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ABSTRACT

The pastdecadehasseena major breakthroughn thefield of Very High
Enegy (VHE) Gamma-RayAstronomyat enegies above 200 GeV. The
TeV sourcecatalogcontainsmorethan 6 active galacticnuclei, a nearby
radiogalaxy, supernearemnantsthedetectiorof thefirst TeV unidentified
sourceandatentatve detectionof the GalacticCenter Therecentsuccess
of VHE gamma-rayastronomypromisesa broadrangeof astroplysical
sourcego be exploredwith next generatiortelescopes.

Astronomywith TeV photonsis basedon the ground-basedetection
of TeV gamma-raysusingthe imagingatmosphericCherenkv technique.
Thechageof thistalkis to describahestatusof thefield basednobsena-
tionscarriedoutin theNorthernHemisphereisingatmospheri€herenlkv
telescopeskor resultsfrom the SoutherrHemispher@bsenatoriesseethe
paperby Tanimoriin theseconferencgroceedings.

*Supportedy DoE High Enegy Physics.

(© 2002by FrankKrennrich.
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1 Intr oduction

The aim of VHE gammma-rayastronomyis to explore the non-thermaluniverseat
the highestenepies by the meansof TeV photonbeams. TeV gammarays reveal
directinformation aboutthe location of particle acceleration/interactioand gamma-
ray emissionsites. The productionof TeV gammaraysin an astroplysical settingis
closelylinkedto lower enegy photonsin the X-ray regime via synchrotronemission
andinverseComptonscatteringf the accelerategbarticlesareelectrons.Gamma-rays
at the TeV scalecanalsobe producedby the decayof neutralpionsoriginatingfrom
hadronicinteractionsof cosmicrayswith photonfieldsandatomic/neutrahydrogen.

Furthermorescenario®asednparticlephysicstheoryandthedesirefor explaining
thedarkmattercomponenbdf our universesuggestthatlarge densityenhancementsf
supersymmetriparticlesmaybedetectableia annihilationandsubsequerdamma-ray
emissiomttensof GeVto severalhundredGeV (Ref. 78,Ref.71). Anotherspeculatre
possibility for gamma-rayemissionconsidereds the evaporationof primordial black
holesformedin theearlyuniverse(Ref. 33).

The scientificobjective of obsenationsof astroplysical TeV photonsis to address
a rangeof physicstopics covering non-thermalastroplysicsinvolving electronsand
cosmicraysandparticleastroplysicsprobingtheuniversefor darkmatter TeV photon
beamgenetratinggcosmologicablistanceshroughextragalacticdiffuseradiationfields
andspacecanalsoprovide constraintgor cosmologyandpotentiallygive somensights
into fundamentaphysicssuchasquantumgravity.

In comparisorto well developeddisciplinesin astroplysicsit is importantto note
that TeV gamma-rayastronomyis a new field which is just startingto tap into the
scientificpotentialof non-thermaémissiorfrom our Universe:lessthan5% of the TeV
sky hasbeenexploredatthe sensitvity level of betterthan100mCrab.

The mostsensitve techniqueto detectgammaraysfrom astroplysical sourceds
the imaging atmosphericCherenkv technique(Ref. 80), pioneeredby the Whipple
collaboration. A VHE gammaray when enteringthe earths atmospherenitiates an
electromagnetiair shaver of secondaryelectrons/positronemitting Cherenkv pho-
tons, which are beamedalong the shaver axis with an openingangleof lessthana
degree.Thisresultsin alight pool atthe groundof 100m to severalhundredmetersn
diametey dependingon the primary particle’s enegy. Placinga large optical reflector

*In gamma-rayastronomythe flux sensitvity is generallyexpressedn units of the flux from the Crab
Nehulawhichis areferencesourcealsoreferredto asa standarctandle.
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within the lightpool allows the detectionof the Cherenkv light. The sizeof the light
pool determinesheeffective collectionareawhichis typically 10° timeslargerthanfor
atypical satellite-basedamma-raydetector(0.1 — 1m?).

By virtue of this intrinsically powerful techniqgueTeV gamma-rayastronomyhas
maturecdbverthelasttenyeardoanastroplysicaldisciplinecapableof samplinggamma-
ray lightcurvesof variablesourcesanddetectingflux changesasshortas30 minutes.
Most relevantfor the physicsanalysisof TeV gamma-raysourcess calorimetryof air
shavers: measurementsf enegy spectrabetween250 GeV to 50 TeV are accurate
enoughto unravel spectralfeaturessuchascutoffs andcurvature. The high sensitvity
of thetechniquéhasledto someremarkableneasurementndobsenationsof gamma-
ray emissionfrom jets associatedvith the mostmassve black holesin the universe.
Thesgetsappeamlassomeof thebrightestobjectsin theuniversewhenpointedtowards
theobsenrer. Jetsthatoriginatein theproximity of asupermasse blackholelocatedat
the centerof anactive galaxy (oftenreferredto asactive galacticnuclei,AGN) provide
ahighenegy window for studyingprocessesearablackholewith massesf 10¢ — 10°
solarmasses.

