
Analysisof the Lar ge
GammaRay Flares

of
Mkn 421

asObserved with HEGRA CT1
on the Island La Palma

in 2001

Ph.D. Thesis

by

ThomasSchweizer

supervisedby

Manel Martinez
IFAE

Edifici Cn., UAB
08193Bellaterra/Spain

and

Eckart Lor enz
Max Planck Institut für Physik

80805München/Germany



Acknoledgements

First, I wish to sincerelythankmy supervisorsDr. Manel Martinez from the Institut de
Fisica d’Altes Energies/Spainand Dr. Eckart Lorenz from the Max PlanckInstitut für
Physikin Munich for supervisingandproviding mewith this interestingPh.D.subjectand
for giving meachanceto dorealphysicsfor my doctoralwork. Bothhelpedmeimmensely
by providing me with the necessarywork environmentandgiving me the possibility to
participatein several conferencesandschools. In addition, they alwayshelpedme with
questionsandproblemsrelatedto physicsandlastbut not leastfor cross-readingthisthesis.
Dr. Eckart Lorenz provided me with an abundanceof long distancesupportvia many
fruitful discussionsandinvitationsto Munich. Without his help it would have beenmuch
moredifficult to accomplishgoodresults.Many of the ideasin this work, like weightsin
thecalculationof Hillas parameters,andseveralmorecamefrom him.

I alsowish to thankEnriqueFernandezvery muchfor providing mewith theopportu-
nity to do a doctoralthesisat IFAE, to live in Spainandto learnaboutandexperiencetwo
fascinatingcultures,theCatalanoneandtheSpanishone.

In addition I would like to thank all the membersof the HEGRA collaborationfor
supplyingmewith theastronomicaldata.I amgratefulto all theHEGRA membersof the
Max PlanckInstitut für Physik in Münchenthat I have known personally, for very good
cooperationandfor teachingme an abundanceof valuableinformationaboutCherenkov
Telescopes,especiallythe CT1. ThesepeopleincludeRazmikMirzoyan,Martin Kestel,
DanielKranichandJuanCortina. I owe specialthanksto WolfgangWittek for somevery
helpful discussionsandfor cross-readingmy thesis.

At this point I wish to sincerelythankKristo Karr for thepainfulEnglishcorrectionof
my thesis. Without him the thesiswould not be what it is now! The othercrossreaders
mustalsoto bementionedhere.ThesepeopleareMarkusGaugandMartin Kestel.

At IFAE I wish to thankMarkusGaug,David Paneque,JosepFlix, Javier Lopez,Eva
DomingoandOscarBlanchfor theirgoodteamwork andfor providingaveryniceworking
environmentat the institute. In this context I owe specialthanksto SachaOstankov with
whomI hada verypleasantandproductiveworking collaboration.

Finally, I wish to extend my most heartfeltthanksto my wife Miha who supported
me with her love, which provided me with the energy neededto accomplishthis work.
Anotherheartfeltthanksto my parentsfor supportingmy studiesin physics,helpingme
duringdifficult timesandfor providing steadfastmoralsupport.

3



Contents

1 Intr oduction to the theory and detectors 11
1.1 Cosmicrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.1.1 Thespectrumof cosmicrays . . . . . . . . . . . . . . . . . . . . . 12
1.1.2 Sourcesof cosmicrays . . . . . . . . . . . . . . . . . . . . . . . . 12
1.1.3 � -raysand � -rayproductionprocesses. . . . . . . . . . . . . . . . 13

1.2 Activegalacticnucleiandtheclassof BL LACs . . . . . . . . . . . . . . . 14
1.2.1 Classificationof activegalacticnuclei(AGN) . . . . . . . . . . . . 14
1.2.2 Disc dynamicsandtheexpulsionof jets . . . . . . . . . . . . . . . 15
1.2.3 JetmodelsandtheSSCmodel . . . . . . . . . . . . . . . . . . . . 17
1.2.4 Jetsof Mkn 421andMkn 501asseenby microwavetelescopes . . 21
1.2.5 Fastvariablityandotherpropertiesof AGN flares . . . . . . . . . 22

1.3 TheGammaRayHorizon . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.4 Theoryof air showers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.4.1 Electromagneticcascades . . . . . . . . . . . . . . . . . . . . . . 30
1.4.2 Hadroniccascades. . . . . . . . . . . . . . . . . . . . . . . . . . 34
1.4.3 Cherenkov light production . . . . . . . . . . . . . . . . . . . . . 36

.1 Theprincipleof Cherenkov imagingtelescopes. . . . . . . . . . . . . . . 36

.2 TheHEGRA experiment:An overview . . . . . . . . . . . . . . . . . . . 38

.3 TheHEGRA CT1 telescope . . . . . . . . . . . . . . . . . . . . . . . . . 40
.3.1 Technicaldetails . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
.3.2 Thetriggerof CT1 . . . . . . . . . . . . . . . . . . . . . . . . . . 41

.4 TheAll Sky monitorof theRXTE satellite. . . . . . . . . . . . . . . . . . 41

A The Analysisof shower images 43
A.1 Thecalibrationof thetelescopedata . . . . . . . . . . . . . . . . . . . . . 44
A.2 MonteCarloSimulationof air showers. . . . . . . . . . . . . . . . . . . . 44

A.2.1 Simulationof thenight sky light . . . . . . . . . . . . . . . . . . . 45
A.2.2 Triggerefficiencies,cut efficienciesandeffectiveareas . . . . . . . 46

