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ABSTRACT

TheCangroogrouphasbeerobservingreV gamma-raygourcesvith itsair
Cerenlov telescopesit WoomeraAustraliasince1992. The southernsky
providesgoodchanceto obsene Galacticobjectssuchassupernearem-
nants(SNR’s), pulsars/pulsanelulae,andstellarsizeblackholes. SNR’s
areparticularlyinterestingtargetsbecausehey have beenmostpromising
origins of cosmicraysthroughouthistory of cosmicray physics. Detec-
tion of high-enegy gammarayswill give a strongevidencefor this belief
andleadto understandingf theacceleratioimechanisnat shockfronts of
SNR’s.

In this presentation) will devote mostof my time to obsenational
resultsontwo SNR’sandtherestto informationaboutparticleacceleration
at SNR’s obtainedn multi-wavelengthobsenations.
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1 Intr oduction

GeV gamma-rayastronomywas establishedn 1990s. The ComptonGamma-Ray
Obsenatory(CGRO) waslaunchedn 1991! whichcoveredawide rangeof gamma-ray
enegy from sub-MeVto GeV regionsby four detectord BATSE, OSSE,COMPTEL
andEGRET).EGRETwasadetectorobservingsub-GeVandGeV high-enegy gamma
rayson-boardCGRO, andfoundabout270gamma-raypointsourcesAboutonethirds
are of extra-galacticorigin. About two thirds of the sourcesare consideredsalactic
origin, suchaspulsars/pulsanehulaeand SNR’s, althoughthe mostof thosesources
arestill unidentified.

TeV gamma-rayastronomywas also raisedin the samedecade. Several TeV
gamma-raysourcehavebeerfirmly detectedCrabpulsar/nehla? Mrk4212 Mrk501;}
PSR1706-44. Celestialobjectsemitting TeV gammarayshadbeenexpectedasa nat-
ural consequencef the existenceof cosmicrays,andhave beensearcheaincel960%s
using ground-basedletectors,such as scintillation-counterarraysand air Cerenlov
telescopes.Neverthelessdueto hugebackgroundof hadronshowvers overwhelming
thetiny signalof celestialgammarays,no persistenffeV gamma-raysourcewasfound
until thediscovery of TeV gamma-rayemissiorfrom the Crabby theWhipplegroupin
19892 TheWhipple groupdevelopedanimagingCerenlov technique®, andhencethe
rejectionpower of hadronshaverswasgreatlyimproved. In the 19905 several types
of TeV gamma-raysourcesvere detectedwith high statisticsby adoptingthis imag-
ing technique.In particular successie discoreriesof AGN emitting TeV gammarays
wereastonishing:* A goodreview thatincludesrecentinterestingesultsof AGNswas
presentedt this conferencdy Dr. F.Krennich.

Our group, CANGAROO, a collaborationof Japanesand Australianinstitutes,
hasobsered TeV gamma-raysourcesn the southerrhemisphereince1992in South
Australia” Thesoutherrhemispherg@rovidesagoodchanceo obsene mary Galactic
objects,suchaspulsar/neblae,SNR’s, black holes,andthe Galacticcenter We have
foundseveral GalacticTeV gammaray sourcesaslistedin areview articleof Weeles®
In particular recentnotevorthy discoveriesareseveralreportson the detectionof TeV
gamma-rayemissionsfrom shell-typeSNR’s in both southernandnorthernskies? !
of whichtwo SNR’s weredetectedby CANGAROO.

Before talking aboutour resultsof SNR'’s, | have to point out somethingabout
the extra-galacticsourcesn the southernhemisphere All of the obsered tamgetsby
CANGAROOtelescopearesummarizedn Tablel.Youmightnotethat CANGAROO
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hasobsenedmary extra-galacticsourcesswell asGalacticobjects.Especiallywehave
themeritof beingableto obsere nearbygalaxies.As is well known, two nearesbnes,
theLargeandSmallMagellanicClouds,canbeseeronly fromthesoutherrhemisphere.
In addition,famousstarburstgalaxyNGC253 andthenearestadiogalaxy, Cen-A,also
arelocated.Actually, lastyearCANGAROO reportedhedetectiorof TeV gammarays
from NGC253!2

