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Figure1.8: The assky seenby the EGRET satelliteabose 100 MeV. Most of the emissioncomes
from the region of the galacticplane but at higher galacticlatitudesare someobjectswhich are
extragalactic.Many of themareBlazars.

minutes for Mkn 421. This canbe partially explainedby a high Dopplerfactor(Equ.1.6)
of therelativistically moving sourceandby small emissionregions(which aretensof AU
(1 AU~ 15 light minutes)).

But evenwith smallemissionregionsandhigh Dopplerfactorscommon SSCmodels
have problemsto explain this fastvariability of Mkn 421. New theoriestry to explain
this behavior. They rangefrom small conical sub shock fr onts insidethe jet (Model for
Mkn 421[Sal99), laminar rather than spherical emissionregions[Mas99, and mod-
ulation of the soft photonfield for Comptonup-scatteringria a hot spotin the accretion
disc[Bed9q.

It shouldbe possibleto differentiatebetweenthesemodelsby examiningthe corre-
lation of x-ray flux andlight curve measurementef x-ray satellitesand the Ge\-TeV
emission.If the soft photonsfor up-scatteringgomefrom the accretiondisc, thereshould
only beaveryweakcorrelationof theflaresin the UV/x-ray andthe TeV range.Thiswould
pointto amodulationversion.

If thereis a strong correlation, likein the caseof Mkn 501, this pointstowardthe SSC
model, possiblywith conical shocksor thin laminal shockstraversingthejet (SeeFig.
1.6).

A very precisemeasuremertf a flare of Mkn 421 in the x-ray region (seeFig. 1.9)
hasbeenrecordedby ASCA in April 1998 which seemgo shav a correlationbetween
x-ray flux and~-ray flux. The x-ray and TeV curvesof Fig. 1.9 matchperfectly when
superposedin the analysischapterthe correlationbetweerthe x-ray flux asmeasuredy
ASCA in 1998 andvariousTeV instrumentswill be examinedin detail. The ASCA x-
ray flux measuremergeemgo shav two componentsA slow flare componeni{~7 day
duration)andafast(sub-day)lare component.

1.3 The GammaRay Horizon

Theuniverseis filled with isotropicallydistributeddiffusephotonsof low enegy from the
microwave enegy range(i.e. cosmicmicrowave backgroundr CMB) peakingat2.7 K up
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Figure1.9: Multi-wave lengthobsenration of Mkn 421in 1998with ASCA in thex-ray regionand
with several Cherenkv telescopesn the TeV enegy 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
superposedntheTeV cune it canbe seenthatthe TeV curve follows the x-ray curve. This will be
discussedn detailin chapterB.
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Figure1.10: Actual measurementsf the cosmicinfraredbackground The greenpointsareupper
limits, the blue onesarelower limits from galaxycounts thered onesaretrustedmeasurementand
thehollow blackoneis a tentatve measuremenfThe datahasbeentakenfrom [Hau01. Themodel
is from T. Kneiske andK. Mannheim[Kne02. Theincreaseof the enegy densityon theleft sideis
the CMB.

to theinfrared(i.e. cosmicinfrar ed background or CIB) andthevisible light range.The
interactionof the very high enegy (VHE) ~'s with the low enegy backgroundradiation
(VLE photons)ylaysanimportantrole in gammaray astronomy

Thisinteractionlimits theobsenableenegy rangeasafunctionof v-enegy. Therefore
onewould expectcutoffs in thespectraThis attenuatioreffect of the VHE ~ ontheirway
to the earth,which depend®n the red shift of the source,is calledgammaray horizon
(amoreprecisedefinitionwill be givenlater, Equ.1.23). The sourceof the interactionis
electronpositronpair productionfrom high enegy andlow enegy photons.

YWhE +WLE — €t +e” (1.14)

The VLE photonshave differentorigin. The 2.7 K microwave backgroundradiation
is aremnantof the Big Bangwith a thermalspectrumfrom 105 pm to 10% pm. Another
importantcontribution from the far infrar ed (100 pm) to the UV (0.1 um) comesfrom
redshiftedstar light that hasbeenoccurringthroughoutthe history of the universe. Star
formation processe#n the early universeplay an importantrole here. Thusthe precise
measuremeraf the spectrumof thesebackgroundohotonsprovidesdetailedinformation
aboutthehistory of our universe.