Thecurrentcatalogof TeV gamma-raysourcesontainsatotal of 18 sourceswith 8
active galacticnuclei,aradiogalaxy, atentatve detectiorof astarturstgalaxy, 3 pulsar
powerednehulae, 6 shell-typesupernwa remnantgRef. 39). | wasasked to review
recentresultsfrom obsenationsby imagingatmospheri€herenkv telescopetocated
in thenorthernhemisphereThenorthernhemisphersourcesaremostly extragalactic,
hencehefocusof thispapemwill beonobsenationsandmeasurementsf actvegalaxies.
Also in additionthefirst unidentifiedTeV photonsources includedin this review.

2 TeV Photonsfrom Active Galaxies

Astronomersveretakenby surprisewhenthediscovery of thefirst extragalacticsource
of TeV gammarays, Mrk 421 was announcedn 1992 (Ref. 70). TeV gamma-ray
emissiorfrom jetsof active galaxieswasnotpredictedoy any AGN jet model(Ref.17).

Thelaunchof theComptonGammaRayObsenatory(CGRO) in 1991andthediscovery

of GeVemissiorfromradioloudgalaxiesby its EGRE Tdetectofueledtheexpectations
andprospectdor detectingnary moreTeV gamma-rayemittingAGN. Themostrecent
EGRETcatalog(Ref.31) containamorethan66 AGN, whereago datethe TeV catalog
containB8AGN (Ref.82). MostAGN detectecit GeVandatTeV enegiesareclassified
asblazarqRef.6, Ref.17),0bjectghatcontainacompactndflat spectrunradiosource
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andexhibit anopticalnon-thermabpectrunthatis polarizedandoftenhighly variable.
Most astronomersigreethatblazarscontaina jet with its axis closelyalignedwith the
line-of-sightof the obsenrer.

2.1 CompactEmissionRegionsin Blazars

Perhapshemostintriguing propertyof any gamma-rayemittingblazarobseredto date
is illustratedin Fig. 1, shaving two lightcurvesof Mrk 421 measuredy the Whipple
collaboration(Ref. 25).
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Fig. 1. Thelightcurve for two gamma-rayflaresfrom Mrk 421onMay 7 1996andMay
15 1996, the latter exhibiting the shortestvariability time scale(15 minutes)obsered
of any gamma-rayobsenationatenegiesabose 100MeV (Ref. 25).

Theshortvariability time scaleof 15minutesfor theMay 151996lightcurveimplies
by causalitythat the emissionregion is constrainedo a size of 10~* — 10~° pc or
less(for details,seeRef. 25). The small emissionregion implies an extremelylarge
enegy densityof VHE gammaraysin theemissiorregion providing anothetimportant
constraint.givenatypicaldensityof softsynchrotrorphotongoptical)in thejetandthe
high gamma-raydensity they shouldpair-producewith the latter and preventgamma
rays from escapingthe emissionregion. A solutionto this difficulty is to postulate
relativistic boostingof the emissionregion towardsthe obsener which reducesthe



TTHO6

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

actualenepy densityin thecomoving referencerame. Dopplerfactors of § = 5 — 10
have beenderived for the TeV emissionregionsin Mrk 421 and Mrk 501 (Ref. 25,
Ref. 74, Ref. 13). AGN detectecat TeV enegiesappeaito have their jet axesclosely
alignedwith theline of sight of the obsenrer to a few degrees,supportingthe picture
thatgamma-rayemittingAGN areblazars.
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Fig. 2. This figure shaws the lightcurve of Mrk 501 shaving strongdaily to weekly
flux variationsfrom an observingcampaignn 1997involving the CAT, HEGRA and
theWhipplecollaborationgRef. 69).

Variability time scalesof TeV blazarsencompassourly, daily, monthly to yearly
time scalesA lightcurve from thecombinedresultsfrom severalexperimentgRef. 69)
with daily flux averagesfor the blazarMrk 501 is shavn in Fig. 2. Although the
obsenationsare offsetin longitude,on averageby 6 hours,the measurementsf the
daily averagedluxesby thethreeexperimentsshowv a similar lightcurve.

Flaring actvity of Mrk 501 on time scalesof daysto monthsandyearsis evident
from Fig. 3.

StrongflaresatTeV enegiesareacommorfeatureof theknown gamma-rayplazars.
Anotherexampleis givenin Fig. 4 shaving thelightcurve for theblazarlES1959+650

tThe Dopplerfactors is definedasé—! = ~(1 — Bcosf)), where3 and~y arethe velocity andLorentz
factorof theemissiorregionin thejet, andé is theanglewith respecto the obserer.
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Fig.3. a)shavsthelightcurvefor Mrk 501betweerl995- 1998includingtheepisodeof

strongflaringactiity in 1997(Ref. 72) shaving themonthlyandyearlyflux variations.
b) shaws the lightcurve for the sametime period binnedaccordingto daily average,
indicatingdaily flux variationon top of the monthlyandyearlyvariations.

which wasrecentlydetectedoy several VHE groups. 1IES1959+65@vasinitially re-
portedby the “Utah Seven TelescopéArray” collaboration(Ref. 63) at the 3.9 sigma
level, revivedby atentative detectiorby thetheHEGRA collaborationin 2000and2001
(Ref.43), confirmedn 2002(Ref.4) andfinally establisheésaTeV sourceby astrong
detectionby the Whipple collaboration(Ref. 35).

