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ABSTRACT

Thepastdecadehasseena majorbreakthroughin thefield of Very High
Energy (VHE) Gamma-RayAstronomyat energiesabove 200 GeV. The
TeV sourcecatalogcontainsmorethan6 active galacticnuclei, a nearby
radiogalaxy, supernovaremnants,thedetectionof thefirstTeVunidentified
sourceanda tentative detectionof theGalacticCenter. Therecentsuccess
of VHE gamma-rayastronomypromisesa broadrangeof astrophysical
sourcesto beexploredwith next generationtelescopes.

Astronomywith TeV photonsis basedon the ground-baseddetection
of TeV gamma-raysusingtheimagingatmosphericCherenkov technique.
Thechargeof thistalk is to describethestatusof thefield basedonobserva-
tionscarriedout in theNorthernHemisphereusingatmosphericCherenkov
telescopes.For resultsfrom theSouthernHemisphereobservatoriesseethe
paperby Tanimoriin theseconferenceproceedings.
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1 Intr oduction

The aim of VHE gammma-rayastronomyis to explore the non-thermaluniverseat

the highestenergies by the meansof TeV photonbeams. TeV gammarays reveal

direct informationaboutthe locationof particleacceleration/interactionandgamma-

ray emissionsites. The productionof TeV gammaraysin an astrophysical settingis

closelylinked to lower energy photonsin the X-ray regime via synchrotronemission

andinverseComptonscatteringif theacceleratedparticlesareelectrons.Gamma-rays

at theTeV scalecanalsobe producedby the decayof neutralpionsoriginatingfrom

hadronicinteractionsof cosmicrayswith photonfieldsandatomic/neutralhydrogen.

Furthermore,scenariosbasedonparticlephysicstheoryandthedesirefor explaining

thedarkmattercomponentof ouruniversesuggest,thatlargedensityenhancementsof

supersymmetricparticlesmaybedetectableviaannihilationandsubsequentgamma-ray

emissionattensof GeVto severalhundredGeV(Ref.78,Ref.71). Anotherspeculative

possibility for gamma-rayemissionconsideredis the evaporationof primordial black

holesformedin theearlyuniverse(Ref.33).

Thescientificobjective of observationsof astrophysicalTeV photonsis to address

a rangeof physics topics covering non-thermalastrophysics involving electronsand

cosmicraysandparticleastrophysicsprobingtheuniversefor darkmatter. TeV photon

beamspenetratingcosmologicaldistancesthroughextragalacticdiffuseradiationfields

andspace,canalsoprovideconstraintsfor cosmologyandpotentiallygivesomeinsights

into fundamentalphysicssuchasquantumgravity.

In comparisonto well developeddisciplinesin astrophysicsit is importantto note

that TeV gamma-rayastronomyis a new field which is just startingto tap into the

scientificpotentialof non-thermalemissionfrom ourUniverse:lessthan5%of theTeV

sky hasbeenexploredat thesensitivity level of betterthan100mCrab∗.

The mostsensitive techniqueto detectgammaraysfrom astrophysical sourcesis

the imaging atmosphericCherenkov technique(Ref. 80), pioneeredby the Whipple

collaboration. A VHE gammaray whenenteringthe earth’s atmosphereinitiatesan

electromagneticair shower of secondaryelectrons/positronsemittingCherenkov pho-

tons,which arebeamedalong the shower axis with an openingangleof lessthana

degree.This resultsin a light poolat thegroundof 100m to severalhundredmetersin

diameter, dependingon theprimaryparticle’s energy. Placinga largeoptical reflector

∗In gamma-rayastronomytheflux sensitivity is generallyexpressedin unitsof theflux from theCrab

Nebulawhich is a referencesourcealsoreferredto asastandardcandle.
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within the lightpool allows thedetectionof theCherenkov light. Thesizeof the light

pooldeterminestheeffectivecollectionareawhichis typically 106 timeslargerthanfor

a typical satellite-basedgamma-raydetector(0.1 − 1m2).

By virtue of this intrinsically powerful techniqueTeV gamma-rayastronomyhas

maturedoverthelasttenyearstoanastrophysicaldisciplinecapableof samplinggamma-

ray lightcurvesof variablesourcesanddetectingflux changesasshortas30 minutes.

Most relevant for thephysicsanalysisof TeV gamma-raysourcesis calorimetryof air

showers: measurementsof energy spectrabetween250 GeV to 50 TeV areaccurate

enoughto unravel spectralfeaturessuchascutoffs andcurvature.Thehigh sensitivity

of thetechniquehasledto someremarkablemeasurementsandobservationsof gamma-

ray emissionfrom jets associatedwith the mostmassive black holesin the universe.

Thesejetsappearassomeof thebrightestobjectsin theuniversewhenpointedtowards

theobserver. Jetsthatoriginatein theproximity of asupermassiveblackholelocatedat

thecenterof anactivegalaxy(oftenreferredto asactivegalacticnuclei,AGN) provide

ahighenergy window for studyingprocessesnearablackholewith massesof 106 −109

solarmasses.

