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Figure1.8: Theassky seenby theEGRETsatelliteabove 100MeV. Most of theemissioncomes
from the region of the galacticplanebut at higher galactic latitudesare someobjectswhich are
extragalactic.Many of themareBlazars.

minutes for Mkn 421. Thiscanbepartiallyexplainedby ahighDopplerfactor(Equ.1.6)
of therelativistically moving sourceandby smallemissionregions(which aretensof AU
(1 AU

} ! J light minutes)).
But evenwith smallemissionregionsandhigh DopplerfactorscommonSSCmodels

have problems to explain this fastvariability of Mkn 421. New theoriestry to explain
this behavior. They rangefrom smallconical sub shock fr onts insidethe jet (Model for
Mkn 421[Sal98]), laminar rather than spherical emissionregions[Mas99], andmod-
ulation of the soft photonfield for Comptonup-scatteringvia a hot spotin the accretion
disc[Bed96].

It shouldbe possibleto differentiatebetweenthesemodelsby examiningthe corre-
lation of x-ray flux and light curve measurementsof x-ray satellitesand the GeV-TeV
emission.If thesoft photonsfor up-scatteringcomefrom theaccretiondisc, thereshould
only beaveryweakcorrelationof theflaresin theUV/x-ray andtheTeV range.Thiswould
point to amodulationversion.

If thereis astrongcorrelation, like in thecaseof Mkn 501,thispointstowardtheSSC
model, possiblywith conical shocksor thin laminal shocks traversingthe jet (SeeFig.
1.6).

A very precisemeasurementof a flare of Mkn 421 in thex-ray region (seeFig. 1.9)
hasbeenrecordedby ASCA in April 1998 which seemsto show a correlationbetween
x-ray flux and � -ray flux. The x-ray andTeV curvesof Fig. 1.9 matchperfectly, when
superposed.In theanalysischapterthecorrelationbetweenthex-ray flux asmeasuredby
ASCA in 1998andvariousTeV instrumentswill be examinedin detail. The ASCA x-
ray flux measurementseemsto show two components.A slow flare component( : 7 day
duration)anda fast(sub-day)flarecomponent.

1.3 The Gamma Ray Horizon

Theuniverseis filled with isotropicallydistributeddiffusephotonsof low energy from the
microwaveenergy range(i.e. cosmicmicrowavebackgroundor CMB) peakingat2.7K up
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Figure1.9: Multi-wave lengthobservationof Mkn 421in 1998with ASCA in thex-ray region and
with several Cherenkov telescopesin the TeV energy range. The integratedTeV flux is measured
in units of the (constant)crabflux andthe x-ray flux (rate)in counts/sec.Whenthe x-ray curve is
superposedon theTeV curve it canbeseenthattheTeV curve follows thex-ray curve. This will be
discussedin detail in chapterB.
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Figure1.10: Actual measurementsof thecosmicinfraredbackground.Thegreenpointsareupper
limits, theblueonesarelower limits from galaxycounts,theredonesaretrustedmeasurementsand
thehollow blackoneis a tentative measurement.Thedatahasbeentakenfrom [Hau01]. Themodel
is from T. Kneiske andK. Mannheim[Kne02]. Theincreaseof theenergy densityon theleft sideis
theCMB.

to theinfrared(i.e. cosmicinfrar edbackground or CIB) andthevisible light range.The
interactionof the very high energy (VHE) Ù ’s with the low energy backgroundradiation
(VLE photons)playsanimportantrole in gammaray astronomy.

Thisinteractionlimits theobservableenergyrangeasafunctionof Ù -energy. Therefore
onewouldexpectcutoffs in thespectra.Thisattenuationeffectof theVHE Ù on theirway
to the earth,which dependson the red shift of the source,is calledgamma ray horizon
(a moreprecisedefinitionwill begivenlater, Equ.1.23). Thesourceof the interactionis
electronpositronpair productionfrom highenergy andlow energy photons.

ÙgÚCÛrÜÞÝßÙ�ÚRà�Ü±áãâjäåÝæâ
ç (1.14)

The VLE photonshave differentorigin. The 2.7 K microwave backgroundradiation
is a remnantof theBig Bangwith a thermalspectrumfrom è"é
êAë m to è"é
ì{ë m. Another
importantcontribution from the far infrar ed ( è"é%éíë m) to the UV (0.1 ë m) comesfrom
redshiftedstar light that hasbeenoccurringthroughoutthe history of the universe. Star
formationprocessesin the early universeplay an importantrole here. Thus the precise
measurementof the spectrumof thesebackgroundphotonsprovidesdetailedinformation
aboutthehistoryof ouruniverse.

