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[[amma-acTpoHOMMUA

NMOUCK NOKasibHbIX rariakTM4eCcKux UCTOYHUKOB ramma-
KBAaHTOB C 3Heprueu Bbiwe 100 TaB,;

nccnegoBaHMe NOTOKOB raMmMa-usnyyeHus oT USBECTHbIX
MCTOYHUKOB B obnactu aHeprum Bbiwe 20-30 TaB,

nouck andpdysHoro ramma-nsny4vyeHus NanakTmkum
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Quantity Fermi IACTs EAS

Energy range | 20 MeV-200 GeV | 100 GeV-50 TeV 400 GeV-100 TeV
Energy res. 5-10% 15-20% ~ 50%

Duty Cycle 80% 15% > 90%

FoV /5 5° x 5° 4 /6

PSF 0.1° 0.07° 0.5°

Sensitivity 1% Crab (1 GeV) | 1% Crab (0.5 TeV) | 0.5 Crab (5 TeV)

CpaBHeHue xapaktepuctuk getektopoB FermiLAT, IACT v LLUAIJI.
YyBCcTBUTENbHOCTb paccuutaHa ana 1 roga pabortbl FermiLAT um
yctaHoBok LUAJl, u 6onee 50 yac gna IACT.
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e 10% Crab |
H.E.S.5./Veritas |

E-F(>E), TaB-cm2c"

1000 10* 10°
E [GeV] 1

MuHnMmanbHasa namepsiemMmass MHTEHCMBHOCTb MCTOYHUKOB Ha YpPOBHe 5c
(WyBCTBUTENBLHOCTbL) HEKOTOPbLIX AENCTBYHOLNX U NNaHUPYEeMbIX OETEeKTOPOB ramma-
NU3Ny4yeHunsi BbiICOKOM 3Heprun. Xapakrtepuctuku ansa aetekropos LUAJ1 n cnyTHUKOBbIX

AeTeKkTtopoB 6a3wpyloTc;| Ha roooBom Ha60pe AaHHbIX, AONA YepeHKOBCKUX TeJieCKonoB

- Ha AaHHbIX 3a 50 yacos.
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Ionana3oHbl Y-U3JNTYHEeHUNA CNEeKTpPa

PaccTtossHuA oo HabnogaeMbiX O0ObEKTOB

Region Energy (B npeanonoXxeHnn, 4YTO OCHOBHOM
LE/I‘\[E 100 kER‘r < E < 100 P\IEV MeXaHU3M NnornoLweHnA y-KBaHTOB:
HE 100 MeV < E < 100 GeV
R ~ 10knk E ~ 1 MaB;
VHE | 100 GeV < E < 100 TeV A =
UHE 100 TeV < E < 100 PeV
~ E <100 TaB
EOE E > 100 PeV R ~100 M,
Region Energy Wavelength
Y-ray E > 100 keV A< 1 pm
Precisely, E > mqc? =511 keV | Precisely, A < A&qypron = 2-43 pm
X-ray 100 eV < E < 100 keV 1 pm < A< 10 nm
ultraviolet 10 eV < E < 100 eV 10 nm < A < 100 nm
visible leV< E < 10 eV 100 nm < A < 1 um
Precisely, 1.7 eV < F < 3.2 eV Precisely, 380 nm < A < 750 nm
infrared 1l meV < E < 1eV 1l pm < A< 1mm
microwave 0.1 peV < E < 1 meV I mm< A< 10 cm
radio E < 0.1 peV A > 10 cm
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MexaHun3mbI reHepauunm y-n3fnyvyeHus (e y P ﬂp,pa)
e e*e” - aHUMrMNNAUMA (nuHun): e'e” — y+y
* TOPMO3HOE U3rTyYeHUue 3NIeKTPOHOB U NO3UTPOHOB
* KOMNTOHOBCKOE (0OpaTHOEe) paccesiHMe Ha 3NEeKTPOHaX
* CAHXPOTPOHHOE (MarHUTOTOPMO3HOE) U3Ny4YeHne pensaTuB. INIeKTPOHOB
* NU3rMbHoOe nany4yeHue (CUNbHbIe MarHUTHLIX NonA + BO 3NeKTPOHbI)
* PEHTreHOBCKOE€e XapaKTepuctnyeckoe nirfiy4eHue (sosdbyxaeHne pekomobuHaums atomoB)
* PP-CTONNKHOBEHMUS (kocmuueckue nyuun) ¢ poxkgeHmem ni0; pacnag n® (nuxunm)
* py-B3anmoaencteus (potopoxaeHue NMOHOB — NOPOroBas peakuus)
* sAepHble nepexoabl U pacnagbl (nuHun)

* usny4eHue ropsiuen nnasmol (T~ 101° K) — rennoBon cnektp (~ MaB)

ABa knacca: (I) Aud¢dy3Hoe nanyyeHne - ot Bzaumogn. KJ1 ¢ BewectBom U pag. nonsamu
(ranakTnyeckoe) mnu cnabbix yaaneHHbIX UICTOYHUKOB (BHeranaTtu4yeckoe); B AUCKEe —
TOPMO3HOE U3JTyYeHue pensATUB. ANIeKTPOHOB U oT pacnaga n’ ; B rano —ICS
anekTpoHoB (KJ1,) Ha paa. nonsax (CMB, paguo, onT., peHTr.);

(1) y- nanyyeHune oT fioKanbHbIX UCTOYHUKOB.
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Xapaktep y-usnydveHwus

Oudocpy3Hoe nsnyyeHume
B3anmogeucteue KJl c BewectBOM
B3anmogeucteue KJ1 c paamauMOHHHbLIMU NONAMM
paccesiHue pensaTuB. INeKTPoHOB Ha PU (u3oTponHoe peHTreHOBCKoOe)

OT COBOKYMHOCTU acTpohpn3nyeckux oo LeKToB

Hawa NanakTtuka - u3ny4yeHne B OCHOBHOM KOHLEHTPUPYETCH B AUCKE

Oudcpy3Hoe B aucke: Ey <100 M»>B - TOpMO3HOE U3s. penaTtus. anekTpoHoB (KI);

E, 2300 MdB  -vy-kBaHTbI OT pacnaga n® (KN + PW).

OuddysHoe B rano: ICS anekTpoHoB Ha paa. nonsax (PU, paguo, onT., peHTreH);
NMnoTHOCTbL pap. nonen No mepe yaaneHnsa ot ANcka
nagaeT ropasfo MmeasieHHee, YeM NOTHOCTU BellecTBa (rasa)

24.12.2018 "amma-actpoHomus BO 10



HekoTopble 0CO6GEHHOCTU Y-U3NYy4YeHUs

- e'e > y+y E =0511M>dB; Manasi UHTEHCUBHOCTb, BbICOKUM ¢poH KI1

* TOPMO3HOEe U3rly4yeHue 35eKTpoHoB - |1 MhB < E7 <100 M»B;

* KOMNTOHOBCKOE paccesiHne Ha 3NeKTPOHAX CYLLeCTBEHHO ANSl HU3KUX U BbICOKUX
3Heprum - E ~1 MaBuE >10015B

* CUHXPOTPOHHOE Wn3Jyiy4yeHue IJIeKTPOHOB E}/ =1 Mn»B; <:| Ee =1T1I3B, H=10"D (10_5FC)
- pacnaan® 7' —>y+y— poxpalTcs y-kBaHTbI C aHeprusimmu 100 MaB< £ <100 I'3B;

CMNEeKTP U3Ny4YeHnss UMeeT max npu E, =67.5M>dB;
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Compton GRO, 5.04.1991 -4.06.2000 r.
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Puc. 2. Cnexrp audipysznoro rajakruueckoro ramma-msiyvuaenus [19]:
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MexaHun3mMbl reHepauMm ramma-u3ny4veHus
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JlenTOHHBLIN MeXaHnu3m

Inverse Compton: y+e—y'+eé' sywenrotron

scattering of electrons on low energy photons: e /'
v~ Cosmic Microwave Background (CMB)

v Infrared, optical photons )
LWVErsE Compton

¥" Synchrotron photons B
e /
Energy flux/Pecade ;
& r(©) CMB. IR, VIS
CosmLe
electron
accelerators
Sy wnehrotron lnverse Compton
radiation upscattering
24 Radio infrared Visible Light X-rays VHE gamma rays
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ADPOHHbLIN MEXaHU3M
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v-RAY ASTRONOMY DOMAINS

Optical
Radio IR l 1 UV X-ray Gamma Ray
| I 1 | I | | L | I | I I | I 1 | I | I I
] 9 10 1 13 14 15 16 17 8] o) m n 2 B 2 = % . 3
- log (Frequency in Hz)
| I | I | I | | I 1 | | | I | | I | | I |
log (Energy in EV) v eV MeY Gev Tev
1
] % b "o T 12 log E o e
IUM ENERGY HIGH ENERGY VERY HIGH ENERGY
Band Low/medium High Very High Ultra High
Shorthand LE/ME HE VHE UHE
Range 0.1-30 MeV 30 MeV-100 GeV 100 GeV-100 TeV =100 TeV
Typical energy keV-MeV MeV-GeV TeV PeV-EeV
Environment  Space Space Ground-based Ground-based
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VCTOYHUKU ramma-mnyquMﬂ
GAMMA RAY SOURCES

Active Galactic Nuclei
(A few % of all galaxies)
|

] I
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(85% T 95%) (5% - 15%)
]
| | |
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The most common  Quasi-Stellar % /< GNs)

class of AGN Objects
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BHeranaktnyeckue UCTOYHUKU Y-U3TNTYYEeHUS

# | Object name | Redshift | Discovery reference

1. M 87 0.0044 Aharonian et al. A&A 421 (2004) 529

2. Mkn 421 0.031 Punch et al. Nature 358 (1992) 477

3. Mkn 501 0.034 Quinn et al. ApJL 456 (1996) L83
AGN, E > 100 r3B) Lil 1ES 2344+514 0.044 Catanese et al. ApJ 501 (1998) 616

D Mkn 180 0.045 Albert et al. ApJL 648 (2006) L105

6. | 1ES 1959+650 0.047 Nishiyama, Proc. 26" ICRC 3 (1999) 370

7. | PKS 0548-322 0.069 Superina et al. 30" ICRC (2007)

8. BL Lacertae 0.069 Albert et al. ApJL 666 (2007) L17

9. | PKS 2005-489 0.071 Aharonian et al. A&A 436 (2005) L17

10. | PG 1553+113 0.09 Aharonian et al. A&A 448 (2006) L19

Albert et al., ApJL 654 (2007) L119

11. | PKS 2155-304 0.116 Chadwick et al. ApJ 513 (1999) 161

12. | 1H 1426+428 0.129 Horan et al. ApJ 571 (2002) 753

13. | 1ES 02294200 0.14 Aharonian et al. A&A accepted

14. H 2356-309 0.165 Aharonian et al. Nature 440 (2006) 1018
15. | 1ES 12184304 0.182 Albert et al. ApJL 642 (2006) L119

16. | 1ES 0347-121 0.185 Aharonian et al. A&A 473 (2007) L25
17. | 1ES 1101-232 0.186 Aharonian et al. Nature 440 (2006) 1018
18. [ 1ES 10114496 0.212 Albert et al. ApJL 667 (2007) L21

19. 3C 279 0.536 Teshima et al. 30" ICRC (2007)

3apeructpupoBaHbl IACTs (coctosiHne Ha 2007), cnucoK nNo KpacHOMYy cmMelleHuto (Hawe Bpemsa z=0) .
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Extragalactic VHE y-ray sources
(E,> 100 GeV)
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http://www.mppmu.mpg.de/~rwagner/sources/
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3KCFIepVIMeHTbI Ha KOCMNYEeCKUX arnnapartax

Kocmuyeckue annapatbl (CNYTHUKMN) :

Small Astronomy Satellite 2 (SAS-2) — nepBbI¥ 60MbLWON CNYTHUK AN Y-aCTPOHOMMUMU
(neTekTopbl — UCKPOBbIE KaMepbl U CLUHTUSISIATOPDI)

3anyuweH B 1972 npoObin Ha opbuTe 6 Mec.; AeTaribHO NPOCMOTPEHO HEGO B
AvanasoHe 20 MaB -1 IN'aB.

 COsmic ray Satellite B (COS-B), 1975 -1982, 70 MaB - 5 'aB; nepBasi noniHasa KapTa

Yy-M3ny4yeHus u3 aucka Fanaktuku u nepBoe AeTeKTUpoBaHUe y-U3nyyYeHuUs
BHerasiaktTuiyeckoro oobekra — ksasap 3C273.

«  Compton Gamma Ray Observatory (CGRO) - cnyTtHuk NASA 1991- 2018 (o 21 roga?);

coctomuT u3 4x nictpymeHtos EGRET, BATSE, COMPTE, OSSE

CGRO Habnrwopan y-usnydenue no 30 '3B, obHapyxun u3oTponHoe pacnpegerneHue
kocmonornyecknx GRBs; EGRET oTkpbin 60nblioe YUCNO BHEeranakTu4ecKux
MCTOYHMNKOB, B YaCTHOCTU — Ora3apbl Kak UCTOYHUKN HE y-usnyyeHus.

*  BeppoSAX, 1996 (cm. K. NMocTHOB, YPH 169 (1999)) — nononHutenbHblie X-Teneckonbl:
2 wunpokoyronbHbl Kamepbl (WFC, 2-30 kaB) 1 y3koHanpaBrieHHble cnekTpomMmeTpbl 0.1-
10 k3B 1 2-10 k3B, o 102 3prcm=2 c'; nonoxeHue ¢ ToyHocTbo Ao 1.

- Swift, 2004 - X-ray n UV-optical telescopes o6ecneunBatoTt nokanusaumio GRB ~ 3’;
gamma-ray telescope (Burst and Altert Telescope or BAT) AeTeKTUpPYIOT BCNNeCK,

X-ray Telescope (XRT) n UV-Optical Telescope (UVOT) 6bicTpo (60-100 c) HaBOAATCA
Ha 3TOT y4acCToOK, YTO obecneynBaeT HabnrogeHue nepexona ot dasbl prompt y-ray K
HU3KO 4YacTOTHOM pa3e nocrne cBeYeHus.

24.12.2018 "amma-actpoHomus BO 20



Kocmunyeckue annapartbl (CNMYTHUKN)

“Penukt”, COBE (Cosmic Background Explorer), 1992- 2006 — namepeHue
cnekTpa PU n ero aHnsotponum

KocMmuueckum teneckon «Xab6on» (Hubble Space Telescope, HST) - 1990
Compton Gamma Ray Observatory (CGRO) - cnytHuk NASA 1991- 2000 rr;

4 UHCTPYMeHTA:

— Energetic Gamma Ray Experiment Telescope (EGRET)
— Burst and Transient Source Experiment (BATSE)

— Compton Telescope (COMPTEL)

— Oriented Scintillation Spectrometer Experiment (OSSE)

CGRO Habnropan y-usny4venue go 30 3B, obHapyxun usoTponHoe
pacnpeneneHne kocmonornvyeckux GRBs; EGRET oTtkpbin 6onbLwoe 4yncno
BHeranakTu4eCKkux MCTOYHUKOB, B YaCTHOCTU — 61a3apbl Kak MICTOUYHUKKN HE
Y-U3Ny4YeHuUs.