A.3 Gamma/hadronseparationmethods . . . . . . . . . . . . . . . . . . . . . 48
A.3.1 TheclassicalHillas parametersto describeshower images . . . . . 48
A.3.2 Imagecleaningalgorithmsto remove thenight sky backgroundin

thecamera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
A.3.3 Staticcutsanddynamicalcuts:Dependenceof theHillas parame-

terson the energy, the zenithangle,the impactparameterandthe
night sky background. . . . . . . . . . . . . . . . . . . . . . . . . 54

A.3.4 Backgrounddeterminationby usingtheALPHA-plot . . . . . . . . 58
A.3.5 Thelineardiscriminantanalysisasadynamicalcutandasatool to

quantifythediscriminationpowerof imageparameters. . . . . . . 60
A.3.6 Comparisonof the discriminationpower of the LDA andthe dy-

namicalcuts,testedwith realMkn 421data . . . . . . . . . . . . . 64
A.3.7 Conclusionabouttheefficiency of theLDA separationmethodand

anoutlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5



6 CONTENTS

A.4 New imageparametersandcleaningalgorithms . . . . . . . . . . . . . . . 71
A.4.1 Introductionof weightsin thecalculationof Hillas parameters. . . 71
A.4.2 The head-tailasymmetrydefinedin a suchway that it overcomes

thefinite resolutionof theCT1camera . . . . . . . . . . . . . . . 80
A.4.3 Theproblemof truncatedimagesdueto thelimited sizeof theCT1

cameraandtheleakageparameter. . . . . . . . . . . . . . . . . . 81
A.4.4 Mountainsand islandsin the shower image: Differencebetween

electromagneticshowersandhadronicshowers . . . . . . . . . . . 83
A.4.5 Improvementin gamma/hadronseparation. . . . . . . . . . . . . . 88
A.4.6 Conclusionaboutthe introductionof new imageparametersand

new imagecleaningalgorithms . . . . . . . . . . . . . . . . . . . 91
A.5 Energy estimationby theleastsquaresmethod. . . . . . . . . . . . . . . . 94

A.5.1 Conclusionabouttheenergyestimationusingthelinearleastsquares
method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

A.6 Mispointingof thetelescopeandits correction. . . . . . . . . . . . . . . . 95
A.7 Differentialflux spectrumcalculation . . . . . . . . . . . . . . . . . . . . 101

A.7.1 Determinationof theenergy excesseventdistribution . . . . . . . . 101
A.7.2 Unfolding thespectrum. . . . . . . . . . . . . . . . . . . . . . . . 102
A.7.3 Thespectrum,fitting andreversecheckof theresult . . . . . . . . 105
A.7.4 Discussionof systematicerrorsandthe reliability of the obtained

spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
A.8 Calculationof lightcurveandhardnessratio . . . . . . . . . . . . . . . . . 108

A.8.1 Themathematicalbackgroundof integratedflux measurements. . 108
A.8.2 Discussionaboutsystematicerrorsandthe reliability of the mea-

suredlightcurve . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

B Analysisof the flaresof Mkn 421in 2001 113
B.1 Light curveandtiming of theflaresof Mkn 421 . . . . . . . . . . . . . . . 113

B.1.1 Thelight curveof Mkn 421asmeasuredby CT1 . . . . . . . . . . 113
B.1.2 Comparisonof thelightcurveto theonemeasuredby theCT-system122
B.1.3 The2 keV-12 keV lightcurvemeasuredby theAll Sky Monitor of

theRXTE satellite . . . . . . . . . . . . . . . . . . . . . . . . . . 122
B.1.4 The discretecorrelationfunction appliedto TeV andX-Ray light

curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
B.1.5 Conclusionaboutthe � -ray/x-raycorrelationstudies . . . . . . . . 133
B.1.6 Thehardnessratioasmeasuredby CT1 in 2001 . . . . . . . . . . 134

B.2 Spectrumof Mkn 421 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
B.2.1 Thespectrumaveragedoverall flares . . . . . . . . . . . . . . . . 138
B.2.2 TheCrabnebulaspectrumfor consistency crosscheck . . . . . . . 141
B.2.3 Analysisof theMkn 421spectrumduringdifferentflarestates . . . 141
B.2.4 Conclusionsanda discussionof theresults . . . . . . . . . . . . . 147

C Comparisonwith Mkn 501and Conclusion 149
C.1 Spectralpropertiesof � -flares. . . . . . . . . . . . . . . . . . . . . . . . . 149

C.1.1 Timescales,correlationsandjet models . . . . . . . . . . . . . . . 153
C.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

D Summary 159

E Appendix A: Theory and calculations 163
E.1 Verificationof theNSBdistribution function . . . . . . . . . . . . . . . . . 163
E.2 ThesynchrotronselfCompton(SSC)model . . . . . . . . . . . . . . . . . 165
E.3 Error calculationof thecorrelationfunction . . . . . . . . . . . . . . . . . 167
E.4 Re-binningandaveragingof flux bins . . . . . . . . . . . . . . . . . . . . 168



CONTENTS 7

F Appendix B: Lightcur vesand ALPHA plots 169
F.1 Thecompletedaily lightcurve . . . . . . . . . . . . . . . . . . . . . . . . 170
F.2 Theestimationof thebackgroundfor thespectrum . . . . . . . . . . . . . 182