2 Cosmic-ray origin and shockacceleration

For alongtime, SNR’s have beenbelievedto be a favoredsitefor acceleratingcosmic
rays up to 10'°eV, becausehey look to satisfy the requiredenegy input rateto the
galaxy amongseveral Galacticobjects!® In addition,a shockacceleratiortheorywas
establishedaroundl980sjn whichparticlesareacceleratettomtheinteractiorbetween
particlesand collective motion of the plasmafluid moving at a supersonicvelocity
in space’ SNR’s arejust an extendedand heatedgas systemaccompaying very
strongshocks.Shocksarevery commonphenomenan the universe,andhenceshock
acceleratiorhasbeenwidely appliedto high-enegy phenomenan theuniverse.Thus,
the shock-acceleratiomechanisnhasbeena standardheoryfor particleacceleration
in astroplysics. Althoughthis theorylooks very simpleandreliable,an obserational
evidenceis still very sparse.

In ordertoinvesticatetheshock-acceleratiomechanismSNRis anuniqueandideal
laboratorybecauset is quite simpleanda well-understoodastronomicabbject. The
evolution of an SNR canbe fairly well explainedwith several obsernable parameters,
suchasthe explosion enegy of an SNR, the total massof the ejecta,the density of
the inter-stellarmedium(ISM) aroundthe SNR andthe ageafter the explosion!® In
addition,theresohablesizeof an SNR enableausto directly obsene the geometrical
structureof the shockfront acceleratingparticles,which provides mary significant
physical parameterguantitatvely (absolutevalue of the magneticfield, index of the
power law, maximumenegy of particleacceleration).

If particlesareaccelerateth theuniverse severalradiativeemissionsreexpected.®
Although both electronsand protons(or ions) are acceleratedalmostall non-thermal
emissiondn the universeareascribedo thoseby only accelerate@lectrons.Sincea
magneticfield of ~ 1 Gaussgs consideredo exist in ary spaceregion of galaxiesand
halos high-enegy electronemitsynchrotromadiationfrom radioto X-ray everywhere:
GeV electronsemit radio waves mainly and 100 TeV onesemit X-rays. High-enegy
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Table1: Objectsobsered with the CANGAROO-III telescopgrom March 2000to

April 2003.

Object d ON-sourceobs. (hr)f  Status
(kpc) 2000 '01 '02 03

SNR
RXJ0852.0-4622" 0.5 - - 41 51 A
SN1006 (NE rim) 2 52 33 - 43 D*
RCW86' (SW shell) 3(1) - 38 41 65 A
RX J1713.73946" 6 (1) - 24 44 - D*
SN1987A 50 - 21 - - U
Pulsar/Nehula
Veld 0.25 12 39 38 - A
PSRB1706-44" 1.8 32 31 - - D*
Craly 2.0 5. - - - D*
PSR1509-58 4.2 - - 3 - A
PSRJ1420-6048 7.7(2) - - 26 - A
PSR1259-6% 15 3 18 - - U
Another Galactic Objects
SS433' (W lobe) 5 - 51 34 - A
SgrA* ¢ 8 - 52 82 - A
Nearby Galaxies
smcf 64 - - 41 - A
NGC 253 2.5Mpc 38 43 - - D
Active Galactic Nuclei
Mrk 421" 2=0.031 - 18 9 6 D
EXO 0556.4-3838" 2=0.034 - - 21 15 A
PKS0548-322" z=0.069 3 - - - A
PKS2005-489" z=0071 33 - - - U
PKS2155-304" z2=0116 36 29 - - U
Cluster of Galaxies
3EGJ1234-1318 - - - 238 - A

T 2SNR, *pulsar/nehla, “pulsar/Bestarbinary, “micro quasar *Galacticcenter /galaxy in the Local
Group,9starturstgalaxy, "blazar(HBL),’EGRETunidentified.* Badweatherunsareincluded. From
2000to 2002they weretaken with a singletelescopewhile sterecobsenationshave beenconducted
in 2003. Eachobsenationtime of OFF-sourceunsis roughly the sameasON-sourceruns.  A:Under
analysis D:Detectedwith a statisticalsignificanceaxceedingb standardieviations,andfurthermorethe
* symbol shavs doubledetectionswith the CANGAROO-III and CANGAROO-I (3.8 m) telescopes,
U:Upperlimit obtained.

