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Power-law spectrum <> non-thermal origin
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Detection of gamma-rays (1)

> TeV gamma-rays

TeV Gamma-ray MeV-GaV

air shower /ff
Gamma-ray /

Cherenkov light ;
- Air shower

i,
Satellite

Atmosphere
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Cherenkov telescopes

Cherenkov light from gamma-ray showers
Lateral distribution & Timing distribution
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Imaging Cherenkov Telescopes

Shower profile
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Imaging analysis

Assumed Source
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2" Alpha
D.J. Fegan, J.Phys.G, 1997 :
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Whipple Crab

DISTRIBUTION OF
SIMULATED PARAMETERS
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Whipple Mrk421
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Detection of gamma-rays (2)

Base Satellite Ground Ground
Gamma-ray. Direct Indirect Indirect
detection (pair creation) | (atmospheric (shower array)
Cherenkov)
Eneragy < 30 GeV >100 GeV >3 TeV
(— 100 GeV) |(— 50 GeV) (— 1TeV)
Pros High S/N Large area 24hr operation
Large FOV Good AB Large FOV
Cons Small area Low S/N (CR Low S/N (CR
High cost bkgd.) bkgd.)
(but imaging overcomes this!) Moderate AO

Small FOV
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Imaging Cherenkov telescopes
IN operation

HEGRA-CT
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CANGAROO ( )

University of Adelaide™ " s - . .

- _ y _ ~ 7" m Shinshu Umversﬁyﬂ
= Australian National University .

= Institute for Space and

= Ibaraki University K3 Aeronautical Science KN
= Ibaraki Prefectual University K+, - University [N

= Kitasato University ICH = ICRR, University of Tokyo KN

= Konan University IO = Tokyo Institute of

= Kyoto University Kl Technology K

= Nagoya University QN = Yamagata University Kl

= National Astronomical = Yamanashi Gakuin
Observatory of Japan KN University N

= Osaka City University K2
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CANGAROQO history

1987: 1987A

1990: 3.8m

1990: Adelaide Physics
1992: 3.8m

1994: 1706-44

1998: 1006

1999 /'m

2000: /m 10m

2001: U.Tokyo-U.Adelaide
2002; 10m 2 3

18



Japan Australia New Zealand
Observation of Supernova 1987A

JANZOS
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Woomera
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Woomera
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CANGAROO /m
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CANGAROO 10m

2000 3 e il
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(March 2000)
24



CANGAROO /m
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CANGAROO 10m

= PSR1706-44

= SN1006

= RX J1713.7-3946

o Mrk421

m NGC253
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Galactic sources: basics

m Supernova remnants = Origin of CR?
= Energetics — OK (if 10% of E., goes to CR)
= Maximum energy — Up to “Knee region”
= How much of them?
= Some evidences, which can be ascribed to HE electrons:
where are HE protons?
= Pulsar and pulsar wind nebula (plerions)

= Crab — “The standard candle”
m Up to a few 10GeV: pulsed+unpulsed
m Above: unpulsed only
m - Unpulsed: SSC (Synchrotron-Self-Compton) model
m - Where Is the cutoff?
m - (Pulsar emission models)

m Others? Vela, PSR1706-44,...

27



Cas A (X )
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Particle acceleration in SNR

Non-linear kinetic theory

t, = R,/V,; sweep up time

Particle spectrum

T ¥ ' L i ' T ¥

100 Tevf

log(p/mc)

Berezhko & Voelk, APh 1997

Maximum momentum

—> 0

4

10g (P,gx/ MC)

3

K=Kg x=10KB Mej/MSurl NH(Cm_S) to(yr):
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Fig. 2. The maximum CR momentum as a function of time for
the same cases as in Fig. 1.