Abbreviations and shortcuts

ACT Air Cherenkov telescope
ADC Analogto digital converter
AGN Activegalacticnucleus
ASM All sky monitorof theRXTE satellite
CIB Cosmicinfraredbackground
CMB Cosmicmicrowavebackground
DFT DiscreteFouriertransform
EAS Extendedair shower
EGRET EnergeticGamma-rayExperimentTelescope
FOV Fieldof view
FSRQ Flat spectrumradioquasar
FWHM Full width half maximum
GRB Gammarayburst
HEGRA High energy gammarayastronomy
HV High voltage
NSB Night sky background
LDA Lineardiscriminantanalysis
MC MonteCarlosimulation
NKG NishimuraKamataGreisen
PhE Photoelectron
QE Quantumefficiency
SNR Supernovaremnant

9



Chapter 1

Intr oduction to the theory and
detectors

In recentyearsAstroparticlePhysicshasbeena field of steadygrowth andincreasingin-
terest.Only sincethelast15 years,hasonebeenableto measureandobservephenomena
whicharecompletelynew andwhichhavesignificantimpactto ourpictureof theuniverse,
distantgalaxiesandblackholes.In my thesisI will reporton theanalysisof thelarge,per-
sistentvery high energy gamma-ray(shortcut� -ray) flaring of theactive galacticnucleus
Mkn 421.

In this chapterI wish to describetheessentialtheorywhich is neededfor this Thesis.
First the propertiesandthe origin of cosmicrayswill be summarized.This is followed
by a classificationanddescriptionof theactive galacticnuclei (AGNs). A very simplejet
modelwhich acceleratesthe parentparticlesof very high energy (VHE) � ’s1 will be de-
scribed. This is neededto understandthe propertiesof Mkn 421. The very high energy
gammarayabsorptionby thecosmicinfraredbackground,whichmightaffect theobserved
spectrum,is quantifiedandsimulated.ThenI will explain thevariouspossibilitiesfor de-
tectingcosmicraysanddescribetheHEGRAexperiment.Laterin thischapter, Cherenkov
telescopeswill bediscussed,includinghow they function.Emphasisis puton theHEGRA
CT1 telescopewhich wasusedto recordthedatausedin this thesis.

1.1 Cosmicrays

Every secondabout1000high energy cosmicparticles(integratesflux above10 GeV) per
squaremeterhit the Earth’s atmosphere.Up to an energy of approximately1 PeV the
chemicalcompositionhasbeenmeasureddirectly (for anoverview see[LON97/1]). Most
of themareionizednuclei.Approximately90%of themareprotons,9%arealphaparticles,
asmallfractionareionizednucleiof heavier elementsandafractionof apercent(0.1%)are
highenergygammas[Gai90]. Neutrinos( � ’s)arealsopresentbut theirnumberis unknown
becauseof their extremelysmall interactioncrosssection.

Chargedparticlesaredeflectedin the intergalacticandgalacticmagneticfield. There-
fore, they no longerpoint backto their origin. Only neutralparticlescanbe extrapolated
backto their sources.Among the neutralparticles,neutrons2, � ’s and � ’s, only the lat-
ter typearesufficiently abundant. � ’s aremessengerparticles which give usinformation
aboutthesource,its flux, spectrum,timing informationandaboutthe � propagationin the
pathbetweenthesourceandtheobserver.

1Throughoutthisdocumenttheabbreviation ’ � ’ refersto ahigh energy (> 1 GeV)photon.
2Neutronsdecaywith a life time of 940s. Still, extremelyhigh energy neutrons(> �����	� eV) could reachus

beforethey decayfrom closeobjectsasthecenterof ourgalaxy.
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12 CHAPTER1. INTRODUCTIONTO THE THEORY AND DETECTORS

Themainquestionstodayare: (1) Wheredo they come from ? (2) What is thecom-
position of cosmicrays? and(3) Whataretheaccelerationmechanismsthatareableto
accelerateparticlesto thesehigh energies?

1.1.1 The spectrumof cosmicrays

As of today, it is not fully known wherethecosmicrays(CR) comefrom andhow they
areacceleratedto suchhigh energies(in the GeV to PeV energy range). It is commonly
agreedthat thereexist threepopulationsof cosmicrays: (1) Particlesemittedby the sun
whichrelatively low energiesupto about10GeV, (2) galacticcosmicrayswhichdominate
the spectrumup to 1 PeV and(3) extragalacticcosmicrayswhich have highestenergies
[LON97/2]. For simplicity I will restrict myself to the latter two typesabove energies
of 10 GeV which are relevant for Cherenkov telescopes.Lets have a closerlook at the
spectrumof cosmicrays.

Fig. 1.1showstheall particlespectrumof cosmicrays.Thetypicalspectrumfollowsa
power law andit is usuallycharacterizedby aconstantcalledspectralindex 
 :������ ����� (1.1)

Of interestis the region around5 PeV, theso-calledkneeposition,wherethespectral
index changesfrom 
�������� to 
������  . The part below the kneeis believed to be
quite well understood[LON97/1]. The dominantportion of the particlesis of galactic
origin . Thecurrentbelief is thatshockwave accelerationin supernovaeremnants(SNR)
is the major sourceof galacticCR. Particlesandionizednuclei areemanatedby red and
bluegiantsandareboostedto higherenergiesin theshockfrontsof SNRs.Thechemical
compositionof theCRupto thekneecanbeexplainedby acombinationof intrinsicsource
compositionandaspallation processwherebyheavier elementsarebrokendownto lighter
elements.It is believedthattheCRaredeflectedandconfined in themagneticfield of our
galaxy. By measuringtheabundanceof radioactive isotopesit hasbeenfoundthatCR are
confinedfrom !" # to !� %$ yearsinsideourgalaxy. Thisexplainsthehighisotropy of theCR
in this energy range.