Thecurrentcatalogof TeV gamma-raysourcescontainsatotalof 18sources,with 8

activegalacticnuclei,aradiogalaxy, atentativedetectionof astarburstgalaxy, 3 pulsar-

powerednebulae,6 shell-typesupernova remnants(Ref. 39). I wasasked to review

recentresultsfrom observationsby imagingatmosphericCherenkov telescopeslocated

in thenorthernhemisphere.Thenorthernhemispheresourcesaremostlyextragalactic,

hencethefocusof thispaperwill beonobservationsandmeasurementsof activegalaxies.

Also in additionthefirst unidentifiedTeV photonsourceis includedin this review.

2 TeV Photonsfr omActiveGalaxies

Astronomersweretakenby surprisewhenthediscoveryof thefirst extragalacticsource

of TeV gammarays, Mrk 421 was announcedin 1992 (Ref. 70). TeV gamma-ray

emissionfrom jetsof activegalaxieswasnotpredictedby any AGN jet model(Ref.17).

Thelaunchof theComptonGammaRayObservatory(CGRO) in 1991andthediscovery

of GeVemissionfromradioloudgalaxiesby itsEGRETdetectorfueledtheexpectations

andprospectsfor detectingmany moreTeV gamma-rayemittingAGN.Themostrecent

EGRETcatalog(Ref.31)containsmorethan66AGN, whereasto datetheTeV catalog

contains8AGN(Ref.82). MostAGNdetectedatGeVandatTeVenergiesareclassified

asblazars(Ref.6,Ref.17),objectsthatcontainacompactandflatspectrumradiosource
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andexhibit anopticalnon-thermalspectrumthatis polarizedandoftenhighly variable.

Most astronomersagreethatblazarscontaina jet with its axiscloselyalignedwith the

line-of-sightof theobserver.

2.1 CompactEmissionRegionsin Blazars

Perhapsthemostintriguingpropertyof any gamma-rayemittingblazarobservedtodate

is illustratedin Fig. 1, showing two lightcurvesof Mrk 421measuredby theWhipple

collaboration(Ref.25).

Fig.1. Thelightcurvefor two gamma-rayflaresfrom Mrk 421onMay 7 1996andMay

15 1996,the latterexhibiting theshortestvariability time scale(15 minutes)observed

of any gamma-rayobservationatenergiesabove100MeV (Ref.25).

Theshortvariability timescaleof 15minutesfor theMay151996lightcurveimplies

by causalitythat the emissionregion is constrainedto a size of 10−4 − 10−5 pc or

less(for details,seeRef. 25). The small emissionregion implies an extremely large

energy densityof VHE gammaraysin theemissionregionproviding anotherimportant

constraint:givenatypicaldensityof softsynchrotronphotons(optical)in thejetandthe

high gamma-raydensity, they shouldpair-producewith the latterandpreventgamma

rays from escapingthe emissionregion. A solution to this difficulty is to postulate

relativistic boostingof the emissionregion towardsthe observer which reducesthe
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actualenergy densityin thecomoving referenceframe.Dopplerfactors† of δ = 5 − 10

have beenderived for the TeV emissionregions in Mrk 421 andMrk 501 (Ref. 25,

Ref. 74, Ref. 13). AGN detectedat TeV energiesappearto have their jet axesclosely

alignedwith the line of sight of the observer to a few degrees,supportingthe picture

thatgamma-rayemittingAGN areblazars.

Fig. 2. This figure shows the lightcurve of Mrk 501 showing strongdaily to weekly

flux variationsfrom an observingcampaignin 1997involving the CAT, HEGRA and

theWhipplecollaborations(Ref.69).

Variability time scalesof TeV blazarsencompasshourly, daily, monthly to yearly

timescales.A lightcurvefrom thecombinedresultsfrom severalexperiments(Ref.69)

with daily flux averagesfor the blazarMrk 501 is shown in Fig. 2. Although the

observationsareoffset in longitude,on averageby 6 hours,the measurementsof the

daily averagedfluxesby thethreeexperimentsshow asimilar lightcurve.

Flaringactivity of Mrk 501on time scalesof daysto monthsandyearsis evident

from Fig. 3.

StrongflaresatTeVenergiesareacommonfeatureof theknowngamma-rayblazars.

Anotherexampleis givenin Fig. 4 showing thelightcurve for theblazar1ES1959+650

†TheDopplerfactorδ is definedasδ−1 = γ(1 − βcosθ), whereβ andγ arethevelocity andLorentz

factorof theemissionregion in thejet, andθ is theanglewith respectto theobserver.
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Fig.3. a)showsthelightcurvefor Mrk 501between1995- 1998includingtheepisodeof

strongflaringactivity in 1997(Ref.72)showing themonthlyandyearlyflux variations.

b) shows the lightcurve for the sametime periodbinnedaccordingto daily average,

indicatingdaily flux variationon topof themonthlyandyearlyvariations.

which wasrecentlydetectedby severalVHE groups. 1ES1959+650wasinitially re-

portedby the “Utah SevenTelescopeArray” collaboration(Ref. 63) at the 3.9 sigma

level, revivedbyatentativedetectionby thetheHEGRAcollaborationin 2000and2001

(Ref.43),confirmedin 2002(Ref.4) andfinally establishedasaTeV sourceby astrong

detectionby theWhipplecollaboration(Ref.35).