TTHO7 4



TTHO7

S AC Summer Institute, July 28 - August 8, 2003, Sanford, California

electronsalsogeneratéigh-enegy gammarayseverywheredueto theinverseCompton
(IC) scatteringwith 2.7K CosmicMicrowave Background CMB) or infra-redemission
from a star wherescatteregphotonsacquireanenegy of aboutonetenthof thatof the
parentelectrons.Then,several 10 TeV electrongyeneratesigh-enegy gammaraysin
theTeV region. In denseregions, high-enegy electronsalsoemit photonsover a very
wide rangefrom soft X-raysto high-enegy gammaraysby thebremsstrahlungrocess.

Asis well known, theintensityof synchrotroremissions proportionato theflux of
theparentelectrorandthesquareof thestrengtirof themagnetidield, while theintensity
of gammaraysdueto IC scatteringwith CMB is proportionalto the flux of the parent
electron. We know a simple but usefulformula, connectinghigh-enegy photonsdue
to the IC processwith synchrotronphotonsthrougha high-enegy electron,magnetic
filed anda soft seedphoton. The emissionintensity of synchrotronradiationandIC
scattering Ps,,. and P, arerespectrely expresseasfollows:

4 4
Psync = gUTC/7262UBy PIC = §0T0’7262U80ft7 (1)

whereo is the Thomsoncrosssection,or = 6.7 x 10~?°cm?, andc3 and~ arethe
velocity and Lorentzfactor of the electron. Ui andUs,;, areenegy densitiesof the
magneticfield and the soft seedphotons,respectrely. Sincethe enegy density of
soft seedphotons(CMB) is well-known, anobsered gamma-rayflux providesagood
estimationof the magnetidield strengthattheacceleratiorsite.

Thus,accelerate@lectronssurelyemit someradiationsignals but accelerategro-
tonsare quite different. The massof a protonis too heary to emit radiationsby ary
electromagnetiprocessevenif aprotonis acceleratedo > 10'° eV. Theonly process
in which high-enegy protonsemitphotongs thegeneratiorof aneutralpionz°, which
decaysinto two gammarays simultaneouslydueto a hard collision betweena high-
enegy protonandthe inter-stellarmedium(ISM). Sincethe intensity of gammarays
is proportionatto the densityof ISM andtheflux of high-enegy protons,suchgamma
raysareonly expectedto be obseredfrom adenseregion. Hence,evenif protonsare
acceleratedn somecelestialobject,thereis not so muchchanceto emit gammarays
fromit. Ontheotherhand,synchrotroror IC emissionis quite expectedrom the most
acceleratiorsitesasmentionecdbefore.

Whengammaraysaredetectedrom somecelestialobject,how canwe identify the
parentparticles(electronor proton)?In particular to verify the origin of cosmicrays,
we have to obtain clearevidenceof protonacceleration.ldentificationof the parent
particlesof TeV gammaraysis possibleby observinghewide spectrunfrom thesubto
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Figurel: Schematiamageof expectedenegy spectradrom IC processy® decayand
bremsstrahlungvith synchrotrorspectrum.

multi TeV region, asshavn in Fig. 1. A gamma-rayspectrunflatterthan £-29 in this
regionis surelydueto thelC processwhile thatdueto 7° decaygeneratedby collisions
between SM andhigh-enegy protonsis expectedto be steepethan £-2°. Also, the
spectruntdueto protonsis expectedo have alow-enepgy cut-off ataround70MeV due
to the kinematicsof 7° decayto two photons. The expectedgamma-rayspectravia a
bremsstrahlungrocesss similar to thatof protons but its spectrunis extendedo the
X-ray regionsbelonv 70 MeV, asshown in Fig. 1.