Above 1 PeV, shockwave accelerationbecomesineffective and the CR leak out of
our galaxy(leaky box model[LON97/1]) becausethegalacticmagneticfield is not strong
enoughto confinethe particlesin our galaxy. The chemicalcompositionhasnot been
measuredabovethekneeandit is notclearasof todaywherethesecosmicrayscomefrom.
Thespectral index of thecosmicraysabovethe kneecanbeexplainedby theassumption
thatvery high energy cosmicraysescapefrom thegalaxy. Thestrongestargumentfor this
theoryis the increasinganisotropy with increasingenergy of theparticles[LON97/1]. A
largepartof theCR upto !" %& PeVwould thereforestill beof galacticorigin.

Above !" (' PeV it is widely agreedthat theseCR mustbe extragalactic sincetheir
Larmor radii in thegalacticmagnetfield is larger thanthesizeof our galaxy[Gai90] and
canno longer be confined. Anotherargumentis that the anisotropy changesandthat
thehighestenergy particlesappearto originatemainly fr om high galactic latitudes, most
likely from the local super-cluster [LON97/1], while for lower energies the anisotropy
pointsto thegalacticplane. For thehighestenergyparticles(upto !� %)+* eV) nosatisfactory
accelerationmodelexists.

1.1.2 Sourcesof cosmicrays

Candidatesfor cosmicacceleratorsareobjectsthathave significantmagneticfieldsand/or
very largeextensionsandat thesametime have extremelyfastmoving shockfronts. The
mostimportantcandidatesfor theproductionof high energy CRarethefollowing., Supernova remnantswhich accelerateparticlesin theirshockfront.
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Figure1.1: All particledifferentialspectrummultipliedwith 24365 798 for betterillustrationof theknee
at approximately5 PeV(Takenfrom [Wie94]).

, Pulsars andneutronstars., Active galactic nuclei (AGN): Probablysupermassive blackholeswith morethan
10# solarmassesthatemitplasmajetswith highLorentzfactors(up to : 10). Shock
frontsinsidethesejetsareableto accelerateparticlesto veryhighenergies., Gammaray bursts: Hugeexplosionsof still unknownorigin,visiblealmostuniquely
in thesoft � -regime., Binary starsystemswith a neutron star or a black hole.

In this work I will discussactive galacticnuclei (AGN), with focuson Mkn 421 which
belongsto thegroupof BL LAC objects,for which thejet is pointingtowardstheearth.

1.1.3 ; -rays and ; -ray production processes

As alreadymentioned,the only particleswhich aresufficiently abundantandwhich can
betracedbackto their origin are � -rays. Therefore� -spectroscopy is themethodto learn
moreaboutthephysicsof cosmicsources.Thereareseveralphysicalprocesseswhich are
believedto generategammaray photons.Theseare:,=<?> -decay: Highenergyprotonsinteractwith matterandproduceavarietyof hadronic

particles.Approximately30%of themare <?> , which decayalmostinstantaneously
into two gammas(with branchingratio> 99%)., Bremsstrahlung: If a charged particle is acceleratedor decelerated(in an elec-
tric field), it emitsphotons. This could be a high energy electronor protonin the
Coulombfield of a nucleusor ion. Theof Bremsstrahlungspectrumof high energy
electronshasthe samespectralindex asthe electronspectrumitself, provided that
thelatterfollowsapower law.
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, Synchrotron radiation: This is similar to theaccelerationin anelectricfield: If a
chargedparticleis accelerated(deflected)in a magneticfield, it emitsphotons.The
peakemissionof synchrotronradiationis givenby:�A@CBEDGFIHKJML !" �ON LQP�L � ) (1.2)P

is theperpendicularmagneticfield componentin Gauss,� is the � -factorof the
electronand the energy

� @RB�DGF
is given in eV. For example,in the relativistic jet

of an AGN, the magneticfield is aboutH=0.1 G. The electronsareacceleratedby
shock-wavesup to � H !" # . The peakemissionof synchrotronradiationoccurs
at approximately

� @RB�DGF HSJ  % UTWV . Onecanseethat in order to get high energy
photons(> 1 GeV), relativistic electronsanda reasonablystrongmagneticfield are
required.This is normallynot thecase.Ontheotherhand,theselow energy photons
mayproducea densephotonfield with highenergy electronsthatthey becomea tar-
getfor interaction:Namely, for inverseCompton scattering. Thisprocessbecomes
very importantfor thegenerationof ultrahighenergy gammarays., InverseCompton scattering: Relativistic electronsup-scatterlow energy photons
to higherenergies. The synchrotronradiationand the inverseComptonscattering
will bediscussedin detail in thesectionconcerning thesynchrotron-self-Compton
(SSCmodel).

All theseprocessescantake placein active galacticnuclei,which will bedescribedin the
following section.

1.2 Activegalacticnuclei and the classof BL LACs

In this sectionI will briefly summarizesomerelevant featuresof active galactic nuclei
(AGN) . The termAGN refersto a classof galaxieswhich have a very largemass in the
orderof !" # to !� * > solarmassesconcentratedin a regionof thesizeof our solar system.
It is believed that thesecentralobjectsmustbe supermassive black holes. The energy
sourceof theseobjectsis thoughtto beconvertedgravitationalpotential.Thereareseveral
different classesand typesof AGN which are all believed to be connectedby a single
model,namelytheunifiedAGN scheme[Pad1/99, Pad2/99].