Althoughlightcurvesof VHE gamma-rayemissiomareinvaluablefor gaininga bet-
ter understandingf the dynamicsof the emissionandacceleratiorprocesseat work,
they areincompletefor testingbasicjet emissionmodels. The generalpicture which
hasemepedfor theenepgy spectrunof non-thermablazaremissionncludestwo com-
ponents:a low enegy luminosity peakoccurringin the radio/opticalor X-raysanda
high enegy peak,falling somavherebetweenMeV to TeV enegies. Thelow enegy
componenwith enepgiesextendedupto aboutl00keV for themostextremeblazarsjs
universallyattributedto synchrotrorradiationfrom electrons.The highenegy compo-
nentwith enegiessometimesxtendingto the TeV range,is oftenattributedto inverse
Comptonscattering(Ref. 58, Ref. 60). The origin of the high enegy componentan
alsobeexplainedby competingnodels(Ref.55,Ref.56,Ref.57), whichassumehatit
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arisedrom protons eitherby proton-inducedgynchrotrorcascadesr by decaysand/or
interactionsof secondaryparticlessuchasneutralpionsandneutronsor synchrotron
radiationfrom protonbeamgqRef.62). A detaileddiscussiorof blazarobsenationsand
relevantmodelscanbefoundelsavhere(Ref. 17, Ref. 16).
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Fig. 4. Thelightcurve for 1IES1959+65@hawving a strongdaily flux variationandalso
weeklyvariation(Ref. 35).

A very attractve andself-consisteninodelrequiringtheleastnumberof adjustable
parameterss thesynchrotron-selCompton(SSC)model,in which enepgetic(typically
TeV) electronsboundto a magneticfield emit synchrotronradiationand also boost
someof thesesynchrotronphotonsvia inverse Comptonscatteringto VHE gamma
rays. The basicversionof an SSCmodelis oftenreferredto asone-zoneSSCmodel
in which a single emissionregion moving at relatvistic speedalong the jet axis is
described. Testingsucha modelinevitably requiresthe obsenration of blazarflaring
statesover awide rangeof enegies,to cover the synchrotroremissionandtheinverse
Comptoncomponensimultaneously Relevant parametersrethe Dopplerfactor the
maximumparticleenegy andthe magneticfield strengthin the jet. Suchattemptsto
make multiwavelengthobsenationsaredescribedn the next section.
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2.2 Correlation betweenX-rays and TeV Photons

Non-thermalemissionmodelsthatinvolve relatvistic particlestypically make predic-
tionsfor abroadrangeof photonenegies(radio- TeV gamma-ray)hence multivave-
lengthobsenationsareakey to theunderstandin@f aspecificTeV gamma-raysource.
Obsenationsof variablesourcedik e blazarsover a large rangeof time scalesaredif-
ficult to coordinatewhenusinga variety of instrumentsn spaceandat groundlevel.
This is becausehe imagingatmosphericCherenkv techniques limited to operation
during dark moonlessights and pointedsatelliteinstrumentsare difficult to allocate
for asingletamgetfor extendedperiodsof time. Therefore multiwavelengthcampaigns
provide sparsetime coverageand generallyhave gapsfor time scalesbeyond a few
hours. Neverthelessmultiwavelengthcampaignsave furtheredour understandingf
VHE gamma-rayemissionfrom blazarjets.

ToillustratethegeneratonnectiorbetweerX-ray andTeV flaring actvity we shav
in Fig. 5 the lightcurvesof the six established’eV blazars(Ref. 44) from continuous
monitoringat X-ray enegiesusingthe RXTE All-Sky Monitor (ASM). As canbeseen
in Fig. 5 thehistoricalstrongflaring stateof Mrk 501 detectedetweerearly- late 1997
in TeV gammarays(seealsoFig. 3; Ref. 72, Ref. 69) hasa counterpartn X-raysalso
shaving a strongenhancemenn X-ray actvity.

Also the strongX-ray flaresof Mrk 421in 2000/2001and2002wereaccompanied
by strongTeV emissionstateqRef. 46, Ref. 2, Ref. 12). Similarly thefirst strongTeV
flaringstatedetectedor 1IES1959+65(h 2002(Ref.35)fallstogethemith strongX-ray
actvity, whereast wasatbarelydetectabldevelsin TeV photonsefore1999(Ref.63).
Also in supportof the X-ray/TeV connectionjs thefactthatthe blazarlES2344+514,
wasdetectedn gammarays(Ref.15)andshovedaweakflux of 0.11Crabin 1995-1996,
andsincethenhasbeenconfirmedby a weakdetectionby the HEGRA collaboration
(Ref. 77), althoughmary attemptdor detectiorweremadeduring1997-2002.Thisis
consistentwith thefactthatlES2344+514vasin alow emissiorstatein X-raysoverthe
lastsix years.It is clearfrom Fig. 5 thattheseTeV blazarsundego episode®f flaring
actwity in X-raysthatlastseveraldaysto months.The X-ray/TeV connectiorhasalso
significantly influencedthe searchstratey for newv TeV blazars,e.g., by conducting
sunweys of X-ray selectedBL Lac objects(Ref. 38, Ref.19).