Chandra 1999 — peHTreHoBcKasa ob6cepBatopusa (NASA)
WMAP 2003

FERMI LAT 2008 (“HacneaHuk” CGRO)

Planck 2013

Swift 2004

24.12.2018 "amma-actpoHomus BO 21



Small Astronomy Satellite 2 (SAS-2) — nepBbI 60SILLWION CYTHUK ANA Y-
aCTPOHOMMUMU (OETEKTOPbI — UCKPOBLIE KaMepbl U CUMHTUNNAOPDI)

3anyweH B 1972 npoObin Ha opouTe 6 mec.; AeTanbHO MPOCMOTPEHO
HeOo B ananasoHe 20 MaB -1T13B

COsmic ray Satellite B (COS-B), 1975 -1982, 70 MaB - 5 'aB; nepBasn

NosiHasl KapTa Y-U3ny4vyeHusa ns aucka NanakTuku v nepsoe

g(e;;elémposanue Y-U3Ny4eHMs BHeranakTu4yeckoro oobekra — KkBasap
73.

“Penukt”, COBE (Cosmic Backgraound Explorer), 1992- 2006

Compton Gamma Ray Observatory (CGRO) - cnyTHuk NASA 1991- 2000 rr;

COCTOMT U3 4X UHCTPYMEHTOB:
— Energetic Gamma Ray Experiment Telescope (EGRET)
— Burst and Transient Source Experiment (BATSE)
— Compton Telescope (COMPTEL)
— Oriented Scintillation Spectrometer Experiment (OSSE)
WMAP
Planck

CGRO Habnwpapan y-usny4verHue go 30 'aB, obHapyxun msoTponHoe
pacnpeaeneHne kocmorsnornyeckux GRBs; EGRET oTkpbin 6onblioe
YMCNO BHEranakTu4eCKMx UCTOYHMKOB, B YaCTHOCTU — bna3apbl Kak

UCTOYHUKU HE y-usnyyeHus.
24.12.2018 "amma-actpoHomus BO 22



Fermi Gamma-ray Space Large Area Telescope (FermiLAT)
KocMmuyecknm ramma-reneckon nm. 3.@epmu

Teneckon FermiLAT (2008) peTekTtupyeT y-KBaHTbl ¢ 3Hepruen 20 MaB - 300
3B, ncnonb3ya KoHBepcuio y-KkBaHTOB B e*e-napy: v+Z—>e +e +7

FoV ~ 20% Bcero Heba. BTOopou MHCTPYMEHT Ha OOpPTYy CNyTHUKaA -
MOHUTOpP ramma-BnneckoB (Gamma-ray Burst Monitor)

15 ceHTAOpA 2008 ropa Teneckon ®epmu 3aperMcTpmupoBan peKkopaHyro
BCNbIWKY ramma-usny4yeHusa - GRB 080916C; paccTtossHne o o6bekra —12
MnpA. cB. net (co3se3gue Carina, OXxHoe nonywapue) .

MNanaktnyeckue y/X-ny3bipn (bubbles, cocoons)

Hos6pb 2010 - coobweHue o 3apeructpupoBaHHbiXx FermiLAT aByx ny3bipeun (bubbles)
B raMMa- U peHTreHOBCKOM Anana3oHax.

My3bipu (KOKOHbI) UMEKOT NPOTAXKEHHOCTb OKOJ10 8 KNK Kaxabin (~ 25 Tbic. cB.NeT) -
B UeHTpe [anakTuku, Bbille U HUXe ee NNOCKOCTM!.

I'IpMpo.qa ITUX o6pa3OBa|-w||7| NMNOKa HEeNOHATHA, rmnoTe3a. Nny3bipn BO3HUKIIN B pe3yJyibTaTe

aKTUBHOCTU CBEPXMACCUBHOMN YEPHOU AblIpbl, HAXoAsLWeNncHa B UeHTpe [anakTuku.
MpeanonoXxuternibHO, BO3pacT Ny3blpen COCTaBMAET MUIISIMOHDI JeT.
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Gamma-ray emissions
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Galactic latitude (deg)

S ' & IDENTIFICATION OF THE TeV GAMMA-
= r RAY SOURCE ARGO J2031+4157 WITH
MGRO J2031+41 THE CYGNUS COCOON

48 4 B.Bartoli, ApJ 790:152, 2014
2_
E —2 9
i =
o~ O
E y =
| ARGO J2031+44157 -~ —0>
-2 n

1
J
N

2 1 1 1 I 1 L 1 I 1 1 [ I 1 1 1 l 1 1 1 I 1 1 1 l It | _4
%5 84 82 80 78 76 74
Galactic lonaitude (dea)
Figure 1. Significance map around ARGO J2031+4157 as observed by
the ARGO-YBIJ experiment. The large circles indicate the positions of
ARGO J2031+4157, MGRO J2031+41, and the Cygnus Cocoon, and the corre-
sponding 68% containment regions (Ackermann et al. 2011: Abdo et al. 2012a).
The position and extension of TeV 2032+4130 and VER J2019+407 are marked
with crosses (Aharonian et al. 2005: Aliu et al. 2014b, 2013). The small circles
indicate the positions of PSR 2021+4026 and PSR 2032+4127.
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Figure 3. Spectral energy distribution of the Cygnus Cocoon by different
detectors. The arrows below 1 GeV indicate the upper limits obtained by Fermi-
LAT (Ackermann et al. 2011). The points at 12, 20, and 35 TeV are reported by
Milagro for MGRO J2031+41 (Abdo et al. 2007a, 2007b, 2009). The lower data
point at 12 TeV is the Milagro flux after the subtraction of the TeV J2032+4130
contribution (Ackermann et al. 2011). The dot—dashed line shows the best fit to
the Fermi-LAT and ARGO-YBIJ data using a simple power-law function. The
thick solid line 1s predicted by a hadronic model with a proton cutoff energy at
150 TeV. The dotted line is predicted by a model with cutoff energy at 40 TeV.
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3rd Fermi LAT Catalog

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 218:23 (41pp). 2015 June

+ 3033 sources

o No association e Possible association with SNR or PWN = AGN
= Pulsar 4 Globular cluster * Starburst Galaxy ¢ PWN
=@ Binary + Galaxy o SNR + Nova
* Star-forming region

24.12.2018 "amma-actpoHomus BO

ACERO ET AL.

+ 1010 unassociated
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é PWN

6 Binary XRB PSR Gamma
BIN

6 HEBL IBEL FRI FSRQ
Blazar LBL AGN
(unknown type)

24 .12.2018

6 uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR

amma-actpoHomusa B3O

http:/ltevcat.uchicago.edu/

Shell SNR/Molec. Cloud

Composite SNR
Superbubble

é Starburst
6 DARK UNID Other
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10 §_ 4 BAT- Ajello et al. 2008 3NeKTPoHOB Ha ¢poToHax (Ha PU, Ha paa. nonsx, =
[ ——&—— INTEGRAL - Churazov et al. 2007 M3nyueHnu 3sesn) —
| ——+%—— COMPTEL - Weidenspointner et al. 2000 TOtaI E G B —
-6 L1 IIIIII| 1 1 IIIIIII L1 IIIIII| 11 IIIIIII 11 IIIIIII L1 lIlIlll 11 IIIIIII L1 lllllll L1 111t
10 -3 -2 -1 2 3 4 5
10 10 10 1 10 10 10 10 10
Energy [MeV]
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U3nyyeHune HE ot KpaboBnaHou TymMmaHHOCTMU

CRAB NEBULA AT VHE

_— : . _ systematic uncertainty (MAGIC)
> | | || = MAGIC stereo data (this work)
E m-a _ _ ______ Log parabola fit (Fermi-+MAGIC)
= F : :
2 E | Modit. log-parabola fit (Fermi+MAGIC)
= - ' | —— Fermi-LAT ApJ 749 (2012) CneKkTp BbICOKOW TOYHOCTH:

Z/< = ] i i i 50 3B — ~30 T3B,

10"

u E | 5 6MHOB Ha aekaay.
T * HabnoaeHnsa npu E > 80TaB
! (vccnen. pexnma KH);
% ! * KOMOMH. (bUT C AAHHBLIMMU
W | Fermi-LAT nossonun
i ! BOCCTaHOBUTbL Hanbonee
j TO4YHOe 3Ha4veHue nuka IC:
o i ; ; : 52.5 +/- 1.6 GeV
-lﬂ- :_......;..........................;.................. ......g........ .................E..........................;.... S R e e e o e e
_||I|i 1 I||||I|| (| ||II||i | |II||IIi I I||III|| L@ il [ |
10 1 10 107 10° 10*
E (GeV)

24.12.2018 amma-actpoHomusa B3O 30



CUHXPOTPOHHOE U3JTyyeHue (1)

CUHXpOTpP. nany4yeHme HepenATUBUCTCKOMN

YaCcTuUubl B HanpaBJieHUUN YCKOPEeHUA

CHHXpOTpP. nany4vyeHme HepenATUBUCTCKOMN

yacTvubl B NepneHAUKYNSPHOM HanpaBneHuM K /%\*
|

YCKOpPEeHUIo

U3nyyeHue penaTMBUCTCKON 4YacTuubl:
KapTuHa aedopmMmupyeTcsi — BO3HUMKaeT

aHU3O0TpoONUA B HanpaBfeHUun Bnepea

LUMKITOTPOHHAaA 4YacToTa

eH
— — ) =—, .
H a)L mc |::> H \1_‘ 1_ﬂ2

/{ T. K. ANs1 PeNATUBUCTCKON | Ar=TA:

- yacTvubl B cUCTemMe Habnwpartensd

FlerdeJ_ :eVJ‘HSiI’IQ |:‘>a :eVHSIHQ.
“ ‘ . Tme

eH
B cucteme nokost yactuubl @, =—;
mc

B cucTeMe nokosiwerocs Habntopatens % ~/T
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(2)

H
Vl:VSinH /ﬁ'

»

MowHOCTb U3ny4yeHus (NnopeHUu-MHBapUaHT) :

(6 — nuTY-yron) 1%
' 262 2€2F4
P=P =——(a’+a"?})= a) +a; , ,
e e 303( J_) ( J_) (al:rQaJ_, a||:F3a||
. d(TmV - _ _
F = (dn; )=§[VX3] FL”—eV”B/c—O ) a =0
dVv |14 , eVBsin @ Vi mcV sin @ mc’ BT sin @
F :1_‘ L — 1 B 9 |:|> — ; V. = = =
L= dt © c - “ I'mc a, eH1-V2/E eH
T o :K: eH :ceH
Ana 0= T el E
s (e H| (E/me) -1
gy X 2T ot |[Bme . preron
g _3mzc3(1— 5) 3 3 mc’ P

2

P,(I)=20,cU,(I*-1), Or = 872762 /3=6.65-10"cM’, U, _ " nnotHocTs aHeprum

8 MarHUTHoOro nons

B cniy4yae U3oTponHoro pacnpegeneHus 4 ,
ycpeaHeHue no nuTy-yrnam gaet 2/3: <PS> = EGTCUH (-1
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CuHXpOTpOHHOEe usnyyeHume (SR) (3)

= SR reHepupyeTca pefniATUB. 3NEeKTPOHaMU (MO3UTPOHaAMU) B MarHUTHbIX MOMAX

= SR HanpaBneHo BOOJb ABUXEHUSA 3NIeKTPOHa — BHYTpM yrna 0 ~ mc?/E

" NOTepu 3Heprum Ha SR nNpoucxoaaT MmanbIMU NOPLUAMMU

" yactota SR MoXxeT ObITb 60MbLON, KITAaCCUYECKON TEOPUM AOCTATOYHO AJIA ONUCAHUA

SR npuycrnoeun @O <Kk,
dl _3e'H, o

CneKTp U3Ny4YeHusi OTAENbHOrO 3NeKTPOoHa: P(w)= I 53 (x)dx
do 2rmc® o

2 3 . ¢ olw,
3eH, [ E 7/ J3 e HsmGF w H, =Hsind
N w.) x=olao, F(x):fo5/3(x)dx

. =

2mce dw 21 mc’

K5/3 (x) - PyHKUMA MaK,qOHam:na nopsaka 5/3
Max P(®») npuxogutca Ha yacTtoTy (3Hepruio
(@) npuxon y (3Hepruto) 1 o,
O =77~ | > ¢

ha, =1.9-10°(H, / 9)(E /2B)’ 3B; toA me (mc yopen no nuTa-yrny
®, =0.290, =2.9-10°(H, / 3)(E /3B’

Mockonbky H; <~ 10° 3 n 3Heprusa anektpoHa M3C He cnuwKoM Benuka, KOCMUYecKoe
SR vawe nexuT B paguognanasoHe. Hanpumep, ansa E~10 B uw H; =10° 3, yacrtoTta
v,=4.6 TTy, o, ~10°3B
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YrnoBoe pacnpeaenieHne CUHXPOTPOHHOIO U3Ny4YeHUs
ZA

UHTerpnpoBaHue no ¢ gaet k
477232 2 2 2 2 4 %
dl  €'H'B(1-B7)[2—cos’ 0 — (B /4)(1+ 33" )cos* O] S5
— ?
df} 8mm’c’ \/ 1—3°cos” 0
(d 1dQ) 4438 {1/2, 30
= —) 5 cCuUnbHas aHM3oTponusa
(778)I">1, B—l ANA ynbTpapenaTuB. YacTuUlbl

0= pr—
(di / dﬂ)ezm 8(1—0%)""?

B y.p. cny4yae MHTEHCUBHOCTb (MOLWHOCTb) CUHXPOTPOHHOIO U3Ny4YeHusi BenmKka B
l1—nV /¢

Y

= v

X

Y3KOM UHTepBasie yrnos, AnsA KOToporo marna pa3HoOCTb
? 92:2(1—B)+92z(1+ﬁ)(1—5)+92 = 0 xl-p

+_
B2 2

1—7717/0:I—Bcosﬂzl—ﬁ(l—?—l—m)%l—
CuUnbHas aHu3oTponua AnAd I'>1

AnepTypa AD~ 241 -p% = %

yﬂprapeﬂﬂTMBMCTCKaﬂ YacTuua n3iny4yaeT B Y3KOM KOHYyCe BOKpPYr HanpaBJieHuUsA ];

34
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CnekTpanbHoe pacnpeaerieHne CUHXPOTPOHHOIo U3ny4eHus

PensiTMB. 3NeKTPOH BpalaeTcsi B MarHUTHOM none (BAonb AB =21 fy Vf I Bmc’
CUNOBOW NUHUM) ¢ NUTY-yrnom 90-. Paauyc oKpy>XHOCTH 1. = = H
Ha6niopatenb MOXeT 3aperucTpupoBaTh M3ny4eHue ecnm ock At, =AB/c a, €

KOHyCa U3ny4yeHus ¢ aneptypon 2/" HanpaBneHa Ha Hero.