1.2.1 Classificationof activegalacticnuclei (AGN)

Theclassification[Pad1/99, Pad2/99, Gui98] isbasedonthegalaxyshapeandvariousphys-
ical propertieslike emissionlines,microwave emissionspectraandgammaray emission
(Seefig. 1.2)

All of theseobjectsaredividedin two largegroups:Spiralgalaxiesandelliptical galax-
ies. Membersof the first grouparecalledSeyfert galaxiesandthesearesubdivided into
Seyfert galaxiesI andII. Type I galaxieshave broademissionlines while the latter type
galaxieshave narrow emissionlines. The elliptical galaxiesaresubdivided,accordingto
their radioemission,in weakandstrongradioemitters.Membersof the classwith weak
radio emissionarecalledRadioQuiet Quasars.Membersof the classwith strongradio
emissionareagainsubdividedin two big groups,onewith strongandonewith weakopti-
cal emissionlines. Theoneswith strongopticalemissionlinesarecalledRadioQuasars,
which themselvesaresubdividedin two groups:Flat Spectrum Radio Quasars(FSRQ)
andSteepSpectrumRadioQuasars(SSRQ).Thefirst type,having weakor noopticalemis-
sionlinesaregroupedinto RadioGalaxieshaving nogammaemission,while theBL LAC
objectswhichhavesomegammaemission,into agroupwith flat radiospectrumandoptical
polarization.Finally, BL LACsandFSRQtogetherform theclassof Blazars. All blazars
emit � -rays.
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Figure1.2: Classificationof AGN, takenfrom [Böt97]

It hasbeentriedto relateall thesedifferentclassesandsubdivisionsto ageneralpicture
of AGNs.Fig.1.3showsaschematicsketch.At thecenterof eachAGNis asuper-massive
black holebetween!" # to !� X* > solarmassessurroundedby a highly relativistic rotating
accretion disc [Li v02]. Due to friction the discheatsup to temperaturesin theorderof
keV, thustransformingthe gravitational potentialinto thermalenergy. The plasmaemits
a thermal spectrum which peaksin the (soft) x-ray region. Photonsemerging from the
discexcite atomsandmoleculesin gasclouds,eithercloseto thedisc,whichyieldsstrong
Dopplerbroadenedopticalemissionlines,or furtheraway from the torus,which produce
narrow lines(becausethey arecolderandhavesmallervelocities).

Thedifferentspectraldifferencesarebelievedto originatefrom differ ent observation
anglesandalsofrom differ ent physical parameters, like theaccretion rate andthespin
of theblackhole.

Sometimestherearestronglycollimated,highly relativistic jets or blobsemittedper-
pendicularto the accretiondisc from the polesof the black hole. The radio emissionis
relatedto synchrotron emissionof relativistic (i.e. electrons)particlesin thejet. The � -
emissionis alsobelievedto beproducedby thejet. Sincethejet hasrelativistic velocities,
theradiationis beamedin forwarddirectionandthe � -emissioncanonly beenseenif the
observationangleto thejet is lessthan Y : *Z (-> Blazars),where [ is theLorentzfactorof
thejet or blob.

The accelerationmechanismis yet not fully understood. The generalideasarepre-
sentedin thenext section.

1.2.2 Discdynamicsand the expulsionof jets

Theaccretiondiscplaysan important role in theemissionof jets. Thekey point seems
to bethecollapseof thedisk. Thetheoryof accretiondiscspredictsthatthediscbecomes
unstablewhenit overheatsandbecomesoptically toothick (Eddingtonlimit) suchthatthe
thermalenergy canno longerescapein theform of electromagneticradiation[Mag01]. At
thispointsthediskcollapsesandtheinnerpartof theaccretiondiscfalls into theblackhole
[Mei01].

Recently, hints have appearedof a connection betweenthe collapseof the accretion
disc andthe ejection of a jet [Mar02]. This phenomenonhasbeenobserved in the case
of 3C120,a radioquasar. Thecollapseof theaccretiondischasbeenassociatedwith the
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Jet
\

Obscuring
Torus

Black
Hole

Narrow Line
Region

Broad Line
Region

Accretion
]
Disk

Figure1.3: The AGN model is supposedto unify the differentclassesandsubdivisionsof AGN
into onegeneralpicture. At the centerof eachAGN is a super-massive black hole between̂`_�a
to ^+_ �	b solarmassessurroundedby a highly relativistic rotating accretion disc [Li v02]. Due to
friction the disc heatsup to temperaturesin the orderof keV, thus transformingthe gravitational
potentialinto thermalenergy. Theplasmaemitsa thermal spectrum which peaksin the (soft) x-
ray region. Photonsemerging from the discandexcite atomsandmoleculesin gasclouds,either
closeto thedisc,whichyieldsstrongDopplerbroadenedopticalemissionlines,or furtherawayfrom
the torus,which producenarrow lines (becausethey arecolderandhave smallervelocities). The
differentspectraldifferencesarebelieved to originatefrom differ ent observation angles andalso
from differentphysicalparameters,liketheaccretion rate andthespin of theblackhole.Sometimes
therearestronglycollimated,highly relativistic jetsor blobsemittedperpendicularto theaccretion
disc from the polesof the black hole. The radio emissionis related to synchrotron emission of
relativistic (i.e. electrons)particlesin thejet (Picturetakenfrom [Pad95]).
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so-calledx-ray dip, which is a spontaneousandsignificantdecreasein thethermal(soft)
x-rayemissionof thedisk. Thesoftx-rayshavebeenclearlyidentifiedby aniron emission
line, believedto originatefrom theinnerpartof theaccretiondisc. Thedip is only seenin
thesoft x-ray emission.A clear correlation betweenthex-ray dip andtheejection of a
radioblob hasbeenobserved.