In factthegamma-rayblazarsMrk 501andH1426+428Ref. 37, Ref. 36, Ref. 22,
Ref. 3) werediscoveredby following the paradigmthat X-ray andin particularlyhard
X-ray BL Lacobjects(Ref.18) areprospectre TeV gamma-rayemitters.Furthermore,
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Fig. 5. Thelightcurvesfor the six established’eV blazarsat X-rays usingthe RXTE
all-sky monitor. Thisfigure hasbeenadoptedrom Ref.44.
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theseactive X-ray episodeprovide analertandthe opportunityto studytheseobjects
with excellentstatisticsatVHE gamma-rayenegies.

Evidencefor daily correlationdetweerVHE gamma-rayemissiorandX-ray emis-
sionfor Mrk 421 hasbeenfound during variousepisodef flaring actvity (Ref. 53,
Ref. 13 andothers)in the mid-1990s.A hugeouthurst of flaring activity of Mrk 501
in 1997lastingfor half a yearprovidedthe opportunityto studythe X-ray/gammaray
connectionn moredetail (seeFig. 5 for X-rays, Fig. 2 for gammaraysandFig. 6 for
both). The correlationbetweerthe gamma-rayflux (350 GeV) andthe emissionstate
at X-rays (2-25keV) andhardX-rays (50-150keV) is illustratedin Fig. 6. Theampli-
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Fig. 6. Thelightcurve for Mrk 501 from obsenationsat gamma-rayenegies above
400 GeV (top panel),hard X-rays at 50 keV-100 keV (OSSE)andat X-rays (RXTE
PCA)at2 keV-10keV, at 15keV-25keV andcompletecoveragebetweer? keV-10keV
(RXTE ASM). Thelowestpanelshaws the optical lightcurve recordedwith the 1.2 m
CfA telescopegRef. 14).
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tudeof theflux variationis largestat gamma-rayenegiesandis progressiely smaller
at 15 keV-25 keV and2 keV-10 keV. This is in principle whatis expectedin an SSC
model: theinverseComptonflux depend®nthedensityof theelectronsaandtheenegy
densityof the synchrotrorphotonswhichis a directresultfrom the former. Therefore,
a quadraticdependencef the inverseComptonflux from the synchrotrorflux would
be expectedn anSSCmodel.
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Fig. 7. The lightcurve for Mrk 421 on March 19 2001 measuredvith the Whipple
telescopgRef. 40).

Motivated by the apparentX-ray/TeV correlationfurther multiwavelengthcam-
paignswere carriedout over the following years(Mrk 421 in 1998,2000,2001 and
1ES1959+650n 2002). Particularly interestingare the obsenationscovering a sin-
gle night for which X-ray and gamma-raydatawith almostcontinuouscoveragefor
a few hourshasbeenachieved. This allows dynamicstudiesof individual flaresand
detailedmodeling.A well sampledight curve of anindividual gamma-ray/X-rayflare
of Mrk 421is shawvn in Fig. 7: the X-ray flux follows the gamma-raylightcurve anda
correlationis evidentto theeye.

A recentstudyof thegamma-ray/X-rayconnectiorby Krawzcynskietal. (Ref.44)
usesdatafrom the TeV blazarlES1959+65(Ref. 4, Ref. 35). Although this study

11
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suggestanoverall correlationbetweenX-ray andTeV photonemission(Fig. 8), these
dataalsoshav aTeV flare (Junedth 2002)withoutacorrespondingl-ray flux increase.
A conclusionfrom this obsenation is that this single gamma-rayflare cannotbe ex-
plainedby a one-zoneSSCmodel predictinga contemporaneouXx-ray flare. Other
emissionscenariofhiave beenconsidereguggestinghatthe TeV emissioncomesrom
a separateegion with a secondelectronpopulationanda soft enegy spectrumor an
external Comptonmodelinvolving the precessiorof the jet effecting the gamma-ray
emissionbut not the synchrotrorphotonsandprotonmodels,all capableof producing
such’orphan” gamma-rayflares(Ref. 44).
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Fig. 8. Thecorrelationbetweerthe X-ray flux andgamma-rayfluxesof 1ES1959+650
measuredluring differentepochsin 2002is shavn. The threedatapoints (opencir-
cles)to the upperleft correspondo a flare on the night of June4 2002, shaving no
correspondindlux increasan X-rays(Ref.44).

Testingblazaremissionmodelsrequiresthe measuremenf spectrain an enegy
regime most promisingfor discriminatingvarioushigh enegy emissionmodels. An
exampleof a clearspectralfeaturethat would be uniqueto protonmodelsproducing
gammaraysvia neutralpion decayis the 70 MeV bumpin low enegy gammarays.Al-
thoughnocomparablesmokinggunsignatures currentlypredictedor VHE gamma-ray
spectrarom blazars spectraffeaturessuchasdeviationsfrom powerlavs andcutoffs,
provide constraintsuchasthe maximumparticleenegy, coolingtime scalesandmag-
neticfield strength.The next sectionis concernedvith spectralmeasurementat TeV
enegies.

