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Detection of gammaDetection of gamma--rays (1)rays (1)

> TeV gamma-rays
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Atmospheric Atmospheric 
Cherenkov telescopesCherenkov telescopes

Cherenkov light from gamma-ray showers
Lateral distribution   &   Timing distribution
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Imaging Cherenkov TelescopesImaging Cherenkov Telescopes
Focal plane image

Gamma                      Proton

Sharp                         Diffuse

Shower profile

Gamma                         Proton

Regular                        Irregular

α (image orientation angle)
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Detection of gammaDetection of gamma--rays (2)rays (2)

BaseBase SatelliteSatellite GroundGround GroundGround

IndirectIndirect
(atmospheric(atmospheric
Cherenkov)Cherenkov)
>100 >100 GeVGeV
((→→ 50 50 GeVGeV))
Large areaLarge area
Good Good ΔθΔθ
Low S/N (CR Low S/N (CR 
bkgdbkgd.).)
(but imaging overcomes this!)(but imaging overcomes this!)

Small FOVSmall FOV

GammaGamma--rayray
detectiondetection

DirectDirect
(pair creation)(pair creation)

IndirectIndirect
(shower array)(shower array)

EnergyEnergy < 30 < 30 GeVGeV
((→→ 100 100 GeVGeV))

>3 >3 TeVTeV
((→→ 1 1 TeVTeV))

ProsPros High S/NHigh S/N
Large FOVLarge FOV

24hr operation24hr operation
Large FOVLarge FOV

ConsCons Small areaSmall area
High costHigh cost

Low S/N (CR Low S/N (CR 
bkgdbkgd.).)
Moderate Moderate ΔθΔθ
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(closed)

R.Ong, rapporteur talk, ICRC2005
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Galactic sources: basicsGalactic sources: basics

Supernova remnants = Origin of CR?Supernova remnants = Origin of CR?
EnergeticsEnergetics –– OK (if 10% of OK (if 10% of EESNSN goes to CRgoes to CR))
Maximum energy Maximum energy –– Up to Up to ““Knee regionKnee region””
How much of them?How much of them?
Some evidences, which can be ascribed to HE electrons: Some evidences, which can be ascribed to HE electrons: 
where are HE protons?where are HE protons?

Pulsar and pulsar wind nebula (Pulsar and pulsar wind nebula (plerionsplerions))
Crab Crab –– ““The standard candleThe standard candle””

Up to a few 10GeV: Up to a few 10GeV: pulsed+unpulsedpulsed+unpulsed
Above: Above: unpulsedunpulsed onlyonly
-- UnpulsedUnpulsed: SSC (Synchrotron: SSC (Synchrotron--SelfSelf--Compton) modelCompton) model
-- Where is the cutoff?Where is the cutoff?
-- (Pulsar emission models)(Pulsar emission models)

Others? Vela, PSR1706Others? Vela, PSR1706--44,44,……
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Particle acceleration in SNRParticle acceleration in SNR
Non-linear kinetic theory

t0 = R0/v0; sweep up time

Particle spectrum Maximum momentum

Berezhko & Voelk, APh 2000

Cf. Lagage and Cesarsky 1984
Berezhko & Voelk, APh 1997

100 TeV
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Nuclear gammaNuclear gamma--ray flux from SNRray flux from SNR

Berezhko & Voelk, APh 1997
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GammaGamma--ray emission from SNRray emission from SNR

Baring et al. 1999 ApJ 513, 311

n=10 cm-3

n=1 cm-3

n=0.1 cm-3

e/p = 0.01               0.1                 1

Dot: IC

Dash: π0

Dot-dash:brems

(Data: EGRET 
IC443)
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Pulsar nebulaPulsar nebula

A shock is formed when pulsar A shock is formed when pulsar 
wind balances with ambient gas wind balances with ambient gas 
pressure, and the wind shines by pressure, and the wind shines by 
synchrotron emission by synchrotron emission by 
thermalizationthermalization

K.Mori, talk at ICRR, Dec 2003

Pulsar

Pulsar wind
Shock !!