Althoughlightcurvesof VHE gamma-rayemissionareinvaluablefor gainingabet-

ter understandingof thedynamicsof theemissionandaccelerationprocessesat work,

they areincompletefor testingbasicjet emissionmodels. The generalpicturewhich

hasemergedfor theenergy spectrumof non-thermalblazaremissionincludestwo com-

ponents:a low energy luminositypeakoccurringin the radio/opticalor X-raysanda

high energy peak,falling somewherebetweenMeV to TeV energies. The low energy

componentwith energiesextendedupto about100keV for themostextremeblazars,is

universallyattributedto synchrotronradiationfrom electrons.Thehighenergy compo-

nentwith energiessometimesextendingto theTeV range,is oftenattributedto inverse

Comptonscattering(Ref. 58, Ref. 60). Theorigin of thehigh energy componentcan

alsobeexplainedby competingmodels(Ref.55,Ref.56,Ref.57),whichassumethatit
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arisesfrom protons,eitherby proton-inducedsynchrotroncascadesor by decaysand/or

interactionsof secondaryparticlessuchasneutralpionsandneutrons,or synchrotron

radiationfrom protonbeams(Ref.62). A detaileddiscussionof blazarobservationsand

relevantmodelscanbefoundelsewhere(Ref.17,Ref.16).
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Fig. 4. Thelightcurve for 1ES1959+650showing astrongdaily flux variationandalso

weeklyvariation(Ref.35).

A veryattractiveandself-consistentmodelrequiringtheleastnumberof adjustable

parametersis thesynchrotron-selfCompton(SSC)model,in whichenergetic(typically

TeV) electronsboundto a magneticfield emit synchrotronradiationand also boost

someof thesesynchrotronphotonsvia inverseComptonscatteringto VHE gamma

rays. Thebasicversionof anSSCmodelis often referredto asone-zoneSSCmodel

in which a single emissionregion moving at relativistic speedalong the jet axis is

described.Testingsucha model inevitably requiresthe observation of blazarflaring

statesover a wide rangeof energies,to cover thesynchrotronemissionandtheinverse

Comptoncomponentsimultaneously. RelevantparametersaretheDopplerfactor, the

maximumparticleenergy andthemagneticfield strengthin the jet. Suchattemptsto

makemultiwavelengthobservationsaredescribedin thenext section.
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2.2 Corr elation betweenX-rays and TeV Photons

Non-thermalemissionmodelsthat involve relativistic particlestypically make predic-

tionsfor abroadrangeof photonenergies(radio- TeV gamma-ray);hence,multiwave-

lengthobservationsareakey to theunderstandingof aspecificTeV gamma-raysource.

Observationsof variablesourceslike blazarsover a largerangeof time scalesaredif-

ficult to coordinatewhenusinga variety of instrumentsin spaceandat groundlevel.

This is becausethe imagingatmosphericCherenkov techniqueis limited to operation

during dark moonlessnightsandpointedsatelliteinstrumentsaredifficult to allocate

for asingletargetfor extendedperiodsof time. Therefore,multiwavelengthcampaigns

provide sparsetime coverageandgenerallyhave gapsfor time scalesbeyond a few

hours. Nevertheless,multiwavelengthcampaignshave furtheredour understandingof

VHE gamma-rayemissionfrom blazarjets.

To illustratethegeneralconnectionbetweenX-ray andTeV flaringactivity weshow

in Fig. 5 the lightcurvesof thesix establishedTeV blazars(Ref. 44) from continuous

monitoringatX-ray energiesusingtheRXTEAll-Sky Monitor (ASM). As canbeseen

in Fig.5 thehistoricalstrongflaringstateof Mrk 501detectedbetweenearly- late1997

in TeV gammarays(seealsoFig. 3; Ref.72,Ref.69) hasa counterpartin X-raysalso

showing astrongenhancementin X-ray activity.

Also thestrongX-ray flaresof Mrk 421in 2000/2001and2002wereaccompanied

by strongTeV emissionstates(Ref.46,Ref.2, Ref.12). Similarly thefirst strongTeV

flaringstatedetectedfor 1ES1959+650in 2002(Ref.35)fallstogetherwith strongX-ray

activity, whereasit wasatbarelydetectablelevelsin TeVphotonsbefore1999(Ref.63).