12
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2.3 SpectralVariability of Blazarsin GammaRays

VHE gamma-rayspectraonstitutehehighenegy endof theelectromagnetispectrum
in astronomy The shapeandvariationsof the spectrumwith time areimportantcon-
straintsfor emissiormodelparametersuchasmaximumparticleenegy, magnetidield
strengthand Dopplerfactor Spectralvariability is not unexpectedduringthe riseand
thedecayof agamma-rayflare andX-ray flare. For example,in abasicone-zoneSSC
modela flare could be causedy anincreasan the maximumparticleenegy, leading
to a shift of the synchrotronemissionpeak,translatinginto spectralvariations. As a
consequencedhe X-ray flux shouldshowv a correlationwith the X-ray spectralindex
duringaflare. Sucharelationhasbeenobseredfor Mrk 421 duringvariousepisodes
of X-ray flaring actvity (Ref.23,Ref.76).

Similarly, spectralariationsareexpectedin the gamma-rayregime assuminghey
resultfrominverseComptorscatteredynchrotrorphotons.Thestrongflaresof Mrk 501
in 1997 and Mrk 421 in 2000/2001provided the opportunityto searchfor gamma-
ray spectralvariability. The latter occasionprovided morethan20,000photonsabore
300GeV detectedvith theWhipple 10 m telescope.

Figure9a)shavsthegamma-rayightcurvefor Mrk 421onMarch192001(Ref.49),
complementedby a measuremertf the differentialspectralindex. TheTeV obsenra-
tionsprovide almostcompletesamplingof theriseanddecayof aflare. Thegamma-ray
raterangesfrom a moderatdevel (~ 1 Crab)up to aneightfold flux increasen less
than4.5hours. The hypothesighatthe spectraindex is constanduringthe flare hasa
chanceprobabilityof 3.1 x 10~%, suggestingpectralariability duringthis flarewith a
significanceof 3.60. Whendividing thespectralndex measurementato threedifferent
episodespreflare rising flare and postflare the hardestspectralindex coincideswith
therise of theflare,whereasluringthe preflareandthe postflarethe spectrumappears
to besofter A similar correlationbetweerhardening/softeningf theenegy spectrum
andflux for Mrk 421 hasbeenreportedby the HEGRA collaboration(Ref. ?) for the
nightsof March21/22and22/23,2001.

13
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Fig. 9 a) Thelightcurve for Mrk 421 oUnTﬁlg?ch uteh)

192001 (top) andthe spectraindex (below) be- Fig. 9 b) Thelightcurve for Mrk 421 on March
tween380Ge\+2.6 TeV areshovn (Ref.49). 25 2001 (top) and the spectralindex (belaw)
betweerB80Ge\+2.6 TeV areshavn (Ref.49).

However, flaring activity duringothernightssuggesthattherelationbetweerspec-
tralindex andflux variability is morecomple. A flareonMarch252001measuredvith
theWhipple10mtelescopéFig. 9 b) shavsalightcurve with significantflux variations
andaflux increaséyy afactorof 2.5within 2 hours.Thespectraindex duringthisflare
is exceptionallyhard(a = 1.82 +0.04) withoutary indicationsof spectralariability.
Thesealataindicatethatontime scalef hoursthecorrelationbetweerflux andspectral
index is comple, attimesshaving spectralvariability andat othertimesshaving no
spectralariationatall. One-zon&sSCmodelsthatdescribegamma-rayflaressolelyby
anincreasen themaximumenegy of theradiatingparticledistribution areinconsistent
with this obsenation.

However, when consideringlonger time scalesfrom several monthsto yearsof
obsenations,adifferentpictureunfolds. To studytime-averagedspectralvariationsthe
2000/2001dataof Mrk 421 hasbeenbinnedby flux, revealingthe averageluminosity
peakeneqgy asit varieswith flux.

14
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Fig. 10a) Mrk 421 spectraat differentflux lev- Fig. 10 b) The starsshawv the spectralindex

elsaveragedor dataoverthe2000/2001season.of Mrk 421 versusflux in Crab units for the

The spectrahave beenfit by a power law with a 2000-2001data, the solid circle and rectangle
fixedexponentialcutoff at4.3TeV (Ref.47).  representslatafrom 1995/96and1999.

Fig. 10 a) exhibits the time averagedenepgy spectra(2000/2001)of Mrk 421 at
differentflux levels, shawving significantly differentspectraasa function of flux. Fig.
10 b) shawvs the spectralindex vs. flux for thesedataandincluding archival datafrom
previous obsenationsin 1995/1996and1999. A correlationbetweerflux andindex is
supportedy all datapointsmeasureaver atime periodof 6 years.The conclusionis
thaton averagethe enegy spectrunmof Mrk 421is harderat high flux levelsandsofter
atlow flux statessuggestinghatthe gamma-rayjluminosity peakshiftstowardshigher
enepiesduring high emissionstates. Spectralhardeningduring flareshasalso been
obsenredfor Mrk 421in X-rays(Ref.23, Ref. 76) usingBeppoSAXdataduring X-ray
flaresin 1997and1998. In X-rays, the effect of spectralhardeningcorrespondso a
shift of the synchrotrorpeaktowardshigherfrequencies.

