MunucrepcTBo Hayku u Bbiciiero oopasosanus Poccuiickoit ®ejieparinn

DerepanbHOE TOCYIAPCTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE

yUperkJieHe BBICIIIEro o0pa3oBaHus
«Hammonaabublil uccaenoBaTeIbeKuil guepubiit yuusepceuter « MUDI »

VIIK 539.12

OTHET
O HAVUHO-UCCJIEAOBATEJILCKOI PABOTE
CMEIIEHNE KOCMNYECKNX HEMJIEHTUOUIINPOBAHHBIX

TAMMA-MICTOYHUKOB KAK HABJIFOJTATEJIBHOE
[TPOSIBJIEHUE CI'VCTKOB CKPBLITOU MACCHI

Hayunbiit pykoBoiuTes b

K.(.-M.H., JIOII. A. A. Kupuion

Boemosmmia B. B. Bepzakona

Mocksa 2021



Conepkanue

COMEPIKAHME . . . . . v v v o o e e e e 1

1 Beenenne . . . . ... 2

1.1 Okcnepument EGRET . . . . ... .. o000 4

1.2 Fermi-LAT . . . . . . . . . . . . 5

1.3 CMEIIeHHBIE MCTOTHUKI . . . . . o o o oo ov e e e e e 6
DOyHKIIA pacipeaceHud CMEIEeHHBIX NCTOYHIKOB . . . . . . . . . . . 7
BaKITIOUCHIE . . . . . . . . o 10
CIIMCOK MCIIOJIb30BaHHBIX MCTOYHUKOB 11



Lenb padorbr: Orenka 3ddekra CMelenns MeJKOMACIITA0HBIX acTpodu-
BUYECKIX 00bEKTOB HOBOM (DUBMKHU, HAIIPUMEp, CI'YCTKOB CKPBITOI Macchl, U aHAJIN3
BO3MOXKHOCTH BBIBEJIEHIS KAHIUJIATOB B CI'YCTKH Cpei HaOJIF0IaTe/IbHbIX JaHHBIX 110

HeI/I,ZLGHTI/I(bI/IHI/IpOBaHHbIM raMMa-nuCTo4YHnKaM.

1 Bsenenune

[Ipucyrcreue Temuoii marepun (TM) mpesnonaraercs MHOKECTBOM acTpOdu-
3UYECKNX W KOCMOJIOTUYECKUX U3MEpEeHuil, OJTHAKO ee TUIyOUHHAS ITPUPO/Ia MTOKa HEn3-
BectHa. Cpejin Hanbosiee MepCIeKTUBHBIX KAHJIIaTOB — CJ1ab0 B3amMO/IeiicTBYIONINE
maccusnble dactunpl (WIMPs!): qacruipl, porkaennnie B panmeit Beesennoit, kax mpa-
BILJIO, ¢ Maccamu, npesbimatonmmu 100 ['9B u na yposae Huzke 3ekTpociaboro [1].

B pamkax mapagurmer ACDM, B mareit Beestennoii cyrecTByeT 1o MeHbIei
Mepe B IecTh pas3 0oJibllle TeMHOI MaTepun, dem dbapuonnoii: 2. = 0.265, 2, = 0.0493
[2]. Tlonnmanue IpupoJIbl TEMHON MATEPUU SIBJISIETCS OJIHON M3 CAMbIX BayKHBIX 3814
coBpeMeHHOil pyHIaMeHTaIbHOl (busnkn. B monckax TemMHOI MaTepuu CyIHIECTBYIOT
TP Pa3JIMYIHBIX ITOJXO0/a: IPIMOE POKJIeHIE B KOJLIAIePHBIX dKCIIEPUMEHTaX, IIpsi-
MoOe ODHapy KeHIe Yepe3 paccestHie Ha OOBITHON MaTepun U KOCBEHHOE OOHApYKeHue,
OCHOBaHHOE Ha IMONCKEe BTOPUYHBLIX YaCTHI], 00pa3yIoNuxcs B pe3yabTraTe aHHUTIs-
IUN WK paciaja dacTull TeMHoit marepun. CyIiecTByeT MHOKECTBO TEOPHil, peiia-
ralolnx KaHIuJIaTypbl YacTHIl TeMHOI MaTepuu, KOTOpble MOI'YyT aHHUTHJINPOBATH B
oromb! y-nziydenns [3].