Berezhko & Voelk, APh 2000
Cf. Lagage and Cesarsky 1984 29



Nuclear gamma-ray flux from SNR

Intergral gamma-ray flux at the distance d=1kpc

6

-r|||'[||||||r1|!|-r||1-|||q

B=51LG, ejecta V-disiribution

log{ Fy(ey>1 TeV) X 1012) ,em-2 g-1

] Ttsweep=to 1
E.?fllllilllllllllll.I1IIIII

0 1 2 3 4 5

log ( thyr)
Berezhko & Voelk, APh 1997 30



Gamma-ray emission from SNR

Nn=10 cm=3

n=1cm3

n=0.1 cm=3
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Pulsar nebula

Pulsed
emission

Pulsar
wind

Shoc

K.Mori, talk at ICRR, Dec 2003 32



The Crab

[0 EGRET(1993)

- EGRETF(R20013 -
Al STACEE(2001)

O CELESTE(2001)
W  Whipple(2000)
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“Known” galactic sources

m Crab “The standard candle”
m Well established (many observations since 1989)

m Pulsar PSR 1706-44
m CANGAROO 1995

= Vela pulsar
m CANGAROO 1997

m Supernova remnant SN1006
= CANGAROO 1998, HEGRA CT1 2003

m Supernova remnant RX J1713.7-3946
= CANGAROO 2000, 2002

L] Supernova remnant Cas A
m HEGRA CT system 2001

34



VSv or E.z drF/de [ eV cm™? 5'1]

SN1006 emission mechanism

Electron origin

10 :_I T T T
e IRAS

upper limit
10' £
10° £
107" B radio
10°E

:

Synchrotron

ROSAT

EGRET
upper limit

WTLF TT CANGAROO :

Inverse

parent proton
spectrum
o=2.2

Emax=5e15
No*Es0=2.5

10°
photon energy € [eV]

Naito et al. AN 320 (1999)

VS

Proton origin

EGRET

T

-~
g

CANGAROO

{ /
log € ey

Voelk et al. AA 396 (2002)
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SN1006: HEGRA CT1

EXCESS DISTRIBUTION

(e ImAE ¢ I0

HEGRA CT1 N om > o0 sz
219hrs MY :

>18TeV
DG eXCcess

Position within
0.1° of
CANGAROO
hotspot

Vitale et al. 28! ICRC (2003)
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SN1006: H.E.S.S.

SN 1 006 CT3

CT3 Observations: g 40
4.5 hrs livetime 341:15
14 On/Off pairs 41

after quality selection

2-D excess:

1.00

Background after cuts

0.96 min.™"

Significance

IIIIIIl.lklllIIIIIIIIIIIIIIIIiIIIIIIIII|IIII|III

om ] W A
14351491495 15 1505 151 151515 21525
FIA{hrs}

.ﬁ‘*h}uﬁm{ Pty 4 o

Cangaroo hotspot marked by circle

Excess as function of distance from
Cangaroo hotspot

%  uz s s oe 12
92 ( d e g ) 1 =g “2}

Conor Masterson, HE 5.5 28" ICRC Tsukuba 2003

Masterson et al., 28" ICRC (2003)




SNR RX J1713.7-3946 (1)

Gamma-ray signal = (ON) — (OFF)

m Detected in X-rays

10 -
= Non-thermal X-ray spectrum  * 200 g
- w0
r:' T NS S |:' i gﬂ]"“'% 4@;
IR LT 2P e i Ly
l‘ e i e : ;4lnm 'E‘
T a5l : : . | E -
g SN A g 10,
-é 10-14
Energy (TeV)
Energy spectrum

253.0 25E.5 2580 Z57.A
Right Ascension [J2003G, deqg)

Significance map Enomoto et al. Nature 416 (2002) 823 3s



SNR RX J1713.7-3946 (2)

— 7 Hard to explain by
ASCA CANGAROO__ emission from electrons

(  1C)

—Emission from
protons (t")?

10°
I

10’
|

= Cosmic ray
origin?

