XOPOIIO BUAHO Ha pucC. 9, rae



XapaKkTepHbIe yriaoBeie pa3mepsl 01azapa 1ES 0229+200 (yron O¢g) cpaBHUBAIOTCS
C YIJIOBBIMH PA3PEIICHUSIMU PA3IMYHbIX TaMMa-TeJIECKOINOB (Kak 1 Ha puc. 6, HO ¢
nobasienneM gdaHHbIX i1 LHAASO, B3areix u3 [29]). U3 rpaduka BHUaHO, 9TO
ToJsibko 17151 Mmosiennu EGMF astrophysical 3nauenue Ogg < 0.1 rpamyca asis sHepruit
E<0.7 T2B. [TockonbKy 3TOT HUCTOYHUK ObLI 3apeructpuponad teneckornoM H.E.S.S.
KaK TOYCUHBIH [22], ero MojaeNbHBIC YIJIIOBBIC pa3Mephl, MOJyUYCHHbIC B JaHHOW
paboTe, 3HAYUTENBHO YMEHBIIAIOT MPaBA0N01001e MOAUPUITUPOBAHHON aAPOHHOM
KackagHou mojaenmu. HeoOxoauM manpHEHIINNA CTAaTUCTHYCCKHI aHaIU3 IS TOTO,
9TOOBI TOCTABUTh OTPAHUUYEHUS HA ATy MOJENb WIN JaKe, BO3MOXKHO, 3aKPBITH €€.
Bce nonmydennsie B nanHoit pabore SED u yrioBbie pa3Mepbl HCTOYHHKOB
MOKHO OyZeT CpaBHUTH ¢ Oyayumu nanHbiMu HaOmroaeHnit AUT, takux kak CTA,

WJIK JIETEKTOPOB yacTull, Takux kak LHAASO.
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PucyHok 8. Yenoeoe paspeweHue (yeon PSF uHcmpymeHma, e npedesiax Komopozo
amom uHcmpymeHm crocobeH 3apeaucmpuposames 68% Habrrodaemozo criekmpa) pasiuyHbIX
eamMMa-mesiecKorios (CriowHbIe Kpusble: CUHSISI Kpugasi coomeemcmeyem uHcmpymeHmy Fermi
LAT, pososasi - H.E.S.S., 3enénas - MAGIC, kpacHas - CTA, kopuyHegass - LHAASO) s
cpasHeHUU CcO 3Ha4deHuem Habnodaemozo yena, 6 npedenax Komopoao MOXHO
3apeaucmpuposamb 68% Habrirodaemo20 criekmpa, 05151 MOOesIbHbIX CIIeKMpPOo8 ucmoyHuka 1ES
0229+200 ¢ z = 0.14 8 pamkax modugbuyuposarHHoli HCM, modenu EBL [25] u modeneli EGMF
[10] (4épHas nyHkmupHas Kpueasi), astrophysical ([11], KpacHas mfyHKmMupHas Kpugas),
astrophysical R ([11], cuHss nyHKMUpHas Kpueasi).

B 3akiawyeHun chopMylIHpoBaHbl OCHOBHBIC pE3YyJbTAaThl M  BBIBOJIBI
JTUCCEPTAIIMOHHON PaOOTHI:

1. Pazpabotan koj, peanu3yrOUMii HOBYIO THOPUIHYIO METOJUKY
pacy€ra CEKTPOB U XapaKTEPUCTUK ITOTOKOB FaMMa-U3JIy4Y€HUs OT SKCTPEMAJIBHBIX
T>BHbIX 01a3apoB ¢ y4€TOM COBPEMEHHBIX 3HAHUWA O MEXrajJaKTUYeCKOW cpeje
(coBpemeHHbIe MOjieNId (POTOHHBIX MOJIEH U BHETATAKTUUYECKOTO MAarHUTHOTO TOJIA).

2. B pamkax sieKkTpoMarHuTHON KacKaJHOW MOJICIH TTOAPOOHO OIMKMCAHBI

PEKUMBI PA3BUTHUA OJICKTPOMAIrHUTHBIX KaCKaaAOB W OCHOBHEIC 0COOEHHOCTH



SHEPreTUYECKHX CIEKTPOB SKCTpeMaibHbIX T3BHBIX OnazapoB W BHEpBBIEC, HA
OCHOBaHMM  OOJBIION  BBIOOPKM  HCTOYHUKOB, MpOBEJCHA  JleTajbHas
anmpoKcUMaIusi HabJII0JaeMbIX SHEPTETUYECKUX CIIEKTPOB.

3. Ha ocHoBe aHamu3a HaAOJIOAAEMBIX SHEPreTUYECKHX CIIEKTPOB
sKcTpeMaibHbIX THBHBIX 051a3apoB B pamMKax 3JIEKTPOMAarHUTHOW KacKaJaHOU
Mozenu oOHapyxeH 3(P(PeKT MACKUPOBKM KOMIIOHEHTa OT MEpPBUYHBIX Tramma-
KBaHTOB KaCKa/JHbIM KOMIIOHEHTOM B ONTHYECKH TOHKOW 00JIacTH HaOJII0JaeMbIX
CIEKTPOB, KaK HOBBII MEXaHWU3M I€HEpaluy aHOMAJIUU IIPU BBICOKUX JHEPIUSAX B
crnekTpax Oja3apoB; 3TOT PE3yJbTaT YCTOWYMB K OONBIIOMY KOJIMYECTBY
CUCTEMATUYECKUX IPHEKTOB.