= -B) ~ 2
At = % 1 sin@/V ~ 101V =(r, V)T =27(Tw,)" = 2, A=Al LR~ All(2r)

At,=t,~t,=L/V-L/c=At,(1-B)~27x/(2"w,)
w, ~2rw/At,

line of sight

MOLI.I,HOCTb N3Ny4YeHns INEeKTpPpoHa.
3 2
dl \/5 eH [w 3eH( E
— 2 ]7 | LUC — ) .
dw 2T mc We 2mc \ mc =~
2
=
27( eH 2 2 3 0 E;‘T o1 . . E
w = — F — 1" W, = F W . Single particle spectrum
AL me L w F(x)=x [ Kyy(0dx
4 1/3 X
w g1\ w
Huskue FlZ | (UJ < wc>
YacToThl We \/gr(l /3)( 2we
B 1/2 1/2
bICOKNe w T W /s
4YacToTbl Fl— |—|Z R € (w > wc)
We 2 We
CnekTpanbHoe pacnpeaerneHns uMeeT MakKCUMyM ‘“§
npu Yucrie o6epToHOB 7 ~ I‘3; OCHOBHasl 4acTb U3ny4eHus =
eH| E
cocpefoToYeHa BONU3N W ~ nw,; = — —
mc \ mc
24.12.2018 "amma-actpoHomus BO
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Ha[o NPOUHTErpMpoBaTh NO NUTY-Yrram u
3HepreTM4YecKomy cneK;l;,py 3N1eKTPOHOB B
UCTOUHUKE  f(E, 0)=

BbipaxeHue | ;47  BH [ ]
We

dw 21 mc’

dEAQ’
Byaem cuuTaTth pa¢npeneneHuve rno nuTy-yrnam '
M30TPONHbLIM, a CMIEKTP 3neKTp0|-|OB -ctenenHbim :_| f(E,0)=nE “sin@/4r
J(w)_ff_f(E e)deE CH(u+l)/2w—(0¢+l)/2, roe C_% o,c ( ¢ j(a3)/2
3 (mc)* '\ 27zm

“OxnaxgeHue’” 3NNeKTPOHOB
OneKTpoH 3a BpeMmA [, TepsAeT 3Ha4YUTENbHYIO YaCcTb CBOEN 3HEepPrumn, Tak YTo fopeHL-
CbaKTOp CTAaHOBUTCA HUNXKEe HEKOTOPOro Kputn4eCcKkoro 3Hav4yeHumsA Fc , onpegendemMoro

ypaBHEHUeM: 2
dl’ o 6Tmc ~ 3eH 547 emc
2 T 7722
mc —— = ——H F C F ~ w F ~—————
dt 6T :'; O'TH . :'; C 2me ¢ O'ZTH 3tf
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4 P. Kumar, B. Zhang / Physics Reports 561 (2015) 1-109

» to observer

Fig. 3. Thefigure shows a segment of electron orbit that is moving in magnetic field with LF .. Radiation from the electron is received by a distant observer
only for a small segment of the orbit when the electron’s velocity vector lies within yf,“ of the observer line of sight as a result of the beaming of photons
in the forward direction in the lab frame (radiation in electron comoving frame is dipolar which covers almost 47 steradians). The observed synchrotron
peak frequency for emission from this electron follows from this simple property (Eq. (18)).
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2.2.1. Effect of synchrotron cooling on electron distribution

Another characteristic synchrotron frequency is associated with the cooling of electrons (v.). Let us consider that
electrons are accelerated at some time, and then cool via synchrotron radiation for time duration ty. Electrons with LF = y,
(defined below) lose a significant fraction of their energy during this time and their LF drops below y.

dm.c®y. o p 6T m.c
d 67 arBty

The synchrotron frequency corresponding to this LF is defined as the synchrotron cooline Fm,;}:é?!r e 27 qm.c

2
Y. € Oor iy~

Ve —.
2p3s2
dmrm.c or Bt

The power-law index of the synchrotron spectrum changes at v. due to the fact that electron distribution function for y. =
is modified as a result of loss of energy. This can be seen from the continuity equation for electrons in the energy space:
at dy, | ay. |y,

[

] = 5(7e). Slow cooling Fast cooling

113
b
llll.-]..'.!

v, Vi 1':"r. W, ¥y "';rn
Fig. 5. Synchrotron spectrum for the case where v; < vy < v i1s shown in the left panel, and for the case v, < v, < vy inthe right panel, e.g. [131].

2 2.,2..2
_20°E* 2q°B*y2]

24.12.2018 ram =~ 3cm? 3c°m?
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The fraction of orbital time when this condition is satisfied is ~1/(m 3, ), and therefore the duration of the radiation pulse
received by the observer in each orbit is:

5t 2 1 m,C (17)
b L ¥ L ¥ .

7 vewr 22 qByY?

where we used Eq. (1) that relates the comoving time, 6t" = &t/y., to the observer frame time duration for photon pulse
arrival. The inverse of this time is the characteristic frequency for synchrotron radiation which is given by

By, Wyn  qBY2
~ —— and = - . 18
Dsyn m,c Vo = o 2am,C (18)

where v, is the cyclic frequency. A more precise treatment has an additional factor (3/2) sin «; « is the pitch angle between
the electron’s velocity and the magnetic field. The synchrotron spectrum peaks at ~v,,,. The spectrum below the peak scales
as Pg,(v) o v1/2 (this behavior is determined by the Fourier transform of the synchrotron pulse profile), and it declines

exponentially for v = v, (see Fig. 4); we refer to [123] for the calculation of synchrotron spectrum. The power per unit
frequency Py, (v) at the peak of the spectrum is

orBm,c?
P_';_l,rn'['l-'s_l,rn] ~ Pgnf”@’n ~ 2{] . (19}
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KoMNTOHOBCKOE paccesAHNe g cucreme nokos anekTpoHa

ety —e+y ptk=p'+k', (p+k-k'Y =p", (p+kk = pk;

B cuCTemMe m(o-o)-od(l-cosf)=0 ) o = @
MOKoS € : 1+ (w/m)(1—cosB)
A=A =(hc/m,)(1—-cosf)  (KomnToH,1922)
o ' X @ <o <w
unu, BBOAS _ =X, = , <w'<
#ox=o/m, =N 1+ x(1-cos@) 1+2w0/m

1. TOMCOHOBCKMIl pexuM: @ << m ¢’ @' =o[l-(w/m)(1-cosf)]~v—Aw(b)
do 3
o “Tes 0 (1 —2a)/m)(1 + cos’ 9)

B npenene KnaccM4yeckoro TOMCOHOBCKOIO paccesiHMs 3Heprusi ooToHa Mano MeHsieTcH,
BNUSIHWE OTAauyun 3fIeKTPOHa Mano.

2
2. Pexxum KneiHa-HuwmHbI: do 3 @' w @ .,
- = o —+——smn" 6 |.

w) |
B npeaene BbICOKMX aHeprun cpotoHa (x>>1) m  cosd #1 I:> x'—>1/(1-cos ),

T. €. paccesiHHbIi (pOTOH HeceT MHOPMaLUIO 06 yrie paccesiHUsA, HO He O HaYyanbHOMW 3Hepruun.
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dopmyna KnenHa-HunwmHbi-Tamma

TOMCOHOBCKOE
B cuctemMe nokosi aneKTpoHa: paccesiHue
o<<m do 3 5
do 3 oY (o o ., ) I - O'T(1—2a)/m)(1+cos 6’)
dQ’: ” GT(—j (—+—,—sm 49) dQ' l6r
T @ ® —)
! do 3 m
(0/m)&* >1 ~ o pexum KN BHe

/ T
dQ)' = d@sin 6,d 0, — anemeHT TenecHoro yrna dQ' 167 "~ w(1-cos@d)  KoHycaenepen

BOKPYr HanpaBrneHusi '

Scattering angle (degrees)

[y

T T T T ] T T T T ] T T T T I T T
do 87’ _ _
0y = [——dQ == =6.65-10" cm "
dQ) 3 x =0 /m, 0.1
N _ o (2) (2 + 2 sin?e) )
- —o7|— — 4+ — —sin“# -
Q 167 " ( x ) x| =
]
100 Fr+—r——"—T T — ] L
- ] 3 0.05
B , X e
- X, =0'/m= i
i —100 1+ x(1—cos®) |
10 = .
< i AN ] %0 50 100 150
B <i:| AOHeprusa paccesiHHbIX (POTOHOB KaK pyHKLMSA O

AnA pasnuyHbiX o (Ana x > 1 n 6onbLIKX 0).

L 1 1 1 | J 1 1 1 1 I 1 1 1 1 l 1 1 i xl = a)’/me zO'S
0 50 100 150 cTpoHoMuKs B3 41
Scattering angle (degrees)




Oundd. u nonHoe ceyeHUss KOMNTOHOBCKOro
paccesHUA Ha NOKOSLLEMCSH 3NTeKTPOHe

2 2 2 2
do 1 1+cos @ (1+ (w/ m) (1—cos @) j (1)

4aQ 2 14 @ (1—cos)p L (+cosO)1+(@/ m)(1-cos O)]
m

dO' = dod cos @ — 2NEMEHT TenecHoro yrna
!
BOKPYr HanpaBrneHus &

T ] T T T T ] T T T T [ T T

Ondpp. ceveHne no aHeprum paccesitHHOro ¢potoHa
MOXHO MOSNYYUTb, UCNONb3YA o = @

1+ (w/m)(1-cos6)

0.1

UHTerpupysa (1) no asaumyT. yrny, nonyumm

, ) T
dO'_”rz m {a)+a) +(m’_ﬁ) _2(ﬁ,_ﬁ)}_(2) S 0.05

do' ‘0’| o

o o \0 o w
WHTerpupys (2) no @ ' B npegenax — 2 <w'<o T
1+2w/m
OO S l5]0l o J1(1’!(]l o J1!530J o
Nosly4MM NnosiHoO ceyeHue paccessHUA POTOHA Ha INEKTPOHeE: Scattering angle (degrees)
x<<1 26x>
I+x| 2x(1+x In(1+2x 1+3x oc=0,|1-2x+ Sy
G:me{ 3 [ 1(2 )—ln(1+2x)}+ (2 )_ —_ 2}|:> T( 5 J
X +2x e e X (I+2x) 3o, 1
o, =2 =6.65-10% cm? :> o= In2x—-2x+—
3 x>1 8x 2
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A.U.Axuesep, B.b.bepecteukumn

Ac Nnm nTOTM KM ceqe HUA K-H -T KBaHTOBasa anekTpoanHamuKa.

M.:Hayka, 1969 (c.372)

3 {l—l—fﬂlﬂﬂr(l—l—m]
OKN = 70T

—1n(1+2$]] + L+ 2) - 52 }

4 3 14+ 2z Qx (1 + 2z)2
2622 . 3 or 1
okn = or (1-20+—+ . ); (x<<1); oxny = . [1ﬂ(2:1?)+§}; (x>1)
2 T
3pechb x:g; CrT
m

y Axuesepa x =2@w/m (BJC)

N x=2(w/m)° (8CUM)

1 I L 1 1 I L | 1 I | | 1

0 2 4

@JlJl]lJlJlJlJJlJJtJlJllJl

do 1 m lg(w/m,)

~ < (w/m)d* >1

dQ’ 2 a)(l—cose)’
o= 307 (ln2x—2x+lj
8x 2
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OOpaTHbIN KOMNTOH-3(hdeKT

Ecnn 3nekKTpoH ynbTpPapenaTUBUCTCKUU C Inverse Compton scattering
3Heprmen E, >> ® , TO NpU CTONKHOBEHUM C
¢poTOHOM OH TepseT 3Heprurwo, a QOTOoH
npuoobpeTtaer ee. 3ITO nNpouecc U Ha3bIBAKT
oOpaTHbLIM KOMNTOHOBCKUM paccesHuemM (4ToObl
OTNMNYUTbL OT TMPSAMOro KOMMNTOH. paccesiHus,
Korga nokosiwemycs 3nekTtpoHy nepepaetrca HE e — LE ¢
YyacTb 3Hepruwo d¢oTtoHa. PeanbHO pa3snuyue o o |
TONIbKO B KMHemav\TMKe paccesiHUA: 3JIeKTPOHbI z:::;yiiﬁfpcffsﬁiz in high
BbICOKMX 23HEpruvM yaile mnepenaroT 2IHEPrur G, Ghisellini, arxiv 1202.5949

HU3KO3HepreTuyeckum poToHaM.

