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ABSTRACT

TheCangaroogrouphasbeenobservingTeVgamma-raysourceswith itsair

Čerenkov telescopesatWoomera,Australiasince1992. Thesouthernsky

providesgoodchanceto observe Galacticobjectssuchassupernova rem-

nants(SNR’s),pulsars/pulsarnebulae,andstellar-sizeblackholes.SNR’s

areparticularlyinterestingtargetsbecausethey have beenmostpromising

origins of cosmicraysthroughouthistory of cosmicray physics. Detec-

tion of high-energy gammarayswill give a strongevidencefor this belief

andleadto understandingof theaccelerationmechanismatshockfrontsof

SNR’s.

In this presentation,I will devote most of my time to observational

resultsontwo SNR’sandtherestto informationaboutparticleacceleration

atSNR’s obtainedin multi-wavelengthobservations.
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1 Intr oduction

GeV gamma-rayastronomywas establishedin 1990’s. The ComptonGamma-Ray

Observatory(CGRO) waslaunchedin 1991,1 whichcoveredawiderangeof gamma-ray

energy from sub-MeVto GeV regionsby four detectors(BATSE,OSSE,COMPTEL

andEGRET).EGRETwasadetectorobservingsub-GeVandGeVhigh-energy gamma

rayson-boardCGRO, andfoundabout270gamma-raypointsources.Aboutonethirds

areof extra-galacticorigin. About two thirds of the sourcesareconsideredGalactic

origin, suchaspulsars/pulsarnebulaeandSNR’s, althoughthe mostof thosesources

arestill unidentified.

TeV gamma-rayastronomywas also raisedin the samedecade. Several TeV

gamma-raysourceshavebeenfirmly detected:Crabpulsar/nebula,2 Mrk421,3 Mrk501,4

PSR1706-44.5 CelestialobjectsemittingTeV gammarayshadbeenexpectedasa nat-

ural consequenceof theexistenceof cosmicrays,andhavebeensearchedsince1960’s

using ground-baseddetectors,suchas scintillation-counterarraysand air Čerenkov

telescopes.Nevertheless,dueto hugebackgroundof hadronshowersoverwhelming

thetiny signalof celestialgammarays,nopersistentTeV gamma-raysourcewasfound

until thediscoveryof TeV gamma-rayemissionfrom theCrabby theWhipplegroupin

1989.2 TheWhipplegroupdevelopedanimagingČerenkov technique,6 andhencethe

rejectionpower of hadronshowerswasgreatlyimproved. In the1990’s several types

of TeV gamma-raysourcesweredetectedwith high statisticsby adoptingthis imag-

ing technique.In particular, successive discoveriesof AGN emittingTeV gammarays

wereastonishing.3,4 A goodreview thatincludesrecentinterestingresultsof AGNswas

presentedat this conferenceby Dr. F.Krennich.

Our group, CANGAROO, a collaborationof JapaneseandAustralian institutes,

hasobservedTeV gamma-raysourcesin thesouthernhemispheresince1992in South

Australia.7 Thesouthernhemisphereprovidesagoodchanceto observemany Galactic

objects,suchaspulsar/nebulae,SNR’s, blackholes,andtheGalacticcenter. We have

foundseveralGalacticTeV gammaraysources,aslistedin areview articleof Weekes.8

In particular, recentnoteworthy discoveriesareseveralreportson thedetectionof TeV

gamma-rayemissionsfrom shell-typeSNR’s in both southernandnorthernskies,9–11

of which two SNR’s weredetectedby CANGAROO.

Before talking aboutour resultsof SNR’s, I have to point out somethingabout

the extra-galacticsourcesin the southernhemisphere.All of the observed targetsby

CANGAROOtelescopesaresummarizedin Table1.YoumightnotethatCANGAROO
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hasobservedmany extra-galacticsourcesaswell asGalacticobjects.Especially,wehave

themeritof beingableto observenearbygalaxies.As is well known, two nearestones,

theLargeandSmallMagellanicClouds,canbeseenonly fromthesouthernhemisphere.

