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Chapter 1

Intr oduction to the theory and
detectors

In recentyearsAstroparticlePhysicshasbeena field of steadygrowth andincreasingn-
terest.Only sincethelast 15 years,hasonebeenableto measureandobsene phenomena
whicharecompletelynew andwhich have significantimpactto our pictureof theuniverse,
distantgalaxiesandblackholes.In my thesisl will reportonthe analysisof thelarge,per
sistentvery high enegy gamma-ray(shortcuty-ray) flaring of the active galacticnucleus
Mkn 421.

In this chapter wish to describethe essentiatheorywhich is neededor this Thesis.
First the propertiesandthe origin of cosmicrayswill be summarized.This is followed
by a classificatioranddescriptionof the active galacticnuclei (AGNSs). A very simplejet
modelwhich accelerateshe parentparticlesof very high enegy (VHE) ~’st will be de-
scribed. This is neededo understandhe propertiesof Mkn 421. The very high enegy
gammaray absorptiorby thecosmicinfraredbackgroundywhich mightaffecttheobsened
spectrumjs quantifiedandsimulated.Thenl will explain the variouspossibilitiesfor de-
tectingcosmicraysanddescribehe HEGRA experiment.Laterin this chaptey Cherenlov
telescopesvill bediscussedncludinghow they function. Emphasiss putonthe HEGRA
CT1telescopavhichwasusedto recordthe datausedin this thesis.

1.1 Cosmicrays

Every secondabout1000high enegy cosmicparticles(integratesflux above 10 GeV) per
squaremeterhit the Earth's atmosphere.Up to an enegy of approximatelyl PeV the
chemicalcompositionhasbeenmeasuredlirectly (for anoverview see[LON97/1]). Most
of themareionizednuclei. Approximately90%of themareprotons 9% arealphaparticles,
asmallfractionareionizednucleiof heavier elementandafractionof apercen{0.1%)are
highenegy gammagGai9(. Neutrinos(v's) arealsopresenbut theirnumberis unknovn
becaus®f their extremelysmallinteractioncrosssection.

Chagedparticlesare deflectedn the intergalacticandgalacticmagneticfield. There-
fore, they no longerpoint backto their origin. Only neutralparticlescanbe extrapolated
backto their sources.Among the neutralparticles,neutrons, v's and~’s, only the lat-
ter type aresuficiently abundant.y’s are messengeparticles which give usinformation
aboutthe sourcejts flux, spectrumtiming informationandaboutthe~ propagatiorin the
pathbetweerthe sourceandthe obsenrer.

1Throughouthis documenthe abbreiation’~’ refersto ahighenegy (> 1 GeV) photon.
2Neutronsdecaywith a life time of 940s. Still, extremelyhigh enegy neutrons(>1018 eV) could reachus
beforethey decayfrom closeobjectsasthe centerof our galaxy

11



12 CHAPTER1. INTRODUCTIONTO THE THEORY AND DETECTORS

The main questiongodayare: (1) Wheredo they comefrom ? (2) Whatis the com-
position of cosmicrays? and(3) Whatarethe accelerationmechanismsthatareableto
acceleratgarticlesto thesehigh enegies?

1.1.1 The spectrum of cosmicrays

As of today it is not fully known wherethe cosmicrays(CR) comefrom andhow they
areacceleratedo suchhigh enegies(in the GeV to PeV enegy range). It is commonly
agreedthat thereexist threepopulationsof cosmicrays: (1) Particlesemittedby the sun
whichrelatively low enegiesupto about10 GeV, (2) galacticcosmicrayswhich dominate
the spectrumup to 1 PeV and (3) extragalacticcosmicrayswhich have highestenegies
[LON97/2). For simplicity | will restrict myself to the latter two typesabove enepgies
of 10 GeV which are relevantfor Cherenlov telescopes.Lets have a closerlook at the
spectrunof cosmicrays.