Also in supportof theX-ray/TeV connection,is thefact thattheblazar1ES2344+514,

wasdetectedin gammarays(Ref.15)andshowedaweakflux of 0.11Crabin 1995-1996,

andsincethenhasbeenconfirmedby a weakdetectionby theHEGRA collaboration

(Ref.77),althoughmany attemptsfor detectionweremadeduring1997-2002.This is

consistentwith thefactthat1ES2344+514wasin alow emissionstatein X-raysoverthe

lastsix years.It is clearfrom Fig. 5 thattheseTeV blazarsundergo episodesof flaring

activity in X-raysthatlastseveraldaysto months.TheX-ray/TeV connectionhasalso

significantly influencedthe searchstrategy for new TeV blazars,e.g.,by conducting

surveys of X-ray selectedBL Lacobjects(Ref.38,Ref.19).

In factthegamma-rayblazarsMrk 501andH1426+428(Ref.37,Ref.36,Ref.22,

Ref.3) werediscoveredby following theparadigmthatX-ray andin particularlyhard

X-ray BL Lacobjects(Ref.18)areprospectiveTeV gamma-rayemitters.Furthermore,
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Fig. 5. The lightcurvesfor thesix establishedTeV blazarsat X-raysusingtheRXTE

all-sky monitor. Thisfigurehasbeenadoptedfrom Ref.44.
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theseactive X-ray episodesprovide analertandtheopportunityto studytheseobjects

with excellentstatisticsatVHE gamma-rayenergies.

Evidencefor daily correlationsbetweenVHE gamma-rayemissionandX-ray emis-

sion for Mrk 421 hasbeenfound during variousepisodesof flaring activity (Ref. 53,

Ref. 13 andothers)in the mid-1990s.A hugeoutburst of flaring activity of Mrk 501

in 1997lastingfor half a yearprovidedtheopportunityto studytheX-ray/gammaray

connectionin moredetail (seeFig. 5 for X-rays,Fig. 2 for gammaraysandFig. 6 for

both). Thecorrelationbetweenthegamma-rayflux (350GeV) andtheemissionstate

at X-rays(2-25keV) andhardX-rays(50-150keV) is illustratedin Fig. 6. Theampli-
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Fig. 6. The lightcurve for Mrk 501 from observationsat gamma-rayenergiesabove

400 GeV (top panel),hardX-rays at 50 keV-100 keV (OSSE)andat X-rays (RXTE

PCA)at2 keV-10keV, at15keV-25keV andcompletecoveragebetween2 keV-10keV

(RXTE ASM). The lowestpanelshows theoptical lightcurve recordedwith the1.2 m

CfA telescopes(Ref.14).

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

10TTH06



tudeof theflux variationis largestat gamma-rayenergiesandis progressively smaller

at 15 keV-25 keV and2 keV-10 keV. This is in principle what is expectedin an SSC

model: theinverseComptonflux dependsonthedensityof theelectronsandtheenergy

densityof thesynchrotronphotonswhich is a directresultfrom theformer. Therefore,

a quadraticdependenceof the inverseComptonflux from thesynchrotronflux would

beexpectedin anSSCmodel.

Fig. 7. The lightcurve for Mrk 421 on March 19 2001 measuredwith the Whipple

telescope(Ref.40).

Motivated by the apparentX-ray/TeV correlationfurther multiwavelengthcam-

paignswerecarriedout over the following years(Mrk 421 in 1998,2000,2001and

1ES1959+650in 2002). Particularly interestingare the observationscovering a sin-

gle night for which X-ray andgamma-raydatawith almostcontinuouscoveragefor

a few hourshasbeenachieved. This allows dynamicstudiesof individual flaresand

detailedmodeling.A well sampledlight curve of anindividual gamma-ray/X-rayflare

of Mrk 421is shown in Fig. 7: theX-ray flux follows thegamma-raylightcurve anda

correlationis evidentto theeye.

A recentstudyof thegamma-ray/X-rayconnectionby Krawzcynskietal. (Ref.44)

usesdatafrom the TeV blazar1ES1959+650(Ref. 4, Ref. 35). Although this study
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suggestsanoverall correlationbetweenX-ray andTeV photonemission(Fig. 8), these

dataalsoshow aTeV flare(June4th2002)withoutacorrespondingX-ray flux increase.

A conclusionfrom this observation is that this singlegamma-rayflare cannotbe ex-

plainedby a one-zoneSSCmodelpredictinga contemporaneousX-ray flare. Other

emissionscenarioshavebeenconsideredsuggestingthattheTeV emissioncomesfrom

a separateregion with a secondelectronpopulationanda soft energy spectrum,or an

externalComptonmodel involving the precessionof the jet effecting the gamma-ray

emissionbut not thesynchrotronphotonsandprotonmodels,all capableof producing

such”orphan”gamma-rayflares(Ref.44).

Fig. 8. ThecorrelationbetweentheX-ray flux andgamma-rayfluxesof 1ES1959+650

measuredduring differentepochsin 2002is shown. The threedatapoints(opencir-

cles) to the upperleft correspondto a flare on the night of June4 2002,showing no

correspondingflux increasein X-rays(Ref.44).