Synchrotron emission
By thermalization
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The CrabThe Crab

Asahara et al., SPIE 2002

Crab (pulsed)

Crab (unpulsed)

Optical + X-ray image

Inner ring
=

Shock front

Synchrotron Self Compton
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““KnownKnown”” galactic sources: galactic sources: 
Supernova remnantsSupernova remnants

CrabCrab ““The standard candleThe standard candle””
Well established (many observations since 1989)Well established (many observations since 1989)

Supernova remnant Supernova remnant RX J1713.7RX J1713.7--39463946
CANGAROO 2000/2002, H.E.S.S. 2004CANGAROO 2000/2002, H.E.S.S. 2004

Supernova remnant Supernova remnant CasCas AA
HEGRA CT system 2001HEGRA CT system 2001

Supernova remnant Supernova remnant RX J0852.0RX J0852.0--46224622
CANGAROO 2005, H.E.S.S. 2005CANGAROO 2005, H.E.S.S. 2005

Supernova remnant Supernova remnant G0.9+0.1G0.9+0.1 [H.E.S.S. 2005][H.E.S.S. 2005]

Possible Possible SNRsSNRs: G338.3: G338.3--0.0, G8.70.0, G8.7--0.1, G18.00.1, G18.0--0.7, 0.7, 
G23.3G23.3--0.3, G25.5+0.0, AX J18130.3, G25.5+0.0, AX J1813--178 178 [H.E.S.S. 2005][H.E.S.S. 2005]

Pulsar PSR 1706Pulsar PSR 1706--44, Vela pulsar, SN100644, Vela pulsar, SN1006
CANGAROOCANGAROO--I claims, but H.E.S.S. upper limitsI claims, but H.E.S.S. upper limits
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SNR RX J1713.7SNR RX J1713.7--3946 (1)3946 (1)

Detected in XDetected in X--raysrays
NonNon--thermal Xthermal X--ray spectrumray spectrum

Energy spectrum

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

Gamma-ray signal = (ON) – (OFF)
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SNR RX J1713.7SNR RX J1713.7--3946 (2)3946 (2)

Enomoto et al. Nature 416 (2002) 823

Hard to explain by 
emission from electrons 
(Brems, IC)

⇒Emission from
protons (π0)?

⇒ Cosmic ray
origin?

NANTEN results :

Distance ~ 1 kpc

Age ~ 1600yr

→ Lp~1048erg ~ 0.001LSN

(Fukui et al. PASJ 55, 2003)



16

SNR RX J1713.7SNR RX J1713.7--3946 (3)3946 (3)

Counter arguments

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

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

0.8°
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SNR RX J1713.7SNR RX J1713.7--3946 (4)3946 (4)
H.E.S.S.: Aharonian et al., astro-ph/0511678
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SNR RX J1713.7SNR RX J1713.7--3946 (5)3946 (5)
CO

H.E.S.S.: Aharonian et al., astro-ph/0511678
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SNR RX J1713.7SNR RX J1713.7--3946 (6)3946 (6)

⇒ Protons favored (?)

Electron origin model Proton origin model

H.E.S.S.: Aharonian et al., astro-ph/0511678
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SNR RX J1713.7SNR RX J1713.7--3946 (7)3946 (7)
H.E.S.S.: Aharonian et al., astro-ph/0511678
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SNR RX J0852.0SNR RX J0852.0--4622 4622 [G266.2[G266.2--1.2, Vela Jr.](1.2, Vela Jr.](1)1)
B. Aschenbach, Nature, 396, 141 (1998)
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SNR RX J0852.0SNR RX J0852.0--4622 (2)4622 (2)

H.E.S.S.: Aharonian et al., AA 
437, L7 (2005)

CANGAROO-II: Katagiri et al., 
ApJ, 619, (2005) L163
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SNR RX J0852.0SNR RX J0852.0--4622 (3)4622 (3)

CANGAROO-II: Katagiri et al., ApJ, 619, 
(2005) L163

H.E.S.S. (Hofmann, 
Cherenkov2005)

IC

π0

Spectral index 2.2
Crab-like flux
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W.Hofmann, ICRC 2005, Pune
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Other Other SNRsSNRs??