Fig. 1.1shavstheall particlespectrunof cosmicrays. Thetypical spectrunfollows a
power law andit is usuallycharacterizetby a constantalledspectraindex a:

dN o
15 & E (1.1)

Of interestis the region around5 PeV, the so-calledkneeposition, wherethe spectral
index changedrom a ~ 2.7 to a =~ 3.0. The part below the kneeis believed to be
quite well understoodLON97/1]. The dominantportion of the particlesis of galactic
origin. The currentbeliefis that shockwave acceleratiorin superneaeremnant{SNR)
is the major sourceof galacticCR. Particlesandionizednuclei are emanatedy red and
blue giantsandareboostedo higherenepiesin the shockfronts of SNRs. The chemical
compositiorof the CR up to thekneecanbe explainedby acombinatiorof intrinsic source
compositioranda spallation processvherebyheavier elementarebrokendownto lighter
elementslt is believedthatthe CR aredeflectedandconfined in the magneticfield of our
galaxy By measuringhe abundanceof radioactve isotopest hasbeenfoundthatCR are
confinedfrom 108 to 107 yearsinsideour galaxy This explainsthehighisotropy of theCR
in this enegy range.

Above 1 PeV, shockwave acceleratiorbecomesdneffective andthe CR leak out of
our galaxy(leaky box model[LON97/1]) becausehe galacticmagnetidield is not strong
enoughto confinethe particlesin our galaxy The chemicalcompositionhasnot been
measure@bovethekneeandit is not clearasof todaywherethesecosmicrayscomefrom.
The spectralindex of thecosmicraysabove the knee canbe explainedby theassumption
thatvery high enegy cosmicraysescapdrom the galaxy The strongesargumentfor this
theoryis the increasinganisotropy with increasingenegy of the particles]LON97/1]. A
large partof the CR upto 10® PeVwould thereforestill be of galacticorigin.

Above 10* PeV it is widely agreedthat theseCR mustbe extragalactic sincetheir
Larmorradii in the galacticmagneffield is largerthanthe size of our galaxy[Gai9(] and
canno longer be confined. Anotherargumentis thatthe anisotropy changesandthat
the highestenepgy particlesappeato originatemainly from high galactic latitudes, most
likely from the local super-cluster [LON97/1], while for lower enegiesthe anisotroy
pointsto the galactic plane. For thehighestenegy particles(upto 10?! eV) nosatistictory
acceleratioomodelexists.

1.1.2 Sourcesof cosmicrays

Candidategor cosmicacceleratorsireobjectsthathave significantmagneticfields and/or
very large extensionsandat the sametime have extremelyfastmoving shockfronts. The
mostimportantcandidategor the productionof high enegy CR arethefollowing.

e Supemova remnants which acceleratgarticlesin their shockfront.
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Figurel.1: Al particledifferentialspectrunmultiplied with E2-7° for betterillustrationof theknee
atapproximatelys PeV (Takenfrom [Wie94]).

e Pulsarsandneutronstars.

e Active galactic nuclei (AGN): Probablysupermassie black holeswith morethan
10° solarmasseshatemit plasmajetswith high Lorentzfactors(up to ~10). Shock
frontsinsidethesgetsareableto acceleratgarticlesto very high enegies.

e Gammaray bursts: Hugeexplosionsof still unknavnorigin, visiblealmostuniquely
in thesoft~-regime.

e Binary starsystemswith a neutron star or a black hole.

In this work | will discussactive galacticnuclei (AGN), with focuson Mkn 421 which
belongsto thegroupof BL LAC objectsfor whichthejet is pointingtowardsthe earth.

1.1.3 ~-rays and ~-ray production processes

As alreadymentioned the only particleswhich are sufficiently albundantandwhich can
betracedbackto their origin are~-rays. Thereforey-spectroscopis the methodto learn
moreaboutthe physicsof cosmicsourcesThereareseveral physicalprocessesvhich are
believedto generatggammaray photons.Theseare:

o 79 -decay: High enegy protonsinteractwith matterandproduceavarietyof hadronic
particles. Approximately30% of themare=®, which decayalmostinstantaneously
into two gammagwith branchingratio > 99%).