Cyobrao TM gBJsI0TCs IEPCIEKTUBHBIMEI 00bEKTAMU JIJIsi KOCBEHHOTO OOHAPY-
xerust TM. CorstacHo cTanapTHO Teopun (GOPMUPOBAHUST NEPAPXUUIECKON CTPYKTY-
PbI, YaCTHUILI TEMHOIl MaTepun HaKaIllJIMBalOTCsd, IpeBpalllasich B HEOOJBINNE TAJ0, a
3aTe€M MHOTOKPATHO CJIMBAIOTCS, 00pa3yst Oojiee KpyIlHbIe raJjo. Hekoropble n3 raJo,
€CJIN OHU BBIKUBAIOT ITOCJIE NMPUJIMBHOIO Pas3pylleHUs U BUPUAIN3AINN, CTAHOBATCS
cybrajo ryaBHoro rajo. MonemupoBanue N-teyr B MmacmTabe rajgo Maeunoro IlyTun
IIOKA3bIBAET, YTO CyOraJio ropasjo 00JibIlle, YeM CIIYTHUKOB, HaOJ/II0JaeMbIX Ha OIITHU-
YeCKOM JIJTMHE BOJIHBI, YTO YKa3bIBAET Ha TO, UYTO OOJIBIINHCTBO U3 HUX COJIEPyKAT MaJIo
3Be3 win raza |1]. Cybramo TM, mmbo qoctaTodHo MaccuBHbIe, JIHOO JOCTATOTHO OJII3-
Kue K 3emJjie, MOryT ObITh BUJIHBI B raMMa-/uanas3one. V3-3a oTcyTcTBus 3B€3/1] I Ia3a
cyorayio TM MoryT OBITL OOHAPY2KEHDBI MTOCPEJCTBOM PETUCTPAINN FaMMa-U3JTydeHnsd
WJIN K€ TIPEBBINIEHN JIOJIN aHTUYIACTUIL B KOCMIYECKUX JIydaX, a TaKyKe 3a CUeT I'PaBH-

TalnoHHbIX 3(dekToB. B gannoit pabore paccmarpuBaercs: 3hdeKT, OCHOBAHHBIN 34,

'WIMP —Weackly Interactive Massive Particle



cyeT curHaJioB y-usiydenust. Oxujpaercs, aro cyorago TM sBisroTess mCTOUHUKAME
raMMa-u3JIyYeHns, KOTOpbIe He CBSA3aHbI ¢ UCTOUYHUKAME, OOHAPYZKEHHLIMU B JPYIUX
JIMAITA30HAX JITHH BOJTH Ipu O0JIee HU3KNX SHEPrusx |o].

B jamnnoii pabore paccMaTpuBaeTCst HEOCPEACTBEHHO METO, KOCBEHHOIO 00Ha-
pyzkennst. OH 3aK/I09aeTcss B perucrpannn He camux dactuil TM a IpoJyKToB X I0-
TeHIMAJILHOM aHHUTIJISIIN WJIA PACIIAJIA: 3aPArKeHHBIX YaCTULL U aHTUYACTUIBI KOCMU-
gecknx Jsyuei (sxcrepumentsl PAMELA, AMS-2, ATIC, IACTs, Fermi-LAT, Auger),
ramma-u3styaerns (sxcrnepuments Fermi-LAT, HESS-1I, MAGIC, VERITAS, HAWC),
weiirpuno (9kcrepumentsl lceCube/DeepCore/PINGU, ANTARES/KM3NET, BAI-
KAL-GVD, SuperKamiokande/HyperKamiokande).