Testingblazaremissionmodelsrequiresthe measurementof spectrain an energy

regime mostpromisingfor discriminatingvarioushigh energy emissionmodels. An

exampleof a clearspectralfeaturethat would be uniqueto protonmodelsproducing

gammaraysvia neutralpiondecayis the70MeV bumpin low energy gammarays.Al-

thoughnocomparablesmokinggunsignatureiscurrentlypredictedforVHE gamma-ray

spectrafrom blazars,spectralfeaturessuchasdeviationsfrom powerlaws andcutoffs,

provideconstraintssuchasthemaximumparticleenergy, coolingtimescalesandmag-

neticfield strength.Thenext sectionis concernedwith spectralmeasurementsat TeV

energies.
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2.3 SpectralVariability of Blazars in GammaRays

VHE gamma-rayspectraconstitutethehighenergyendof theelectromagneticspectrum

in astronomy. Theshapeandvariationsof thespectrumwith time areimportantcon-

straintsfor emissionmodelparameterssuchasmaximumparticleenergy, magneticfield

strengthandDopplerfactor. Spectralvariability is not unexpectedduringtheriseand

thedecayof a gamma-rayflareandX-ray flare. For example,in a basicone-zoneSSC

modela flarecouldbecausedby anincreasein themaximumparticleenergy, leading

to a shift of the synchrotronemissionpeak,translatinginto spectralvariations. As a

consequence,the X-ray flux shouldshow a correlationwith the X-ray spectralindex

duringa flare. Sucha relationhasbeenobservedfor Mrk 421duringvariousepisodes

of X-ray flaringactivity (Ref.23,Ref.76).

Similarly, spectralvariationsareexpectedin thegamma-rayregimeassumingthey

resultfrominverseComptonscatteredsynchrotronphotons.Thestrongflaresof Mrk 501

in 1997 and Mrk 421 in 2000/2001provided the opportunityto searchfor gamma-

ray spectralvariability. The latteroccasionprovidedmorethan20,000photonsabove

300GeVdetectedwith theWhipple10m telescope.

Figure9a)showsthegamma-raylightcurvefor Mrk 421onMarch192001(Ref.49),

complementedby a measurementof thedifferentialspectralindex. TheTeV observa-

tionsprovidealmostcompletesamplingof theriseanddecayof aflare.Thegamma-ray

raterangesfrom a moderatelevel (≈ 1 Crab)up to aneight fold flux increasein less

than4.5hours.Thehypothesisthatthespectralindex is constantduringtheflarehasa

chanceprobabilityof 3.1 × 10−4, suggestingspectralvariability duringthisflarewith a

significanceof 3.6σ. Whendividingthespectralindex measurementsinto threedifferent

episodes,preflare,rising flare andpostflare,the hardestspectralindex coincideswith

theriseof theflare,whereasduringthepreflareandthepostflarethespectrumappears

to besofter. A similar correlationbetweenhardening/softeningof theenergy spectrum

andflux for Mrk 421hasbeenreportedby theHEGRA collaboration(Ref. ?) for the

nightsof March21/22and22/23,2001.
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Fig. 9 b) Thelightcurve for Mrk 421on March

25 2001 (top) and the spectralindex (below)

between380GeV-2.6TeV areshown (Ref.49).

However, flaringactivity duringothernightssuggestthattherelationbetweenspec-

tral index andflux variability ismorecomplex. A flareonMarch252001measuredwith

theWhipple10m telescope(Fig.9 b) showsalightcurvewith significantflux variations

andaflux increaseby afactorof 2.5within 2 hours.Thespectralindex duringthisflare

is exceptionallyhard(α = 1.82 ± 0.04) withoutany indicationsof spectralvariability.

Thesedataindicatethatontimescalesof hoursthecorrelationbetweenflux andspectral

index is complex, at timesshowing spectralvariability andat othertimesshowing no

spectralvariationatall. One-zoneSSCmodelsthatdescribegamma-rayflaressolelyby

anincreasein themaximumenergy of theradiatingparticledistributionareinconsistent

with thisobservation.

However, when consideringlonger time scalesfrom several monthsto yearsof

observations,adifferentpictureunfolds.Tostudytime-averagedspectralvariations,the

2000/2001dataof Mrk 421hasbeenbinnedby flux, revealingtheaverageluminosity

peakenergy asit varieswith flux.
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Thespectrahave beenfit by a power law with a

fixedexponentialcutoff at 4.3TeV (Ref.47).
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Fig. 10 a) exhibits the time averagedenergy spectra(2000/2001)of Mrk 421 at

differentflux levels,showing significantlydifferentspectraasa functionof flux. Fig.

10 b) shows thespectralindex vs. flux for thesedataandincludingarchival datafrom

previousobservationsin 1995/1996and1999.A correlationbetweenflux andindex is

supportedby all datapointsmeasuredover a time periodof 6 years.Theconclusionis

thaton averagetheenergy spectrumof Mrk 421is harderat high flux levelsandsofter

at low flux states,suggestingthatthegamma-rayluminositypeakshiftstowardshigher

energiesduring high emissionstates. Spectralhardeningduring flareshasalsobeen

observedfor Mrk 421in X-rays(Ref.23,Ref.76)usingBeppoSAXdataduringX-ray

flaresin 1997and1998. In X-rays, the effect of spectralhardeningcorrespondsto a

shift of thesynchrotronpeaktowardshigherfrequencies.