In orderto extractthe enegy at which theVHE gamma-rayjluminosity peaksit is
necessaryo considereffectsfrom attenuatiorby radiationfieldsin extragalacticspace,
mostimportantlyfor theabsorptiorby thecosmicinfraredbackgroundThisis thetopic
of thenext section.
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2.4 TeV Blazar Spectra and Absorption by the Cosmic Infrar ed
Background

Whereaghe universeis transparento gammaraysbelov 10 GeV, extragalactic dif-
fuse radiationfields becomean obstacleto TeV photonstraveling over distancesof
a few 100 Mpc or more. In factour view of the universebeyond our own galaxy in
100TeV photonss essentiallyobscuredy pair-productionof gammarayswith photons
of the cosmicmicrowave background CMB). Althoughthe CMB is a greatobstacle
to gamma-rayastronomyabove 100TeV, theinteractionof sub-TeV to multi-TeV pho-
tonswith extragalacticdiffuseradiationhasbeenrecognizedRef. 27, Ref. 75) asan
opportunityto make a potentiallyimportantcontribution to cosmologyby constraining
the extragalacticbackgroundight (EBL). The EBL is partof the diffuse extragalactic
backgroundadiationspectrunthatrangesrom 10~7 eV (radiobackground}o almost
10! eV (gamma-raybackground) Although the diffuseradiationis dominatedby the
CMB, the EBL is the secondmostdominantform of electromagnetienegy density
throughoutthe universe. The EBL originatesfrom the time of structure/g@laxyforma-
tion andevolution (Ref. 66, Ref. 68) andcontainamportantcosmologicainformation
abouthow galaxiesformed. Direct measurementsf the EBL in the mid-infraredare
extremelydifficult dueto thepresencef strongforegroundzodiacakmissiorconsisting
of scatteredight andthermalemissionfrom interplanetarydustparticles(Ref.41). For
anextensve review, seethe paperby Hauser& Dwek (Ref. 32).

It is thereforegenerallybelievedthatenegy spectraof gamma-rayblazarsbetween
sub-100GeVandmulti-TeV enegiescontainanimprintfromtheEBL duetogamma-ray
pair-production(Ref.27,Ref. 75)with softphotondn thenearinfraredto mid-infrared.
The signatureof this imprint dependson the spectralshapeof the EBL, making TeV
gamma-rayspectrastrongconstraintgo the EBL densityin the wavelengthregime of
0.1 pum - 30 pm.

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 large numberof sourcesarenot available. Differentattempts
have beenmadeto correctblazarspectraor EBL absorption.EBL scenariodasedn
theoreticamodelsof galaxyformationandevolution (Ref.68) have beenusedo correct
TeV gamma-rayspectrafor EBL absorption. Othershave developedsemi-empirical
scenariogo construciatentatve EBL spectrumRef. 54, Ref.42) for correctingblazar
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spectra.

An alternatve approacho extracttheintrinsicblazarspectranasbeenakenby Dwek
andKrennrich(Ref. 20, Ref. 49), usingarangeEBL realizationsconsistentvith EBL
datacomprisef constraintgrom upperandlowerlimits andfew directmeasurements.
Thelattermethodexplorestheentirerangeof possibleEBL scenariosleadingto alarge
rangefor the absolutduminosity of the correctedgamma-rayspectra.However, a dip
in theEBL densitybetweeril um andaboutl0 ;m originatingfrom the stellaranddust
emissionpeak,causes decreasén the rise of the gamma-rayopacity betweenl and
5 TeV. This dip is commonto all EBL scenariosindis beneficialfor constraininghe
intrinsic spectrunof nearbyblazars.

=
o
w

E2dN/dE (10'12 erg cm’? st
=
o

=
o
T

Mrk 501 (average x 4.5) in 1997
Mrk 421 average in 2000/2001

10 |
H1426+428 Whipple data 2001
H1426+428 HEGRA data 1999/2000

._‘
» « O o

1 10
Photon Energy (TeV)

Fig. 11. Theaverageenepy spectrunof Mrk 501 (filled circles)in 1997 (Ref. 74)is shovn
in comparisorto the averagespectrumof Mrk 421 (empty circles)in 2000/2001(Ref. 46).
Furthermoreacombinedenegy spectrunof H1426+4281singdatafrom theHEGRA (Ref.?)
andWhipplecollaboration(Ref.67) is shavn.