LE y HE v

ICS — 0CHOBHOW MexXaHU3M NoTepb

B lNanaktuke doHoBoe AudcpysHoe 3HEpPruM 3NEeKTPOHOB B acTpodus.
U3ny4veHue — Knaccu4. paccesHue; Bo paguoOnUCTOYHMKAX; TaKXe oTBe4aeT 3a
BHeranaktn4eCkmx nctovyHumKax reHepauunio U3OTPOMNHOIO PEHTT.
BO3MOXEH pexum nsnydyeHns 50-100 kaB - paccesiHue
n>1 pensTuB. anekTpoHoB Ha PU (CMB).
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o p,=(E,p) p.=(ELP)
k= (o, k) k' = (', k')

p+k=p'+k'  (p+k}=(p'+k) T=) pk'=pk

XN bk =pk = (prhk = ph
r__ a)(l_ ﬁe /EeCOSQI) ’
1-|p,|/ E, ,cosb, +(w/E,)(1-cosb) =) o'=~E,/(l-cos0)

, w

B npepene HU3KMX aHepruii anektpoHa p— 0, E, —>m, nonyuum  “ = 1+ (w/m)(1-cos )

PaccesiHHbIN 3NEKTPOH B 3TOM criy4ae:
E =m+

" (1-cosb) (:osozz(likx)\/2 1_;0510
m+a'(1-cos@)’ +x(x J(fx =)£)/_m§08 )

OTcroaa MOXHO NMONy4YUTb YrnoBoe pacrnpenerieHme 3nekTpoHoB otaayun (Axuesep, bepecTteukum,
KesaHTOBasa anektpoauHamuka, M.: Hayka, 1981)

W = @(1-f,cos0) Pe= 2
1— B cos@, +hw/(Tmc*)(1-cos@)’ [=E/mc
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Apyras 3anucb:



Ew lN'w

Bnc: P =(E,p); npu n=—o-=""x1 ([=E/(mc)>1)
(mc”)" mc
2 2
o(E,0) =" 6 In 2L2Ez + L |23 5 Hn(2) +0.5].
(mc”) 2

B 3TOM cny4yae B KaXaom B3aumoaencTBumn poxnpaercs (hOoTOH C aHepruen

O~r,0,~r,0,~0 -
w(1-|p,|/ E,cos6) SN Pl E) _ o+p)

, w(1+
a)max: — =
/E,cos6, +(w/ E,)(1—cosO) : 1-|p|/ E,+2@/E,) 1-f+2(w/E,)

’

1-p,

o = w(2-1/21%) AlPw(1-1/4T%), To(1-1/40?)
™ 1/2I +2(w/ E) 1+4n ! n

=Tmc*(1-1/4T%) = E [1 - (mc* / 2E,)*]

a crnepoBaTesibHO, 3HepreT. NoTepb JJIEKTPOHAa

o o !/
FIVHEMHbIN POCT 3HEPrumn paccesiHHoro otoHa @, ~ £,
B KOMNTOHOBCKOM paccesdaHuun

Ona MArknx xe nepBUYHbIX CbOTOHOB (a) < mcz) B aCTp0q3M3MHeCKOM NCTOYHUKE

' 2 . 242
MOXeT BbINONHATLCS ycnosue 77 <1, Toraa @, <l 0o~ (E,/mc”) o )

Ecnuxe p<l, 70 @, ~4(E, /mc*) @ :> KBaApaTU4HbIA POCT SHEPrum
paccesHHoro ¢potoHa
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I'=E/(mc*)>1

Bnc: F,=(&,p); npn p= > 1
(mc*)’
3mc’ 20E 1]_3
o(E,w)= - o;In % +— me’ o 1n(277+—)
8w (mc”) 2 8w
B 3TOM crniyyae B KaXXaoM B3auMOAeUCTBUN poxkaaeTcs DOTOH C IHepruen
w(1-|p,|/ E,cos6)
a)I: — e e S ,S4 E / 2N\2
—|pe/EeCOS(92+(a)/Ee)(1—COS(9) :> w=o o(E,/mc”)
CpepHsaA aHeprus , 4( E : 4,
paccesiHHOro (hoToHa <0 >=— mgz <W>= EF <w>

Mpu ycnosun 71 K 1 paccesiHne (hOTOHOB Ha ABUXYLLUXCSH 3FIEKTPOHaxX SABI.
Knaccu4yeckum (TOMCOHOBCKUM) :

2 2
L 1C 3/ M) 665107 ew
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P. Kumar, B. Zhang / Physics Reports 561 (2015) 1-109

IC in Klein-Nishina regime

When photon energy in electron comoving frame approaches (or exceeds) m.c” two effects become important. One of
which is that the electron recoil in the scattering can no longer be ignored. The other effect is that the cross-section is
smaller than o7 and it decreases with increasing photon energy as ~p~! See [123] for appropriate equations. One simple
consequence of the recoil effect is that the energy of the scattered photon is limited to wmfcz}fe /2 (and is no longer wuu}»f}

which is obvious from energy conservation.
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CeyeHune obpaTHOro KOMNTOHOBCKOIro paccesiHus

B CLM: C. Heiter et al. Astropart. Phys. 102 (2018) 39

3 mic* 1 . o (11p
Oics = g OT — ,5 Ez ,3){2+2ﬁ B Zﬁ)—ﬁz(z 38 ﬁ)ln( ﬁ)

p=ll —mj /s]/{1+ m2 /S] B -ckopocTb anekTpoHa B CLIM nocne paccesiHus.

Oudbch. cevyeHmne paccessHUA NO OTHOCUTESNIbLHOU 3HEpPruun, nepeaaHHon POTOHY:

dUICS 3 mgc"‘l 1+ ,B

dx = S OT S ,B | gICS (X)
.1 20-p) (1-P1)? 1\2
?lcs(x)—er;nL 3 (1—;) B3 (1—;)

E'=E-E,+o, x=E /E,  dx=dE//E,=—dE,/E,,

B -CKOPOCTb € Nocne paccesiHUsi MEHAIETCA B MHTepBane 3Ha4eHuwm

(1-p)/(1+p)<x=<1
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CnekTpbl y-N3ny4eHUsa B UCTOUYHUKaAX BI

4 ,dN
E'—
dE
Total
(Inverse)
Synchrotron Compton
*'?};, \ low-energy X-fay
tfoﬁejd .*\ hoton
.'\‘ %"-‘fn
. "
' :’ f ol ‘e-le-c?rc: *
g“'*ral_ - E
| < I 1
1 keV 100 GeV 50 TeV
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MexaHn3MbI norrnoLieHus Y-N3JNTyHeHUA

B3anmMoaencrTteue ¢ BeLWEeCTBOM
* KOMNTOH-3(hheKT, poxaeHne e*e- - nap;
B3anmogencreue ¢ GOoTOHHbLIM (pagnauMOHHbIM) Nonem
* poxpaeHue ete -nap, E"~m. /@, B
B3anmoageucTtBme co CBepPXCUSibHbIM MarHUTHbIM nonem (Hanpumep, B NS)

° poxaeHwe napbl  B>B =n’c’ /eh=44-10"Tc,  E" >4-10"2B /B, (Ic)

E" =~m; /B o, »B | MnotHocTb, cm3 VanyyeHne
4.1014 6- 104 400 PU (penukr. nan.)
1011 2 5.-10-3 cBeT 3Be3.
3108 103 : peHTreH
PaccTosiHusa go HabnogaeMbix 06LEKTOB R ~10xnx ana £, ~ 1 MaB;
(ecnu ¥ +y > e +e - OCHOBHOI MeXaHU3M
NOrnoweHus y-KkBaHToOB) : R ~ 100 Mk, Ey <100 T3B
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HekoTopble 0CO6GEHHOCTU Y-U3NYyYeHUA

vee >7+Y E =0511 MsB- Manasi UHTEHCMBHOCTb, BbICOKUI ¢poH KI
v ) ’
v TOPMO3HOE U3NyyYeHue 3NeKTpoHoB - | M»hB < Ey <100 M»B;

v KOMNTOHOBCKOE paccesiHue Ha 3JIeKTPOHaX CYLeCTBEHHO AJIA HU3KNX U BbICOKUX
3Heprum - E ~1 MaBuE >10013B ;

v’ CMHXPOTPOHHOE u3nyueHue anekTpoHos £, =1 M>3B; & E,=11IDB, H=10"3 (10~T¢)

v pacnag 7’ —>y+y— - pOXOAKTCA y-KBAHTbI C 3HEPIMAMMN 100 M>B < E, <100 I'sB;

CNeKTp U3ny4yeHus uMeetT max npu £, =67.5M3B;

Hawa Nanaktuka:

Oudbcpy3Hoe B AncKe: Ey <100 M»B - TOpMO3HOE€ u3n. penaTtus. anekTpoHoB (KI);

E,>300MsB  -y-KBaHTbI OT pacnaaa 70 (KIT + PN).

OuddysHoe B rano: ICS anekTpoHoB Ha paa. nonsax (PU, paguo, onT., peHTreH);
NnoTHOCTbL paA. nonen No mepe yaaneHusa ot AUCKa
nagaeTt ropasgo MmeasieHHee, 4YeM NJIOTHOCTU BellecTBa (rasa) .
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Log (distance / Mpc)

5

CpeagHuun npober Ao B3aMMogeuUCTBUA P U Y C
paguauuoOHHbIMM NOSIAMMU KaK (pyHKLUA IHEeprum

T | T T [ T T [ T T [ I = =
i e* e’ -
- Infra Red J
L «— Mkn 421 .
- local :
p— 4 -
—_— rou —
m 9 P -
= -
- CMB Protons
i — Photons -
p— % GC i
= o T ¢ = I & 3 0 5 3 I & f§f =
12 15 18 21 24

Log(E / eV)

B. Baret, V. Van
Elewyck Rep.
Prog. Phys. 74
(2011) 046902
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Bckope nocne OTKpbITUA 4YepeHKOBCKoro wusny4veHusa ot LWAJ1 npeanpuHumanucb nonbiTkKM (6e3ycnellHblie)
ucnonb3oBatb Y/ ana noucka ToyeuHbix nctouyHmkoB KJ1 BO (6e3ycnewHblie). B 1958 r. nocne ny6nukauum crtatbu
MoppucoHa o0 nepcnekTuBax ramma-aCTpoOHOMUM Ha 3Hepruax ~ 100 MaB, k. KokkoHu, ¢usumnk-reopetnk m3 LIEPH,
BbICKa3an maerw co3faHus CeTU [OeTeKTOPOB YacTUL, B KavyecTBe WMHCTpyMeHTa ( Teneckona) ANA peleHusa 3aaad
ramMmmMma-aCTpoHOMUM BbICOKUX 3Hepruu. [IBa Takux 3kcnepumeHTta (B lMonbwe n BbonuBuu) uckanu AUCKpeTHble
MCTOYHUKU, HO MOCKONbKY nopor 3aHeprumn 6bin Bbicokum (E > 100 TaB), nctouyHmkm He ObiINM HamaeHbl. HakoHey
3KCnepuMeHTaTopbl MOHANU, YTO perucTpauusi INEeKTPOMarHUTHbIX KacKagoB C UCMOSfib30BaHUEM aTMoccepHoro
YepEeHKOBCKOro U3rny4YeHuUs sIBNsieTcs nepcnekTuBHou texHonoruen. Npynna ns ®UAH ycraHosuna B Kpbimy ceTb 13
12 cBeTOBbIX [ETEKTOPOB, Ha KOTOpPbIX B Te4dyeHue ueTbipex net (1960-1964 rr.) npoBogunucb HabnwaeHUs
MCTOYHUKOB, npeanoxeHHbIX KOKKOHW, - paauoranakTtMkMu M OCTaTKM CBEpPXHOBbIX). XOTA 3aperucrpuvpoBaTtb y-
M3Ny4YeHue Unm KoCMmMYecKue riyyuum He yaanocb, OCHOBa AnAa Oyayuien TexHonorum 6bina 3anoxeHa.

MepBbIM KPYNHbIM YePEeHKOBCKUM TeriecKornom, cneuuarnbHO NOCTPOEHHbIM ANs raMMa-aCTPOHOMUM,
ObIn Teneckon B obcepBatopun Yunnna (wtat ApusoHa, CLUA, 1968 r.): 3epkano J 10 m, kamepa - 37
®IY. XoTa 6onbwan nnowanb cBeTtocbopa No3Bonuia yYMEeHbLWUTbL NOPOr 3HEPruM, OHa He npuBena K
3HaYNTEeNIbHOMY YIydlleHUo YyBcTBUTeNbLHOCTU. CurHan ot gBonHou 3Be3abl Jlebeab X-3 (Cyg X-3), ¢
ncnonb3oBaHMEeM aTMocepHbIX YepPEHKOBCKUX AEeTEKTOPOB U AeTekTopoB 4vactuy (rpynnbl B CCCP,
FepmaHnn u BenukobputaHun) npuBen K nogbeMy aKTUBHOCTU B 3KCNepuMMeHTanbHoOM obnactw.
NMocneayrouiee pasButTne atMmochepHoOn YepeHKOBCKOM UMUOXK-TEXHUKU C UCMOSIb30OBaHUEM Tereckona
Yunnna npuBeno K oTkpbiTUio KpaboBmnaHon TymaHHocTU (1989) — cTaOuNbHOro UCTOYHUKA, KOTOPbIN
cTan «CTaHgapTHOW CBeYOU». ATO BaXHbIN pe3yrnbTaT raMmma-aCTPOHOMUM.

1987-2002 - akcnepumeHT HEGRA (High Energy Gamma Ray Astronomy);

1992, 1993 - npoTtoTunbl YepeHkoBcKoro Teneckona CT1, CT2 noarsBepAusiu BO3MOXHOCTU TEXHUKMU
IACT (0ob6a Teneckona no3Bonsnu ooHapyxutb TaB-Hble NCTOYHUKU y-U3FTyYEHUSA).

1998 - nonHas cuctemMa M3 5 OAMHAKOBbLIX TeneckonoB (3epkano 8.5 M2, kamepa us 271 ®JY).
Teneckonbl ObINM pacnonioxeHbl Ha KBagpate co ctopoHou 100 m — 4 no yrnam, 1 B UeHTpe.
CTtepeockonuyeckue HabnrogeHus obecneuymBanu pekoHCTpykuuto passutusa LUAJT n BO3MOXHOCTb
pas3nuyaTb aApOHHbIe U 3NEeKTPOMarHUTHbIE JINBHM.
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BbICOKO3HEpPru4YHble y-Ty4n MOXHO PErmcTpupoBaTb C NOMOLLbLIO Ha3eMHbIX 4EeTEeKTOPOB,
KOTOpble COOUPAlOT YHePEeHKOBCKUMN CBET OT 3apsXKeHHbIX YacTul, FIMBHSA - TeNnecKkonos, B
KOTOpPbIX cO3[aeTcA nsobpaxeHue peructpupyemoro yepeHkosckoro ceeta (IACT).

Teneckon ¢ 3epKanom, pacnosfioXXeHHbIU BHYTpu cBeTtoBoro 6acceunHa LWAJ, hokycupyert
YyepeHKOBCKUU CBET Ha Kamepy B (poKanbHOM NJSIOCKOCTU U TEM CaMbIM «HabnrogaeT»
nuBeHb. MNnowaab 3epkarna Teneckona AofMkKHa ObITb AOCTAaTOYHO OONbLLUOU, YTOOLI
OOHapyXuTb ¢oToHbI oT LLUAJI u oTnnunutb nx ot hoHoBoro ceeta. AcpceKkTnBHasn
nnowanb oOHapyXXeHUs1 4YepeHKOBCKOIro Tefieckona 3agaeTcsa o6nactbio CBEeTOBOro
6accenHa LWAN (~ 104 m2 — rektap !).

Kamepa 3axBaTbiBaeT U 3anucbiBaeT YepeHKOBCKOe nsobpaxeHne nuBHA (image).
Heob6xoanmbiM ycnoBmeM KaueCTBEHHOM 3anucu ABIIAETCA Meriko3epHUCTas Kamepa,
crnocobHas paspeluaTtb AeTanu pasBUTUA JINBHA U AaTb BO3MOXHOCTb BOCCTaHOBUTDb
Ero xapaktepucTuku u o6HapyXuTb pasnuuus mexay agpoHHbLIM U 35IeKTPOMarHUTHbIM
FINBHEM.

Kamepbl Ana 4epeHKOBCKMUX TerleCKONoB npeacTaBnaloT cobon matpuubl ns ®JY.