3 SN1006: first evidenceof electron accelerationup to
> TeV

Thefirst evidencefor very high-enegy particleaccelerationn an SNRwasdueto an
obsenationof thestrongsynchrotroremissiorof SN1006&y theJapanesk-ray satellite
ASCA in 1995!7 Until thattime, thermalX-ray emissionswhich are known to be
emittedfrom theheatingplasmaby ashockwave, hadbeenobseredfrommary SNR’s,
whereaso confidentsynchrotronX-ray emissionhadbeenobsened. By assuminga
magneticfield of several ;. Gaussthe obsened synchrotronX-ray emissionstrongly
supportedthe existenceof high-enegy electronsof tensor hundredsof TeV, which
alsomeanghat sucha high-enegy electronsimultaneoushemit high-enegy gamma
raysvia IC processvith CMB. Their enegiesareexpectedto reachnearly10 TeV in
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Figure2: SN1006imagesof TeV gamma-rayobsened by 10mtelescopdleft), same
oneby 3.8mtelescopdcenter)JandASCA hardX-ray (right).

Figure3: Photographsf 3.8 m (left) andfirst 10 m (right) telescopesf CANGAROO
arepresentedvith thefront view of eachcamera.

SN1006whichcouldbedetectedytheCANGAROOtelescoped 2! In 1996and1997,
CANGAROO succeedetb detectthe TeV gamma-rayemissionfrom the northrim of
SN1006usinga3.8mimagingtelescopé,asshavn in Fig. 2. In 2000we constructedh
new 10mtelescopé¢o exploit thesub-TeV enegyregion,andsoonSN1006vasobsered
agpin by this new telescopeasshavn in Fig. 222 Also in Figs. 3, the photograph®f
3.8 m andfirst 10 m telescopesf CANGAROO arepresented.

Figure4 shaws the wide bandenegy spectrumat the north rim of SN1006from
radioto TeV, andalsothefitting resultbasecon the synchrotron-IGmodel?® wherethe
aboverelationbetweerC andsynchrotroremissionss usedn principle. All datawere
fitted very well, andseveral significantparametergmagneticfield(B), powver index(a),
maximumenengy (F....)) weredeterminedndependently:B = 4.3 Gaussa= 2.2,
andFE,,.. = 60TeV.
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Figure4: Enegy spectrumatthenorthrim of SN1006from radioto TeV, andalsofitting
resultsbasedon the shockmodel.

Here, we assumedhat the detectedTeV gamma-rayemissionis mainly due to
IC processawith very high-enegy electrons consideringthe tenuousshell of (<~0.4
cm~3).24 In facttheexpectedspectrunfrom 7° decaycannot satisfybothour dataand
theupperlimit in the GeV region obsernedby EGRET (Fig.4) simultaneously

4 RX J1713.7-3946:first evidence of proton accelera-
tion up to the TeV region

After thediscovery of synchrotrornX-ray emissionseveral SNR’s emittingsynchrotron
X-rayswerefound. RX J1713.7-3946vasobseredto bethe strongessynchrotronX-
rayemitteramongheseSNR'sbyASCA in 199725 andsubsequentlyeV emissiorwas
detectedrom the maximumX-ray emissionpoint.!’ Althoughthis SNR emitsintense
synchrotronX-rays like SN1006,thesetwo SNR’s look different. Its morphologyis
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Figure5: Differentialfluxesof RX J1713.7-394®btainedby this experimenttogether
with thatof CANGAROO-I. The insertedgraphis the excesseventsdeterminedrom
plotsof theimageorientationangle.

obviously morecomple thanthatof SN1006,0f which the north partsmight interact
with themolecularcloudobsenedby aradiotelescopé® Thereforethis TeV emission
mightbeascribedo ther® decaygeneratedtyy thecollisionsof accelerate@rotonswith
themolecularcloud.