Synch

NANTEN results :

107
I

Distance ~ 1 kpc

E? dF/dE or E F(>E) (eV cm?s™)
10°
|

I T Y B Age ~ 1600yr
107 10° 10° 10
Photon energy E (eV) — L,~10%rg ~ 0.001Ly

(Fukui et al. PASJ 55, 2003)

Enomoto et al. Nature 416 (2002) 823 39



SNR RX J1713.7-3946 (3)

Counter arguments

* Reimer & Pohl, A&A 390 (2002) L43

* Butt et al., Nature 418 (2002) 489

Fewner e al. Mo hadeong: Te'V p-ays lean SNE KX JITEA T340
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SNR Cas A
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More TeV SNRS?

Ueno, talk in Kyoto, Dec 2003

RXJ1713.7 |

.




Systematic study of SNRs

RX J1713.7-3946 CANGAROO SN1006 CANGAROO RCW86 CANGAROO under analysis

~3 s
' ASCA / ASCA J ROSAT

Crab nebula

------------------- : "Standard candle”

-::-EOD o IE? ] éfﬂ:-@ . _ if':: "
v hl: O. E- S ' Chandra
| Lo : optical
Chandra Chandra ROSAT

Cas A HEGRA Vela CANGAROO RX JO0852-46 CANGAROO under analysis
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New entry: TeV J2032+4130

= Unidentified TeV source TeV J2032+4130
= Very hard spectrum E*9
= No counterpart in radio or X-rays
Cygnus Field (6x6 deg): HEGRA TACT-System

All Data (1999-2002)

-]
Canoe

fi

Location (J2000.0)

g JuERTEEARE 10T
8o: 41° 29’ 57" £1.10  +1.0L

GeV J2035+4214

Dec (12000
signi

h
Excess

— TeV J2032+4130
Source Stats.

o

JEG JMMIIEU

Cni 3 _ Excess 252 events
0.9~h—1
Significance +7.1o

Source Extension
Fare = 6.2! :|:1.2;tat :l: D.g;},ﬂ
(std. dev of 2D Gaussian)

W04
RA (12000} [ hrs ]



New entry: SNR RX J0852.0-4622

m CANGAROO 10m result

@]

Ty}

3

7 2000

dc.) ) Gamma-ray signal
;'; (ON-OFF)
+= 1000 | /

o 7y

-Q §

E ol M
3 0 20 40 60 80

o(degree)

Katagiri et al., 28t ICRC (2003) 45




SNR RX J0852.0-4622: IC emission?

5
1_-"""* 10 (a) =2.0, B=3uG, E__ =70TeV
. 10%L (b) a=2.0, B-12004G, E _ =4TeV
({p) sf (c)a=2.5 B=3,G, E,~130Tev EGRET
. 10 (d) a=2.5, B=1500G, E _=5TeV
' 10 2 CANGAROO
E 10 SCA
O 1 (c) T
"'--" 10'2 u
w °.f  preparation
e B (b)
- 10
L
10 ' Y Y N Y N N e | .I L Wl gl gl gl g wLal g
6 -4 -2 8 10 12 14
Nl_u 10 10 10 1 1D 1D 1D 10 10 10 10

Photon energy E (eV)

Katagiri, Ph.D. thesis (2004) 46



New entry: Galactic center

m CANGAROO 10m result
6000 : | -

5000 k

4000 F

-155 O {2002 | il i

AR RN

alpha (degree) . Energy(TeV)

Tsuchiya et al., 28" ICRC (2003)
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Galactic center: 1C emission?

¥ |§'Jv.gbe 'a'RHﬂHvAAkSgJ |*)| | | BN

£ W ViATogra’sas)l [0S
10 T

Subi-pam i i W EGRET. .| i i i i._
ASCA: ¢ @ @ ki C NGARGO H(ZOOI 20@

§ O Critors  F il |
107 b

IIl‘-LI.l IIIIIIII
S—

v
.