e Bremsstrahlung: If a chaged particleis acceleratedr deceleratedin an elec-
tric field), it emits photons. This could be a high enegy electronor protonin the
Coulombfield of a nucleusor ion. The of Bremsstrahlungpectrumof high enegy
electronshasthe samespectralindex asthe electronspectrumitself, provided that
thelatterfollows a power law.
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e Synchrotron radiation: Thisis similar to the acceleratiorin anelectricfield: If a
chagedparticleis accelerateddeflected)n a magnetidfield, it emitsphotons.The
peakemissionof synchrotrorradiationis givenby:

Epear =5-107% . H - ~? (1.2)

H is the perpendiculamagneticfield componenin Gauss;y is the y-factorof the
electronandthe enegy Ep., IS givenin eV. For example,in the relatiistic jet
of an AGN, the magneticfield is aboutH=0.1 G. The electronsare acceleratedy
shock-vavesup to v = 10%. The peakemissionof synchrotronradiationoccurs
at approximatelyEp.., = 500eV. Onecanseethatin orderto gethigh enegy
photons(> 1 GeV), relativistic electronsanda reasonablystrongmagnetidfield are
required.Thisis normally notthe case.Ontheotherhand,thesdow enegy photons
may producea densephotonfield with high enepgy electronghatthey becomeatar
getfor interaction:Namely, for inverseCompton scattering. Thisprocesdecomes
veryimportantfor the generatiorof ultra high enegy gammarays.

e Inverse Compton scattering: Relatvistic electronsup-scattetow enegy photons
to higherenegies. The synchrotronradiationand the inverseComptonscattering
will bediscussedn detailin the sectionconceming the synchrotron-self-Compton
(SSCmodel).

All theseprocessesantake placein active galacticnuclei,which will be describedn the
following section.

1.2 Active galacticnuclei and the classof BL LACs

In this sectionl will briefly summarizesomerelevant featuresof active galactic nuclei
(AGN). Theterm AGN refersto a classof galaxieswhich have a very large massin the
orderof 10° to 10'° solarmassegoncentrateéh aregion of the sizeof our solar system
It is believed that thesecentralobjectsmustbe supermassve black holes. The enegy
sourceof theseobjectsis thoughtto be corvertedgravitational potential. Thereareseveral
different classesand typesof AGN which are all believed to be connectedby a single
model, namelythe unified AGN schemdPad1/99 Pad2/99.

1.2.1 Classificationof active galactic nuclei (AGN)

TheclassificatiorfPad1/99 Pad2/99 Gui9§ is basednthegalaxyshapendvariousphys-
ical propertiedike emissionlines, microwave emissionspectraand gammaray emission
(Seefig. 1.2)

All of theseobjectsaredividedin two largegroups:Spiralgalaxiesandelliptical galax-
ies. Membersof the first group are called Seyfert galaxiesandtheseare subdvided into
Se/fert galaxiesl andll. Type | galaxieshave broademissionlines while the latter type
galaxieshave narrov emissionlines. The elliptical galaxiesare subdvided, accordingto
their radio emission,in weakandstrongradio emitters. Membersof the classwith weak
radio emissionare called Radio Quiet Quasars.Membersof the classwith strongradio
emissionareagainsubdvidedin two big groups,onewith strongandonewith weakopti-
cal emissionlines. The oneswith strongoptical emissionlines arecalled RadioQuasars,
which themselesaresubdvidedin two groups: Flat Spectrum Radio Quasars(FSRQ)
andSteepSpectrunRadioQuasargSSRQ).Thefirst type,having weakor no opticalemis-
sionlinesaregroupednto RadioGalaxieshaving nogammaemissionwhile the BL LAC
objectswhich have somegammaemissionjnto agroupwith flat radiospectrunandoptical
polarization.Finally, BL LACsandFSRQtogetherform the classof Blazars. All blazars
emity-rays.
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Figurel.2: Classificatiorof AGN, takenfrom [B6t97)