Unfortunatelythe direct measurementsof the extragalacticinfrared backgroundby
satelliteborneinstrumentsarevery difficult becauseof foregroundinfraredlight in our
galaxy, i.e. dustreflectingthe(infrared)light from thesunandstarsinsidethegalaxy. The
actualmeasurementsof the infraredbackgroundcanbe seenin Fig. 1.10. The numbers
have beentaken from [Hau01]. The region betweena few ë m and100 ë m hasnot been
measuredat all. Only upperandlower limits exist. The lower limits comefrom galaxy
countsandarehard limits [Hau01]. The plottedcurve shows a modelsdevelopedby T.
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Kneiske andK. Mannheim[Kne02]. This model is quite complex andinvolve convolu-
tions of measuredstar formationrates,initial massfunctionsandthe history of dustand
light densities.

In orderto calculatetheabsorptionthatVHE photonsexperiencewe needto fold the
crosssectionof thepair-productionprocesswith thelow energy photondensity. The cross
section for theprocessdescribedin Equ.1.14is (in î+ïåð ) [Ste95]:ñóò	ôõò÷öXøOù�úûòÎöXøOù6üOøþý è%ÿ������%è�é ç ð©ê ò è��	� ø�
 (1.15)� �
����� ð �����fÝ������	������������� èrÝ��è��	�! �" (1.16)

where � ý$# è�� � ò ï î ð øôíúWüCò è Ý öËø ð (1.17)ô is the energy of the gammaray photon, ú is the energy of the soft photon, ö is the
redshiftof the sourceand ü£ý ò è%�'&)(�* ò,+�ø�ø is the anglebetweenthe photondirections.
The thr esholdenergy condition isôíúWü~ò èrÝ öËø ð�- �%�	ï î ð � ð (1.18)

The crosssection,plotted in the rangebetween100 ë m and0.1 ë m, for a 1 TeV, a
3 TeV, a 10 TeV anda 30 TeV photonfrom a headon collision (solid line) andaveraged
over all angles(dashedline), togetherwith the measurementsof the infraredbackground
canbe seenin Fig. 1.11. This time the photondensityinsteadof the energy densityhas
beenplotted,becausethis is thequantitywhich determinestheabsorption.This plot illus-
trateswhichsoftphotonrangeinteractswith whichhighenergy photon.Thehigherenergy
photons(10TeV and30TeV) fall into anenergy rangeof thecosmicraybackgroundwhich
hasnotbeenmeasuredyet. Themeasuredspectrumof Mkn 421putsstrongconstraintsand
upperlimits on thesoft photondensityin thatrange.

To get the optical depth . (attenuationto â ç0/ of the original flux) for one specific
energy, onemust fold the crosssectionwith the cosmicinfraredspectrumand average
over the whole solid angle 1 of photoncollision anglesandintegratethis resultover the
redshift ö . Sincetheobjectof this work (Mkn 421with ö =0.03,z2 è ) is relatively close
to the earth(440 million light yearsaway), it is not necessaryto integrateover ö , which
simplifiestherelation.

Theabsorptionprobabilityperunit length(in cm) is [Ste01, Bla01]:3 .3 � ý è�54�67ç 6 7 *98;: +
3 + 4=< 7?> 7A@,BCEDGFIH�JLK?MONQP 3 ú 3 �3 ú ñóò	ô ùEú�ù"ò è��	&Q(�* +�ø©ø (1.19)ROSRAT is thediffer ential soft photon density (in unitsof numberof photonsper î+ïåì and

eV)andmustbecalculatedfromthecosmicinfraredbackgroundspectrum(Intensity U ROVRXW ýUEY W (in unitsof nW/ ò ï ð�Z�[ ø )) in thefollowing way:

ú ð 3 �3 ú ý]\�^â�î UEY W (1.20)

whereasú denotesthephotonenergy in eV. Thedistanceto theobjectis, to first order, (for
z2 è ): � ý î�� ö_a` (1.21)_a` ýcb�dfeab g)hikjml9n o5pQl is theHubbleconstant(1 pc= �gÿ é d�b �Îè�érqks cm). Finally theattenuation
of theflux becomes:
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Energy  (in eV)

Figure1.11: a) Theupperplot displays,for comparison,the cosmicinfrar ed background mea-
surements in termsof differentialphotondensitytogetherwith differentmodelsof [Kne01] of the
CIB. Thebluepointsarelower limits, thegreenonesareupperlimits andtheredpointsareaccepted
measurements.b) The lower plot shows the crosssection for a 1 TeV (blue), a 3 TeV (red), a 10
TeV (green)anda30TeV photonfrom ahead-oncollision(solid line) andaveragedoverall collision
angles(dashedline).
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Figure 1.12: The attenuation of TeV gammasoriginating from Mkn 421 andaccordingto the
models[Kne02] shown in Fig. 1.11. Accordingto thesemodelstheattenuationstartsabove 1 TeV
but theeffect becomessignificantly strongafter10 TeV.