Kpome Toro, tTpebyerca 6onbLlioe none 3peHus ana HabnogeHus npoTaXXeHHbIX
MCTOYHMKOB U BbICOKass BpeMeHHas YyBCTBUTENIbHOCTb K O4€Hb KOPOTKUM UMNYJfibCaM
cseTa (10 c). Heo6xoamMma TakkKe cxema Tpurrepa, Kotopasi NO3BoJIieT OoToMpaThb KpaTKue
M KOMMNAaKTHble 4YepeHKOBCKUEe nsobpaxeHus, orcenBana ux ot ¢oHa (HouHoro Heba).
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The “Hillas image parameters”

In 1985 at the ICRC (La Jolla) Hillas suggested to use the “Hillas image parameters

to reduce the background
0G 9.5-3

CERENKOV LIGHT IMAGES OF EAS PRODUCED BY
PRIMARY GAMMA RAYS AND BY NUCLEI

A, M, Hillms

Physics Department
University of Leeds, Leeds LS2 9JT, UK.

ABSTRACT

It 4 ) bat it should ] {5 33 a4 e}
effectively between background hadronic showers apd TeV gamma-rayv
showers from a point source on the basis of the width, length and

orientation of the Cerenkov light images of the shower, seen in
the focal plane of a focusing mirror, even with a relatively
coarse pixel size such as employed in the Mt. Hopkins detector.

Gamma showers are slimmer, more concentrated and orientated
towards the source
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“Hillas image parameters" OcHoBHbIe napameTpbl Xunnaca

The solid ellipse indicates the pixel image contour, C is the centroid of the image
(location of highest brightness) and M the center of the field of view.

The relevant parameters are the major and minor axis of

the ellipse, labeled Length and Width in the plot, the

angle a between the major axis and the lineconnecting

the centroid C with the center of the field of view M, the

Distance between C and M, and the two quantities called \,’
Miss and Azwidth. |

Miss is the offset or the perpendicular distance between
the extension of the major axis of the ellipse and M, and
Azwidth is the azimuthal width of the image as ndicated;
it is the r.m.s. spread of light perpendicular to the line
connecting C with M. Except for the clean regular
elliptic shape this image is also representative for

) ' : “~¢-~-~__ On-Source Gamma
hadronic showers. %: T - ">~ Ray Image
0?6 TI\\ ““--‘:‘H‘ -\\:‘:\\
The dashed ellipse at the lower right with the extension of | R

~.

the major axis intercepting the center M of the mirror,
labeled On-Source Gamma Ray Image, shows the typical
narrow elliptic contour of a gamma ray

shower when the mirror axis is pointing at the source and
the impact parameter is non-zero.
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IACT oTpaxaeT 4YepeHKOBCKUM CBET JIMBHA Ha Kamepy,
ucnonb3ys ccepuyeckme unum napabonnyeckue
3epKana, Kotopasa HaxoguTcsl B (pOKanbHOW NIIOCKOCTU
3epkana. MNapannenbHble Ny4u cBeTa ¢ paBHbIMU
yrrnamMm OTKpbITUSA MO OTHOLUEHUIO K ONTUYECKOWN OCHU
n3obpaxaroTcss O4HOM U TOM Xe TOUYKOM B (poKanbHOMN
NNOCKOCTM.
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Ei}EIHEIJ'II:rHEIFI MAOCKOCTE

MHTEeHCUBHOCTb CBeTa,
n3Mmepsiemas B onpegerieHHOM
NnoJsiIoXXeHUU B Kamepe,
COOTBETCTBYEeT MHTEHCUBHOCTU
YepeHKOBCKOro cBeTa,
AocTurarowero sepkana nop
KOHKPETHbIM AiBYMEpPHbIM
yrnom. YepeHKOBCKUW Terneckon
n3mepsieT yrnosoe
pacnpeneneHue ceeta ot LUAJL.
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THE |IAC TECHNIQUE

Top of the atmosphere

Shower maximum
~10 km

* Primary CRs (p, «, e*, y...)
* Extended Air Showers (EAS)
- Hadronic showers (>99%)
- Electromagnetic showers
* Cherenkov radiation emission
- optical and near-UV light
- flash duration ~few ns
* Light collected by the mirrors
* Light focalized in the cameras
* EAS images in the focal plag
* Image parameterization a
stereoscopic reconstructj

&mosphertc

herenleov
elescopes
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TUnNnuUHbie coObITUA Ha YePEeHKOBCKUX TeJieCKolnaxX
(IACT)

Cosmi‘.c-rmjs

VS

SQMMQ""I’Qvi

v=-like
(signal!)

Single Muon

* pointing to the source

» compact morphology hddl"Ol"l-llke
+ compact time (background, >99%)

development

A
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* EM showers: * Hadronic showers:

- Main processes: - more complex interactions

Bremsstrahlung (X,¢= 37 g/cm?) _ main shower components:
e=pair production (X' = 7/9 X®) : P )
hadronic core (rt, K, nucleons)

- primary interaction at ~20 km a.s.l. _
- shower maximum at ~7-13 km muonic component (= and K

(for 50 GeV < E, < 10 TeV) decays)
- extension development ~5 km EM subshowers from n® decays
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MoaenupoBaHue y- u p/Fe-nHayumpoaHHoro LLUAJI

| ramma-keanT (0.3 T3B) | 25 | npotoH (1 T3B) 1 25| agpo menesa (5 TaB)

BbICOTa, KM

—200 0 200 =200 0 200 —200 0 200

PaCCTOAHME OT OCH NMBHA, M
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-4 -3 -2 -1 0 1 2 3

Y-KBaHT, AnuHa=0.69, wupuHa= 0.15 _,

E= 2.51 TaB. PacnpeneneHune
MHTEHCUBHOCTMU - 3JIJTUNC, CTPenkKa
nokasbiBaeT HanpaBneHue oT
LeHTpa 3NnnuMnca Ha UeHTp Kamepbl.

Annuncbl UMUAXKEN NPOTOHA U Xerne3a
MMEIOT 3aMeTHOe OTKINOHeHue oT
paguanbHOM OpueHTaLuuun, Kpome TOro,
mMuax Fe umeeT xapakTepHbIn Ans
aApOHHbIX NUBHEN pa3bpoc
cpaboTaBLIMX NUKCENen.
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A. Abramowski et al. (HESS Colaboration), Nature 531, 476 (2016)

V. Acciari et al. (Veritas Collaboration), Astrophys. J. 730, L20 (2011)

S. Ansoldi et al. (MAGIC Collaboration), Astrn. Astrophys. 585, A133 (2016)
A. Abdo et al. (MILAGRO), Astrophys. J. 700, L127 (2009)

U.Abeysekara et al. (HAWC Collaboration), arXiv:1701.01778 (2017)

J. Carr for the CTA Collaboration, EPJ Web of Conferences 121, 04004 (2016);
Roma Int. Conf.mAstropart. Phys. 2014 (RICAP-14)
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CANGAROO, H.E.S.S.

CANGAROOH-III -ceTb U3 yeTbipex TerneckonoB J 10m (2004) ( ABctpanus, SinoHus)

(Collaboration of Australia and Nippon for a GAmma Ray Observatory in the Outback)

B 1992 Hayan paboTtaTtb coBMecCTHbIN npoekT AnoHun n Asctpanun CANGAROO ( ABcTpanuu) — oAuH N3 NMOHEpPOB B
ramma-actpoHomuu VHE; 3epkano & 3,8 m, kamepa u3 256 ®3Y; CANGAROO-II (1999): sepkano & 7m, pacwumpeH go 10
M B 2000 roay ans yBenuyeHus cBetocbopa, YTo NO3BOSIUNO NPOABUHYTLCA B ob6nactb coteH 3B, koTtopas
ocTaBanacb Manousy4yeHHou ( Bbilwe Anana3oHa KOCMUYECKMX raMMa-TeNieCKonoB U HUXKe Ha3eMHbIX YePEeHKOBCKUX
TerneckonoB TOoro BpeMeHM). CANGAROO-III (2000-2004) T. Mizukami et al. ApJ 740 (2011) 78

H.E.S.S. (High Energy Stereoscopic System) -(2002) 2004 (12 cTpaH)

B 2002 - nepBbI# Tenieckon nepsoun hasbl npoekta H.E.S.S. (Hamnous).

K koHuy 2003 roga ObInM rotoBbl Bce 4 Tenieckona, opuymanbHO

3anyweHbl oceHblo 2004 roaa.

Teneckonbl pacnonoXxeHbl No yrnam keagparta 120x120 m2, 3epkana 12 m,
Kamepbl U3 960 PJY. NosaHee B LeHTpe Nnowaaku 6bin yCTaHOBJIEH TeslecKon
BTOpou c¢ha3bl - H.E.S.S. Il (2012 r.). OH umeeT 3epKarno guameTpom 28 meTpoB
n kKamepy u3 2048 ®IJY. Cuctema nccnieayeT y-usriyyeHme actpopmnsanyeckmx
00BLEeKTOB C 3Heprusamu ot gecAatTkoB 3B oo aecatkos TaB.

Bonee 170 yenoBek n3 32 Hay4HbIX MHCTUTYTOB U 12 cTpaH: Hamuouun, KOAP, N'epmaHuu, ®paHuum,

Benuko6putanun, Upnangum, Asctpuum, NMonbwn, Yexus, Liseunn, ApmeHnn n Asctpanuu.
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MAGIC, VERITAS

MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov telescope) — 2002/03

NMepBbIN 60nNbLWION YepeHKOBCKUM Tenteckona Magic-l, ¢ 3epkanom 18m un
kamepou us 1039 @Y. B 2009 roay 6bin gobGaBrieH BTOPOM TeslieCKon ¢ TeMu

e xapaktepuctukamu - MAGIC-Il, yctaHOBNneHHbIU Ha paccTossHUU 85M OT
Magic-l. Bnarogaps 6onbLON NOBEPXHOCTU 3epKaria n xopoLuemy cBetocoopy
AOCTYMHbI AN pernctpaumm ramma-nyym ¢ aHeprusiMm HUXKe NoporoB Apyrux
CYLEeCTBYHOLNX UITN NJTAHUPYEMbIX YePeHKOBCKUX raMMa-TesieCKonoB.
HocTturHyTt nopor B 25 N3B.

VERITAS (Very Energetic Radiation Imaging Telescope Array System)

B CLUA, Ha 6a3e obcepBaTopum Yunnna B wtate Apu3soHa, B 2003 roay
Havanocb co3gaHue cuctembl VERITAS, ycTtaHoBreHbl 2 Teneckona ¢
AnameTpom 3epkan 12m n kamepamm n3 499 ®JY. B Havane 2007 + 2 Takux xe
TerlieCKornoB, onyorinkoBaHbl NepBble pe3ynbTaTbl.

B 2009 roay nepBbIX Teneckon Obiy nepemMelyeH Ha HOBYHO NO3ULMIO ANSA
NOBbILWEHNA YYBCTBUTENIbHOCTU BCen cuctemobl. [inanasoH HabnoaeHnn
VERITAS nexut B npegenax ~ 50 '3B - 50 TaB .
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CURRENT IACT
OBSERVATORIES
IN THE WORLD

2 Telescopes (17 m)
Ey, ~ 25 GeV
Sens. ~ 0.6% Crab/50t

Unique instrument in
30 <E [GeV] <200

VERITAS

4 Telescopes (12 m)
E,, ~ 150 GeV

Sens. ~ 0.7/% Crab/50h

5 Telescopes (1x28m + 4x13 m)
Es ~ 50 GeV
Sens. ~ 0.5% Crab/50h



H.E.S.S. - High Energy Stereoscopic System

MNMepBbIN Teneckon nepsou ¢asbl - 2002; 4 Teneckona — oceHbio 2004.
Figure 1. The HESS array of four imaging atmospheric Cherenkov telescopes located in Namibia.

Teneckonbl pacnonoXxeHbl MO yrram KBagparta co ctopoHoun 120 m, 3epkana & 12 m,
Kamepbl U3 960 ®IY.

Btopas cda3za ( H.E.S.S. Il, 2012 r.) - Teneckon c 3epkanom J 28 m, kamepa n3 2048 ®JY.
Uccnepyetcs ramma-usny4vyeHue KOCMUYECKMX OOBHLEKTOB B Auana3oHe 3Heprum ot

aecatkoB 3B po pecatkoB T3B;
170 yenoBek U3 32 nictutyTa U3 12 ctpad: Hamuoun, FOAP, N'epmaHun, ®paHumnn, BenukobputaHun,

Upnanaun, Asctpum, lNonbum, Yexus, LLisBeunn, ApmeHun n Asctpanum .
F Aharonian et al. Rep. Prog. Phys. 71 (2008) 096901
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MAGIC - Major Atmospheric Gamma-ray Imaging Cherenkov telescope

PO O S W P S

Figure 2. The 17 m diameter single dish MAGIC telescope located on the Canary Island of La Palma.

2 Teneckona c guameTtpom 3epkan 18 m, kamepa ns 139 ®3Y, nopor - 25 3B
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MAGIC EXPERIMENT

Large reflectors
g La Palma, Canary Island (Spain)

(2x 17 m 2) Roque de los Muchachos Observatory (~2200 m
Phase-l: Monoscopic asl) ‘e
operating since fall 2003 i ﬁﬁ

v wnmn

MAGIC-II successfully
commissioned during
2009

Phase-ll: Stereoscopic \ =
SRR EIPONE] = MAGIC1(2004)  MAGIC 11(2009)

MAGIC-I| upgrade since
2012

European Collaboration of ~170 physicists from ~20 institutes 1n

Germany, Italy, Spain, Switzerland, Finland, Poland, Bulgaria,
Croatia, Japan, India
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Pabouue xapakrepuctuku MAGIC

MAGIC stereo (std stereo analysis)
» £, = 50 GeV analysis threshold
25 GeV (sum trigger)
» Reduced systematics for E < 100

= Best integral Sensitivity 1.6% Crab in Gey
50 h = Best integral Sensitivity 0.8% Crab in

MAGIC-I (std mono analysis)
= B, = 55 GeV (nominal trigger)
25 GeV (sum frigger)
Analysis threshold ~60 GeV

= Angular resolution: 0.1°
's FOV 3.5°
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THE MAGIC SENSITIVITY

J.Aleksi’c et al. Astropart. Phys.72 (2016) 76

EMy ' Mono (2005 —g— Stereo Upgr. (2013) 3
20 T _"'_' _____________ TTTmmmmmmmmm T ""E_::-‘L
.'-. \'.
= wofers Mono (2008) === Siereo Upgr. Zd 30-45, (2013) &2
‘-'- .\"‘k“ i
1Q [ i) g S0 (2010) g
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Fig. 17. Evolution of integral sensitivity of the MAGIC telescopes, i.e. the integrated Energy threShOId [GQV]
== flux of a source above a given energy for which Nexcess//Npkg = 5 after 50 h of effective
observation time, requiring Nexcess = 10 and Nexcess = 0.05Npyg. Gray circles: sensitivity
of the MAGIC-I single telescope with the Siegen (light gray, long dashed, [11]) and MUX
readouts (dark gray, short dashed, [15]). Black triangles: stereo before the upgrade [15].
Squares: stereo after the upgrade: zenith angle below 30° (red, filled), 30-45° (blue, 83 72
empty) For better visibility the data points are joined with broken lines. (For interpre-

tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Very Energetic Radiation Imaging Telescope Array
System

VERITAS

4 Teneckona guameTtpom 12 m B ropax (Mount Hopkins), wtaTt ApusoHa

arXiv:1207.6003
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Figure 3. The recently completed four IACT array VERITAS at Mt Hopkins, Arizona.