It hasbeentriedto relateall thesedifferentclassesandsubdvisionsto agenerapicture
of AGNs. Fig. 1.3shavsaschematisketch. At thecenterof eachAGN is a supermassie
black hole betweenl 0° to 101 solarmassesurroundedy a highly relativistic rotating
accretion disc [Liv02). Dueto friction the discheatsup to temperaturei the orderof
keV, thustransformingthe gravitational potentialinto thermalenegy. The plasmaemits
a thermal spectrum which peaksin the (soft) x-ray region. Photonsemeging from the
disc excite atomsandmoleculesn gasclouds,eithercloseto thedisc,whichyieldsstrong
Dopplerbroadeneaptical emissionlines, or further awvay from the torus,which produce
narrow lines(becauséhey arecolderandhave smallervelocities).

Thedifferentspectraldifferencesarebelievedto originatefrom differ ent obsewation
anglesandalsofrom differ ent physical parameters, like the accretion rate andthe spin
of theblackhole.

Sometimegherearestronglycollimated,highly relativistic jets or blobsemittedper
pendicularto the accretiondisc from the polesof the black hole. The radio emissionis
relatedto synchrotron emissionof relatiistic (i.e. electrons)articlesin thejet. The~y-
emissionis alsobelievedto be producedby thejet. Sincethejet hasrelatiistic velocities,
theradiationis beamedn forward directionandthe y-emissioncanonly beenseenif the
obsenationangleto thejetis lessthand ~ %(-> Blazars)wherel'is the Lorentzfactorof
thejet or blob.

The acceleratiormechanismis yet not fully understood. The generalideasare pre-
sentedn thenext section.

1.2.2 Discdynamicsand the expulsionof jets

Theaccretiondisc playsanimportant role in the emissionof jets. The key point seems
to bethe collapseof the disk. Thetheoryof accretiondiscspredictsthatthe disc becomes
unstable whenit overheatandbecome®ptically toothick (Eddingtonlimit) suchthatthe
thermalenegy canno longerescapeén theform of electromagneticadiation[Mag01]. At
this pointsthedisk collapsesandtheinnerpartof theaccretiordiscfallsinto theblackhole
[MeiO1].

Recently hints have appearedf a connection betweerthe collapseof the accretion
disc andthe ejection of a jet [Mar02]. This phenomenomasbeenobsenedin the case
of 3C120,a radio quasar The collapseof the accretiondisc hasbeenassociatedvith the
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Figure 1.3: The AGN modelis supposedo unify the differentclassesand subdvisions of AGN
into one generalpicture. At the centerof eachAGN is a supermassie black hole between10®
to 10'° solarmassesurroundedoy a highly relativistic rotating accretion disc [Liv02]. Dueto
friction the disc heatsup to temperaturesn the order of keV, thustransformingthe gravitational
potentialinto thermalenegy. The plasmaemitsa thermal spectrum which peaksin the (soft) x-
ray region. Photonsemenging from the disc and excite atomsandmoleculesin gasclouds,either
closeto thedisc,whichyieldsstrongDopplerbroadeneapticalemissiorlines,or furtheraway from
the torus, which producenarrav lines (becausehey are colderand have smallervelocities). The
differentspectraldifferencesare believed to originatefrom differ ent obsewation anglesandalso
from differentphysicalparameterdik ethe accretion rate andthe spin of theblackhole. Sometimes
therearestrongly collimated,highly relatvistic jets or blobsemittedperpendiculato the accretion
disc from the polesof the black hole. The radio emissionis relatedto synchrotron emission of
relatiistic (i.e. electrons)particlesin thejet (Picturetakenfrom [Pad95]).
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so-calledx-ray dip, which is a spontaneouandsignificantdecreasén the thermal(soft)
x-ray emissiorof thedisk. The softx-rayshave beenclearlyidentifiedby aniron emission
line, believedto originatefrom theinner partof theaccretiondisc. Thedip is only seenin
the soft x-ray emission.A clear correlation betweerthe x-ray dip andthe ejection of a
radioblob hasbeenobsened.