Thetwo mostprominentblazardVirk 421andMrk 501arenearbyandhave approx-
imately the sameredshift (z=0.031,0.034respectrely) andthereforeary absorption
featurein their spectrashouldbe commonto both. The enegy spectraof Mrk 421,
Mrk 501 andH1426+428arepresentedn Fig. 11. Both Mrk 421 andMrk 501 shav
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a cutoff at approximatelyd -6 TeV asmeasuredy differentgroups(Ref. 74, Ref. 46,
Ref. 2, Ref. 1, Ref. 21). Systematiauncertaintiesn the absoluteenegy calibrationof
the different Cherenkv experimentsmay be aslarge as 25%, allowing uncertainties
in the cutoff enegiesat a similar level. The Whipple enegy spectraof Mrk 421 and
Mrk 501shav botha cutoff enegy of approximatelyt TeV. TheblazarH1426+428on
the otherhandis at aredshiftof z=0.129andits spectrumshouldbe stronglyabsorbed
regardlessof the EBL scenarioconsidered.H1426+428shaws a very steepspectrum
(Fig. 11) which couldbe dueto strongEBL attenuation.

Figurel2shavstherangeof absorptiorcorrectedverageenegy spectraf Mrk 421
andMrk 501usingtheHEGRA data(Whippledatashav very similarcorrectedspectra)
basedon a correctionexploring the entirerangeof EBL realizationggiven by Dwek &
Krennrich(Ref.20). Thepeakenegiesfor Mrk 421rangebetweer0.5-1.2TeV andfor
Mrk 501 betweerD.8-2.5TeV. It is clearfrom figure 12 thatgamma-rayspectreof the
nearbyblazarsarealreadystronglyabsorbedat enegiesabove 0.5 TeV. Furthermore,
when consideringthe EBL scenariosconsistentwith experimentalconstraintsin the
infrared,the blaxarsseemto peakat similar enegiesbetweer0.5- 2.5TeV.

| Mrk 421 (HEGRA)

| Mrk 501 (HEGRA)

e observed flux

® observed flux

E*(dN/dE) [107"® erg cm™ s7']
E*(dN/dE) [107"® erg cm™ s7']

0.1 1 10

Fig. 12 a) The Mrk 421 spectrumis shovn Fig. 12 b) The Mrk 501 spectrumis shown
(solid circles) including a parabolicfit. Also (solid circles) including a parabolicfit. Also
theabsorptiorcorrectedspectrafits for various the absorptiorcorrectedspectrafits for various
allowedEBL scenarioarepresentedRef. 20). allowedEBL scenario@representedRef. 20).
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3 M87: TeV GammaRaysfrom Radio Galaxies

Most of the AGN detectecht TeV enegiesareblazars;however, two reportsof weak
detectionssuggesthat nearbyradio galaxiesmay be emitting TeV photons. CenA
wasdetectedwith a first generatiommtmosphericCherenkv telescopgRef. 28) at the
4 sigmalevel about28yearsago. RecentlytheHEGRA collaboratiorreported Ref. 5)
thedetectionof M 87,anearby(D ~ 16Mpc) giantelliptical radiogalaxy (Virgo-A).

Dueto theirproximity bothM87 andCenA allow detailedstudiesof theirrelativistic
jetsin theradio,opticalandX-ray regimepartially resolvingthejet structure providing
auniqueperspectie for studiesof AGN jetswhichis notaccessibldor distantblazars.
M87 recevedfurtherattentiorrecently whenit wasconsideredo bethesourcgor most
Ultra High Eneigy cosmicrays(Ref. 10). VHE gammaray studiescurrently provide
highestenepy insightsinto jetsandcouldpotentiallyprovide importantcluesaboutthe
highestenegiesparticlespresenin M87.

M87 is alsoknown asa Fanarof-Riley Classl (FR-I) object,referringto its one
sidedjet that is mis-alignedby about30° (Ref. 9) from the obserer’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 thejet in the radio, optical
andX-rayssuggesthatthesehare acommonorigin. Polarizatiormeasuremenis the
optical (Ref. 7, Ref. 24, Ref. 65) andspectralinformationat X-ray andradio enepies
(Ref.73,Ref. 29, Ref. 11) suggessynchrotroremissionasthe mechanismVariability
measurementst X-rays(Ref. 30) andelectroncoolingtime scalessuggesthepresence
of 10TeV electrongRef.29), providing akey conditionfor inverseComptonscattering
of soft photonsto TeV gamma-raygRef. 11) in the jet. Hence,gamma-rayemission
would beexpectedn theframewnork of SSCmodels;however, largeuncertaintiesn the
flux predictionleave ampleroomfor otherscenarios.

A possibility involving large magneticfield strengthsin the jet for the region of
TeV photonproductionis describedby the SynchrotronProtonBlazar (SPB) model,
providing a possiblélink to the origin of Ultra High Enegy CosmicRayscosmicrays
(Ref. 10). Otherpossibilitiesof TeV gamma-rayemissioninvolve the annihilationof
supersymmetricparticles(Ref. 8) from a darkmatterhaloandalargerscalefor M87.
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Fig. 13. Theangulardistribution for the ON-sourceobsenationsandthe backgroundiatafor
M87. FromRef.5.