H.E.S.S.: F. Aharonian et al., astro-ph/0510397
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““NewNew”” galactic sourcesgalactic sources

The The Galactic centerGalactic center
Whipple 2004, CANGAROO 2004, H.E.S.S. 2004Whipple 2004, CANGAROO 2004, H.E.S.S. 2004

Pulsar wind nebulaePulsar wind nebulae
MSH15MSH15--5252 [[CANGAROOCANGAROOH.E.S.S. 2005]H.E.S.S. 2005]
Vela XVela X [H.E.S.S. 2005][H.E.S.S. 2005]

Pulsar binary Pulsar binary PSR 1259PSR 1259--63/SS288363/SS2883
H.E.S.S. 2005H.E.S.S. 2005

XX--ray binary/ray binary/microquasarmicroquasar LS5039LS5039
H.E.S.S. 2005H.E.S.S. 2005

UnIDUnID
HEGRA J2032+4130HEGRA J2032+4130
H.E.S.S. J1303H.E.S.S. J1303--631631
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The Galactic center [The Galactic center [SgrSgr A*]A*]

CANGAROO-II (Tsuchiya et 
al., ApJ 606, L115, 2004)

H.E.S.S.: W.Hofmann, 
ICRC2005
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Dark matter signal from Dark matter signal from SgrSgr A*?A*?

Horns, Phys.Lett. B607 (2005) 225



29

Pulsar wind nebula MSH15Pulsar wind nebula MSH15--5252
PSR 1509-58

H.E.S.S.:

Aharonian et al., A&A 435, L17 (2005)

CANGAROO-I.:

Sako et al., ApJ 537, 422 (2000)
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Pulsar binary PSR 1259Pulsar binary PSR 1259--63/SS2883 (1)63/SS2883 (1)

(i) aligned disc to the orbital plane and 
interaction throughout the orbit

(ii) mis-aligned disc and interaction in the 
~200-day period around periastron (τ ), 
during which the radio emission is 
depolarized

(iii) mis-aligned disc and interaction in two 
short periods, [(τ -18 d) ~(τ ~ -8d)] and [(τ
+12 d) ~ (τ +22 d)]

CANGAROO-II: Kawachi et al., ApJ, 607(2004) 949

Obs.A

Obs.B
2001
Mar 2000

Dec

3.4 year highly 
eccentric orbit
around ~10 M
Be star
closest approach 
~1013 cm
or ~20 stellar 
radii
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Pulsar binary PSR 1259Pulsar binary PSR 1259--63/SS2883 (2)63/SS2883 (2)

early March 04 Apr./May 04Feb. 04

PSR
B1259-63

HESS
J1303-631

F. Aharonian et al., Astron. Astrophys. 442 (2005) 1
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XX--ray binary/ray binary/microquasarmicroquasar LS5039LS5039
F. Aharonian et al., Science 309 (2005) 746 

compact 4 (?) M object in eccentric 4 day orbit around 20-30 M star
closest approach ~1012 cm or ~2 stellar radii
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Extragalactic sources: basicsExtragalactic sources: basics

Active galactic nucleiActive galactic nuclei
BlazarsBlazars

WideWide--band spectrum band spectrum –– nonthermalnonthermal
Quasars Quasars –– LBL (RBL) LBL (RBL) –– HBL (XBL) sequenceHBL (XBL) sequence
LeptonicLeptonic modelsmodels

SSC or EC (External Compton)SSC or EC (External Compton)
HadronicHadronic modelsmodels

ProtonProton--initiated cascadesinitiated cascades

Radio galaxy,Radio galaxy,……
GammaGamma--ray absorption by EBL ray absorption by EBL (Extragalactic Background Radiation)(Extragalactic Background Radiation)

Infrared photon field: uncertainInfrared photon field: uncertain
Center of galaxiesCenter of galaxies

Accumulation of dark matter??Accumulation of dark matter??
Extragalactic background radiationExtragalactic background radiation
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BlazarsBlazars

