Appendix C

Comparisonwith Mkn 501and
Conclusion

In this final chapterl wish to discussthe measurementesultsof the large ~-flares of
Mkn 421 in 2001 and how the resultsfit into the global picture of jet emission. | will
comparethe obsenational propertiesof Mkn 421 with the propertiesof anotherAGN,
Mkn 501, in orderto obtaina clearerpicture of jet emission.Mkn 501 hasbecomequite
famousin Te\~y-Astronomy It wasthe secondAGN which emitsy-raysthat hasbeen
discorered[Qui96] after Mkn 421. It is of virtually the samedistanceasMkn 421 andis
thereforevery interestingfor purpose®of comparisonlt behaesvery similarto Mkn 421
but it haslongervariability time scalesanda differentspectrunfKra01].

This chapteris divided into two parts. In the first part, spectral properties of the jet
emissionare discussed.In the secondpart, time scalesand correlations betweenx-ray
and-~-ray emissionsarepresented.

C.1 Spectralpropertiesof ~-flares

The spectraof Mkn 421andMkn 501 exhibit somequite similar characteristicsBoth of

themarestronglycurvedandshow a cutoff. Onthe otherhand,the spectrunof Mkn 501

exhibitsancutoff at higher energiesthanMkn 421. Thebestaveraggoverall flare states)
spectrunit of Mkn 501is [Kra01]:
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while for Mkn 421it is [TW]:
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Tah C.1shavsthemostimportantspectralparameterén anoverview. Measurements
in the x-ray region by ASCA andRXTE [Kat01] shov thatthe synchrotron(luminosity)
peakof Mkn 421 changests position only slightly from 0.5 keV in the quiescenttate
to 2.0keV in high flare state(seeFiguresC.1a)and C.2). For the caseof Mkn 501 the
positionchangegwo orders of magnitude, from 1.0keV to 100keV (seeFiguresC.1b)
and C.2). Fig. C.2 shavs a measuremendf the synchrotronpeakpositionin the x-ray
region asafunction of theluminosity.
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FigureC.1: Plotsa) andb) shav the spectrumof AGN Mkn 421 andMkn 501, respectiely, over
the completefrequeng rangefrom radioto TeV for variousflare states.The dottedline represents
the bestfit SSCmodelfor the quiescent/flarestate. It canbe seenthatin the caseof Mkn 501 the
synchrotronpeakshifts two ordersof magnitudefrom 1.0 keV to 100 keV, while for Mkn 421 the
positionchange®nly slightly from 0.5keV in thequiescenstateto 2.0keV in high flarestate.Taken
from [Kat01].
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Figure C.2: This figure shaws the synchrotronpeakpositionvs. synchrotronpeakluminosity for
the objectsMkn 421 andMkn 501. For the caseof Mkn 501 the peakpositionof the luminosityin
relationto the luminosityitself atthatpoint changesnuchmorethanfor the caseof Mkn 421. There
theluminosityat peakchangedy oneorderof magnitudewhile the peakpositionitself only changes
slightly. Takenfrom [Kat01].
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Figure C.3: Plot a) shavs the effect of the cosmicinfrared background(CIB) on a power law
spectrumwith spectralindex 2.0 andfor a sourcethatis the samedistancefrom earthasMkn 421.
Strongabsorptioreffectsthat couldleadto a cutof appeamainly abose 10 TeV. Plot b) shaws the
modelfor the CIB from T. Kneiske andK. Mannheim[Kne0Z andis in good agreementvith the
actualmeasuremenigedpoints). Greenpointsareupperlimits andblue pointsarelower limits. Plot
c¢) shaws afit to the power law spectrunthathasbeenattenuatedby the CIB model. Thefit yieldsan
exponentialcutoff at 13.5TeV. The spectrundecreasefasterthanexponentialabose 20 TeV which
canbeseenin thelastpointwhichis far below thefit curve.
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| Parameter | Mkn 421 | Mkn 501
Averageflux constantfy 7.0+£04[TW] 10.1 + 1.2 [Kra0]]
Spec.index a (with cutoff) —1.88 £0.15[TW] —2.03 £0.19 [Kra01]

Cutoff in TeV 3.1+ 0.5[TW] 6.0 + 1.4[Kra01]
Harden.of spec.dur. flare yes[TW] yes[Pir0]
Shift of synch.peakin keV 0.5 — 2.0 SSC[Kat0] 1.0 — 100[Kat0]]
Shift of Comp.peakin GeV | ~ 20 — 200 [TW], SSC[Kat0] | 10 — 1000[Kat01, Pir01]

TableC.1: Thetablelists thespectrapropertiesof Mkn 421 andMkn 501. For caseof Mkn 501the
cutof is foundat higherenegiesthanfor Mkn 421. The synchrotrorpeakof Mkn 501 shiftsby two
ordersof magnituderom low stateto high statewhile the oneof Mkn 421 only shifts by a factorof
four. Theshift of theinverseComptonpeakhasbeenguessedy thefit to a SSCmodel.