1.1 kcnepument EGRET

EGRET (Energetic Gamma Ray Experiment Telescope) 6b11 BbICOKOIHEPTeTH-
JecKnM ramma-reseckornom Ha Kommronosckoit obcepsaropun ramma-iydeit (CGRO),
dyukmuonuposapimmM ¢ 1991 o 1999 rr. Teseckon padboras B JuamaszoHe SHEPruii oT
30 MaB 110 601ee 20 I'sB. On ume 6oJbit1oe 1oJie 3penusi, 0KoJ10 80° B guaMeTpe, XoTst
sy deKkTrBHAST IJIOIIAIb 3HAYUTEJIHHO YXYIIIaloTes 3a npegensamu 30° BHe ocu. -
dbekTuBHAS ILJIOIAb 10 ocu cocTassta 6osee 1000 cm? B muanazone or 100 MsB 10
3 9B [6]. YruioBoe paspertierne CHIbHO 3aBUCHT OT 3HEprun, npu 67%-M yriie Koudaii-
nMenTa 5.5° mpu sreprun 100 MsB ymenbimaerca mo 0.5° npu sueprum 5 ['9B 1o ocu.
fpKue NCTOYHUKU TaMMa-U3/1ydeHus] MOI'YT ObITh JIOKAJIIM30BaHbl ¢ TOYHOCTBIO OUYTH
10’. Dueprernyeckoe paspentenne EGRET cocrasiaer 20-25% B Goibieii yactn jua-
1a30Ha 1yBCTBUTEbHOCTH. BpeMms npuxojia poTOHOB PErncTpupoBagoch ¢ TOTHOCTHIO

50 MKcC.

Third EGRET Catalog
E > 100 MeV

& Active Galactic Nuclei m Pulsars
@ Unidentified EGRET Sources LMC
@ Solar FLare

Pucynok 1 — Pacnpenenenne ncrounnkos B katajore 3EG



Karanoru 1EG n 2EG conepzxar 31 u 129 cobbituit, coorBercTBeHHO. COOBITHUS
B 3EG ocHoBaHbI Ha JlaHHBIX, MOJIy4YeHHBIX Teseckoniom EGRET na Gopty B nepuo
¢ 22 ampess 1991 mo 3 oktsabpst 1995 [7]. B karanore cobpan 271 ucTouHUK raMma-

u3sryaennst, 170 u3 Hux HenjeHTudUIUPOBAHHDL (puc. 1).

1.2 Fermi-LAT

Fermi-LAT — skcrnepument, npuriepmuii Ha cmeny EGRET. Hagas cBoro pa-
ooty B 2008 roy, geiicTBytomiuii o Hactosiee Bpems. Large Area Telescope (LAT)
ODHApPY2KUBaeT y-JIyun B Juanasone suepruit or 20 MsB 1o 6osiee uem 1 T9B, nsmepss
BpeMsi UX IpHUXo/ia, dHepruto u Hampasierue. [lose sperns LAT cocrasisier ~ 2.7°
npu sueprun 1 ['sB u BoIme. YrioBoe pasperenne Ha oJuH GPOTOH COCTABIAET ~ H°
npu sHeprun 100 M»sB, yayumaercs g0 0.8° npu sueprum 1 9B, Mmensercs ¢ snep-

rueit npubimsuresnsro Kak 0% n acummroTndeckn ysesmumnsacercs 10 ~ 0, 1° Bbimme

20 I'sB. Cexnus ciaexkennst LAT umeer 36 ¢10eB KpeMHIEBBIX ITOJIOCKOBBIX JETEKTOPOB,

= Mo association @ Possible association with SNR or PWN = AGN
* Pulsar 4 Globular cluster + Starburst Galaxy * PWN
® Binary + Galaxy o SNR # Mova
* Star-forming region 8 Unclassified source