Beaming factor

δ≡1/Γ (1-βcosθ) >1

Observed frequency

ν ∝ ν 0δ

Apparent luminosity

L ∝ L0δ4
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““KnownKnown”” extragalactic sourcesextragalactic sources

Mrk421 Mrk421 (z=0.031)(z=0.031)

First detection in 1992 First detection in 1992 [Punch et al. Nature 1992][Punch et al. Nature 1992]
Flares in 1994, 1996, 2001, 2002Flares in 1994, 1996, 2001, 2002--33

Mrk501 Mrk501 (z=0.034)(z=0.034)

First detection in 1995 First detection in 1995 [Quinn et al. [Quinn et al. ApJApJ 1996]1996]
Large flares in 1997Large flares in 1997

1H1426+428 1H1426+428 (z=0.129)(z=0.129)

First detection in 2001 First detection in 2001 [Horan et al. 5[Horan et al. 5thth Compton 2001]Compton 2001]
Flares in 2001Flares in 2001
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MultiwavelengthMultiwavelength spectra of spectra of blazarsblazars

Krawczynski, astro-ph/0309443

TeV
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Synchrotron selfSynchrotron self--Compton modelCompton model

SynchrotronSynchrotron
+ inverse + inverse 
ComptonCompton
model worksmodel works
wellwell
→→ ee±± originorigin
(SSC: (SSC: Synchrotron Synchrotron 
Self ComptonSelf Compton))

Takahashi et al. ApJ 542, 2000

One-zone SSC model

δ=14, B=0.14G

synchrotron Inverse

Compton

Mrk 421
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Synchrotron proton Synchrotron proton blazarblazar model (1)model (1)

Muecke et al. APh 18, 2003

Target 
photon

π±
cascade

π0

cascade

p-synch
cascade

μ-synch
cascade
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Synchrotron proton Synchrotron proton blazarblazar model (2)model (2)

Muecke et al. APh 18, 2003

dF/dE∝Ep-2, δ=10, 
B=30G, 

γmax,p=4×1010, 
Ljet=9×1044erg/s

Mrk 421
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TeVTeV gammagamma--ray absorption on EBL (1)ray absorption on EBL (1)

Protheroe et al. astro-ph/0005349

Mean free path for e+e- pair production

Dwek, “Universe Viewed in Gamma-rays”, Kashiwa, 2002

Opacity at z=0.031

γTeV+ γIR→ e+ + e-

EBL (Extragalactic 
Background Light)
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TeVTeV gammagamma--ray absorption on EBL (2)ray absorption on EBL (2)
W.Hofmann, ICRC2005

X X X

X
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EBL Spectra EBL Spectra 

lower limits
from galaxy

counts

measure-
mentsupper

limits

Reference shape

HESS limits

X
X

EBL resolved
Universe more

transparent

W.Hofmann, ICRC2005
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AGN summaryAGN summary
SourceSource RedshiftRedshift TypeType First First 

detectiondetection
ConfirmationConfirmation

M87M87 0.0040.004 FR IFR I HEGRAHEGRA H.E.S.S.H.E.S.S.
MrkMrk 421421 0.0310.031 BL LacBL Lac WhippleWhipple ManyMany
MrkMrk 501501 0.0340.034 BL LacBL Lac WhippleWhipple ManyMany
1ES 2344+5141ES 2344+514 0.0440.044 BL LacBL Lac WhippleWhipple HEGRAHEGRA
1ES 1959+6501ES 1959+650 0.0470.047 BL LacBL Lac 7TA7TA ManyMany
PKS 2005PKS 2005--489489 0.0710.071 BL LacBL Lac H.E.S.S.H.E.S.S.
PKS 2155PKS 2155--304304 0.1160.116 BL LacBL Lac DurhamDurham H.E.S.S.H.E.S.S.
H1426+428H1426+428 0.1290.129 BL LacBL Lac WhippleWhipple ManyMany
H2356H2356--309309 0.1650.165 BL LacBL Lac H.E.S.S.H.E.S.S.
1ES 1218+3041ES 1218+304 0.1820.182 BL LacBL Lac MAGICMAGIC
1ES 11011ES 1101--232232 0.1860.186 BL LacBL Lac H.E.S.S.H.E.S.S.