In addition,famousstar-burstgalaxyNGC253,andthenearestradiogalaxy, Cen-A,also

arelocated.Actually, lastyearCANGAROOreportedthedetectionof TeV gammarays

from NGC253.12

2 Cosmic-rayorigin and shockacceleration

For a long time,SNR’s have beenbelievedto bea favoredsitefor acceleratingcosmic

raysup to 1015eV, becausethey look to satisfy the requiredenergy input rate to the

galaxyamongseveralGalacticobjects.13 In addition,a shockaccelerationtheorywas

establishedaround1980s,in whichparticlesareacceleratedfromtheinteractionbetween

particlesand collective motion of the plasmafluid moving at a supersonicvelocity

in space.14 SNR’s are just an extendedand heatedgas systemaccompanying very

strongshocks.Shocksarevery commonphenomenain theuniverse,andhenceshock

accelerationhasbeenwidely appliedto high-energy phenomenain theuniverse.Thus,

theshock-accelerationmechanismhasbeena standardtheoryfor particleacceleration

in astrophysics. Althoughthis theorylooksvery simpleandreliable,anobservational

evidenceis still verysparse.

In orderto investigatetheshock-accelerationmechanism,SNRisanuniqueandideal

laboratorybecauseit is quite simpleanda well-understoodastronomicalobject. The

evolution of anSNRcanbe fairly well explainedwith severalobservableparameters,

suchas the explosionenergy of an SNR, the total massof the ejecta,the densityof

the inter-stellarmedium(ISM) aroundthe SNR andthe ageafter the explosion.15 In

addition,theresolvablesizeof anSNRenablesus to directly observe thegeometrical

structureof the shock front acceleratingparticles,which provides many significant

physical parametersquantitatively (absolutevalueof the magneticfield, index of the

power law, maximumenergy of particleacceleration).

If particlesareacceleratedin theuniverse,severalradiativeemissionsareexpected.16

Althoughbothelectronsandprotons(or ions) areaccelerated,almostall non-thermal

emissionsin theuniverseareascribedto thoseby only acceleratedelectrons.Sincea

magneticfield of ∼ µ Gaussis consideredto exist in any spaceregion of galaxiesand

halos,high-energyelectronsemitsynchrotronradiationfromradiotoX-rayeverywhere:

GeV electronsemit radiowavesmainly and100TeV onesemit X-rays. High-energy
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Table1: Objectsobserved with the CANGAROO-III telescopefrom March 2000to

April 2003.
Object† d ON-sourceobs.(hr)‡ Status]

(kpc) 2000 ’01 ’02 ’03

SNR

RXJ0852.0−4622a 0.5 - - 41 51 A

SN1006a (NE rim) 2 52 33 - 43 D*

RCW86a (SW shell) 3 (1) - 38 41 65 A

RX J1713.7−3946a 6 (1) - 24 44 - D*

SN1987Aa 50 - 21 - - U

Pulsar/Nebula

Velab 0.25 12 39 38 - A

PSRB1706−44b 1.8 32 31 - - D*

Crabb 2.0 55 - - - D*

PSR1509−58b 4.2 - - 35 - A

PSRJ1420−6048b 7.7(2) - - 26 - A

PSR1259−63c 1.5 3 18 - - U

Another Galactic Objects

SS433d (W lobe) 5 - 51 34 - A

SgrA∗ e 8 - 52 82 - A

Nearby Galaxies

SMCf 64 - - 41 - A

NGC253g 2.5Mpc 38 43 - - D

ActiveGalactic Nuclei

Mrk 421h
z = 0.031 - 18 9 6 D

EXO 0556.4−3838h z = 0.034 - - 21 15 A

PKS0548−322h
z = 0.069 3 - - - A

PKS2005−489h
z = 0.071 33 - - - U

PKS2155−304h
z = 0.116 36 29 - - U

Cluster of Galaxies

3EGJ1234−1318i - - - 23 - A

† aSNR, bpulsar/nebula, cpulsar/Bestarbinary, dmicro quasar, eGalacticcenter, f galaxy in the Local

Group,gstarburstgalaxy, hblazar(HBL),iEGRETunidentified.‡ Badweatherrunsareincluded.From

2000to 2002they weretaken with a singletelescope,while stereoobservationshave beenconducted

in 2003. Eachobservationtime of OFF-sourcerunsis roughlythesameasON-sourceruns. ] A:Under

analysis,D:Detectedwith a statisticalsignificanceexceeding5 standarddeviations,andfurthermorethe

* symbolshows doubledetectionswith the CANGAROO-III andCANGAROO-I (3.8 m) telescopes,

U:Upperlimit obtained.
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electronsalsogeneratehigh-energygammarayseverywheredueto theinverseCompton

(IC) scatteringwith 2.7KCosmicMicrowaveBackground(CMB) or infra-redemission

from astar, wherescatteredphotonsacquireanenergy of aboutonetenthof thatof the

parentelectrons.Then,several10TeV electronsgenerateshigh-energy gammaraysin

theTeV region. In denseregions,high-energy electronsalsoemit photonsover a very

widerangefrom softX-raysto high-energy gammaraysby thebremsstrahlungprocess.