Unfortunatelythe direct measurementsf the extragalacticinfrared backgroundby
satelliteborneinstrumentsare very difficult becauseof foregroundinfraredlight in our
galaxy i.e. dustreflectingthe (infrared)light from the sunandstarsinsidethe galaxy The
actualmeasurementsf the infrared backgroundcan be seenin Fig. 1.10. The numbers
have beentaken from [HauOJ. The region betweena few pm and 100 um hasnot been
measuredat all. Only upperandlower limits exist. The lower limits comefrom galaxy
countsandare hardlimits [HauOJ. The plotted curve shavs a modelsdevelopedby T.
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Kneiske and K. Mannheim[Kne0Z. This modelis quite complex andinvolve corvolu-
tions of measuredstar formationrates,initial massfunctionsandthe history of dustand
light densities.

In orderto calculatethe absorptiorthat VHE photonsexperiencewe needto fold the
crosssectionof the pair-productionprocessith thelow enegy photondensity The cross
sectionfor theprocesslescribedn Equ.1.14is (in cm?) [Ste94:

o (E(2),e(2),2) = 125-107%(1-7) x (1.15)
[Qﬂ (B2 —2)+(3-5%)-In <%)] (1.16)
where

E is the enegy of the gammaray photon,e is the enegy of the soft photon, z is the
redshiftof the sourceandz = (1 — cos (99)) is the anglebetweenthe photondirections.
The thresholdenergy condition is

Eex(1+42)* > 2 (ch)2 (1.18)

The crosssection,plottedin the rangebetween100 yum and0.1 um, for a1 TeV, a
3 TeV, a10TeV anda 30 TeV photonfrom a headon collision (solid line) andaveraged
over all angles(dashedine), togetherwith the measurementsf the infrared background
canbe seenin Fig. 1.11. This time the photondensityinsteadof the enegy densityhas
beenplotted,becausehis is the quantitywhich determineghe absorption.This plot illus-
trateswhich soft photonrangeinteractswith which high enegy photon.The higherenegy
photong10 TeV and30 TeV) fall into anenegy rangeof thecosmicray backgroundvhich
hasnotbeenmeasureget. Themeasuredpectrunof Mkn 421 putsstrongconstraintand
upperlimits onthe soft photondensityin thatrange.

To get the optical depthr (attenuationto e~ " of the original flux) for one specific
enegy, one must fold the crosssectionwith the cosmicinfrared spectrumand average
over the whole solid anglef? of photoncollision anglesandintegratethis resultover the
redshiftz. Sincethe objectof this work (Mkn 421 with 2=0.03,z« 1) is relatively close
to the earth(440 million light yearsaway), it is not necessaryo integrateover z, which
simplifiestherelation.

Theabsorptiorprobability perunit length(in cm)is [Ste01, Bla01]:

dr 1 [% | *° dn
Vi 5/_%sm19d19/ o dc‘%a(E,a,(l—cosﬁ)) (1.19)

E(l—cosd)

‘;—’; is the differ ential soft photon density (in units of numberof photonspercm?®and
eV) andmustbecalculatedromthecosmicinfraredbackground;pectrun(lntensityyg—i =
vI, (in unitsof nW/(m?sr))) in thefollowing way:

dn Arw
o =— I, 1.20
de ec Y ( )
whereag denoteshephotonenegy in eV. The distanceo the objectis, to first order, (for

zL 1):

c-Zz
== 1.21
H, ( )
Hy = 68+6—2™_istheHubbleconstan{1 pc= 3.086-10'8 cm). Finally theattenuation

sec-Mpc
of theflux becomes:



28 CHAPTERI1. INTRODUCTIONTO THE THEORY AND DETECTORS

10

10

¥ {in 1iem " evy)

-

-

=
=

b
a.

Phaton densit

10
10

w0

10
10

evV)

B
|III

;
Tlll

=
™

1.2

Cress section (in 10 *° em)
B

= =
™ @ =

TTT[TTT[TTT]
PO PTHN oy
IIIIII|III|

= =
e N &

10 10° 10 o

1 1
Energy (in e¥}

Figure1.11: a) The upperplot displays,for comparison the cosmicinfrar ed background mea-
surementsin termsof differential photondensitytogetherwith differentmodelsof [Kne0]] of the
CIB. Thebluepointsarelower limits, the greenonesareupperlimits andthered pointsareaccepted
measurementsh) The lower plot shavs the crosssectionfor a1 TeV (blue),a 3 TeV (red),a 10
TeV (green)anda 30 TeV photonfrom ahead-orcollision (solid line) andaveragedbver all collision
angleg(dashedine).
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Figure 1.12: The attenuation of TeV gammasoriginating from Mkn 421 and accordingto the
models[Kne0Z shavn in Fig. 1.11. Accordingto thesemodelsthe attenuatiorstartsabove 1 TeV
but the effect becomessignificantly strongafter10 TeV.