To clarify the natureof the accelerategarticles,we obsered this point again in
2000and2001usingthe 10 m telescopé’” Theresulthasbeenrecentlypublished?®

The differential fluxes of TeV gamma-raysrom RX J1713.7-394@re plottedin
Fig. 5 alongwith previousdatal® Thebestfit is

dF/dE = (1.6340.1540.32) x 10~ (E/1TeV) 2843052020 Toy—lem =251 (2)

wherethe first errorsare statisticaland the secondare systematic. The powver-law
spectrumncreasesnonotonicallyastheenegy decreasesTl hisfeatureis in contrasto
theTev gamma-rayspectrunmof SN 1006, whichflattensbelov 1 TeV,?” andis consistent
with synchrotron/ImerseCompton(IC) models!® 223 While bothSNR’s emitintense
X-raysviathesynchrotrorprocessdifferentTeV spectrasuggesthatdifferentemission
mechanismsnayact,respectrely.

The morphologyof the gamma-rayemitting region is shavn by the thick- solid
contoursin Fig. 6, togethemwith the synchrotronX-ray (> 2keV) contoursby ASCA*°
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Figure6: Revisedprofile of theemissionof TeV gammaraysaroundRX J1713.7-3946

(solid thick), intensityprofile of hardX-rays* (solid thin) andinfrared! (dotted).

andinfrared onesfrom IRAS 100um results?! which possiblyindicatesthe density
distribution of the inter stellar matter This figure hasrecently beenmodified after
the publication, sincea small bug in the software usedto calculatethe direction of

obsernedgammarayswasfound. In thisfigure,the obsened TeV gamma-rayintensity
peak coincideswith the maximum point in the NW-rim obsenred in X-ray, but the
TeV gamma-rayemissionextendsover the ASCA contours. In particular a modified
emissiorregion of TeV gammaraysshovs anextensiontowardthenorth-westwhichis

in the oppositedirectionto the extensionof hardX-ray emission.Thus,thedistribution

of TeV gammarays seemsto extend towardsthe CO cloud in the north-west. The
nearbyGeV gamma-raysourceEG J1714-3857reportedin the EGRET 3rd Catalog,
is alsoplotted! A recentpaperpointedout the possiblecoincidenceof this sourceto

RX J1713% Here,we stressthat the obsered TeV gammarays obviously emit not
from this GeV sourcepoint, but from the maximumpoint of the hard X-ray emission,
consideringhe uncertaintyof the point-spreadunction of our telescopevith 0°.2 and
distanceof ~ 0°.8 betweerthosetwo points.

Thebroad-ban@negy spectrumsplottedin Fig. 7 alongwith theoreticapredictions
(describedbelon). Also in this figure, we plot otherdatafrom the ATCA (Australia
TelescopeCompactArray),’* ASCA?® 3 andEGRET Theupperlimit of GeV gamma
raysin this region wasderivedfrom the EGRETarchial data!
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In orderto explainthe broad-bangpectrumthreemechanism(the synchrotron/IC
processbremsstrahlungand=°® decayproducedoy proton-nucleacollisions)arecon-
sidered. Theresultantbestfit is plottedin Fig. 7 (the solid line), of which the details
arementionedin Ref2® We initially assumedhe 2.7 K CMB to be seedphotonsfor
IC scattering.The calculatednverseComptonSpectraare plottedwith dottedlinesin
Fig. 7 for two typical magnetidield strengths3 and20.G. Notethatthesemodelsare
far from consistenwith the obsened sub-TeV spectrum. In generalsynchrotron/IC
procesgyivesaclearcorrelationbetweerthepeakfluxesandits enegiesof synchrotron
andIC emissionsasafunctionof thestrengthof themagnetidield. We investicatedthe
allowedregion of the peakflux of IC emissionwhile takinginto accountheuncertain-
tiesof IR emissiorfor thelC seedohotons.Thehatchedareain Fig. 8 is atheoretically
allowed region of the peakflux. Also, an experimentallyallowed region is plottedby
the shadedarea. The predictionsof synchrotron/IGmodelsareobviously inconsistent
with the experimentaldataby anorderof magnitude.