4, B pamkax agpoHHBIX KaCKaJHBIX MOJEJIEH MOCTPOEHBI Ha0II0JaeMble
HSHEPreTUYECKHE CIEKTPbl M 3aBUCHMOCTH KBAHTHJIEH HAOJIOAAEMOTr0 YIJIOBOTO
pa3Mepa psiga SKcTpeManbHbIX THBHBIX 051a3apoB OT SHEPIUHU B CIydae pa3IudHbIX
BapyalMii BHErajJakTUYECKOrO0 MArHUTHOTO ToJii (B TOM 4YHCIE B CHJIBHO
HEOHOPOAHBIX TOJISX, MOBTOpstomx LSS).

S. Ha ocHOBe aHamu3a DHHEPrETHUYECKHUX CIIEKTPOB JSKCTPEMAabHBIX
T>BHbIX 051a3apoB B paMkax MOAU(PUUIMPOBAHHOW aAPOHHOM KACKaIHOW MOJAENIU
C/eJlaH BBIBOJI O TOM, YTO HaOJIOJAaeMblil CHEKTp raMMa-KBaHTOB (T.€. CIEKTD,
KOTOPbI MOXET OBbITh HM3MEPEH HWHCTPYMEHTAMHU C THUIHYHBIMU YTJIOBBIMU
paspemiennsiMu AYUT) B pamkax 3TOM MOAEIM UMEET MOAABICHUE MPU BBICOKUX
sHEPrusx (1o CPaBHEHUIO CO CIy4aeM 0a30BOM aipOHHON MOJIEIIN).

6. Ha ocHoBe ananu3a yrioBbIX pa3MepOB IKCTpPEMaJbHBIX T3BHBIX
0y1a3apoB B paMKax MOJIU(DHUIIMPOBAHHON aTpPOHHOW KACKaIHOW MOJENIH CHeliaH
BBIBOJ O TOM, YTO ATH HCTOYHMKHM MOTYT OBITh 3apEerUCTPUPOBAHBI KaK
NpOTSKEHHBIE (2 HE TOYEUHbIE) raMMa-TEJIeCKONaMHU CJIEIYIOIIEro MOKOJIEHUs H,

BO3MOXKHO, I[GﬁCTByIOH.[HMH ramMmma-TCICcCKOIIaMu.



Cnmcok Jureparypsl

1. Progress in unveiling extreme particle acceleration in persistent
astrophysical jets / J. Biteau, E. Prandini, L. Costamante [u np.] // Nature
Astronomy. 2020. Jan.. Vol. 4, no. 2. P. 124-131.

2. A low level of extragalactic background light as revealed by y-
rays from blazars / F. Aharonian, A. G. Akhperjanian, A. R. Bazer-Bachi [u
np.] // Nature. 2006. Apr.. Vol. 440, no. 7087. P. 1018-1021

3. Neronov A., Vovk I. Evidence for Strong Extragalactic Magnetic
Fields from Fermi Observations of TeV Blazars // Science. 2010. Apr.. Vol.
328, no. 5974. P. 73-75.

4, Neronov A., Semikoz D. V. Sensitivity of gamma-ray telescopes
for detection of magnetic fields in the intergalactic medium // Physical Review
D. 2009. Dec.. Vol. 80, no. 12.

5. Horns D., Meyer M. Indications for a pair-production anomaly
from the propagation of VHE gamma-rays // Journal of Cosmology and
Astroparticle Physics. 2012. Feb.. Vol. 2012, no. 02. P. 033-033.

6. Korochkin A., Rubtsov G., Troitsky S. Search for anomalous
features in gamma-ray blazar spectra corrected for the absorption on the
extragalactic background light // Journal of Cosmology and Astroparticle
Physics. 2019. Dec.. Vol. 2019, no. 12. P. 002-002.

7. Cascades from primary gamma rays and nuclei as a source of
background in searches for oscillations between photons and axion-like
particles / S. A. Baklagin, T. A. Dzhatdoev, A. P. Kircheva [u np.] // Physics
of Particles and Nuclei. 2018. Jan.. T. 49, Ne 1. C. 90-93.

8. CRPropa 3—a public astrophysical simulation extraterrestrial

ultra-high energy particles / Rafael Alves Batista, Andrej Dundovic, Martin



Erdmann [u ap.] // Journal of Cosmology and Astroparticle Physics. 2016.
May. T. 2016, Ne 05. C. 038—038.

Q. KachelrieS M., Ostapchenko S., Tomas R. ELMAG: A Monte
Carlo simulation of electromagnetic cascades on the extragalactic background
light and in magnetic fields // Computer Physics Communications. 2012. Apr..
Vol. 183, no. 4. P. 1036-1043.