In orderto extract theenergy at which theVHE gamma-rayluminositypeaks,it is

necessaryto considereffectsfrom attenuationby radiationfieldsin extragalacticspace,

mostimportantlyfor theabsorptionby thecosmicinfraredbackground.Thisis thetopic

of thenext section.
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2.4 TeV Blazar Spectra and Absorption by the Cosmic Infrar ed

Background

Whereasthe universeis transparentto gammaraysbelow 10 GeV, extragalacticdif-

fuse radiationfields becomean obstacleto TeV photonstraveling over distancesof

a few 100 Mpc or more. In fact our view of the universebeyond our own galaxy in

100TeVphotonsisessentiallyobscuredbypair-productionof gammarayswith photons

of the cosmicmicrowave background(CMB). Although the CMB is a greatobstacle

to gamma-rayastronomyabove100TeV, theinteractionof sub-TeV to multi-TeV pho-

tonswith extragalacticdiffuseradiationhasbeenrecognized(Ref. 27, Ref. 75) asan

opportunityto makeapotentiallyimportantcontributionto cosmology, by constraining

theextragalacticbackgroundlight (EBL). TheEBL is partof thediffuseextragalactic

backgroundradiationspectrumthatrangesfrom 10−7 eV (radiobackground)to almost

1011 eV (gamma-raybackground).Althoughthediffuseradiationis dominatedby the

CMB, the EBL is the secondmostdominantform of electromagneticenergy density

throughouttheuniverse.TheEBL originatesfrom thetime of structure/galaxyforma-

tion andevolution (Ref.66,Ref.68) andcontainsimportantcosmologicalinformation

abouthow galaxiesformed. Direct measurementsof theEBL in themid-infraredare

extremelydifficult duetothepresenceof strongforegroundzodiacalemissionconsisting

of scatteredlight andthermalemissionfrom interplanetarydustparticles(Ref.41). For

anextensive review, seethepaperby Hauser& Dwek (Ref.32).

It is thereforegenerallybelievedthatenergy spectraof gamma-rayblazarsbetween

sub-100GeVandmulti-TeVenergiescontainanimprintfromtheEBL duetogamma-ray

pair-production(Ref.27,Ref.75)with softphotonsin thenear-infraredto mid-infrared.

The signatureof this imprint dependson the spectralshapeof the EBL, makingTeV

gamma-rayspectrastrongconstraintsto theEBL densityin thewavelengthregimeof

0.1µm - 30µm.

For the discussionof TeV blazarspectrain the context of emissionmodelsand

multiwavelengthstudies,a correctionfor gamma-rayabsorptioneffects by the EBL

is required. The difficulty to dateis that only a few sourceshave beendetectedand

statisticalstudiesusinga largenumberof sourcesarenot available.Differentattempts

have beenmadeto correctblazarspectrafor EBL absorption.EBL scenariosbasedon

theoreticalmodelsof galaxyformationandevolution(Ref.68)havebeenusedtocorrect

TeV gamma-rayspectrafor EBL absorption. Othershave developedsemi-empirical

scenariosto constructa tentativeEBL spectrum(Ref.54,Ref.42) for correctingblazar
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spectra.

An alternativeapproachtoextracttheintrinsicblazarspectrahasbeentakenbyDwek

andKrennrich(Ref.20, Ref.49), usinga rangeEBL realizationsconsistentwith EBL

datacomprisedof constraintsfromupperandlowerlimits andfew directmeasurements.

Thelattermethodexplorestheentirerangeof possibleEBL scenarios,leadingto alarge

rangefor theabsoluteluminosityof thecorrectedgamma-rayspectra.However, a dip

in theEBL densitybetween1 µm andabout10µm originatingfrom thestellaranddust

emissionpeak,causesa decreasein the riseof thegamma-rayopacitybetween1 and

5 TeV. This dip is commonto all EBL scenariosandis beneficialfor constrainingthe

intrinsic spectrumof nearbyblazars.
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Fig. 11. Theaverageenergy spectrumof Mrk 501(filled circles)in 1997(Ref.74) is shown

in comparisonto the averagespectrumof Mrk 421 (emptycircles) in 2000/2001(Ref. 46).

Furthermore,acombinedenergyspectrumof H1426+428usingdatafromtheHEGRA(Ref.?)

andWhipplecollaboration(Ref.67) is shown.