- 1 I 1 1 1 1 I 1 1 I 1 i 1 1 \ h 1
1 | | | | | | | | | | | | i | | I 1 1
2_ I 1 1 i 1 1 1 1 i 1 1 i 1 1 1 L I I I
0 I T P Y S S SOy IRt Sy IV S (R o _| . [T I T
E = ¥ 1 1 v 1 v 1 i il i i v ) ¥ f T
E 1 1 I 1 1 1 1 | 1 1 I 1 \ 1 1 1
E | | i | | | | | | i ' | 1 I I I I
i (e

E>*dF/dE(eV/cm2/s)

T ' | ' i ' ' | ' ' 1 ' 1 ' '

' ' ' i ' ' ' = i ' ' ! ' i ' '
I ' ' 1 [ ' ' i 1 ' ' ' ' i R

' 1 1 i 1 1 1 i 1 1 1 1 i ' ' '
e EREE EEEEEEEEE R AL ERE | BT B R e e Ll B LR et EE R bR e B e by bt s
E ' ' I ' ' ' ' I ' I ' ' ' ' I ' '
= ] ] ] | ] ] ] ] | ] | ] ] ] ] | ] il
= 1 1 1 1 1 1 i 1 1 1 ' 1 i '

. ' ' LA . ' I,

' ~; d i ' '

IIIIIIIII- | IIIIIII[ | IIIIIII] | IIIIIII-| | IIIIIIII- | IIIIIII[

,___ I,

5 ?

N
1070300 10 107107107 10 10"%0”

energy (eV)

Tsuchiya, Ph.D. thesis in preparation (2004) 48



Galactic latitude [deg]

Galactic plane survey

Spatial pattern: source population along the Galactic plane?

Bins are correlated o
;- ~ [l ¢
HEGRA CT system 4
2
% s - #
-4
N L I

Galactic longitude [deg]
16.2 hrs 5.3 hrs 705 hrs
45 o 42 a 46 a
TeV]J1915.2+11.47

Puehlhofer et al., 28t ICRC (2003) 4



Extragalactic sources: basics

= Active galactic nuclel

= Blazars
m Wide-band spectrum — nonthermal
m Quasars — LBL (RBL) — HBL (XBL) sequence

m Leptonic models
m SSC or EC (External Compton)

m Hadronic models
= Proton-initiated cascades

= Radio galaxy,...

m Gamma-ray absorption by EBL (Extragalactic Background Radiation)
= Infrared photon field: uncertain

m Center of galaxies
= Accumulation of dark matter??

m Extragalactic background radiation

50



Blazars

c i

—_—r .—
>
-l'

.l-

Proton-induced
cascade

Beaming factor
0=1/T (1-BcosO) >1

Observed frequency
Vo v,

Apparent luminosity
L oc L 6
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“Known” extragalactic sources

m Mrk421 (z=0.031)

m First detection in 1992 [Punch et al. Nature 1992]
= Flares in 1994, 1996, 2001, 2002-3

m Mrk501 (z=0.034)
= First detection in 1995 [Quinn et al. ApJ 1996]
m Large flares in 1997

m 1H1426+428 (z=0.129)

= First detection in 2001 [Horan et al. 5t Compton 2001]
= Flares in 2001
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Multiwavelength spectra of blazars

TeV
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Fig. 1. Simultaneous and
non-simultaneous  X-ray
and TeV ~-ray energy
spectra of the 4 TeV
blazars with measured
TeV ~-ray energy spec-
tra. The regions show
the range of values that
have been observed with
BeppoSAX, RXTE and
Cherenkov Telescopes
(from (46)).