Ha 6a3e ob6cepBaTopum Yunnna, wrtat ApusoHa
VERITAS - Very Energetic Radiation Imaging Telescope Array System

4 Teneckona c guameTpom 3epkan 12m n kamepamu ns 1000 Py ( 2007) .
IOwnana3oH HabnoaeHnn VERITAS 50 1MB -50 TaB.
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Xapaktepuctukm Tpex ramma-reneckonoB (IACT)

Instrument #Tels. Tel. Area Field of View Total Area  Threshold — Ang. res.  Sensitwvity in 50h

(m?) ©) (m?) (TeV) ©) (% Crab)
HESS. 4 107 5 428 0.1 0.06 0.7
MAGIC 2 236 3.3 472 0.05(0.025) 0.07 0.8
VERITAS 4 106 4 424 0.1 0.07 0.7
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OTKpbiTUE ¢ noMmoubio Teneckona H.E.S.S. y-nanyyeHus ot

nynbcapa PWN N157B n3s bMO

N157B accouunpyetca ¢ PSRJ0537-
'_10-10

H.E.S.S. Collaboration, K2

A. Abramowski et al. g

i 2
! Ha6niopanock uanyuenne 510
;;-"-3 C 3HepruamMm S

‘Z 600 3B -12TaB Z

_— A ?:Ll 10-12
o0 E = 49 x 10%%ergs™!

N

._.' 10-13
‘;.;»

<

10714

6910

H.E.S.S. - High Energy Stereoscopic System

T TTTTH

= |C emission on infrared from 30 Dor

IC emission on infrared from LH99

IC emission on CMB

synchrotron radiation

hadronic model

1 IIHIII

1 IIIHII

L IHHII

10" 10" 10" 10" 10" 10® 10°

AHepreTuyeckuu cnektp N157B. PaguousnyyeHue — TpeyrosibHUKU (creBa), HeTensIoBoe PeHTreHOBCKOe
u3nyyeHue - nosioca, ramma-msnydyeHme TaB-Hbix aHeprum (uamepeHnsa H.E.S.S.) — kpyxku (cnpaBa) .
Mopenu: 3eneHasi CNMOLWHAaA IMHUA — MOAENb OXJIaXAEHUA C U3NOMaMK1, 3aBUCALLMUMU OT MarH. Nons n
BO3pacTa ocTaTKka CBEPXHOBOM; KpacHble TOHKUE JIMHUU — MoAeSib, B KOTOPON MUHUMU3NPOBaHa
3Heprus 3NeKTPOHOB; LWTPUXOBasi CUHAA - afPOHHbIU CUEeHapun reHepauuu raMmMma-KBaHTOB.
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BoiBoabl U3 AaHHbIX H.E.S.S.

% Galactic Center harbors a hadronic PeVatron within a few parsec region
around Sgr A" (a SMBH in the GC).

< 1/r type distribution of the CR density implies (quasi-)continuous regime
of operation of the accelerator with a power 1038 erg/s (on timescales 1
to 10 kyr), a non negligible fraction of the current accretion power.

% This accelerator alone can account for most of the flux of Galactic CRs
around the “knee” if its power over the last 106 years or so has been
maintained at average level of 109;? erg/s.

10

“ Escape of particles into the Galactic halo and their subsequent
interactions with the surrounding gas can be responsible for sub-PeV
neutrinos recently reported by the lceCube collaboration.
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E? dN/DE [TeV cm® s

-------------------------------------------------------------------------

HEGRA

1011 memememme-- H.E.S.S.

| —  VERITAS

(] =====-- ARGO-YBJ

| | ——— MAGIC Mono

—_—- - MAGIC Stereo, 2009-2011
B |I| MAGIC Stereo, post-upgrade |- I
1171 i i 0 0 07 1 1711 i ' T T O A
10 10° 10°
E [GeV]

Fig. 13. Spectral energy distribution of the Crab Nebula obtained with the MAGIC tele-
scopes after the upgrade (red points and shading) compared with other experiments:
MAGIC-I (cyan solid, [11]), MAGIC Stereo, 2009-2011 (green dot-dot-dashed, [22]),
HEGRA (gray dot-dashed, [6]), VERITAS (blue thick solid, [23]), ARGO-YB] (magenta,
dashed, [48]) and H.E.S.S. (black dotted, [7]). The vertical error bars show statistical
uncertainties, while the horizontal ones represent the energy binning. (For interpreta-
~ tion of the references to color in this figure legend, the reader is referred to the web
“ version of this article.)
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ARGO-YBJ = Astrophysical Radiation with
Ground-based Observatory @YangBaJing

Llenb akcnepumenta ARGO-YBJ — nsydenue KJ1 u ramma-usnydeHue npm
3Hepruax 1012- 1016 3B . Hn3knm nopor BO3MOXEH 3a CYeT perucrpauum
NIUBHEN MarbiX pasmepoB - obecneunBaetca by operating a full coverage
array B Yangbajing Laboratory (Tu6et, KHP) at 4300 m Hag y.m. (606 r/cm?
rmyouHbl atmocdepbl). HabupaeTt gaHHble ¢ 2007 r.

Bbinn npeacraBneHbl NpeaBapuTenbHble pe3yrbTaTbl USMepeHus
3HepreTn4yeckoro cnekrpa Bcex yactuy (all-particle) u cnekrpoB p n He
Aana nHtepsanay 5 TaB - 5 MNa3B.
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Resistive Plate Chambers (RPC)

HeTtektop coctaBrneH ns PRCs (Resistive Plate Counters) ( ~ 93% akTuBHOM nrowaagu ~
6700 M2 ), OKPYXEHHbIX YaCTUYHO MHCTPYMEHTUPOBaHHbIM (~ 20%) 3alUUTHBLIM KONbLIOM
(kpyrom); obecneuynBaeT BOCCTaHOBIEeHME AeTaNlbHON MPOCTPAHCTBEHHO-BPEMEHHOW
KapTUHbI (PppOHTA NINBHA.

RPC - Pe3aucTuBHbIE NNacTUHYaTble CYHETUYUKM (KaMmepbl) — ObICTpOoAEeNCTBYOLME
ra3oBble AeTeKTOpbl, 0becneymBalrowme permcTpauuio 3apskeHHOM YacTuubl

RPCs coctouT u3 ABYX napanneinbHbIX NMIaCTUH — aHOAAa U KaTo4ad, U3roOTOBJIEHHbIX U3
MnacTtMmaccCbl BbICOKOIo ConpoTuBIieHnA, nNpocTpaHCTBO MeXxay niaCctuHamum
3anoJIHeHO ra3omMm.

YacTuua, nponertas yepe3 Kamepy, BbIOMBaeT 35fIeKTPOHbI U3 aTOMOB ra3a, 3J5IeKTPOHbI
GomMbGapaupyloT ApyrMe aToMbl U CO3AaK0T NaBUHY 3NIeKTPOHOB. JNeKTpoAbl
npo3payvHbl AN 3NIeKTPOHOB, KOTOPble 3axBaTbIBalOTCA BHELUHUMU MeTanfm4ecKumm
nsacTuHamm (nocrne KOPOoTKOU, HO TOYHO onpeensaeMon BpeMeHHON 3aAepPKKu).

KapTtunHa cpaboTtaBwux nosnoc (nocrnepaoBaTenbHOCTb CUTHaNoB) AaeT BO3MOXHOCTb
ObICTPOro U3MepeHnsa UMnynbca YacTuubl.

RPCs coyeTaloT xopoLuee NnpocTpaHCTBEHHOE pa3peLlueHne ¢ BpeMeHHbIM (~1.8
HaHOCEKyHAblI).

1836 RPC-kamepbl cobpaHbl B 153 knactepa —no 12 RPC B kaxaom.
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e NN

8 Strips =1 Pad
(56 x 62 em?)

12 RPC =1 cluster l
(5.7 x 7.6 m?) [ < |
3 4 :|
" fif2(afafsie || 5]
N [ Local 1 I
station |8
7|89 (101112 S |
10 Pads = 1 RPC

(2.80 x 1.25 m?)

1836 RPCs = 153 knacrtepa no 12 kamep

80 MmegHbIx nnactuH  (6.75 x 61.80cm?) co6paHbl B 10 HE3aBUCUMbIX
naHenen (no 8 RPCs B kaxgon) (55.6x61.8 {:mj} M oBe 6onbliue
naHenwu (139 x 123 cm?).
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ARGO J2031+4157 as the _ |
Cygnus Cocoon ot roanalyets with the full datmeat

# MGRO J2031+41

The emission of ARGO J2021+4157 can be identified 4
as the counterpart of Cygnus Cocoon at TeV energies.

%]

A cocoon of freshly accelerated cosmic rays

ARGO J2031+415T7
=8 FormiLAT

Galactic latitude (deg)

E* Flux

md,j ApJ 790 (2014) 152 - 28 .
§ === Milagre C
E —— Mlodal-E =150 TaV 4 —2
T; ----- Model E, =40 Tel B
IE1“1H: _..........|....... |
- 46 84 8z | 3::1_ 8 76 74
g r The scale of tHiS'PEHiGHIE IG5, S.m=6.15d.
T = 1.8°+0.57
10—11 E
:: A pure hadronic model was assumed with a
power law and a cutoff energy Ec =150 Te\.
107
:_ 1 1 | |l 1 11 | :;. ]
1" 1wt 1w’ ?Et:-:r {lc__::; 10" 10" 10" This discovery seems to confirm a long-standing
& hypothesis that massive-star forming regions can
Spectrum of ARGO J2031+4157: dN/JE o E-2.6240.27 accelerate particles to relativistic energies.

Combined Fermi-LAT&ARGO spectrum: dN/dE oc E-2-1620.04
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High Altitude Water Cherenkov Observatory (HAWC)

A. Abeysekara et al. (HAWC Collaboration), arXiv:1701.01778 (2017); 1702.02992

HAWC pacnonoxeH B ueHTpanbHon Mekcuke (19° N, ueHTp MNanakTuku — nog 3eHUT.yrnom 48°);
4100 m Hap y.m.

YctaHoBKa BkntovaeT 300 BoaHo-4epeHKoBckux aetekropoB (WCDs) — 6aku h=5 m, J7.32
M. Kaxxabin 6ak cogepxut 190 T ounweHHou Boabl; 4 cmoTpsawmx seepx PMTs
CMOHTUpPOBaHbI BHM3Yy Gaka: 10" Hamamatsu R7081- HQE PMT pacnonoxeH B ueHTpe un 3
8" Hamamatsu R5912 PMTs nocepeauHe mexay LeHTPOM U BHELLHeWN rpaHuuen b6aka
(uepes 120°). UeHTpanbHbIn PMT B ~ 2 pa3a 4yBCTB. BHelWHUX (6onee BbICOKasi KBaHTOBas
n 6onbwmnn pasmep). WCDs HanonHeHbl A0 ypoBHA 4.5 M - Ha 4.0 m (bonee 10 pag.
ANuH) Bbiwe ypoBHA PMTs.

Bonbwaa rnyonHa rapaHTUMpyeT NornoleHne 3s5IeKTPOHORB , NO3UTPOHOB U (POTOHORB B
cnoe Boabl Hag PMT, 1. e. getekTtop AencrByeT Kak EM-kanopumeTtp, obecneumBas
TOYHOE namepeHue BblaeneHHoon EM-aHeprun. HE-anekTpoHbl pernctpupyrotca yepes
YyepeHKOBCKOE U3rly4yeHue, a raMMa-KBaHTbl KOHBEPTUPYHKOTCA B BoAe B e*e-napbl Unu
TEepPAIOT 3HEPruo B KOMNTOHOBCKOM pacCesiHUW.

MrooHbI TakXke geTeKTupyrotca. MooHbl poXxgarTcsa B atmoccepe B pacnagax NMOHOB U
KaoHOB, reHepupyemMbix Bo B3auM. KJ1, yHocAT 6onblunim nonepeyHbin UMNYJIbC,
nopoxpaas curHan B PMTs paneko ot ocu LWAIJL, v Takum ob6pa3om criyxat nosnesHoun
MEeTKOM AN oTCenmBaHUA aapoHHbIX nuBHen. WCDs coOGpaHbl KOMNAKTHO, YTOObI
MaKCUMMU3MPOBaThb NMIOTHOCTb YyBCTBUTENbHOM nnowaaun ~ 60% n3 22 000 m? (~140x140
M2) MHCTPYMEHTMPOBAHHOM Nrowaau aeTeKTopa.
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Pico de Orizaba
(“Citlaltepetl”)
5636 meters, 5 km distant

Lava flow

: (~4 kyr BPD)
Counting House

HAWC Utility Building '/

(HUB) \

Sierra:Negra
4582 meters

Llenb — pernctpauusa y-usnydveHus v KJ1 ¢ aHeprusmm 100 NsB- 100 TaB
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* YrnoBoe pa3spelueHne 3aBUCUT OT pa3mMmepa cobbiTua (Umcna cpabortaBunx PIJY)
n Bapbupyetcsi ot 0.2° (68%) Ana cobbITUK, Korga cpabaTbiBalOT NOYTU BCE
®J3Y, no 1° 6nm3mn nopora.
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 An upgrade of the HAWC high-energy gamma-ray observatory with
a sparse array of small outrigger tanks is being investigated [4].
For showers where the core falls outside the array there are
ambiguities in the reconstruction between the core position, the
shower angle and the shower size or energy.

« An outrigger array can determine the core position for showers
falling outside the main array elevating the ambiguities and making
these showers well reconstructable.

« A gain of 3-4 in sensitivity for gammas above 10 TeV can be
obtained over what is presently achieved, and such a detector can
be built in 2-3 years. Funds are already available.
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Status of ground based gamma-ray observations

Nahee Park, The rapporteur talk on ground-based GR- astronomy, given @ 35th
ICRC (2017, Busan, Republic of Korea); 1808.10495

NMpenctaBneHbl pe3ynbTaTbl HAGNOAeHUN B 3kcnepumeHte HAWC -
katanor 2HWC: HangeHo 39 UCTOYHMKOB, U3 KOTOpbIX 16 Gonee yem Ha
rpagyc B CTOPOHe OT u3BeCTHbIX TaB- ncroyHnkos m3 katanora TeVCat.

(cm. 4 cnanpa HuXxe)
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Pesynbtatel HAWC

Table 2. 2HWC source list and nearest TeVCat sources. The sources with a * symbol correspond to source
that are not separated from their neighbor by a large TS gap, as defined in section 3.5.