As is well known, theintensityof synchrotronemissionis proportionalto theflux of

theparentelectronandthesquareof thestrengthof themagneticfield,while theintensity

of gammaraysdueto IC scatteringwith CMB is proportionalto theflux of theparent

electron. We know a simplebut usefulformula,connectinghigh-energy photonsdue

to the IC processwith synchrotronphotonsthrougha high-energy electron,magnetic

filed anda soft seedphoton. The emissionintensityof synchrotronradiationandIC

scattering,Psync andPIC , arerespectively expressedasfollows:

Psync =
4

3
σT cγ2β2UB, PIC =

4

3
σT cγ2β2Usoft, (1)

whereσT is theThomsoncrosssection,σT = 6.7 × 10−25cm2, andcβ andγ arethe

velocity andLorentzfactorof the electron. UB andUsoft areenergy densitiesof the

magneticfield and the soft seedphotons,respectively. Sincethe energy densityof

soft seedphotons(CMB) is well-known, anobservedgamma-rayflux providesa good

estimationof themagneticfield strengthat theaccelerationsite.

Thus,acceleratedelectronssurelyemit someradiationsignals,but acceleratedpro-

tonsarequite different. The massof a protonis too heavy to emit radiationsby any

electromagneticprocess,evenif aprotonis acceleratedto ≥ 1015 eV. Theonly process

in whichhigh-energy protonsemitphotonsis thegenerationof aneutralpionπ◦, which

decaysinto two gammarayssimultaneously, dueto a hardcollision betweena high-

energy protonandthe inter-stellarmedium(ISM). Sincethe intensityof gammarays

is proportionalto thedensityof ISM andtheflux of high-energy protons,suchgamma

raysareonly expectedto beobservedfrom a denseregion. Hence,evenif protonsare

acceleratedin somecelestialobject,thereis not somuchchanceto emit gammarays

from it. On theotherhand,synchrotronor IC emissionis quiteexpectedfrom themost

accelerationsitesasmentionedbefore.

Whengammaraysaredetectedfrom somecelestialobject,how canweidentify the

parentparticles(electronor proton)?In particular, to verify theorigin of cosmicrays,

we have to obtainclearevidenceof protonacceleration.Identificationof the parent

particlesof TeV gammaraysis possibleby observingthewidespectrumfrom thesubto
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Figure1: Schematicimageof expectedenergy spectrafrom IC process,π◦ decay, and

bremsstrahlungwith synchrotronspectrum.

multi TeV region,asshown in Fig. 1. A gamma-rayspectrumflatterthanE−2.0 in this

regionis surelydueto theIC process,while thatduetoπ◦ decaygeneratedby collisions

betweenISM andhigh-energy protonsis expectedto besteeperthanE−2.0. Also, the

spectrumdueto protonsis expectedto havealow-energy cut-off ataround70MeV due

to thekinematicsof π◦ decayto two photons.Theexpectedgamma-rayspectravia a

bremsstrahlungprocessis similar to thatof protons,but its spectrumis extendedto the

X-ray regionsbelow 70MeV, asshown in Fig. 1.

3 SN1006: first evidenceof electron accelerationup to

≥ TeV

Thefirst evidencefor very high-energy particleaccelerationin anSNRwasdueto an

observationof thestrongsynchrotronemissionof SN1006bytheJapaneseX-raysatellite

ASCA in 1995.17 Until that time, thermalX-ray emissions,which areknown to be

emittedfromtheheatingplasmabyashockwave,hadbeenobservedfrommany SNR’s,

whereasno confidentsynchrotronX-ray emissionhadbeenobserved. By assuminga

magneticfield of severalµ Gauss,the observed synchrotronX-ray emissionstrongly

supportedthe existenceof high-energy electronsof tensor hundredsof TeV, which

alsomeansthat sucha high-energy electronsimultaneouslyemit high-energy gamma

raysvia IC processwith CMB. Their energiesareexpectedto reachnearly10 TeV in
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Figure2: SN1006imagesof TeV gamma-rayobservedby 10mtelescope(left), same

oneby 3.8mtelescope(center)andASCA hardX-ray (right).