26 28
log v [Hz]
Krawczynski, astro-ph/0309443



Synchrotron Self-Compton model

1079

= Synchrotron
+ Inverse

Compton ey

model works
well

—> e+ origin
(SSC: Synchrotron
Self Compton)

vF, (erg/ecm®/s)
o

—
[

One-zone SSC model

o=14, B=0.14G

-
—

[
a
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Blazar sequence & SSC model
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SED of TeV blazars
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Synchrotron proton blazar model (1)

Log (v/Hz)

Muecke et al. APh 18, 2003
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Synchrotron proton blazar model (2)
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Mrk421: Whipple Flare Dec02-Jan03

Correlation is not simple!
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Mrk421: Whipple Hourly variability

Mar 19, 2001 Mar 25, 2001
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TeV gamma-ray absorption on EBL (1)
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Figure 2: Mean free path for photon-photon pair production in the infrared-microwave
background radiation. T'he curves correspond to those in Fig. 1 except that the effect of
Lorentz [nvariance violation discussed in Section 4 is shown by the long dashed curve.
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Dwek, “Universe Viewed in Gamma-rays”, Kashiwa, 2002 Protheroe et al. astro-ph/0005349




TeV gamma-ray absorption on EBL (2)
m H1426+428. HEGRA CT system

® HEGRA 1999/2000
B CAT 1998-2000
Whipple 2001
CA  Absorption corr.
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Confirmed extragalactic sources

m 1ES1959+650 (Blazar, z=0.048)

m Utah 7TA detection [Nishiyama et al. 1999I1CRC] 3.9c

= Large Flare in 2002
m HEGRA CT system [Aharonian et al. 2003A&A]
m HEGRA CT1 [Tonello et al. 28" ICRC 2003]
m \Whipple [Holder 2619]

m 1ES2344+514 (Blazar, z=0.044)

= Whipple detection [Catanese et al. 1998Ap]]
m HEGRA CT system [Tluczykont et al. 28t ICRC 2003] 4.4

m PKS2155-304 (Blazar, z=0.116)
= Durham Mark6 detection [Chadwick et al. 1999ApJ]
m CANGAROQOO [Nakase et al. 28t ICRC 2003] upper limit, 2000-2001
m H.E.S.S. [Djannati-Atai et al., 28t ICRC 2003] detection >6c, 2002
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1ES1959+650: Whipple May-July 2002
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Fig. 1. The Whipple (top) and RXTE (bottom) light eurves for 1ES1959+4650 in
May-July 2002, The filled Whipple points correspond to > 3 ¢ detections. The
RXTE data are from [6].
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PKS 2155-304
m H.E.S.S. (single telescope)

PKS2155 Jul 2002 PK52155 Oct 2002

50 70 B0 90
Alpha [deg.) Alpha(deg.)

Fig. 1. The pointing angle a-plot of PKS 2155-304 observations for July (left panel)
and October (right panel) 2002. The OFF-source distributions have been normalised
to the control region between 30° and 90°.
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Djannati-Atai et al, 28" ICRC (2003)




TeV blazar population?
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New entry: NGC253 (1)

Gamma-ray signal = (ON) — (OFF)

= Nearby spiral galaxy
(2.4Mpc)

m Starburst activity
<>frequent SNe

@ Anglo-Australian Observatory

Optical

iImage

Itoh et al.

© SEDS et A&AL (2002)
Alpha (degrees) o

AAT 23




New entry: NGC253 (2)

m Extended halo?

Radio Disk

Radio Halo

Chandra Disk
Chandra Halo

XMM Central Diffuse
BeppoSAX PDS
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Significance map by CANGAROO

Itoh et al. ApJ (2003) -



New entry: M87 (1)

m M8/ (Vir A Giant radio

galaxy, z=0.00436 or
16Mpc

* HEGRA CT system
detection

* Whipple upper limit

Optical image

69



New entry: M87 (2)

m M37: HEGRA CT system 1998-1999 4.4
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New entry: M87 (3)

m M87: Whipple 2000-2001 2 45, 2002-2003 no excess

Assumed spectral index. 2.|5 .
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Fig. 1. The Whipple 10-m upper limit on the differential flux from M87 compared to
the detection by HEGRA under the assumption that the spectrum ca be described

by a power law of index 2.5.
LeBohec et al., 28t ICRC (2003)