To geta betterunderstandingof theaccelerationmechanismof jets,a laboratory ex-
periment wassetup[Hsu02]. The systemof a centralobjectandan accretiondisk was
simulatedby a plasma(in form of a disc) togetherwith a magneticfield generatedby a
magnetandanelectricfield betweenthecentralobject(a roundelectrode)andthedisc(an
electrodering). Thejet wasejectedwhentheelectricfield wasswitchedon. In thisexperi-
mentthejet wasmagnetically dri ven andalsomagneticallycollimated. Theexperiment
alsoshowedthatjetswith helicity appearnaturallyin suchasystem(SeeFig. 1.4).

Furthermore,generalrelativistic magnetohydrodynamic(MHD) 3-D simulations of
the accretion-disk/black-holesystemhave shown that jets area naturalconsequenceof a
rotatingdisk in thepresenceof a magneticfield [Mei01, Kud99, Koi02]. Thesimulations
seemto suggestthatmainlyvery fast rotating Kerrblackholes(massc ) with spinsfromd H  �� e% fc up to d H  g� e J c (maximally rotatingis d H !%�  fc ) areableto accelerate
jetsupto Lorentzfactorsof h H !" �� Theacceleratedplasmamostlikely originatesfrom the
outer halo of theaccretiondisk. Thejet is magneticallydri ven andandalsomagnetically
collimated. Theparticlesacceleratingfrom theplasmaaremost lik ely electrons. Heavier
particlesandionsareslower andremainin thedisk halo[Mag01]. This would imply that
thejet mainlyconsistsof electrons andelectromagneticradiation.

Evidencefor the collimation of the jet at a distanceto the nucleusbetween30 and
100Schwarzschildradii wasrecentlyobservedin theradiogalaxyM87 by J.Birettaet al.
[Bir02]. During jet collimation,very closeto theblackhole,thejet openingangleappears
to increasewhile at largerdistancesit decreases.

Other theoriesclaim that the black hole actslike a huge dynamo in a magnetfield
generatedby theaccretiondisc. Theeventhorizonbehaveslike anelectricconductorand
builds up an electricfield betweenthe equatorof the black hole andits pole. The static
magneticandelectricfield densities(Poynting flux ) reachsucha strengththat TjikT � pairs
arecreatedout of the vacuum. Theseelectronsareacceleratedby the electricfield and
focusedby themagneticfield [Mag01]. Suchjetsarepurelyelectromagnetic.

Futuremeasurementsand simulationswill clarify the questionwhetherthe jet only
consistsof electronsor if hadronsarepresentaswell.

1.2.3 Jet modelsand the SSCmodel

It hasbeentried to explain the � -emissionby two differentmodels:

1. The synchrotron self Compton (SSC)model attemptsto explain the production
of very high energy gammas(TeV range). An elegantandapparentlynaturalway
to explain the existenceof very high energy gammasis by inverseComptonup-
scatteringof soft photonsthatareproducedby the samehigh energy electronsthat
areinvolvedin thescatteringby synchrotronradiation.

2. In hadronic jet models the jet containshadrons(e.g. protons)which produce<?> ’s
in collisions. These<?> s decayinto two � s andthe high energy � emissioncanbe
explainedin thisway. Thismodelalsowouldexplain theexistenceof hadronichigh
energy cosmicrays.

Even that it seemsvery probable that a jet also containsa hadroniccomponent,in the
momentit seemsthat the (at leastthe pure)hadronicmodelhasbeendiscarded because
theshapeof theobserved � -spectrumto its theoreticalprediction.Onthecontrary, theSSC
modelfits theshapeof theobservedspectrumvery well. In this work I will restrictmyself
to theSSCmodelonly.
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(a)Developmentof a jet withouthelicity

(b) Developmentof a jet with helicity

Figure1.4: Imagesof a laboratoryexperimentto designedto simulatejet emissionwhich show the
expulsionanddevelopmentof a jet in a seriesof pictures. Plot a) shows a straightjet andplot b)
shows a jet whichdevelopsa helicalinstability. Takenfrom [Hsu02].
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Figure1.5: Illustrationof theshockaccelerationmechanism.Theparticleis scatteredseveraltimes,
forth andbackover theshockfront.In eachcycle it gainsenergy dueto themovementof theshock-
front.

Themechanismnecessaryto efficiently acceleratechargedparticles(e.g. electrons)to
extremelyhigh energies(> 1 TeV) is believedto betheso-calledshockwave acceleration
[Gal02].

Shockwaveaccelerationmodel

The just mentionedshock waves or shockfronts arenaturallypresentin jets andsuper
novaeremnants(SNR). Particlesarerandomlyscattered by local magnetic irr egulari-
ties (Alfvén- andhydromagneticwaves[LON97/2]), thuspassingmany timesfrom down-
streamof the shockfront into the upstreaminterstellarmedium(or if the shockfront is
insidethe jet, from the downstreamshockover to the slower upstreamplasmain the jet)
andback(seefig. 1.5). At every cycle theparticlewill gain energy dueto thefastmove-
mentof the downstreamshock[Gal02]. For nonrelativistic shocksthe following formula
shows theenergy gaincomparedto theinitial energy, averagedoverall inclinationangles.l �nm�Ao?p H !rqts�Ruwv Byx (1.3)

uwv Byx is thevelocityof thejet in unitsof c. Theparticlehasaprobability to escapethe
accelerationfront volumeby beingscatteredawayfrom theshockfront. Takingthisproba-
bility into thecalculationtheresultingspectrumhasa power law shape.In nonrelativistic
shockstheangulardistributionof themovementsis uniformandfor astrongnonrelativistic
shockthis leadsto power law spectrawith spectralindex 
 H � .���� � � ��� (1.4)

For ultra relativistic shocks,which is the casefor jets emittedby AGNs, the escape
probabilityandtheaverageenergygainpercycleis morecomplicateddueto therelativistic
movement.The angulardistribution of the high energy chargedparticlesis not isotropic
anymore. In [Gal02] it hasbeendemonstrated,that by assumingdifferentscenarios,the
spectralindex for ultra relativistic shocksis in therangeof 
 =2.2to 
 =2.3.