Figure3: Photographsof 3.8m (left) andfirst 10m (right) telescopesof CANGAROO

arepresentedwith thefront view of eachcamera.

SN1006,whichcouldbedetectedbytheCANGAROOtelescope.18–21 In 1996and1997,

CANGAROO succeededto detecttheTeV gamma-rayemissionfrom thenorthrim of

SN1006usinga3.8mimagingtelescope,9 asshown in Fig. 2. In 2000weconstructeda

new 10mtelescopetoexploit thesub-TeVenergyregion,andsoonSN1006wasobserved

again by this new telescope,asshown in Fig. 2.22 Also in Figs.3, thephotographsof

3.8m andfirst 10m telescopesof CANGAROOarepresented.

Figure4 shows the wide bandenergy spectrumat the north rim of SN1006from

radioto TeV, andalsothefitting resultbasedon thesynchrotron-ICmodel,23 wherethe

aboverelationbetweenIC andsynchrotronemissionsis usedin principle.All datawere

fitted very well, andseveralsignificantparameters(magneticfield(B), power index(a),

maximumenergy (Emax)) weredeterminedindependently:B = 4.3µ Gauss,a = 2.2,

andEmax = 60TeV.

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

7TTH07



10
-2

10
-1

10
0

10
1

10
2

ε2
 d

F/
d
ε 

[ 
eV
 c
m
-2
 s

-1
]

10
-7  10

-5  10
-3  10

-1  10
1  10

3  10
5  10

7  10
9  10

11  10
13  10

15

photon energy ε [eV]

Synchrotron Inverse
Compton
B = 4 µG

radio

IRAS
upper limit

ROSAT

ASCA 

EGRET
 upper limit 

CANGAROO

π0 decay
parent proton
spectrum

α=2.2
Emax=5e13
no*E50=2.5

ASCA
+Ginga
(>10 keV)

Figure4: Energyspectrumatthenorthrim of SN1006fromradiotoTeV, andalsofitting

resultsbasedon theshockmodel.

Here, we assumedthat the detectedTeV gamma-rayemissionis mainly due to

IC processwith very high-energy electrons,consideringthe tenuousshell of (≤∼0.4

cm−3).24 In facttheexpectedspectrumfrom π◦ decaycannotsatisfybothourdataand

theupperlimit in theGeVregionobservedby EGRET(Fig.4)simultaneously.

4 RX J1713.7-3946:first evidenceof proton accelera-

tion up to the TeV region

After thediscoveryof synchrotronX-ray emission,severalSNR’semittingsynchrotron

X-rayswerefound. RX J1713.7-3946wasobservedto bethestrongestsynchrotronX-

rayemitteramongtheseSNR’sbyASCAin 1997,25 andsubsequentlyTeVemissionwas

detectedfrom themaximumX-ray emissionpoint.10 Althoughthis SNRemitsintense

synchrotronX-rays like SN1006,thesetwo SNR’s look different. Its morphologyis
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Figure5: Differentialfluxesof RX J1713.7-3946obtainedby this experimenttogether

with thatof CANGAROO-I. The insertedgraphis theexcesseventsdeterminedfrom

plotsof theimageorientationangle.

obviously morecomplex thanthatof SN1006,of which thenorthpartsmight interact

with themolecularcloudobservedby aradiotelescope.26 Therefore,thisTeV emission

mightbeascribedto theπ◦ decaygeneratedby thecollisionsof acceleratedprotonswith

themolecularcloud.