To geta betterunderstandingf the acceleratioomechanisnof jets,a laboratory ex-
periment was setup[Hsu0Z. The systemof a centralobjectandan accretiondisk was
simulatedby a plasma(in form of a disc) togetherwith a magneticfield generatedy a
magnetandanelectricfield betweerthe centralobject(aroundelectrodelandthedisc(an
electrodeing). Thejet wasejectedwhentheelectricfield wasswitchedon. In this experi-
mentthe jet was magnetically dri ven andalsomagneticallycollimated. The experiment
alsoshavedthatjetswith helicity appeamnaturallyin suchasystem(SeeFig. 1.4).

Furthermoregeneralrelativistic magnetotydrodynamic(MHD) 3-D simulations of
the accretion-disk/black-holeystemhave showvn thatjets area naturalconsequencef a
rotatingdisk in the presenceof a magnetidield [Mei01, Kud99 Koi02]. The simulations
seemo suggesthatmainly very fast rotating Kerr blackholes(massM) with spinsfrom
a = 0.90 M uptoa = 0.95 M (maximallyrotatingis a = 1.0 M) areableto accelerate
jetsupto Lorentzfactorsof § = 10. Theaccelerategplasmamostlik ely originatesrom the
outer halo of theaccretiordisk. Thejetis magnetically dri ven andandalsomagnetically
collimated. Theparticlesacceleratingrom the plasmaaremostlik ely electrons. Heavier
particlesandions areslower andremainin the disk halo[Mag01]. This would imply that
thejet mainly consistof electrons andelectromagneticradiation.

Evidencefor the collimation of the jet at a distanceto the nucleusbetween30 and
100 Schwarzschildradii wasrecentlyobsenedin the radiogalaxyM87 by J. Birettaetal.
[Bir02]. Duringjet collimation,very closeto the black hole,the jet openingangleappears
to increasawhile atlargerdistancest decreases.

Othertheoriesclaim that the black hole actslike a huge dynamo in a magnetffield
generatedy the accretiondisc. The eventhorizonbehaveslik e anelectricconductorand
builds up an electricfield betweenthe equatorof the black hole andits pole. The static
magneticandelectricfield densitieg Poynting flux) reachsucha strengththatete~ pairs
arecreatedout of the vacuum. Theseelectronsare acceleratedvy the electricfield and
focusedby themagnetidield [Mag01]. Suchjetsarepurelyelectromagnetic.

Future measurementand simulationswill clarify the questionwhetherthe jet only
consistof electronor if hadronsarepresentaswell.

1.2.3 Jetmodelsand the SSCmodel

It hasbeentried to explainthe y-emissionby two differentmodels:

1. The synchrotron self Compton (SSC) model attemptsto explain the production
of very high enegy gammagqTeV range). An elegantand apparentlynaturalway
to explain the existenceof very high enegy gammasis by inverseComptonup-
scatteringof soft photonsthat are producedby the samehigh enegy electrongthat
areinvolvedin thescatteringoy synchrotrorradiation.

2. In hadronic jet modelsthejet containshadrons(e.g. protons)which producer®’s
in collisions. Theser’s decayinto two s andthe high enegy v emissioncanbe
explainedin thisway. This modelalsowould explain the existenceof hadronichigh
enegy cosmicrays.

Eventhatit seemsvery probable that a jet also containsa hadroniccomponentjn the

momentit seemghatthe (at leastthe pure)hadronicmodelhasbeendiscarded because
theshapeof the obsenedy-spectrunto its theoreticaprediction.Onthecontrary the SSC

modelfits the shapeof the obsenedspectrumvery well. In thiswork | will restrictmyself

to the SSCmodelonly.
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(a) Developmentof a jet without helicity

(b) Developmentof ajet with helicity

Figurel.4: Imagesof alaboratoryexperimentto designedo simulatejet emissiornwhich shav the
expulsionand developmentof a jet in a seriesof pictures. Plot a) shawvs a straightjet and plot b)
shaws ajet which developsa helicalinstability. Takenfrom [Hsu03.
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Figurel1.5: lllustrationof the shockacceleratiomechanismTheparticleis scatteredseveraltimes,
forth andbackover the shockfront.In eachcycle it gainsenegy dueto the movementof the shock-
front.