A=e @ (1.22)

Fig. 1.12shows the attenuation of gammasoriginatingfrom Mkn 421 at z=0.031for the
modelsshowvn in the Fig. 1.11. It shouldbe notedthatthe cutoff thathasbeenobsened,
for example,in thespectrunof Mkn 501 (2=0.034)[Ste0] canhave two possiblereasons.
Oneis the absomption dueto the cosmicinfraredbackground.The otheris thatthe cutoff
could be an intrinsic feature of the BL LAC emissionspectrum. As of today it is not
clearwhich of thesehypothesess actuallyresponsibldor the cutoff. It could evenbe a
mixtur e of both. Thesepossibilitieswill bediscussedaterin thelastChapterconcerning
theanalysisof the Mkn 421 flaresof 2001.
Thegammaray horizon(Fig. 1.13)is definedasthered shift for which

T(E,z) =1 (1.23)

Thisis thedistancez for whichtheattenuatiorbecomed /e.

1.4 Theory of air showers

Therearetwo waysof detectinggammaphotons.Oneis suchthatthe gammaphotonsare
detectedirectly in space.This is donevia the x-ray andgamma-raysatellites. Satellites
have a limited detectionareaof a few m? and have thereforea limited sensitvity. The
secondoossibility usesthe atmosphere asa partof the detector.

The VHE gammaflux is so low, that hugedetectionareas(~ 10° m?) areneededo
collectareasonabl@umberof eventsperobsenationtime. Above 10 GeV the collection
areaof currentsatellite borne~y-detectorsis too small and only the methodof ground
basedinstruments canbe used. This sectionis thereforededicatedo explain how the
atmosphereeactswith cosmicrays.
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Figurel.13: Thegammaray horizonplottedagainstheredshift. Takenfrom [Bla01]. As of today
it is not exactly known wherethe horizonis located. The differentcurves shav the attenuatiorfor
differentcosmicparameterandCIB models.Thelocationof thegammaray horizongivesimportant
informationaboutCIB andis avery actualfield of research.

Whencosmicraysentertheatmospherehey generateso-calledair shavers. The cos-
mic ray particlesnteractwith themoleculeof theatmospheréy hadronicandelectromag-
neticinteraction. Electrons, muons and ~’s interact electromagnetically, which means
they generatesecondaryparticlesby pair productionandbremsstrahlungThe secondary
particlesaremostly againnon-hadronigarticlesas Electrons,muonsand v’s.

HadronicCR, namelyProtonsand ionized nuclei interactvia the hadronic interac-
tion, which meanghatthey produceassecondanparticlesmainly 7’s, 4 andK’s. These
latter particleseitherdecayor producemore secondaryparticlesby hadronicinteraction.
7% decayalmostinstantlyinto two photonsandthereforefeed the electromagneticcom-
ponent of anhadronicshawer.

In thisway, a cascad®f secondanparticlesis initiated. Thesehighly relatiistic parti-
cles,mainlyelectronsemitCherenlov radiationduringtheirtravel throughtheatmosphere.
Theair shaversextend,dependingntheirenepgy, from theupperlevelsof theatmosphere
down to sealevel (seeFig. 1.14).

Therearetwo typesof air shovers: The electromagnetictype, whichhave no hadronic
particlesandthe hadronic shawvers, which containall typesof particles.

1.4.1 Electromagneticcascades

The electromagnetichaver is easierto discussmathematicallypbecauseo first orderit
only containselectromagneticpatrticles, consistingof electrons, muons and photons.
Photonsareproducediy bremsstrahlungandby the annihilation of positrons Electrons
and positronsare producedby pair production. The enegy of the original photonis
transferedo the secondaryparticleswhosenumberincreasesontinuously

The particleslose energy by multiple scattering andalsoby ionization of the sur
roundingair molecules. The numberof particlesincreasesuntil the shaver maximum.
Fromthat point on the averageparticle enegy decreasebecausef enegy lossesdueto
ionizationand bremsstrahlungThe cascadeequationscanbe foundin [Gai9(. For the
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Figure1.14: a) Top row: Imagesof two typical air shawers, for agammaphoton(left side)anda
proton(right side), calculatedby Monte Carlosimulationand2) Bottomrow: theirCherenkv image
seenby atelescopetakenfrom [Kra01]