The bremsstrahlungpectrumwasalsocalculatedwvhile assuminghatit occursin
the sameregion asthe synchrotrorradiation.A materialdensityof ~ 300 protons/cm
wasassumedThedashedinesin Fig. 7, for magneticfields of 3 and20uG, areboth
inconsistentvith ourobsenation. In thebremsstrahlungrocesshigh-enegy electrons
alsoionize a neutralatomin the plasma,andhence6.4 keV line emissionof neutral
ionsis expectedto be obsened simultaneously However, the obsered X-ray spectra
from ary positionof this SNR shavs no peakat around6.4 keV, which alsoindicates
thatbremsstrahlungs notdominantin the gamma-rayemission.

Thus, electron-basedhodelsfail to explain the obsenationalresults. We thenex-
aminedr°® decaymodels. The 7°s are producedin collisions of accelerategrotons
with the interstellarmatter A modef* adoptingA-resonancend scalingwas used,
consideringplausibleparameteregionsof typical shockaccelerationheory Theresult
is shawvn by the dot-dashedturve in Fig. 7. The best-fitparametergor the total en-
ergy of accelerategrotons(E,) andmatterdensity(n,) mustsatisfy (E,/10°[ergs]) -
(no[protons/cm®)) - (d/6[kpc])~2 = 300, whered is thedistanceto RX J1713.7-3946.
A valueof E, ~ 10[ergs| givesn, ontheorderof 100r 100[protons/cm”] for distances
of 1 or 6 kpc, respectrely. Both casedook consistentithin the plausiblemolecular
columndensity Thus,the n°-decaymodelalonereadily explains our results,which
providesthefirst obsenationalevidencethatprotonsareaccelerateih SNRto atleast
TeV enegies. The detailsaredescribedn a publishedpaper®

After this publication,seseral counteragumentshave beenpresentedthoseargued

12
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that the gamma-rayspectrumcalculatedfrom our datausingthe protonacceleration
modelconflictswith theupperlimit of EGRETin the GeV region3>3% Figure9 shows

theseveralpossiblegamma-rayspectraexpectedrom theprotonacceleratiomodelby

varying the index of the power law of accelerategbrotonswithin a reasonableange.
In addition,the errorregion of our datais plotted. Thereremainsthe possibility of the

protonacceleratiormodel. What we pointedout hereis that SynchrotronlC model

is very difficult to explain both X-ray and TeV gamma-rayspectra. Thus, our data
inductiely supportthe protonacceleratioomodel. Recently Uchiyamaetal, analyzed
the Chandradata,andtheir resultalsosupportour conclusion’” Furthermorearecent
COobsenrationwith agoodangularesolutionfrom theNANTEN obsenatory*® shavs

two importantresultsconcerningthis agument. Oneis a good coincidencewith the

TeV gamma-rayemissionregion and one of denseCO cloudssurroundingthis SNR;

theotheris thatthedistancao the SNRhasbeenfoundto be0.9kpc, while anEGRET

objectnearto this SNRis about6 kpc, basedon a measurementf the velocity of CO.

Theseresultsfurthersupportour conclusion.

5 Summary

More detection®f TeV gammaraysfrom SNR’swill obviously advancestudiesof the
Galacticcosmic-rayoriginandtheshockacceleratiomechanismvith multi-wavelength
obsenationsfor SNR’s. In particular thecombinatiorof morphologicaktudiesn both
X-raysandgamma-raysvill beakey factor AdvancedX-ray telescopeatellitesChan-
draandNewton, arenow providing excellentimagesandspectroscopof mary SNR’s.
Also, sterecobsenationsby the 10m-classAir Cerenlov telescopesvill soonprovide
goodquality TeV gamma-rayimageswith anangularesolutionof < 0.1 degree? and
cover awide enegy rangefrom 0.1to near100 TeV. In the southerrhemispherethe
CANGAROO" (Fig. 10) andH.E.S.S! groupsbegan the stereoobserations using
10m-clasdACTsin 2003.

13
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Figure9: Revisedexpectedgamma-rayspectraof RX J1713.7-394®asedn themod-
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Figure10: ThreelOmtelescopes the CANGAROO sitein November2002.
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