The mechanisrmecessaryo efficiently acceleratehagedparticles(e.g. electrons}o
extremelyhigh enegies(> 1 TeV) is believedto bethe so-calledshockwave acceleration
[Gal0Z.

Shockwave accelerationmodel

The just mentionedshock waves or shockfronts are naturally presentin jets and super
novaeremnantSNR). Particlesare randomly scattered by local magnetic irr egulari-
ties (Alfvén- andhydromagnetievaves[LON97/2]), thuspassingmnary timesfrom down-
streamof the shockfront into the upstreaminterstellarmedium (or if the shockfront is
insidethe jet, from the downstreamshockover to the slower upstreanplasmain the jet)
andback(seefig. 1.5). At every cyclethe particlewill gain energy dueto thefastmove-
mentof the downstreamshock[Gal0Z. For nonrelatvistic shocksthe following formula
shavstheenepgy gaincomparedo theinitial enegy, averagedverall inclinationangles.

E;\ . 4
<E> =1+ g/Brel (13)

Brer is thevelocity of thejet in unitsof c. The particlehasa probability to escapethe
acceleratiorfiront volumeby beingscatteredway from the shockfront. Takingthis proba-
bility into the calculationthe resultingspectrurmhasa power law shape In nonrelatvistic
shockgheangulardistribution of the movementds uniform andfor a strongnonrelatvistic
shockthis leadsto power law spectrawith spectraindex a = 2.

aN

For ultra relativistic shocks,which is the casefor jets emittedby AGNs, the escape
probabilityandthe averageenegy gainpercycleis morecomplicateciueto therelativistic
movement. The angulardistribution of the high enegy chagedparticlesis not isotropic
arymore. In [Gal0Z it hasbeendemonstratedthat by assumingdifferentscenariosthe
spectraindex for ultrarelativistic shockss in therangeof a=2.2to a=2.3.

A veryimportantquestionconcernghe maximum energy thatcanbereachedy this
mechanismThehardlimit of the maximumenegy dependsnainly ontwo aspects.
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1. The radiusof the emissionregion mustbe larger than the Larmor radiusof the
particle.
Emaz = qB’YRjet (15)

B isthemagnetidield in thejet, R;,; is theradiusor jet scale g is thechageof the
accelerategharticleand+y is therelativistic gammafactorof the particle. According
to Equ.1.5for ajetradiusof R;.; = 0.01 pc=3-10'* m,agammafactorof y = 10

anda magneticfield of B = 0.1 G the absolutemaximumenepy is in the rangeof

10'4 eV or 100 TeV. Thesenumbersgive the order of magnitudethat is generally
expectedn suchjets.

2. The electronsare constantlybeing cooled down dueto two effectsand limit the
maximumreachablenegy if the coolingis becomegasterthantheacceleration:

(a) Emissionof synchrotron radiation (which dependson the magneticenegy
densityup in thejet)

(b) InverseCompton scatteringwhich dependson the soft photondensityu, ¢

)

The SSCmodel and relativity

As alreadymentionedtheideabehindthe SynchrotrorSelf Comptonmodelis thatthe ob-
senedhigh enegy ~'s areproducecdoy aninverse Compton up-scattering of low enegy
photons(UV andsoft x-rays) by high enegy electrons. The requireddensesoft photon
field is assumedo be producedvia synchrotron emissionby the samehigh enegy elec-
trons by magneticirregularitiesin the jet (the relevant parameteiis the magneticenegy
densityu ). The SSCmodelis describedn detailin AppendixA.

As an alternatve (which is not SSC),the soft photonscould also originatefrom the
accretion disc if the latter is not too far away from the blob. This possibility will be
discussedh thelastchapter

The typical SSC modelspectrumconsistsof two emissionpeaks(seeFig. 1.6). One
synchrotron peak (the soft photonfield) which peaksin the UV or soft x-raysregionand
oneinverseCompton peak which peaksin the Ge\tregion.