To clarify the natureof the acceleratedparticles,we observed this point again in

2000and2001usingthe10m telescope.27 Theresulthasbeenrecentlypublished.28

The differentialfluxesof TeV gamma-raysfrom RX J1713.7-3946areplotted in

Fig. 5 alongwith previousdata.10 Thebestfit is

dF/dE = (1.63 ± 0.15 ± 0.32) × 10−11(E/1TeV )−2.84±0.5±0.20 TeV−1cm−2s−1, (2)

where the first errorsare statisticaland the secondare systematic. The power-law

spectrumincreasesmonotonicallyastheenergy decreases.This featureis in contrastto

theTev gamma-rayspectrumof SN1006,whichflattensbelow 1TeV,29 andisconsistent

with synchrotron/InverseCompton(IC) models.18–21,23 While bothSNR’semit intense

X-raysvia thesynchrotronprocess,differentTeVspectrasuggestthatdifferentemission

mechanismsmayact,respectively.

The morphologyof the gamma-rayemitting region is shown by the thick- solid

contoursin Fig. 6, togetherwith thesynchrotronX-ray (≥ 2keV) contoursby ASCA30
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Figure6: Revisedprofileof theemissionof TeV gammaraysaroundRX J1713.7-3946

(solid thick), intensityprofileof hardX-rays30 (solid thin) andinfrared31 (dotted).

and infrared onesfrom IRAS 100µm results,31 which possiblyindicatesthe density

distribution of the inter stellar matter. This figure hasrecentlybeenmodified after

the publication,sincea small bug in the software usedto calculatethe direction of

observedgammarayswasfound. In thisfigure,theobservedTeV gamma-rayintensity

peakcoincideswith the maximumpoint in the NW-rim observed in X-ray, but the

TeV gamma-rayemissionextendsover theASCA contours. In particular, a modified

emissionregionof TeV gammaraysshowsanextensiontowardthenorth-west,whichis

in theoppositedirectionto theextensionof hardX-ray emission.Thus,thedistribution

of TeV gammarays seemsto extend towardsthe CO cloud in the north-west. The

nearbyGeV gamma-raysourceEG J1714-3857,reportedin theEGRET3rd Catalog,

is alsoplotted.1 A recentpaperpointedout thepossiblecoincidenceof this sourceto

RX J1713.32 Here,we stressthat the observed TeV gammaraysobviously emit not

from this GeV sourcepoint, but from themaximumpoint of thehardX-ray emission,

consideringtheuncertaintyof thepoint-spreadfunctionof our telescopewith 0◦.2 and

distanceof ∼ 0◦.8 betweenthosetwo points.

Thebroad-bandenergyspectrumisplottedin Fig.7alongwith theoreticalpredictions

(describedbelow). Also in this figure, we plot otherdatafrom theATCA (Australia

TelescopeCompactArray),33 ASCA25,30 andEGRET. Theupperlimit of GeV gamma

raysin this regionwasderivedfrom theEGRETarchival data.1
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In orderto explain thebroad-bandspectrum,threemechanism,(thesynchrotron/IC

process,bremsstrahlung,andπ◦ decayproducedby proton-nuclearcollisions)arecon-

sidered.The resultantbestfit is plottedin Fig. 7 (thesolid line), of which thedetails

arementionedin Ref.28 We initially assumedthe 2.7 K CMB to be seedphotonsfor

IC scattering.ThecalculatedinverseComptonSpectraareplottedwith dottedlinesin

Fig. 7 for two typicalmagneticfield strengths,3 and20µG. Notethatthesemodelsare

far from consistentwith the observed sub-TeV spectrum. In generalsynchrotron/IC

processgivesaclearcorrelationbetweenthepeakfluxesandits energiesof synchrotron

andIC emissionsasafunctionof thestrengthof themagneticfield. Weinvestigatedthe

allowedregionof thepeakflux of IC emissionwhile takinginto accounttheuncertain-

tiesof IR emissionfor theIC seedphotons.Thehatchedareain Fig. 8 is atheoretically

allowedregion of thepeakflux. Also, anexperimentallyallowedregion is plottedby

theshadedarea.Thepredictionsof synchrotron/ICmodelsareobviously inconsistent

with theexperimentaldataby anorderof magnitude.

Thebremsstrahlungspectrumwasalsocalculatedwhile assumingthat it occursin

thesameregionasthesynchrotronradiation.A materialdensityof ∼ 300 protons/cm3

wasassumed.Thedashedlines in Fig. 7, for magneticfieldsof 3 and20µG, areboth

inconsistentwith ourobservation. In thebremsstrahlungprocess,high-energy electrons

alsoionize a neutralatomin the plasma,andhence6.4 keV line emissionof neutral

ions is expectedto beobservedsimultaneously. However, theobservedX-ray spectra

from any positionof this SNRshows no peakat around6.4 keV, which alsoindicates

thatbremsstrahlungis notdominantin thegamma-rayemission.