A very importantquestionconcernsthemaximum energy thatcanbereachedby this
mechanism.Thehardlimit of themaximumenergy dependsmainlyon two aspects.
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1. The radiusof the emissionregion must be larger than the Larmor radiusof the
particle. �Az{D+|~}K�W� �?�{� By� (1.5)�

is themagneticfield in thejet, �A� By� is theradiusor jet scale,
�

is thechargeof the
acceleratedparticleand � is therelativistic gammafactorof theparticle.According
to Equ.1.5for a jet radiusof �{� B9�UH  ��  �! pc= � L !� * ' m, agammafactorof � H !� 
anda magneticfield of

�
= 0.1 G theabsolutemaximumenergy is in the rangeof!" * ' eV or !"  TeV. Thesenumbersgive the orderof magnitudethat is generally

expectedin suchjets.

2. The electronsare constantlybeing cooled down due to two effects and limit the
maximumreachableenergy if thecoolingis becomesfasterthantheacceleration:

(a) Emissionof synchrotron radiation (which dependson the magneticenergy
density��� in thejet)

(b) InverseCompton scattering(which dependson thesoft photondensity �?�E� m �
).

The SSCmodel and relativity

As alreadymentioned,theideabehindtheSynchrotronSelfComptonmodelis thattheob-
servedhighenergy � ’sareproducedby an inverseCompton up-scattering of low energy
photons(UV andsoft x-rays)by high energy electrons.The requireddensesoft photon
field is assumedto beproducedvia synchrotron emissionby thesamehigh energy elec-
tronsby magneticirregularitiesin the jet (the relevant parameteris the magneticenergy
density��� ). TheSSCmodelis describedin detail in AppendixA.

As an alternative (which is not SSC),the soft photonscould alsooriginatefrom the
accretion disc if the latter is not too far away from the blob. This possibility will be
discussedin thelastchapter.

The typical SSC modelspectrumconsistsof two emissionpeaks(seeFig. 1.6). One
synchrotron peak (thesoft photonfield) which peaksin theUV or soft x-raysregionand
oneinverseCompton peak which peaksin theGeV-region.

Dueto therelativistic motionof thesource(alongthejet axis),theemissionintensity
is boosted in the direction of motion and becomesstrongerand more energetic for an
observer for whom the jet approachingascomparedto an observer in the moving (blob)
frame[Mag01]. Theso-calledbeamingeffect is characterizedby theDopplerfactor h :h Ht� ��� !{� uR�G�(�"���E� � * (1.6)

whereu is thevelocity in unitsof c with

u H�� !{� !� ) (1.7)

where � is the relativistic Lorentzfactorof themotionandthe observer seesthe jet at an
angle� .

The Lor entz-transformations of the local comoving jet system(whoseobservables
areprimedhere,eg.

�%�E�
, � � � � � � ) relative to thedistantobserversystem(whoseobservables

areunprimed,eg.
��

, � � � � ) yield:, All longitudinal length scalesand time scalesmust to be divided by the Doppler
factor h : �%��H h � * �� � (1.8)�� H h � * �� � (1.9)

.
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Figure1.6: This figure shows an exampleof the doublepeakstructureof a possibleSSCmodel.
Herethe low andhigh statesof themulti-wavelengthspectrumof Mkn 421have beenfitted with a
SSCmodelusingalaminargeometryfor theemissionregion. Takenfrom [Mas99]. Parametersused:
variability time scalet=500s,with a Dopplerfactorof ���t�"_ (for low state,while for high states� is by a factorfour higher),with a magneticfield of B=0.4 G, anda maximumelectronenergy of�%�¡ +¢ �£^"¤ ¥U^+_ 8 ).

, The intensity scaleswith h & as: � � � � H h & � � � � � � (1.10)

where � H h L � � and � is thephotonfrequency. Theopeningangleof thelight cone
dueto relativistic beamingis Y }§¦©¨(ª Y H !� (1.11)

wherethetais the openingangleof the coneand � the Lorentz factorof the blob.
Any ( � -) radiationemittedby thejet is beamedin forwarddirection.

1.2.4 Jetsof Mkn 421and Mkn 501asseenby microwave telescopes

The jet propertiesarediscussedon the basisof the two AGNs Mkn 421 andMkn 501.
Theformeris subjectof this thesisandthelatterwill beusedlaterfor comparison.

The contemporarypictureof a jet is a blob of relativistic particlesthat is ejectedby
theAGN. TheLor entz factor hasbeenestimatedfor thecaseof many Blazarsandradio
galaxiesby measuringthe superluminal motion of the blob seenby radio telescopes.
Radiotelescopeshave thenecessaryangularresolutionto a precisionof miliarcseconds,a
resolutionthatis impossibleto achieve for opticalwavelengths.Thegeneralconclusionis
thattheDopplerfactorof mostblazarsandradiogalaxiesis typically h H !" [Pad2/99].