Dueto the relativistic motion of the source(alongthejet axis),the emissionintensity
is boosted in the direction of motion and becomesstrongerand more enepetic for an
obsener for whom the jet approachingascomparedo an obsererin the moving (blob)
frame[Mag01]. Theso-calledbeamingeffectis characterizethy the Dopplerfactors:

§=[y(1— Beos?)] * (1.6)
whereg is thevelocity in unitsof ¢ with

B=4/1— iz a.7)
Y
where+y is the relativistic Lorentzfactorof the motion andthe obsener seeshe jet at an
angled.
The Lor entz-transformations of the local comoving jet system(whoseobsenables
areprimedhere,eg. dt', I'(v'")) relative to the distantobsener system(whoseobsenables
areunprimed.eg. dt, I(v)) yield:

e All longitudinal length scalesandtime scalesmustto be divided by the Doppler
factoré:

dt = o6 tdt (1.8)

de = 6 'da' (1.9)
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Figure 1.6: This figure shavs an exampleof the double peakstructureof a possibleSSCmodel.
Herethe low andhigh statesof the multi-wavelengthspectrumof Mkn 421 have beenfitted with a

SSCmodelusingalaminargeometryfor theemissiorregion. Takenfrom [Mas99. Parametersised:
variability time scalet=500s,with a Dopplerfactorof § = 20 (for low state,while for high states
¢ is by afactorfour higher),with a magneticfield of B=0.4 G, anda maximumelectronenegy of

Ymaz = 1.410%).

e Theintensity scaleswith 6% as:
I(v) = &83I'(V") (1.10)

wherer = ¢ - v/ andv is the photonfrequeng. The openingangleof thelight cone

dueto relativistic beamings

0 ~tanf = 1 (1.12)
8

wherethetais the openingangleof the coneandy the Lorentzfactorof the blob.
Any (v-) radiationemittedby thejet is beamedn forwarddirection.

1.2.4 Jetsof Mkn 421and Mkn 501asseenby microwave telescopes

The jet propertiesare discussedn the basisof the two AGNs Mkn 421 and Mkn 501.
Theformeris subjectof this thesisandthe latterwill be usedlaterfor comparison.

The contemporarypicture of a jet is a blob of relativistic particlesthatis ejectedby
the AGN. The Lor entz factor hasbeenestimatedor the caseof mary Blazarsandradio
galaxiesby measuringthe superluminal motion of the blob seenby radio telescopes.
Radiotelescope$iave the necessarangularresolutionto a precisionof miliarcsecondsa
resolutionthatis impossibleto achieve for opticalwavelengths.The generakonclusionis
thatthe Dopplerfactorof mostblazarsandradiogalaxiess typically § = 10 [Pad2/99.

Superluminamotionis a natural effect of relatwity in whichtheblob movesatangles
of approximately30°-60° in directionto the obserer, who measuresn apparentspeed
thatis fasterthanlight [Mag01]. Theobsered speecf the motionis:

X (ﬁ X ﬁ)
Bob = ﬁT (1.12)
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Bsin ¢
1—fcos¢

where7 is theobsererdirection,¢ is theobser\ationangle,? thevelocity of theblobin
theobsenerframeandj,; is theapparentelocity obsenedby atelescope.

It is believedthatthejet hasaveryhigh Lorentzfactorimmediately after its expulsion
andcollimation. Laterit rapidly coolsdown by emissiorof synchrotrorandinverseComp-
ton radiation. The Lorentzfactorof the blob decreasewiith increasingdistancefrom the
nucleus.At high Lorentzfactorsit radiatespredominantlyin the form of hardx-raysand
(i.e. BLAZARS) in v-rays. Eventually whenthejet is muchfurtheraway from the nucleus
andit hascooleddown significantly the jet emitssynchrotrorradiationin the microwave
enepgy rangeatwhichtimeit transparento microwaves. Only then will it becomevisible
in the radio frequeng range[Mar02]. At the pointwhenthejet becomewisible to radio
telescopests distancefrom the AGN is alreadyhundredf parsecs.