Obsenationsof M87 have beenpursuedby the HEGRA andWhipple collabora-
tion and both groupsinitially reportedupperlimits (Ref. 26, Ref. 50). The HEGRA
collaboration after applyinga moresensitve analysismethod,recentlyreporteda 4o
detectionbasedon 83.4hoursof obserationwith aflux of approximately3.3%of the
Crabflux above 730 GeV (Ref.5). Although statisticallymamginal, this resultshovs a
convincing angulardistribution for the arrival directionof the excessevents(Fig. 13).
Obsenationsby theWhipplecollaboration(Ref.51) reportanupperlimit of 8% of the
Crabflux at400GeV providing togethemwith the HEGRA detectioradditionalspectral
constraints.Futureobsenrationsof M87 with next generatioratmosphericCherenkv
telescopewill befocusedonvariability studiesogethemith correlatecbbsenationsat
X-raystodistinguishbetweeranSSCmodelandtheotherpossibleTeV photonemission
scenarios.

Although interestingthe detectionof the radio galaxiesCenA and M87 at VHE
enegiesrequiresconfirmation.
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4 The First TeV Unidentified Source

AtmosphericCherenkv telescopefiave a narrav field of view andare operatecat a
10%duty cycle; henceto dateonly about5% of the sky hasbeenobseredat0.5TeV
with a sensitvity of 0.1 Crabh However, a serendipituousliscovery of a TeV source
(TEV2032+4130)was madeby the HEGRA collaboration(Ref. 3) when observing
Cygnus-X3andthe EGRETsourceGeV J2035+4214n the Cygnusregion.

Cyg OB2 Field: HEGRA CT-System

422
§ 1202
= :
o)
§ 42 100 ﬁ
% o
N 418 80 I.I>j
60
416
40

41.2

41

{-40

206 2058 20.56 20.54 2052 205 20.48
RA (J2000) [ hrs]

Fig. 14. The skymap of excesseventsaroundthe new TeV sourceTEV2032+4130also
shaving CygnusX-3 andtwo EGRET sources.Also shavn is the OB associationCygnus
OB2 (Ref. 3).

The sourcewasinitially detectedatthe 4.6 sigmalevel basedon 113 hoursof data
andwasrecentlyconfirmedby the HEGRA collaboratiorusingnew obsenationsfrom
2002(presentea@tthe28thICRC, Tsukuba). TEV2032+413Mhasadifferentialspectral
index of a = 1.9 + 0.3, which is a hard spectrum. Hence,the spectrumindicates
thatthe luminosity peakin gammaraysmay bein the TeV regime. Giventhe superb
angularresolutionof imaging atmosphericCherenkv telescopearrays,the HEGRA
collaborationwasalsoableto constrainthe sourcesize,indicatingatthe 3 sigmalevel,
thatit is anextendedobject(5.6’ + 1.7") ratherthana point source.

Theorigin of the TeV sourceis unclear no unambiguousdentificationwith anas-
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trophysicalcounterparhasbeenmade.However, theTeV emissiorncouldbeassociated
with the OB associationrCygnusOB2 containinga large numberof OB and O stars.
Particleaccelerationn OB associationtasbeenconsideredn earliertheoreticalktud-
ies(Ref. 61, Ref. 79). To understandhe origin of the TeV radiationX-ray studieswill
be critical to assessvhetherthe TeV gammarays are producedby inverseCompton
scatteringpf soft photonfields or arisefrom a hadronicorigin.

5 The Future

Mostobsenationsdiscussedh thisreview wereobtainedwith secondyenerationmag-
ingatmospheri€herenkv telescopesnvolvingtheWhippleobseratoryl0mgamma-
raytelescopetheHEGRA arrayof five 4 m diameteitelescopeandthe CAT 5 m diam-
etertelescopeAll threeinstrumentshave in commonthatthey wereableto detectthe
CrabNelula ata statisticalsignificanceof morethan5 sigmain onehourtime, making
themall roughly equallysensitve with somedifferencedn their low andhigh enegy
responsebackgroundejectionandenepy resolution.

Next generationatmosphericCherenkv telescopesre all basedon the imaging
techniquepioneeredy theWhipplecollaboratiomrandusingthe stereoscopitechnique
implementedguccessfullypy theHEGRA collaboration A combinatiorof largediame-
tertelescopesmprovedelectronicshetteropticsandhighratedataacquisitionsystems
arethebasisofthenext generatiomnstrumentsuchasMAGIC (Ref.52), HESS(Ref.34)
andVERITAS (Ref.82) andCANGAROO-III (Ref.64). Theseinstrumentwill reach
aboutan orderof magnitudemore sensitvity thanthe previous generatiortelescopes.
Thiswill allow thestudyof theTeV sourcesvith 5 mCrabsensitvity (50hours,5 sigma
detection) makingeventhe wealestsourcegeportedabore strongdetections.

Furthermorethenext generationielescopewill haveanenegy thresholdn thesub-
100GeV regime. Thisis the enegy regime for which the opacity of the universedue
to thediffuseextragalacticbackgroundight is greatlyreducedandtheseground-based
gamma-raytelescopewvill be ableseeout to redshiftsof z=1. The greatlyincreased
gamma-rayhorizonof theuniversewill allow the studyof ten’s of blazarsor moreand
provide importantconstrainton the diffusenearinfraredto farinfraredlight.
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