Pucynok 2 — Pacupenenenne ncrounukos B Karajgore 4FGL Fermi-LAT

gepeyroruxcst ¢ 16 ciiosimur Bosibdpamosoit dosbru (12 Torkux coes, 0.03 paiuaiu-
OHHOI JIJINHBI, B BepxHeil min nepejHeil dactu npubdopa, 3areM 4 ToscThIxX cjost, 0.18
paJINAIMOHHOI JIJTMHBI, B 3a/(Heil dacTn). KpeMHneBble MOJIOCKH OTC/IeKUBAIOT 3apsi-

JKEHHbIE YaCTHUIIbI, a BOJbdpamoBas (hoJibra CIIoCOOCTBYET IIPEOOPA30BAHUIO Y-JIyUeii
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B Iaphbl IIO3UTPOH-3JIEKTPOH. [loji TpekepoM HaXOJIUTCs KAJOPUMETP, COCTOAIIMI u3

8-cyrofiHoro MaccuBa kpuctayioB Csl jyist onpeesiennst sneprun y-jydeit |3
Karasor 4FGL cobpan 3a 1epBbie BoceMb JieT paboThl Muccun 1 BKIo4daeT 5064

UCTOYHUKOB, Jiyist 1336 MCTOUHMKOB HEe NMeeTCsl IIPaBI0II000HbBIX aHAIOTOB Ha APYIHUX

JUTHHAX BOJIH (pHC. 2).

1.3 CwmellleHHbIE UCTOYHUKU

B cBorto ouepes nabsoaTebuble JaHHble KOCMIIECKNX JIyUIeil 1 raMMa-m3.Iy-
YeHUST WMEIOT bl Psiji HeOObSICHEHHBIX SBJICHUN, B YaCTHOCTH B SKCIIEPUMEHTAX
Fermi-LAT u EGRET 065110 3apeructpupoBato 00JIbIIOE KOJINYECTBO HENIeHTHDUITN-
poBanHbix ramma-uctouHnkoB (I'). ITpu Tom 3a Bpemst paborsl Fermi we Obu1 06Ha-
pyken pan ['U, naxojsmuxes B karajgore EGRET.

B nannoit pabore oleHIBaETCsl BO3MOXKHOCTD cMelleHnst Takopbix ' 1o nebec-
HOIT chepe 3a BpeMsi paboThl JJaHHBIX KoJsutaboparuil. [Ipupona takux 'Vl MoxKeT ObITH
CBsI3aHHA ¢ KOMIIAKTHBIMU 00BEKTAMEI HOBOI (PU3MKM, K KOTOPHIM OTHOCSTCS CI'yCTKU
CKPBITOiI MaCChl WJIN KJIACTEPHI IEPBUYHBIX Y€PHBIX JbIp [I].

Hannas paboTa TakyKe aKTyabHa JIJI MOCIEAYIONUX IKCIEPUMEHTOB, PEru-
CTPUPYIOIINX raMMa-curHajbl, Takux kak GAMMA-400.

Bynymmit koemugecknit ramma-tesseckonn GAMMA-400 6yier paborars Ha 60p-
Ty POCCUICKOI acTpou3nvdeckoil 00cepBaTOPUN Ha, BHICOKOJLIMIITUIECKON opOuTe B
TeueHne 7 JieT Jjis HADJIOJAeHNS TaJaKTHIecKoil IJI0CKOCTH, IeHTpa [ajakTuku, 1my-
spipeit @epyu, Kpaba, Beswr, Curnyca X, 'emuaru, CosHila U JApyTruX PErnoHOB U
M3MEPEHHsI IOTOKOB raMMa- 1 KOCMUYecKoro nssydenus [10].

GAMMA-400 oberraer Jydiime XxapaKTepuCTUKU, deM y Fermi, a 3HaqnT naH-
HbIE 110 TaMMa OT OYJIYIIEro KCIEePUMEHTa CMOI'YT IIPOJINThL CBET Ha IPUPOY KaHI1-

JaTOB B CMCEIICHHbIC NCTOYHUKMU.