Both objects,Mkn 421 andMkn 501, have beenobsenedwith radio telescopeqsee
Fig. 1.7). As previously explained,it is assumedhatthe jets of thesetwo objectsmovein
thedirectionof the obsenerwithin anangleof § ~ 1 ~ 0.1 rad ~ 6° (y = 10) from the
factthatwe seey-radiationthatis emittedin theforwarddirection.Unfortunatelytheexact
obsenation angleis unknown. However, we do know thatthe movementis not exactly
in theline of sightbecausenaoving blobswith superluminalelocity have beenobsened.
Theseblobsarerelatively slowv. Mkn 421 blobsexhibit a velocity of onlyv = 2+ 0.1¢
andMkn 501 blobshave velocitiesof approximately = 2.5 + 0.1 ¢ [Mar99]. Theseslow
superluminal velocities of theradioblobshave two explanations:

(1.13)

1. Thejetinitially hada higher bulk Lorentzfactorof closeto tenwhenit radiatedx-
raysand-~-rays(by synchrotrorand-y-radiationemission)andsubsequentlgooled
down rapidly , more rapidly than othertypical radio galaxies. Later the obsened
radioblob only showvs a Lorentzfactorof approximately 3.

2. The obsewvation angle is very small suchthat the superluminalmotion hasonly
smallvaluesbetweer?.0and2.5. Thiswould allow a high Lorentzfactorof theblob
closeto 10.

It shouldbe mentionedhatthejet structureof both objectsis significantlydifferent. This
canbe seenfor examplein the magneticfield (canbe seenin the polarizationof theradio
emission[Mar99]) which is perpendiculato thejet in caseof Mkn 501 andfor Mkn 421
themagnetidield is parallelto thejet.

1.2.5 Fastvariablity and other propertiesof AGN flares

As of today several Blazarswhich emitgammaraysin the TeV rangehave beendetected.
The mostsignificantof theseare Mkn 501, Mkn 421, 1ES1426 1ES2344and 1ES1959,
while astronomerfave discoreredabout60 AGN in the GeVrangemainly by the EGRET
satellite(seeFig. 1.8). All the known GeV Blazarsareradio load. The radio emission
is assumedo be synchrotrorradiationof very high enepgy particles(mostly electronsout
with a possible(wealer) contribution from protons)in the jet. The synchrotronemission
extendsup to the soft x-ray whereit canbe detectedvith satelliteslike ASCA or RXTE.
Synchrotrorradiationhintsto the SSCmodel.

A very importantfeatureof the AGN flaresis its extremelyfastvariability. Mkn 501,
assumedo bea blackhole of 108 solarmassesandMkn 421,smallerwith approximately
10% solar massesare ratherextendedobjectswith Schwarzschildradii of the order of 1
AU and 1/100 AU respectiely and with distancesrom the black hole to the accretion
discbetweenl0and100 Schwarzschildradii. Thedistancedrom the blackholeto thejet
extendeven further, with Schwarzschildradii at the orderof 10* to 10'°. The obsewved
variability is very rapid . Typicaltimescalearea few hours for Mkn 501 andabout15
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Figure1.7: Shavn hereare VLBA radioimagesof the two objectsMkn 421 andMkn 501, taken
at 15 GHz. Picturea) shavs Mkn 421, taken on July 1997 andpictureb) displaysMkn 501, taken
on August1997. Mkn 421is very core-dominatedvhich could be dueto a small obserationangle.
Mkn 501 shawvs abendingin thejet of almost90°. Bothradiojetsshav superluminamotionexcep-
tionally slow for typicalradiogalaxies.Mkn 421blobshave approximatelyavelocity of Bo5s = 2.0c
andblobsof Mkn 501 have approximately3,,s = 2.5¢c. Theseplotsweretakenfrom [Mar99]. Plot
c) shavs thesuperluminabpeecdasafunctionof the obserationangle(in degreesyor threedifferent
Lorentzfactors(y=4, vy=6 and~y=10). The vertical line shavs the positionof the light cone. Since
from thesetwo objectsy-emissions obseredtheactualobserationanglemustbe smallerthanthis
limit.