Thetwo mostprominentblazarsMrk 421andMrk 501arenearbyandhaveapprox-

imately the sameredshift (z=0.031,0.034respectively) andthereforeany absorption

featurein their spectrashouldbe commonto both. The energy spectraof Mrk 421,

Mrk 501andH1426+428arepresentedin Fig. 11. Both Mrk 421andMrk 501show
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a cutoff at approximately4 -6 TeV asmeasuredby differentgroups(Ref. 74, Ref. 46,

Ref. 2, Ref. 1, Ref. 21). Systematicuncertaintiesin theabsoluteenergy calibrationof

the differentCherenkov experimentsmay be as large as25%, allowing uncertainties

in the cutoff energiesat a similar level. TheWhipple energy spectraof Mrk 421 and

Mrk 501show bothacutoff energy of approximately4 TeV. TheblazarH1426+428on

theotherhandis at a redshiftof z=0.129andits spectrumshouldbestronglyabsorbed

regardlessof theEBL scenarioconsidered.H1426+428shows a very steepspectrum

(Fig. 11)whichcouldbedueto strongEBL attenuation.

Figure12showstherangeof absorptioncorrectedaverageenergyspectraof Mrk 421

andMrk 501usingtheHEGRAdata(Whippledatashow verysimilarcorrectedspectra)

basedon a correctionexploring theentirerangeof EBL realizationsgivenby Dwek &

Krennrich(Ref.20). Thepeakenergiesfor Mrk 421rangebetween0.5-1.2TeV andfor

Mrk 501between0.8-2.5TeV. It is clearfrom figure12 thatgamma-rayspectraof the

nearbyblazarsarealreadystronglyabsorbedat energiesabove 0.5 TeV. Furthermore,

when consideringthe EBL scenariosconsistentwith experimentalconstraintsin the

infrared,theblaxarsseemto peakat similar energiesbetween0.5- 2.5TeV.

Fig. 12 a) The Mrk 421 spectrumis shown

(solid circles) including a parabolicfit. Also

theabsorptioncorrectedspectralfits for various

allowedEBL scenariosarepresented(Ref.20).

Fig. 12 b) The Mrk 501 spectrumis shown

(solid circles) including a parabolicfit. Also

theabsorptioncorrectedspectralfits for various

allowedEBL scenariosarepresented(Ref.20).
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3 M87: TeV GammaRaysfr om Radio Galaxies

Most of theAGN detectedat TeV energiesareblazars;however, two reportsof weak

detectionssuggestthat nearbyradio galaxiesmay be emitting TeV photons. CenA

wasdetectedwith a first generationatmosphericCherenkov telescope(Ref. 28) at the

4 sigmalevel about28yearsago.Recently, theHEGRAcollaborationreported(Ref.5)

thedetectionof M 87,anearby(D ' 16Mpc) giantelliptical radiogalaxy(Virgo-A).

Dueto theirproximitybothM87andCenA allow detailedstudiesof theirrelativistic

jetsin theradio,opticalandX-ray regimepartiallyresolvingthejet structure,providing

auniqueperspective for studiesof AGN jetswhich is notaccessiblefor distantblazars.

M87receivedfurtherattentionrecently, whenit wasconsideredtobethesourcefor most

Ultra High Energy cosmicrays(Ref. 10). VHE gammaray studiescurrentlyprovide

highestenergy insightsinto jetsandcouldpotentiallyprovideimportantcluesaboutthe

highestenergiesparticlespresentin M87.

M87 is alsoknown asa Fanaroff-Riley ClassI (FR-I) object, referringto its one

sidedjet that is mis-alignedby about30◦ (Ref. 9) from the observer’s line of sight.

The jet emissionextendsfrom the radio, optical (Ref. 59) into the X-ray regime, all

exhibiting structurein the jet. The similar morphologyof the jet in the radio,optical

andX-rayssuggestthatthesehaveacommonorigin. Polarizationmeasurementsin the

optical (Ref. 7, Ref. 24, Ref. 65) andspectralinformationat X-ray andradioenergies

(Ref.73,Ref.29,Ref.11)suggestsynchrotronemissionasthemechanism.Variability

measurementsatX-rays(Ref.30)andelectroncoolingtimescalessuggestthepresence

of 10TeV electrons(Ref.29),providing akey conditionfor inverseComptonscattering

of soft photonsto TeV gamma-rays(Ref. 11) in the jet. Hence,gamma-rayemission

wouldbeexpectedin theframework of SSCmodels;however, largeuncertaintiesin the

flux predictionleaveampleroomfor otherscenarios.

A possibility involving large magneticfield strengthsin the jet for the region of

TeV photonproductionis describedby the SynchrotronProtonBlazar(SPB)model,

providing a possiblelink to theorigin of Ultra High Energy CosmicRayscosmicrays

(Ref. 10). Otherpossibilitiesof TeV gamma-rayemissioninvolve theannihilationof

super-symmetricparticles(Ref.8) from adarkmatterhaloanda largerscalefor M87.
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Fig. 13. Theangulardistribution for theON-sourceobservationsandthebackgrounddatafor

M87. FromRef.5.

Observationsof M87 have beenpursuedby the HEGRA andWhipple collabora-

tion andboth groupsinitially reportedupperlimits (Ref. 26, Ref. 50). The HEGRA

collaboration,afterapplyinga moresensitive analysismethod,recentlyreporteda 4σ

detectionbasedon 83.4hoursof observationwith a flux of approximately3.3%of the

Crabflux above 730 GeV (Ref.5). Althoughstatisticallymarginal, this resultshows a

convincing angulardistribution for thearrival directionof theexcessevents(Fig. 13).