Nearest TeVCat source

Name Search Ts RA Dec 1 b lo stat. unc. Dist. Name
[°] [°] [°] [°] [°] [°]

ZHWC J05344-220 PS 1.1IE4+4  83.63 2202 18455 -578 0.06 0.01 Crab
2ZHWC JO6314+169 PS 29.6 98.00 17.00 19561 3.51 0.11 0.39 Geminga
2ZHWC J06354+180 PS 274 98.83 18.05 195.04 4.70 0.13 0.97 Geminga
2ZHWC JO700+143 1.0° 29 105.12 1432 201.10 8.44 0.80 2.98 -
ZHWC JOB194157 0.5 30.7 12498 1579  208.00 26.52 0.17 7.86 -
2ZHWC J10404-308 0.5 26.3 160.22 3087 197.59 61.31 0.22 B.7T -
2ZHWC J11044+381 PS L15E+3  166.11 3816 17995 65.05 0.06 0.04 Markarian 421
2HWC J1309-054 PS 25.3 197.31 -549 311.11 57.10 0.22 3.27 -
2HWC J16534-307 PS 556 25348 39790 63.64 3885 0.07 0.03 Markarian 501
2HWC J1809-190 PS 85.5 27246 -19.04 1133 0.18 0.17 0.31 HESS J1809-193
2HWC J1812-126 PS 26.8 273.21 -1264 1729 2.63 0.19 0.14 HESS J1813-126
2QHWC J1814-173 PS 141 27352 -17.31 1333 0.13 0.18 0.54 HESS J1813-178
2HWC J1819-150* PS 62.9 27483 -15.06 1591 0.09 0.16 0.51 SNR GO015.44+00.1
2HWC J1825-134 PS T6T 276.46 -13.40 18.12 -0.53 0.09 0.39 HESS J1826-130
2ZHWC J18294-070 PS 25.3 27734 7.03 36.72  B8.09 0.10 8.12 -
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2ZHWC J1831-098
2HWC J1837-065
2HWC J1844-032
2HWC J1847-018
2ZHWC J1849+4001
JHWC J18524+013%
2ZHWC J18574-027
2ZHWC J19024-048%
2ZHWC J19074-084%
2ZHWC J19084-063
2ZHWC J19124099
2ZHWC J19144-117%
2ZHWC J1921+4131
2ZHWC J19224140
2HWC J19284177
2ZHWC J1930+188
2ZHWC J19384-238
2ZHWC J19494-244
2ZHWC J19534+294
2ZHWC J19554-285
2ZHWC J2006+4341
2ZHWC J20194-367
2HWC J20204-403
2ZHWC J2024+4+417*

PSS
PSS
PSS
PS
PS
Ps
Ps
PS
PS
PS
PS
PSs
PSs
PSs
PSS
PSs
PSs
1.0°
PSs
Ps
Ps
PSs
PSs
PSs
PSs

107
549
309
132
134
71.4
303
317
33.1
367
83.2
33
30.1
49
65.7
51.8
30.5
34.9
30.1
254
36.9
390
59.7
28.4
209

27787
279.36
281.07
281.95
282.39
283.01
284.33
285.51
286.79
287.05
288.11
288.68
290.30
290.70
202,15
202.63
204.74
207.42
208.26
208.83
301.55
304.94
305.16
306.04

-9.90
-6.58
-3.25
-1.83
0.11
1.38
2.80
4.86
8.50
6.39
9.93
11.72
13.13
14.09
17.78
18.84
23.81
24.46
29.48
28.59
34.18
36.80
40.37
41.76

21.86
25.48
29.23
30.89
32.82
34.23
36.00
38.46
412,28
10.53
14.15
16.00
47.99
419.01
52.92
54.07
59.37
61.16
65.86
65.35
71.33
75.02
78.07
79.59

-0.12
0.10
0.11

-0.03
0.47
0.50

-0.03

-0.14
0.41

-0.80

-0.08
0.25

-0.50

-0.38
0.14
0.24
0.94

-0.85
1.07
0.18
1.16
0.30
2.19
2.43
1.14

0.17
0.06
0.10
0.11
0.10
0.13
0.06
0.18
0.27
0.06
0.10
0.13
0.12
0.11
0.07
0.12
0.13
0.71
0.24
0.14
0.13
0.09
0.11
0.20
0.09

0.01
0.37
0.18
0.17
0.16
1.37
0.14
2.03
1.15
0.14
0.24
1.64
1.14
0.10
1.18
0.03
2.75
3.43
8.44
7.73
3.61
0.07
0.40
0.97
0.08

HESS J1831-098
HESS J1837-069
HESS J1844-030
HESS J18458-018
IGR J18490-0000
HESS J1857+026

MGRO J19084+06
HESS J1912+101

W 51
SNR G054.1400.3

VER J20194-368
VER J20194-407
MGRO J2031+41
TeV J203244130

2ZHWC J20314+415

307.93

41.51

80.21



42 1

Region around Markarian 501 :
Equatorial TS maps, for a point
source hypothesis with a spectral
index of -2:7. In this gure and the
followings, the 2HWC sources are
represented by white circles and
labels below the circle; whereas the
source listed in TeVCat are
represented with black squares and
labels above the square symbol.

41 1

39

256 255 254 253 252 251
~T°1
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Region around Crab Nebula:

2HWC sources are represented by
white circles and labels below the
circle; the source listed in TeVCat
is represented with black squares

|
‘l and labels above the square
symbol.

0 11 22 33 44 55 66 77 88 99
VTS
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TAIGA: Tunka-HISCORE  N.Budnevetal.

EPJ Web of Conferences 191, 01007 (2018)

TAIGA:
Tunka Advanced Instrument for cosmic ray physics and Gamma-ray Astronomy

Tunka-HiSCORE: High Sensitive Cosmic ORigin Explorer

Actpodusndeckum komnrnekc TAIGA, pacnosnoXxXeHHbIX B TYHKUMHCKOMN
ponuHe (50 km oT o3epa bankan), npeacraBnsaeT cooon BeAyLWNN LEHTP
Poccum no nccnenoBaHUlo KOCMUYECKUX JTyv4en BbICOKUX U CBEPXBbICOKUX
3Heprnm metoaom peructpauum LLUAT

TAIGA Bkno4aeT B cebs1 YepeHKOBCKYI ycTaHOBKY Tunka-133, Ha 6a3e
KOTOPOM B HacTosiLee BpeMs pa3BepTbiBaeTCA LUIMPOKOYrosibHas
yepeHkKkoBcKas obcepBaTtopus Tunka-HiSCORE , yctaHOBKa, peructpupyrowias
pagunonsny4veHue WWAJ1 TunkaRex, ceTb CLUMHTUNNALMOHHbLIX CTaHLUUN
Tunka-Grande, u Imaging Atmospheric Cherenkov Telescopes (IACT)

Takon KomMmnnekc B nepcrneKkTnse No3BOoJiIUT Nosfiy4yaTb HOBbIE

3KCnepuMeHTarnbHble AaHHble B PU3NKe KOCMUYECKUX Jlyyen
U ramMmmMma-acTpoPU3mnKu.
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2 TAIGA-HiISCORE wide-angle Cherenkov array

Each Cherenkov detector of the TAIGA-HiSCORE array includes two containers. In one of
them (the Cherenkov container, Fig. 2) there are four photomultipliers (PMT) with a pho-
tocathode of 20 to 25 cm diameter (ET9352KB, R5912, or R7081). Each PMT is equipped
with a Winston cone made of a high reflective material Alanod 4300 UD, which increases
the effective light-collecting area by a factor of four. The FOV of the cone is about 0.6 sr.
The light-collecting cones are covered with UV-transparent plexiglass for protection from
dust, moisture and frost in winter. To protect the PMTs from sunlight and precipitation the
Cherenkov containers are equipped with lids that open and close driven by electric motors.
The data acquisition system of the TAIGA-HiSCORE array has a hierarchical structure. The
Cherenkov detectors of the array are divided into clusters of approximately 30 detectors each.

The data acquisition system of each cluster includes two parts: the data acquisition elec-
tronics of the Cherenkov detectors (Detector DAQ), which is located in the thermally stabi-
lized “electronic containers”, and the central part (Central DAQ), located in the geometrical
center of the cluster. Each Cherenkov detector is connected to the central DAQ of the cluster
by an optical cable, which serves for the data transmission and synchronization. The synchro-
nization is performed with a subnanosecond accuracy using the hybrid system. It combines
the traditional 100-MHz synchronization system and the White Rabbit (WR) Ethernet-based
time system [6], . The latter provides the reference to the central clock based on the GSP-
disciplined Rubidium Oscillator. The stability of the synchronization is on the order of 0.2
ns. The main components of the Cherenkov detector DAQ are the analog summators and
8-channel ADC based on the DRS-4 board, by means of which the signals from the anodes
and fifth dynodes of each PMT (for expanding the dynamic range) are digitized with a 0.5-ns
step within a 200-ns window after the formation of the trigger. At a moonless night the trig-
ger counting rate of a TAIGA-HiSCORE Cherenkov detector is about 10-15 Hz. The energy
2. threshold of the array is 80—100 TeV for detection of hadronic EASs and 40-50 TeV for detec-
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tion of EAS initiated by gamma rays. During the winter season of 2017-2018, 43 Cherenkov
detectors of the first and second clusters of the TAIGA-HiSCORE array participated in the
data taking (Fig. 3). They are located on an area of 0.4 km? with the spacing of 106 m. All
Cherenkov containers were tilted southward by 25 degrees to increase the time of observa-
tion of the gamma ray source in the Crab Nebula. The EAS parameters are reconstructed
using the methods and algorithms developed for processing the data of the Tunka-133 array
[9], [10]. The direction of the EAS arrival is determined from the relative time delays of the
Cherenkov pulses by each detector. The accuracy of determining the direction of the EAS
arrival greatly depends on the number of the detectors triggered. The angular resolution is
0.4-0.5 degree[7]s for the events with 4-5 detectors triggered and approximately 0.1 degrees
for the events with more than 10 detectors triggered. The accuracy of the reconstruction of
the EAS direction was tested by the detection of light from the lidar installed at the ISS [11].
A comparison of the reconstruction results of the ISS position from the TAIGA-HiSCORE
array data and from the robotic telescope of the MASTER data located at the same site [12]
shows the coincidence with the discrepancy less than 0.1 degree. The primary particle energy
is reconstructed from the density of the Cherenkov light flux at 200 m distance from the EAS
axis O»gp with an accuracy of approximately 15% [10]. Figure 4 (left) shows the preliminary
results of the reconstruction of the cosmic-ray energy spectrum from the TAIGA-HiSCORE
array data in comparison with the results of our previous experiments in the Tunka Valley, as
well as with the results of the ATIC-2 balloon experiment [13] and NUKLON satellite exper-
iment [14]. Figure 4 (right) shows the results of the search the SN 1054 supernova remnant,
or the Crab Nebula (further, the Crab) gamma emission in the energy range of 40-100 TeV
in the cell of 0.3 —0.4 degrees in the direction toward the Crab. Preliminarily the number of
the detected EAS exceeds the cosmic ray backeround at the confidence level of 2-2.5.

24.12.2018 "amma-actpoHomus BO

95



|

i elecironic Dm;'ol optical station

controfier [ 27" weel 220V

Figure 2. Schematic diagram of the Cherenkov container with the PMT of a Cherenkov detector of the
TAIGA-HiSCORE array (left) and its photograph (right).
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Figure 3. TAIGA-HiSCORE timing array layout since 2017. Cherenkov detectors are shown in green
(first cluster) and yellow (second cluster) with the Tunka-133 cosmic ray array (red).Blue circle — first
TAIGA-IACT. _ 4
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Figure 4. The energy spectrum of primary cosmic rays from the data of the TAIGA-HiSCORE array
compared with the results of other experiments (left). The results of search for the EAS excess over the
cosmic ray background in the energy range 40—100 TeV in the cell of a 0.3-0.4 degrees in the direction
toward the Crab (right).
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TAIGA-IACT

Teneckon: 3epkano 10 m?2 , hoKkycHoe paccTosiHue 4.75 m,
Kamepa - 547 ®JY,F1.1m, FoV=9.7"x9.7"

AddhektuBHaa nnowanb ogHoro IACT cocTaBnserT 5 ra.

3uma 2017-2018 : > 10* coBmecTHbIX cobobiTn TAIGA (HiISCORE + IACT).

Bonee 300 cobbiTnn TAIGA- IACT B HanpaBneHun (~0.7°) Ha Kpab. TyMaHHOCTb.
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NMpumepbl coobiTun TAIGA-IACT

Event #36268535 hlik Event #6281867
Ncl = 0, Npix = 124 -like event _li Ncl = 0, Npix = 23
~Size = 18500 p.e. y-like event Size = 700 p.e.
Width=3.4 cm, a=11.2 deg Width=1.6 cm, a=8.8 deg
40 4 40 1
1400 100
30 4 30
1200
204 20 - 80
. L 1000 . 10 -
:- E 0 - - 60
0 -800 3 >
E_ =10 -
—10 - L 600 40
-20 -
=20
400 5.
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200 =40 1
—40 -40 =30 =20 =-10 O 10 20 30 40
X, ocm

% 30 20 -0 6 10 20 30 4o
Figure 5. “Hadron-like” event (left). “gamma-like” event (Gam<1°, width<0.13°) (right). The star
on both plots means the projection of the shower axis position, obtained from the data of the TAIGA-
HiSCORE array and recalculated into a coordinate system of the TAIGA-IACT camera.
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4 Scintillation and radio arrays as part of the TAIGA gamma
observatory

The most significant disadvantage of Cherenkov detectors with regard to the problems of
cosmic ray physics and gamma astronomy is that they can operate only on moonless nights in
good weather conditions, which reduces the time available for data taking almost by an order
of magnitude. Scintillation particle detectors and radio detectors not only allow one the all-
day and all-weather observations, but also make it possible to solve several important physical
problems; in particular, the data on the muon number are very useful for determining the type
of the primary particle that initiated the EAS and especially for distinguishing the gamma
rays, since the number of muons in a photon-initiated EAS less than in a proton-initiated
EAS. Due to this fact, the Tunka-Grande array was constructed in 2013-20135, consisting of
19 scintillation stations on an area of 1 km? [5]; the stations are based on the counters that
previously were used as a part of the EAS-TOP and KASCADE-Grande arrays. Each station

has surface part with 12 counters of total area 7.5 m* and underground part with 8 counters of
2

tntal araa nf annravimataluy 8§ m<2 Th reliahlv dictinonich an EAQ fram oamma rave tha tatal

scintillation counters have been developed and tested, they will become the basis of the new
TAIGA-Muon array, where the total area of muon detectors will reach 2000-3000 m?2. For
the collection of the scintillation light and its transition to PMT wavelength shifting bars with
a cross-section of 5 x 20 mm are used. The mean amplitude for a particle passage through the
counter is 23.1 photoelectrons; the nonuniformity is less than 15% (minimum-maximum).
The time resolution of the counter is at least 5 ns.
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Tunka Radio Extension: namepeHue X
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Figure 6. Mean atmospheric depth of shower maximum as a function of energy reconstructed by
Tunka-Rex in comparison with other experiments.
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YyBcTBUTENbHOCTL AeTeKkTopa TAIGA
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Figure 7. The sensitivity (after 300h) of the 1 km? TAIGA gamma observatory setup
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5 Conclusions