R.Ong, Rapporteur talk, ICRC2005

⇒ Reaching further out in redshift!
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TeVTeV gammagamma--ray absorption on EBL (3)ray absorption on EBL (3)

We need many 
samples of AGNs at 
various redshifts!

Redshift
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TeVTeV blazarblazar populationpopulation
Costamante and Ghisellini A&A 384 (2002) 56



46

Galactic diffuse gammaGalactic diffuse gamma--rays (1)rays (1)

EGRET EGRET ““GeVGeV bumpbump”” (Hunter et al. (Hunter et al. ApJApJ 1997)1997)

60%
Excess

Data

E-2.5

Prediction

E-2.7
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Galactic diffuse gammaGalactic diffuse gamma--rays (2)rays (2)
R.Ong, Rapporteur talk, ICRC2005
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Diffuse gammaDiffuse gamma--rays along the plane?rays along the plane?
F.Aharonian, TAUP 2005
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Diffuse source in Cygnus?Diffuse source in Cygnus?
R.Ong, Rapporteur talk, ICRC2005



50

Gamma Ray BurstsGamma Ray Bursts
GroundGround--based experiments?based experiments?

TeVTeV gammagamma--rays (afterglow)rays (afterglow)
MAGIC a few per year expectedMAGIC a few per year expected

Air shower rateAir shower rate
TibetTibet--IIIIII

Single particle rateSingle particle rate
GRANDGRAND
ARGOARGO--YBJYBJ
TibetTibet--IIIIII

Need fast and preciseNeed fast and precise
GRB alerts!GRB alerts!

Totani ApJ (2000)1 TeV

100 GeV

Opacity
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Dark matter annihilationDark matter annihilation

Hisano, Matsumoto, Nojiri PRL 92 (2004)

Signal enhancement due to `cusp’ structure toward the center?

“Explosive annihilation” by non-perturvative effect

-2 -1 3(cm sec ) 10Flux −ΔΩ =

Ph
ot

on
 e

ne
rg

y 
(G

eV
)

1710−

1510−

1310−
1110−

910−

Line                                               Continuum
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““EvolutionEvolution”” of the of the TeVTeV gammagamma--ray skyray sky
R.Ong, rapporteur talk, ICRC2005
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““EvolutionEvolution”” in number of objectsin number of objects
R.Ong, rapporteur talk, ICRC2005

Log 
scale
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VERITAS: VERITASVERITAS: VERITAS--4 by 20064 by 2006

New site: Horseshoe canyon, 
Kitt Peak, Arizona

Smithonian Inst. etc.

Prototype (Aug ’03)

Nov 2005: New Environmental 
Assessment

Oct 2006:   Completion of Phase I: 
4 telescope array 

Then VERITAS-7 in 200X
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Near future?Near future?
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International coordinationInternational coordination

Monitoring of timeMonitoring of time--variable objects (e.g. variable objects (e.g. blazarsblazars))
MultiwavelengthMultiwavelength observation campaignobservation campaign
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An example: MAGIC & H.E.S.S. An example: MAGIC & H.E.S.S. 
campaign on campaign on MrkMrk 421421
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SummarySummary

Very high energy sources may contain large varieties, Very high energy sources may contain large varieties, 
including both galactic and extragalactic objects.including both galactic and extragalactic objects.
Supernova remnants are confirmed to be verySupernova remnants are confirmed to be very--highhigh--energy energy 
particle accelerators: an important evidence of cosmic ray particle accelerators: an important evidence of cosmic ray 
origin!origin!
TeVTeV gammagamma--ray astronomy is becoming an indispensable ray astronomy is becoming an indispensable 
field of astronomy.field of astronomy.
The The ““third generationthird generation”” Cherenkov telescopes are working Cherenkov telescopes are working 
hard (and hard (and ““fourthfourth”” ones are planned)ones are planned)–– more fun!more fun!
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