Observationsby theWhipplecollaboration(Ref.51) reportanupperlimit of 8%of the

Crabflux at400GeVproviding togetherwith theHEGRAdetectionadditionalspectral

constraints.Futureobservationsof M87 with next generationatmosphericCherenkov

telescopeswill befocusedonvariability studiestogetherwith correlatedobservationsat

X-raystodistinguishbetweenanSSCmodelandtheotherpossibleTeVphotonemission

scenarios.

Although interestingthe detectionof the radio galaxiesCenA andM87 at VHE

energiesrequiresconfirmation.
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4 The First TeV Unidentified Source

AtmosphericCherenkov telescopeshave a narrow field of view andareoperatedat a

10%duty cycle; hence,to dateonly about5% of thesky hasbeenobservedat 0.5TeV

with a sensitivity of 0.1 Crab. However, a serendipituousdiscovery of a TeV source

(TEV2032+4130)was madeby the HEGRA collaboration(Ref. 3) when observing

Cygnus-X3andtheEGRETsourceGeVJ2035+4214in theCygnusregion.

20.4820.520.5220.5420.5620.5820.6

40.8

41

41.2

41.4

41.6

41.8

42

42.2

-40

-20

0

20

40

60

80

100

120

RA (J2000) [ hrs ]

D
ec

 (
J2

00
0)

 [
 d

eg
 ]

Cyg OB2 Field: HEGRA CT-System

E
xc

es
s 

ev
en

ts

Fig. 14. The skymap of excesseventsaroundthe new TeV sourceTEV2032+4130also

showing CygnusX-3 andtwo EGRETsources.Also shown is the OB associationCygnus

OB2(Ref.3).

Thesourcewasinitially detectedat the4.6sigmalevel basedon 113hoursof data

andwasrecentlyconfirmedby theHEGRAcollaborationusingnew observationsfrom

2002(presentedatthe28thICRC,Tsukuba).TEV2032+4130hasadifferentialspectral

index of α = 1.9 ± 0.3, which is a hard spectrum. Hence,the spectrumindicates

that the luminositypeakin gammaraysmaybe in theTeV regime. Given thesuperb

angularresolutionof imagingatmosphericCherenkov telescopearrays,the HEGRA

collaborationwasalsoableto constrainthesourcesize,indicatingat the3 sigmalevel,

thatit is anextendedobject(5.6′ ± 1.7′) ratherthanapoint source.

Theorigin of theTeV sourceis unclear, no unambiguousidentificationwith anas-
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trophysicalcounterparthasbeenmade.However, theTeV emissioncouldbeassociated

with the OB associationCygnusOB2 containinga large numberof OB andO stars.

Particleaccelerationin OB associationshasbeenconsideredin earliertheoreticalstud-

ies(Ref.61,Ref.79). To understandtheorigin of theTeV radiationX-ray studieswill

be critical to assesswhetherthe TeV gammaraysareproducedby inverseCompton

scatteringof soft photonfieldsor arisefrom ahadronicorigin.

5 The Futur e

Mostobservationsdiscussedin thisreview wereobtainedwith secondgenerationimag-

ingatmosphericCherenkov telescopes,involvingtheWhippleobservatory10mgamma-

raytelescope,theHEGRAarrayof five4 m diametertelescopesandtheCAT 5 m diam-

etertelescope.All threeinstrumentshave in commonthat they wereableto detectthe

CrabNebulaatastatisticalsignificanceof morethan5 sigmain onehourtime,making

themall roughlyequallysensitive with somedifferencesin their low andhigh energy

response,backgroundrejectionandenergy resolution.

Next generationatmosphericCherenkov telescopesare all basedon the imaging

techniquepioneeredby theWhipplecollaborationandusingthestereoscopictechnique

implementedsuccessfullyby theHEGRAcollaboration.A combinationof largediame-

tertelescopes,improvedelectronics,betteropticsandhighratedataacquisitionsystems

arethebasisof thenext generationinstrumentssuchasMAGIC(Ref.52),HESS(Ref.34)

andVERITAS (Ref.82) andCANGAROO-III (Ref.64). Theseinstrumentswill reach

aboutanorderof magnitudemoresensitivity thanthepreviousgenerationtelescopes.

Thiswill allow thestudyof theTeV sourceswith 5 mCrabsensitivity (50hours,5 sigma

detection),makingeventheweakestsourcesreportedabovestrongdetections.

Furthermore,thenext generationtelescopeswill haveanenergy thresholdin thesub-

100GeV regime. This is theenergy regimefor which theopacityof theuniversedue

to thediffuseextragalacticbackgroundlight is greatlyreducedandtheseground-based

gamma-raytelescopeswill be ableseeout to redshiftsof z=1. The greatlyincreased

gamma-rayhorizonof theuniversewill allow thestudyof ten’s of blazarsor moreand

provide importantconstraintson thediffusenear-infraredto far-infraredlight.
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