Our immediate goal is to construct the first stage of the TAIGA gamma observatory before
the end of 2019; it will include 110-120 wide-angle Cherenkov detectors on an area of |
km?, three IACT, and 250 m”? of muon detectors. The expected integral sensitivity of this
complex for detecting gamma rays with an energy of 100 TeV, given the 300-hour observa-
tion of a source, will reach approximately 2.5x 10~"% TeV ¢cm? s=! (Fig. 7), which is higher
than the sensitivity of the currently operated arrays for detection of high energy gamma rays.
First of all, this complex will allows one to prove experimental potential and advantage of the
joint operation of the timing and imaging Cherenkov arrays. Then we intend to construct full
scale gamma observatory TAIGA with about 1000 timing Cherenkov detectors and 15 imag-
ing telescopes distributed on area of 10 km? about. At the same time one square kilometer
pilot TAIGA setup will allow one to study: (1) the high-energy end of the spectrum of the
brightest galactic gamma ray sources to search for galactic PeVatrons; (2) the high-energy
range in the spectrum of bright extragalactic sources (Mkr421 and some other); (3) the mass

composition of the cosmic ravys in the “ankle” region (10'#—10'® eV) with hich statistic and
accuracy; (4) the cosmic ray anisotropy in the energy range of 100-3000 TeV, etc. As the

TAIGA will be the northernmost gamma observatory, its location provides some advantages
for observing the sources with large declinations. For example, the gamma ray source in the
Tycho Brahe supernova remnant, being almost inaccessible for the HAWC and LHAASO
arrays, will remain within the field of view of the TAIGA detectors for 300 hours per year.
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HoBbin getektop LHAASO

LHAASO (Large High Altitude Air Shower Observatory) - HoBoe nokoneHue all-sky-
WHCTPYMEHTOB AnA nccrneposaHus cesasun KI1 n ramma-nsnyyeHus B LLUPOKOM UHTepBane
3Heprun 1011 - 1077 3B.

(B 2018 ycTtaHoBneHbl — 33 CUMHT. AeTeKTopa; ycTaHOBKA Ha4yHeT paboTtatb ¢ 2021 r.)

v Famma-actpoHomus 500 IN'aB -1 M3B: 06bekTHaA KapTa Heba, NPOTAXKEHHbIe

v

< S

DN NI NN

UCTOYHUKN, auddy3Hoe many4veHue, Benbiwkn (AGN, GRB)

N3mepeHue cnekTpa u xum. coctaBa KJl (1012 — 1077 3B).

U3yuyeHune cheHomeHonoruu LLAJI v npoBepka aapoOHHbIX Moaenen

U3yuyeHune aHusotponum KJ1 kak pyHKLMM MarHUTHOM XXECTKOCTU Ha pasHbIX
yrrnoBbIX MacwTabax

NU3mepeHne oTHOLLEHNSA NOTOKOB ﬁ /p KocMuyeckux nyyen B TaB-ananasoHe
U3mepeHue ceyeHun p-air n p-p .

®dusuka ConHua

PyHaameHTanbHasa pusmnka
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G. Di Sciascio ISAPP-Baikal

Summer School 2018

LHAASOQO: from y-Ray Astronomy to Cosmic Rays

LHAASO is an experiment able of acting simultaneously
as a Cosmic Ray Detector and a Gamma Ray Telescope

*» Cosmic Ray Physics (1012 = 1018 €V): precluded to Cherenkov Telescopes

® CR energy spectrum
® FElemental composition
® Anisotropy

1012 eV 1018 gV

—
LHAASO AUGER

“» Gamma-Ray Astronomy (107" — 101> eV): full sky continuous monitoring

® Complementary with CTA below 20 TeV, with better sensitivity at higher energies and for flaring
emission (GRBs), unbiased all-sky survey, extended and diffuse emission.
e Searching for PeVatrons (— neutrino sources)

GeV 30 GeV CTA 100 TeV
> PeV

500 GeV LHAASO
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Large High Altitude Air Shower Observatory (LHAASO)

A. De Angelis, 1601.02920

- LHAASO (Large High Altitude Air Shower Observatory) is located at ~ 4400 m Hag y.M. Ha
wupote 30 N, the Daochen site, China. CocTtouT ns cneayrowmx KOMNOHEHT:

« 1 km2-yctaHoBKa (LHAASO-KM2A), Bknrovarowasa 5600 CLUMHT. AeTEKTOPOB C warom 15 m
ANA peructpauum 3apsKeHHbIX YacTuu.

*  Mnowapb 1 kM? - 1200 noa3eMHbIX BOAHO-4epPeHKOBCKUX 6akoB (no 36 M2) , ¢ warom 30
M AnA perncTpauumu MoHoB (3 dekT. nnowaab 4 ra=104 m2).

« [MoBepXHOCTHble BOOAHO-YePEeHKOBCKME AeTeKTOpbI C NonHoM nnowaasio 9-10 4 m?2
(LHAASO-WCDA) - B 4 pa3a 6onblue, yem B HAWC.

* 24 wmpokoyronbHbiXx (WFoV) atmocdepHbIX YepeHKOBCKUX (1 cpriyopecUeHTHbIX)
Teneckona (LHAASO-WFCTA).

* 452 nnoTtHoynakoBaHHbIX UMNYNbCHbIX (burst) AeTekTopoB B6NIM3U LLeHTPa YCTaHOBKU
— ANS perucTpmpoBaHMsa BTOPUYHbLIX YacTuy B3O B6nn3u ocn nuBHa (LHAASO-SCDA).

LHAASO (TubGet, 4400 m Hag y.M.) — 3TO crieAyrOLMK LAl Nocrie 3KCnepuMeHTa
ARGO-YBJ - nnotHasa WWAJl-yctaHOBKa, oNnTUMU3NPOBaAHHAA ANA AeTeKTUPOBaHUA
JINBHEN HeOOoNbLUOro pasmepa;
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* 1.3 kM2 maccuB BKno4vaeT 5195 cUMHT. geTekTopoB no 1 M? ¢ warom 15 m
* Ha nepekpbiBatowenca nnowaam B 1 km 2 - 1171 noa3eMHbIX BOOQHO-4ePEeHKOBCKUX AeTeKkTopa (6akm c

Bogon, no 36 m2) c warom 30 m (WCDA) ans permctpauMm MIOOHOB (MOJIHasi YyBCTBUTENbHas
nnowaab =42 000 m2).

* loBEepPXHOCTHbLIN BOOHO-YePEeHKOBCKUM AeTeKTOp 3aHuMaeT ooLwyto nnowaab 80 000 m2.

* 18 atMocepHbIX LUMPOKOYronbHbIX YepeHKOBCKUX AaetekTtopoB (wide field-of-view) n
¢dnyopecueHTHbIX TenneckonoB (WFCTA).

e HeMTpOHHbLIE AeTEeKTOopbI

24.12.2018 "amma-actpoHomus BO 108



MnaH getektopa WCDA

" 110 m, 22 cells

150 m, 30 cells

300 m, 60 cells
°oiele! ' ®
2. 8. 0, e
o e o
eieio; o
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o ;_:; f-_; ________________________________________ ; °
o e e, o |leele! o |t
Y a|[eiele: o
aiaio ... o|[eieie ... K]
I i RS i
o i o i
I a1} T B T
% 8 e ' a||e 00! el
X 150 m, 30 cells A 150m, 30 cells

Water Cherenkov Detector Array

Cell area

Effective water depth

Water transparency

Precision of time measurement
Dynamic range

Time resolution

Charge resolution

Accuracy of charge calibration
Accuracy of time calibration
Total area

Total cells

25 m?

4 m

> 15 m (400 nm)
0.bns

1-4000 PEs

<2 ns

40% @ 1 PE
5% @ 4000 PEs

<«2%

<0.2 ns
90,000 m2
3600

WCDA (achch. nnowaab ~ 78 000 m2) coctout us 3120 eguHuy, (PIY) - Aaueek, o6pasyrowmx
Tpu maccuBa: gBa no 150x150 m? (no 900 siueek kaxabin) u ogmH 300110 m? (1320 aveek).
HeTekTop npeacraBnseT cobon 6baccenH rnyouHom 4.4 m, Kaxxgas As4emMKa mmeeT nrowaab
5x5 M2, oToeneHa YepHoOM NnacTMac. neperopoakown AnA ocrnabrneHus paccesHHOro cBeTa.
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Status of the experiment

CATCHING RAYS

China servatory will

interc gheenergy y-ray
; 0SMiC rays.

* The first pond (HAWC-Ilike) will be completed
and instrumented by the end of 2018.

~25,000 m—

* 1/4 of the experiment in commissioning by the
end of 2018 (sensitivity better than HAWC):

" ' * 6 WFCTA telescopes

3 wdehidckviv 2 /1 * 22,500 m2 water Cherenkov detector
air Cherenkoy ;
felescopes AR * ~200 muon detectors
5,195 scintillator zﬂt&f Cherenkov 1,171 underground
d - detectol Cherenhov tanks % § . 2
eacors r T . * Completion of the installation in 2021.
4,400 m— =
ey wrons |
L Temmm——m—
_‘ i - "
o . %
Nature, 543 (2017) 300

e . N R

e ————

ik, S ks

Eﬁm seeks cosmic-ray win

Mountain-top observatory will probe unex ploved “ultra -high ener gy’ mdiotionasa way o
examine the origing of galoctic cosmic rays.
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LHAASO vs other EAS arrays

Experiment Altitude (m) | e.m. Sensitive Area | Instrumented Area Coverage
(m?) (m?)
LHAASO 4410 5.2x103 1.3x10° 4x1073
TIBET AS~ 4300 380 3.7x10% 102
IceTop 2835 4.2x102 10° 4x10~14
ARGO-YBJ 4300 6700 11,000 0.93 (central carpet)
KASCADE 110 5% 102 4x10% 1.2x1072
KASCADE-Grande 110 370 5x10° 7x1074
CASA-MIA 1450 1.6x10° 2.3x10° 7x1073
[t Sensitive Area Instrumented Area Coverage
(m?) (m?)

LHAASO (4) 4410 4.2x104 106 4.4x1072
TIBET AS~ 4300 4.5x%103 3.7x104 1.2x1071
KASCADE 110 6x 102 4% 104 1.5x10~2
CASA-MIA 1450 2.5x103 2.3%x10° 1.1x10—2

v LHAASO will operate with a coverage similar to KASCADE (about %) over a much larger effective area.

v' The detection area of muon detectors is about 70 times larger than KASCADE (coverage 5%) !

v Redundancy: different detectors to study hadronic models dependence

(4) Muon detector area: 4.2 x 104 m? + 8 x 104 m?2 (WCDA)
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The End
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Backup slides
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The future: Cherenkov Telescope Array (CTA)

10x more sensitive than current instruments

+ much wider energy coverage and field of view
substantially better angular and energy resolution
telescopes: ~100 (3 sizes)

Design: 2008-12
Prototypes: 2013-16,
Construction: 2016-21

~km? array of
medium-sized
telescopes

few large telescopes
for lowest energies

large 7 km?* array of

\ / small telescopes, for
4 LSTs rate-limited highest

energies

25 MSTS plus
SCTs extension

One observatory with 2 sites

24.12.2018 "amma-actpoHomus BO
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Science-optimization under budget constraints: Cta
= . Low-energyy  high y-ray rate, low light yield cerenko elescpe aray
=¥ require small ground area, large mirror area
= High-energyy low y-rate,/high light yield
irg' large ground area, small mirror area

S 2
few large telescopes ~km- array of

for lowest energies medium-sized
telescopes

large 7 km? array of
small telescopes

/

- ~70 SSTs -

- ~25 MSTs plus
_ ~24 SCTS eXtenSion Credits: P. Caraveo
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-l f g\ | e Characteristics
Skm| "% . 2 sites (north & south)
-l oo \* XL ) 3 telescope size classes
- 8 op our | About 120 telescopes in total
- . i: H o wsr| § South U.S. extension with about 25
. — . SCT telescopes
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La Palwa

mid Latitwde, Large, flat area,
~2 k. altitude,
good seelng), easy ACCess, ...
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CTA North

® La Palma (Spain)

® San Pedro Martir (Mexico)
: - ~

CTA South
® Aar (Namibia)
® Paranal (Chile)
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CTA: a multi-telescope Cherenkov array

Low energies

Energy threshold 20 GeV
23 m diameter

4 telescopes

(LST)

24 .12.2018

Medium energies (MST)
100 GeV — 10 TeV
9.5 to 12 m diameter
25 single-mirror telescopes
up to 24 dual-mirror telescopes
mCrab sensitivity in 50h at 0.1-10 TeV

"amma-actpoHomus BO

High energies
10 km? area at few TeV
4 to 6 m diameter

70 telescopes
(SST)




Science with CTA

Ground-based gamma-ray astronomy is a young field with enormous scientific potential.

The possibility of astrophysical measurements at teraelectronvolt (TeV) energies was

demonstrated in 1989 with the detection of a clear signal from the Crab (Pulsar Wind)

Nebula above 1 TeV with the Whipple Imaging Atmospheric Cherenkov Telescope (IACT). Since then,
the instrumentation for, and techniques of, astronomy with IACTs have evolved to the extent that a
flourishing new scientific discipline has been established, with the detection of 150 sources and a
major impact in astrophysics and more widely in physics. The current major arrays of IACTs: HESS,
MAGIC, and VERITAS, have demonstrated the hugephysics potential at these energies as well as the

maturity of the detection technique.

Many astrophysical source classes have been established, some with many well-studied individual

objects, but there are indications that the known sources represent the tip of the iceberg in terms of both individual
objects and source classes. The Cherenkov Telescope Array will transform our understanding of the high-energy
universe. An advanced member of the suite of forthcoming major astroparticle physics experiments and observatories;
CTA will exploit synergies with projects seeking gravitational wave and astrophysical neutrino detection as well as with
classical photon observatories. The synergy with the upcoming Square Kilometre Array (SKA) is perhaps the most
exciting in terms of mutual scientific benefit. CTA will address a wide range of major questions in and beyond
astrophysics, which can be grouped in to three broad themes:

astrophysical source classes have been established, some with many well-studied individual objects,
but there are indications that the known sources represent the tip of the iceberg in terms of both

individual objects and source classes.
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