2 (DyHKIUsS paclpeesieHns CMeMIeHHbIX MCTOY-

HUNKOB
[TocTpoum (byHKINIO pacipejie/ieHnsi OTHOCUTEILHOTO YUCIa UCTOYHUKOB B CU-

cTeMe, CBA3aHHON ¢ IeHTpoM [aJlakTuKu, cunuTas pacipejeeHne CKOpocTeil MaKBeI-

dN

nosekuM. Torja J10/1s1 HCTOUHUKOB —y MIMEIOLIIX CKOPOCTH B Jualasoe (v U + dv)

OyIeT 3a/1aBaThCA CJIEIYIONIIM 00pa30M:

AN 1 =\ 1

e N — qucjo uctouHnkoB. Ilepexoys B cucremy, cesazanuyto ¢ CoOTHIEM, TTOTYIUM:

dN 1 T —15)?
= exp —Q d3v,

N (voym)? v

e Vs, — ckopocTh CostHita. BeibepeMm och x conampasiiennoit ckopoctn CosHIIA, TOT 1A

dN 1 (v — Vo) 4+ v + V2 o d )
N TVl N vl )

Bynem cuntars, 9To B okpecTHOCTH COJIHIIA CKOPOCTH UCTOYHUKA OCTACTCs ITPUOJII3H-
TEeJBbHO ITOCTOIHHON U 3adaeTcd CﬂeﬂyIOHH/IM COOTHOIIIEHUEM .

Ty =7

U= —
rje 11,79 — HadaJIbHOEe U KOHEYHOE II0JIOKEeH!sT NCTOYHNKA. Tora BhlpakeHue 2 mpe-

obpazyercst CJIeIyIONIM 00pa30M:

dN 1 (w2 — 21 —vot)® + (Y2 — v1)° + (22 — 21)°
= exp | — dxdydz

N (Uotﬁ)g (U0t>2

Tpebyercst HOJIYyIUTH pacipeesieHne B raJakTHIeCKNX KOOPANHATAX, JIJI 9ero
VJI0OHO TIPeIBAPUTE/IHLHO TepeiiT K cheprudecKnM, a 3aTeM OT HUX, ITyTeM IIPOCTOro
npeoOpa3oBaHnsd, MepeiTH K raJakTHICCKUM.

[Tepexoj1 K cchepudecknM KoopinHaTaM OyIeT OCYIIECTBISTHC CIEIYIONNM 00-



pazoM:

x =rsinfcosy

y =rsinfsiny

2z =rcosf
Axobuan mpedpazoBaHUS:
J =r’sinf (3)
Nmeem:
dN  r2sinf, 1

N (votA/7)3 exp _W ((7“2 sin 6 cos w9 — 11 sin 04 cos 1 — U@t)2+ )
4

+ (79 sin #y sin w9 — 71 sin ; sin @1)2 + (r9 cos s — 11 cOS (91)2) drodfodipy

[lepeitjiem Teneps B rajakTrdeckne KoopuHatel b = 90° — 6, [ = 90° — :

xr =rcosbsinl

y =rcosbcosl

z=rsinb
[Tomyanwm:
dN  r3cosb Dbl
N~ (ol /mp 2R
1 . . 5 (5)
X exp | — ((7“2 cos by sinly — 71 cos by sin by — vet)“+

(w0t)?