10. Constrained simulations of the magnetic field in the local
Universe and the propagation of ultrahigh energy cosmic rays / K. Dolag, D.
Grasso, V. Springel [u np.] // Journal of Cosmology and Astroparticle Physics.
2005. Jan.. Vol. 2005, no. 01. P. 009-009.

11. Simulations of ultra-high energy cosmic rays in the local
Universe and the origin of cosmic magnetic fields / S. Hackstein, F. Vazza,
M. Briiggen [u ap.] // Monthly Notices of the Royal Astronomical Society.
2018. Jan.. Vol. 475, no. 2. P. 2519-2529.

12. Berezinsky V., Kalashev O. High-energy electromagnetic
cascades in extragalactic space: Physics and features // Physical Review D.
2016. Jul.. Vol. 94, no. 2.

13. BLAZARS AS ULTRA-HIGH-ENERGY COSMIC-RAY
SOURCES: IMPLICATIONS FOR TeV GAMMA-RAY OBSERVATIONS
/ K. Murase, C. D. Dermer, H. Takami [u np.] // The Astrophysical Journal.
2012. Mar.. Vol. 749, no. 1. P. 63.

14. ROLE OF LINE-OF-SIGHT COSMIC-RAY INTERACTIONS
IN FORMING THE SPECTRA OF DISTANT BLAZARS IN TeV GAMMA
RAYS AND HIGH-ENERGY NEUTRINQOS / W. Essey, O. Kalashev, A.
Kusenko [u np.] // The Astrophysical Journal. 2011. Mar.. Vol. 731, no. 1. P.
51.

15. Berezinsky V., Gazizov A., Grigorieva S. On astrophysical



solution to ultrahigh energy cosmic rays // Physical Review D. 2006. Aug..
Vol. 74, no. 4.

16. Kelner S. R., Aharonian F. A. Energy spectra of gamma rays,
electrons, and neutrinos produced at interactions of relativistic protons with
low energy radiation // Physical Review D. 2008. Aug.. T. 78, Ne 3.

17.  Allard D. Extragalactic propagation of ultrahigh energy cosmic-
rays // Astroparticle Physics. 2012. Dec..T. 39-40.C. 33-43.

18. Eichmann B. High Energy Cosmic Rays from Fanaroff-Riley
radio galaxies // Journal of Cosmology and Astroparticle Physics. 2019. May.
T. 2019, Ne 05. C. 009-009.

19. A radio ridge connecting two galaxy clusters in a filament of the
cosmic web / F. Govoni, E. Orru, A. Bonafede [u ap.] // Science. 2019. Jun..
T. 364, Ne 6444. C. 981-984.

20.  Electromagnetic cascade masquerade: a way to mimic y-axion-
like particle mixing effects in blazar spectra / T. A. Dzhatdoev, E. V.
Khalikov, A. P. Kircheva [u ap.] / Astronomy & Astrophysics. 2017. Jul..
Vol. 603. P. A59.

21. Dzhatdoev T. A. Cascade model of the anomaly in blazar spectra
at very high energies // Bulletin of the Russian Academy of Sciences: Physics.
2015. Mar.. Vol. 79, no. 3. P. 329-331.

22. Discovery of VHE y-rays from the distant BL Lacertae 1ES
0347-121 / F. Aharonian, A. G. Akhperjanian, U. Barres de Almeida [u ap.]
/I Astronomy & Astrophysics. 2007. Aug.. T. 473, Ne 3. C. L25-L.28.

23.  Kneiske T. M., Dole H. A lower-limit flux for the extragalactic
background light // Astronomy & Astrophysics. 2010. Jun.. VVol. 515. P. A19.

24.  Planck2015 results / P. A. R. Ade, N. Aghanim, M. Arnaud [u
ap.] // Astronomy & Astrophysics. 2016. Sep.. Vol. 594. P. A13.



25. Semi-analytic modelling of the extragalactic background light
and consequences for extragalactic gamma-ray spectra/ R. C. Gilmore, R. S.
Somerville, J. R. Primack [u gap.] // Monthly Notices of the Royal
Astronomical Society. 2012. Apr.. Vol. 422, no. 4. P. 3189-3207.

26. THE LARGE AREA TELESCOPE ON THEFERMI GAMMA-
RAY SPACE TELESCOPE MISSION / W. B. Atwood, A. A. Abdo, M.
Ackermann [u np.] // The Astrophysical Journal. 2009. May. Vol. 697, no. 2.
P. 1071-1102.

27. Science with the Cherenkov Telescope Array. WORLD
SCIENTIFIC, 2018. Feb..

28. Dzhatdoev T., Podlesnyi E. Massive Argon Space Telescope
(MAST): A concept of heavy time projection chamber for y-ray astronomy in
the 100 MeV-1 TeV energy range // Astroparticle Physics. 2019. Nov.. Vol.
112. P. 1-7.

29.  The observation of the Crab Nebula with LHAASO-KM2A for
the performance study / F. Aharonian, Q. An, Axikegu [u ap.] // arXiv e-
prints. 2020. Oct.. C. arXiv:2010.06205.