Superluminalmotionis anatural effect of relativity in which theblobmovesatangles
of approximately30« -60« in direction to the observer, who measuresan apparentspeed
thatis fasterthanlight [Mag01]. Theobservedspeedof themotionis:

u �©¬ H 
�® ¯±°K² �® u ° �® ¯~³
!{� �® u L �® ¯ 

(1.12)
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H uI´�µ ª4¶!{� uI·G¸X´ ¶ (1.13)

where �® ¯ is theobserverdirection,
¶

is theobservationangle,
�® u thevelocityof theblob in

theobserver frameand u �©¬ is theapparentvelocityobservedby a telescope.
It is believedthatthejet hasaveryhighLorentzfactorimmediately after its expulsion

andcollimation.Laterit rapidlycoolsdown by emissionof synchrotronandinverseComp-
ton radiation. TheLorentzfactorof the blob decreaseswith increasingdistancefrom the
nucleus.At high Lorentzfactorsit radiatespredominantlyin the form of hardx-raysand
(i.e. BLAZARS) in � -rays.Eventually, whenthejet is muchfurtherawayfrom thenucleus
andit hascooleddown significantly, the jet emitssynchrotronradiationin themicrowave
energy rangeatwhichtimeit transparentto microwaves. Only then will it becomevisible
in the radio frequency range[Mar02]. At thepoint whenthejet becomesvisible to radio
telescopesits distancefrom theAGN is alreadyhundredsof parsecs.

Both objects,Mkn 421andMkn 501,have beenobservedwith radio telescopes(see
Fig. 1.7). As previously explained,it is assumedthatthejetsof thesetwo objectsmove in
thedirectionof theobserverwithin anangleof Y : *¹ :  g�º!R» d � :½¼ « ( � H !" � from the
factthatwesee� -radiationthatis emittedin theforwarddirection.Unfortunately, theexact
observationangleis unknown. However, we do know that the movementis not exactly
in the line of sightbecausemoving blobswith superluminalvelocity have beenobserved.
Theseblobsarerelatively slow. Mkn 421blobsexhibit a velocity of only ¾ H �M¿K ��À! �andMkn 501blobshavevelocitiesof approximately¾ H ��� J ¿= g�º! � [Mar99]. Theseslow
superluminal velocitiesof theradioblobshavetwo explanations:

1. Thejet initially hada higher bulk Lorentzfactorof closeto tenwhenit radiatedx-
raysand � -rays(by synchrotronand � -radiationemission)andsubsequentlycooled
down rapidly , morerapidly thanother typical radio galaxies. Later the observed
radioblobonly showsa Lorentzfactorof approximately 3.

2. The observation angle is very small suchthat the superluminalmotion hasonly
smallvaluesbetween2.0and2.5.Thiswouldallow ahighLorentzfactorof theblob
closeto 10.

It shouldbementionedthat thejet structureof bothobjectsis significantlydifferent.This
canbeseenfor examplein themagneticfield (canbeseenin thepolarizationof theradio
emission[Mar99]) which is perpendicularto the jet in caseof Mkn 501andfor Mkn 421
themagneticfield is parallelto thejet.

1.2.5 Fastvariablity and other propertiesof AGN flares

As of today, severalBlazarswhich emit gammaraysin theTeV rangehavebeendetected.
The mostsignificantof theseareMkn 501,Mkn 421,1ES1426,1ES2344and1ES1959,
while astronomershavediscoveredabout60AGN in theGeVrangemainlyby theEGRET
satellite(seeFig. 1.8). All the known GeV Blazarsareradio load. The radio emission
is assumedto besynchrotronradiationof very high energy particles(mostlyelectronsbut
with a possible(weaker) contribution from protons)in the jet. Thesynchrotronemission
extendsup to thesoft x-ray whereit canbedetectedwith satelliteslike ASCA or RXTE.
Synchrotronradiationhintsto theSSCmodel.

A very importantfeatureof theAGN flaresis its extremelyfastvariability. Mkn 501,
assumedto bea blackholeof !" %Á solarmasses,andMkn 421,smallerwith approximately!" # solarmassesare ratherextendedobjectswith Schwarzschildradii of the orderof 1
AU and 1/100 AU respectively and with distancesfrom the black hole to the accretion
discbetween10 and100Schwarzschildradii. Thedistancesfrom theblackholeto thejet
extendeven further, with Schwarzschildradii at the orderof !� (' to !" * > . The observed
variability is very rapid . Typical timescalesarea few hours for Mkn 501 andabout15
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(c) Superluminalspeedfor differentLorentzfactors

Figure1.7: Shown hereareVLBA radio imagesof the two objectsMkn 421andMkn 501, taken
at 15 GHz. Picturea) shows Mkn 421, taken on July 1997andpictureb) displaysMkn 501, taken
on August1997.Mkn 421is very core-dominatedwhich couldbedueto a smallobservationangle.
Mkn 501shows abendingin thejet of almost90È . Both radiojetsshow superluminalmotionexcep-
tionally slow for typical radiogalaxies.Mkn 421blobshaveapproximatelyavelocityof ÉËÊ�ÌÎÍUÏ=ÐWÑ ÒQÓ
andblobsof Mkn 501have approximatelyÉXÊ6Ì	ÍrÏ£Ð(Ñ ÔGÓ . Theseplotsweretakenfrom [Mar99]. Plot
c) shows thesuperluminalspeedasafunctionof theobservationangle(in degrees)for threedifferent
Lorentzfactors( Õ =4, Õ =6 and Õ =10). Thevertical line shows thepositionof the light cone.Since
from thesetwo objectsÕ -emissionis observedtheactualobservationanglemustbesmallerthanthis
limit.