+ (ry cos by cos ly — 11 cos by cosly)? 4 (rosinby — 1 sinl1)2)

Taxk xKak Mbl paccMmarpuBaeMm nctodnHuku BOn3u CosiHedHOI cucTeMbl, Oyaem
CIUTATh Uy = V. lIpomHTErpupyeM BbIparkeHue H 1O BCEM BO3MOXKHBIM PaCCTOSHU-
daM T9. B pesymbraTe octaercsd OJMH HEONpeeeHHBIH mapaMeTp 71, MO3TOMY IpO-
BeJleM yCpejHeHre MHTerpaJia, MoJIydeHHOrO paHee, 110 MaKCUMAaJbHOMY PaCCTOSHHIO

ro = 101K, Mpu KOTOPOM CI'yCTOK MOYKET OBITH 3aPEruCTPUPOBAH KaK raMMa-UCTOYHUK



dN COS b2db2dl2 d
N ro(Roy/m)? / 7nl/ 2%

1
X 7~§ exp [ — ((7“2 cos by sinly — 7y cos by sin by — R0)2—|—
0

+ (rg cos by cos ly — 11 cos by cosly)? + (rosinby — 7y sin l1)2) .

[lepeiigem K 6e3pasMepHbIM KoopauHaTaM p; = 1;/ Ry, i = 1,2. ITocae ycpe-

HeHUs ToJIydnM i depeHInaibHy0 BepOSITHOCTL OOHAPYKeHUsT NCTOYHUKA B A~

dN
nazoHe KoopauHat oT (be;ls) 10 (by + dby; Iy + dls), obosnauus df (by, ly) = ~
df(by,!1
IIpu sTom P = M OKoHYATEJIbHO TMEEM:
dbedis

ro/Ro ro/Ro
P Ry cos by 4 1
- rO(ﬁ)3 ! P1 O/ P2 X

X pg exp [ — ((p2 cos by sin ly — pq cos by sin by — 1)2—|—

+ (pa cos by cosly — py cos by cosly)? + (pasinby — py sinll)Q) .

BosbMeM 4Unc/ieHHO MoJIydeHHbIH HHTerpasl n IOCTPOUM I'PadUKH MOy YeHHOI
GYHKIHN pacipe/ie/IeHusl.
Pacnipejiesienne, mpejicraB/ieHHOe Ha PUCYHKE 3 B JIAJIbHEHIIIeM TTO3BOJIUT Olle-

HUATH BO3MOXKHOCTDL CMeIleH!sI HCTOYHUKOB 110 JlanHbIM KaTtasgoros Fermi u EGRET.
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Pucynok 3 — Pacupenenenne BepogTHOCTH CMECTUBIIETOCH NCTOYHUKA, BEPOSITHOCTH
MezK Ly coceiHuMuU JinHusiMI ypoBredi 0.05: (a) cooTBETCTBYeT HAYaIbHOMY TTOJIOYKEHITO

' (by = 65°,1; = 50°), (b) coorBercryer (by = —65°, 11 = 50°)

3 3akJiroueHue

B nannoii pabore paccMaTpuBaJach BO3MOKHOCTH n3ydenust 3¢pdexTa cMmelne-
Hust 6yim3kux K COJTHILY CI'YCTKOB TEMHON MaTepun 1 UX HOCISAYIOMEMY TPOSBICHHIO,
KaK TOYCUHBIX MaMMAa-UCTOYHUKOB FaMMa U3J1yICeHU.

Jnst sToro 6pL1a mosrydena (pyHKIMA PAcCIpeIeIeHUd IIOTHOCTH BePOATHOCTH
JIJI CMEIICHHBIX HCTOYHNKOB 3aBUCUMOCTH OT IaJIaKTHYeCKUX KoopuHat. M 3aTem 1mo-
CTPOEHBI COOTBETCTBYIOIINE JTMHUU YPOBHH, BEPOATHOCTL MEKJLy COCEJHUMU JIMHUAME
coctaBisger ~5%.

JasbHeiinas paboTa 3aK/II09aeTCs B HEIIOCPEJICTBEHHOM 0TOOPE KAHINJIATOB C
noxodIell pusnKoil B CMeIeHHble MCTOYHNKH N3 KATAJIONOB U IIPOBEJICHUN CTATHU-

CTUYECKOI'0 aHaJjl3a, COMIaCHO OJTydeHHON (PyHKINN pacipejieeHnsl.
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