Thus,electron-basedmodelsfail to explain theobservationalresults.We thenex-

aminedπ◦ decaymodels. The π◦s areproducedin collisionsof acceleratedprotons

with the interstellarmatter. A model34 adopting∆-resonanceandscalingwasused,

consideringplausibleparameterregionsof typicalshockaccelerationtheory. Theresult

is shown by the dot-dashedcurve in Fig. 7. The best-fitparametersfor the total en-

ergy of acceleratedprotons(E0) andmatterdensity(n0) mustsatisfy(E0/1050[ergs]) ·

(n0[protons/cm3]) · (d/6[kpc])−2 = 300, whered is thedistanceto RX J1713.7-3946.

A valueof E0 ∼ 1050[ergs] givesn0 ontheorderof 10or100[protons/cm3] for distances

of 1 or 6 kpc, respectively. Both caseslook consistentwithin theplausiblemolecular

columndensity. Thus, the π◦-decaymodelalonereadily explainsour results,which

providesthefirst observationalevidencethatprotonsareacceleratedin SNRto at least

TeV energies.Thedetailsaredescribedin apublishedpaper.28

After this publication,severalcounterargumentshave beenpresented;thoseargued
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that the gamma-rayspectrumcalculatedfrom our datausing the protonacceleration

modelconflictswith theupperlimit of EGRETin theGeVregion.35,36 Figure9 shows

theseveralpossiblegamma-rayspectraexpectedfrom theprotonaccelerationmodelby

varying the index of the power law of acceleratedprotonswithin a reasonablerange.

In addition,theerrorregion of our datais plotted.Thereremainsthepossibilityof the

protonaccelerationmodel. What we pointedout hereis that SynchrotronIC model

is very difficult to explain both X-ray andTeV gamma-rayspectra. Thus, our data

inductively supporttheprotonaccelerationmodel.Recently, Uchiyamaet al, analyzed

theChandradata,andtheir resultalsosupportsourconclusion.37 Furthermore,arecent

COobservationwith agoodangularresolutionfrom theNANTEN observatory38 shows

two importantresultsconcerningthis argument. Oneis a goodcoincidencewith the

TeV gamma-rayemissionregion andoneof denseCO cloudssurroundingthis SNR;

theotheris thatthedistanceto theSNRhasbeenfoundto be0.9kpc,while anEGRET

objectnearto this SNRis about6 kpc,basedon a measurementof thevelocity of CO.

Theseresultsfurthersupportourconclusion.

5 Summary

Moredetectionsof TeV gammaraysfrom SNR’swill obviouslyadvancestudiesof the

Galacticcosmic-rayoriginandtheshockaccelerationmechanismwith multi-wavelength

observationsfor SNR’s. In particular, thecombinationof morphologicalstudiesin both

X-raysandgamma-rayswill beakey factor. AdvancedX-ray telescopesatellites,Chan-

draandNewton,arenow providing excellentimagesandspectroscopy of many SNR’s.

Also, stereoobservationsby the10m-classAir Čerenkov telescopeswill soonprovide

goodqualityTeV gamma-rayimageswith anangularresolutionof ≤ 0.1degree,39 and

cover a wide energy rangefrom 0.1 to near100TeV. In thesouthernhemisphere,the

CANGAROO40 (Fig. 10) and H.E.S.S41 groupsbegan the stereoobservationsusing

10m-classIACTsin 2003.
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Figure9: Revisedexpectedgamma-rayspectraof RX J1713.7-3946basedonthemod-

els. TheobservedTeV gamma-raypointsarethesameasthatin thepublication,while

theerrorbandisadded.A differentialupperlimits in theGeVregionwasestimatedusing

theEGRETarchiveddata.Linesshow modelcalculations:InverseComptonemission

(dottedlines),bremsstrahlung(dashedlines) andemissionfrom π◦decay(dot-dashed

lines)whichwerecalculatedfor two reasonablepower indicesof acceleratedprotons.

Figure10: Three10mtelescopesin theCANGAROOsitein November2002.
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