y ý â
ç{zI|zk}Q~k� (1.22)

Fig. 1.12shows theattenuation of gammasoriginatingfrom Mkn 421at ö =0.031for the
modelsshown in theFig. 1.11. It shouldbenotedthat thecutoff thathasbeenobserved,
for example,in thespectrumof Mkn 501( ö =0.034)[Ste01] canhavetwo possiblereasons.
Oneis theabsorption dueto thecosmicinfraredbackground.Theotheris that thecutoff
could be an intrinsic feature of the BL LAC emissionspectrum.As of today, it is not
clearwhich of thesehypothesesis actuallyresponsiblefor the cutoff. It could evenbe a
mixtur eof both . Thesepossibilitieswill bediscussedlaterin thelastChapterconcerning
theanalysisof theMkn 421flaresof 2001.

Thegammaray horizon(Fig. 1.13)is definedastheredshift for which. ò	ô�ù©öXøUý è (1.23)

This is thedistanceö for which theattenuationbecomesè��Wâ .
1.4 Theory of air showers

Therearetwo waysof detectinggammaphotons.Oneis suchthat thegammaphotonsare
detecteddirectly in space.This is donevia thex-ray andgamma-raysatellites.Satellites
have a limited detectionareaof a few ïåð andhave thereforea limited sensitivity. The
secondpossibilityusestheatmosphere asapartof thedetector.

TheVHE gammaflux is so low, thathugedetectionareas( � è�é%êMï ð ) areneededto
collecta reasonablenumberof eventsperobservationtime. Above10 GeV thecollection
areaof currentsatelliteborne Ù -detectorsis too small and only the methodof ground
basedinstruments canbe used. This sectionis thereforededicatedto explain how the
atmospherereactswith cosmicrays.
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Figure1.13:Thegammarayhorizonplottedagainsttheredshift. Takenfrom [Bla01]. As of today,
it is not exactly known wherethehorizonis located.Thedifferentcurvesshow theattenuationfor
differentcosmicparametersandCIB models.Thelocationof thegammarayhorizongivesimportant
informationaboutCIB andis avery actualfield of research.

Whencosmicraysentertheatmosphere,they generateso-calledair showers.Thecos-
mic rayparticlesinteractwith themoleculesof theatmospherebyhadronicandelectromag-
netic interaction.Electrons,muonsand Ù ’s interact electromagnetically, which means
they generatesecondaryparticlesby pair productionandbremsstrahlung.Thesecondary
particlesaremostlyagainnon-hadronicparticlesasElectrons,muonsand Ù ’s.

HadronicCR, namelyProtonsand ionized nuclei interactvia thehadronic interac-
tion , which meansthat they produceassecondaryparticlesmainly ^ ’s, ë andK’s. These
latter particleseitherdecayor producemoresecondaryparticlesby hadronicinteraction.^ ` decayalmostinstantlyinto two photonsandthereforefeed the electromagneticcom-
ponent of anhadronicshower.

In thisway, acascadeof secondaryparticlesis initiated.Thesehighly relativistic parti-
cles,mainlyelectrons,emitCherenkov radiationduringtheirtravel throughtheatmosphere.
Theair showersextend,dependingontheirenergy, from theupperlevelsof theatmosphere
down to sealevel (seeFig. 1.14).

Therearetwo typesof air showers:Theelectromagnetictype, whichhaveno hadronic
particlesandthehadronic showers, whichcontainall typesof particles.

1.4.1 Electromagneticcascades

The electromagneticshower is easierto discussmathematicallybecauseto first order it
only containselectromagneticparticles, consistingof electrons, muons andphotons.
Photonsareproducedby bremsstrahlungandby theannihilation of positrons.Electrons
and positronsare producedby pair production. The energy of the original photonis
transferedto thesecondaryparticleswhosenumberincreasescontinuously.

The particlesloseenergy by multiple scattering andalsoby ionization of the sur-
roundingair molecules. The numberof particlesincreasesuntil the shower maximum.
Fromthatpoint on the averageparticleenergy decreasesbecauseof energy lossesdueto
ionizationandbremsstrahlung.The cascadeequationscanbe found in [Gai90]. For the
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Figure1.14: a) Top row: Imagesof two typical air showers,for a gammaphoton(left side)anda
proton(right side), calculatedby MonteCarlosimulationand2) Bottomrow: theirCherenkov image
seenby a telescope,takenfrom [Kra01]