M87 models

m Inverse Compton by electrons
m Bal & Lee, ApJ549(’01); Stawarz, Sikora & Ostrowski, ApJ597(’03)

= Misaligned ‘synchrotron proton blazar’ model
6 Log gE/eV)‘l

0 12 14
13:-'|-"|-"|' T

50h|,5ur,1 Qevents

Log{vF,/Jy Hz)
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—
-

9 ] Reimer, Donea & Protheroe,
15 20 25 30 APh 19 ('03) 559
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Galactic diffuse gamma-rays (1)

m EGRET “GeV bump” (Hunter et al. ApJ 1997)

Diffuse gamma-ray spectrum by Hunter et al.
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Galactic diffuse gamma-rays (2)
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Gamma Ray Bursts

m Ground-based experiments?

= TeV gamma-rays (afterglow)
m MAGIC a few per year expected
= Air shower rate

m Tibet-111 ' \QT&/ Totani ApJ (2000) |
m Single particle rate o _ :

s GRAND g Opaclty

= ARGO-YB]

= Tibet-111

= Need fast and precise

GRB alerts! ;MéME;:jfi?é

Redshift z

—
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Dark matter annihilation at the
Galactic Center

Signal enhancement due to “cusp’ structure toward the center?
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Explosive dark matter annihilation

“Explosive annihilation” by non-perturvative effect

Line (Galactic center, J=500) CO ntinuum (Galactic center, J=500)
Flux (cm?sec”) AQ=107°

CANGAROO-IIL
VERITAS
HESS

Photon energy (GeV)

Hisano, Matsumoto, Nojiri PRL 92 (2004) 77



“Evolution” of the TeV gamma-ray sky

TeV Gamma-ray Sky 1989




“Evolution” In number of objects

NMumber of sourcs vs time
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New Cherenkov telescopes
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CANGAROO-III project

= 10m 4 (2004 3

CANGAROO-II

CANGAROO-II

7m —®10m
(1999) (2000)
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Run Mo.

Event infonmations
Event Ho.

Disc. Rate(Hz)
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even
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T2 TDC
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CANGAROO-III: completion in 2004
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Four 12m telescopes (2 completed) in Namibia, Africa

Max Planck Inst., Heidelberg, etc.
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MAGIC: completion in 2003

One 17m telescope in Canary Island

Max Planck Inst., Munich, etc. 89



VERITAS: VERITAS-4 by 2005,
then -7

{\ v e New site: Horseshoe canyon,
Mavall R S s Kitt Peak, Arizona

Smithonian Inst. etc.

Oct 2005: Completion of Phase I:
4 telescope array

Oct 2007: Completion of Phase II:
7 telescope array



4th generation concepts

Teleskop 34 m Spiegel

28m telescope at the

- center of H.E.S.S.
=0 proledt SuperCANGAROO

MPI Physics etc. MPI1 Nuclear Physics etc. 30m?
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International coordination

= Monitoring of time-variable objects (e.g. blazars)
= Multiwavelength observation campaign

r '-_‘. LY i
¢ |
L~

'\ CANGAROO
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Tips of the Icebergs in the TeV Universe

Supernova remnants

Binaries
OB associations BL Lacs
Radio galaxies
Starburst galaxies

LE L | e | | Current
Distance ; kpc * Mpe @ A Gpc Sensitivity

______ Future

: ; Sensitivity
Galactic Extragalactic

© D. Horan and T.C. Weekes, astro-ph/0310391
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summary

= Very high energy gamma-rays are probing non-thermal,
violent Universe.

= [eV gamma-ray astronomy Is becoming an
Indispensable field of astronomy.

= Very high energy sources may contain large varieties,
Including both galactic and extragalactic objects.

m [here are some evidences of SNR origin of cosmic rays.

= The “third generation” Cherenkov telescopes are about
to Increase sensitivity — more fun!
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