This shift in the x-ray rangealsoimpliesa potentialshift of the inverse Compton (lu-
minosity) peak (in the~y-rayrange) whichcanonly be estimatedby afit to the SSCmodel
[KatO1]. For thecaseof Mkn 421,it probablyshiftsfrom approximately?20 GeV to about
200GeV while for Mkn 501it shouldshift from about10 GeV upto 1000GeV [Pir01].

The differencein the averagespectrum(i.e. the different cutoff) for the two objects
couldbe explainedby the ideathatthe inverseCompton(luminosity) peakfor the caseof
Mkn 501 shiftsto higher enegiesthanfor the caseof Mkn 421. A movementof the
positionof theinverseComptonpeakshouldshown up asa hardening of the spectrunfor
higherfluxes.This effecthasbeenobsenedin thiswork andalsoby the Whippletelescope
[Kre02], which hasa muchlower enegy thresholdandby the CAT telescopgPir01].

Analysisresults

As wasshown in the last sectiona hardening of the spectrumfor higherfluxeswasob-
sened. Fits with both fixed cutoffs and fixed slope(-> no changdn shape)wererejected
atthe 3.8-sigmalevel, aswasa pure power law fit (rejectedwith 5.8 sigma). Thr eedif-
ferenthypothesisverefitted to the dataof five differentflux levels. Thiswere

1. a) fix-cutoff/fr ee-slopehypothesis:By fixing the cutoff to 3.3 TeV a significant
changein the spectralindex for increasingfluxeswasobsened (a decreasedrom
2.5t01.8).

2. b) fr ee-cutoff/fix-slopehypothesisBY fixing the slopeto a=2.0asignificantchange
of the cutoff wasobsened(E. increasedrom 1.9TeV to 4.3 TeV).

3. ¢) A hypothesiof a moving inverseComptonpeakwastested:By fitting a power
law with a quadraticterm (parabolic fit) the positionof the peakof the parabola
shiftedsignificantlyfrom approximatelyl5 GeV upto 80 GeV.

All thr eefits gave acceptablechisquarevalues.

The parabolas only a very rough estimateof the true shapeof the inverseCompton
peakandthe valuesobtainedare only demonstratinghe compatabilitywith the idea of
a moving peakand say nothing aboutthe true inverse Compton (luminosity) position.
Thefit of theparabolasuggestshatthe high variability of theflux in theregion between
500GeVand20TeV (whereCherenlov telescopeneasurejnight not only originate from
avariablity of the (inverseCompton)peakluminosity but alsofrom the shift of theinverse
Comptonpeak,sincetheslopeof the spectrumin theregion betweerb00GeV and20 TeV
is very steepandary movementof the peakimmediatelyresultsin a large changein the
flux there(SeeFig. B.29).

It was not possibleto clearly acceptor reject ary oneof thesehypothesis.The true
behaiour mightinvolve a combinationof theseeffects.
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| Parameter | Mkn 421 | Mkn 501 |
Correlationx-ray/TeV (1 daybin) | 0.74 £ 0.12[TW] | 0.76 + 0.14[Kra01]
Flua},,, o< Fluz, @b 1.0 £0.2[TW] | 1.96 £ 0.07 [Kat01]
Doublingtime of flare (TeV) 15 min.[TW] ~ 2 h[Kra01]
Doublingtime of flare (keV) ~ 15min[Car99 ~ 2 h[Kra0]]
Averageflareduration(TeV) 1—3hA[TW] ~ 2days[Kra01]

TableC.2: Thetablelists the mostimportantpropertiesconcerningime scalesandcorrelationsfor
theobjectsMkn 421andMkn 501.

The questionabout the cutoff in the spectraof Mkn 421and Mkn 501

In an attemptto clarify the origin of the cutoff, one could start examining the effects
of the CIB (Fig. C.3). The questionis whetherthe cutoff is an intrinsic featureof the

realemissionspectrumor a resultof the absomption of «-raysdueto the cosmicinfrared
backgroundigammaray horizon). In Fig. C.3a),the effect of the CIB absorptionon a

power law spectrunof a=2.0is displayed.The modelusedfor the CIB is [Kne0Z] thatfits

theactualCIB measurementgerywell. Dueto the steepnessf thespectrumatrue cutoff

effect canonly be obsened above 10 TeV. A fit to the attenuatecower law spectrum
yieldsanexponentialcutoff at 13.5TeV while it hasto bekeptin mindthattheattenuation
above 10 TeV is muchstrongerthanexponential. This suggestshatthe dominant reason
of obsenred cutoff in the spectraof both Mkn 421 andalsoof Mkn 501 might favor the

hypothesisof an intrinsic cutoff (increasingcutoff energy with increasingflux) anda

moving inverse Compton peak.

C.1.1 Time scalescorrelationsand jet models

Time scalesof flaresand correlationsbetweenx-ray emissionand ~y-ray emissionalso
provide us with hints of the physicalmechanismsnside the jets. Tah C.2 providesan
overview of themostimportantparameters.

Corr elation of x-ray emissionand ~y-ray emission

Both sourcesshav a strong correlation betweenthe x-ray flux andthe v-ray flux. For

Mkn 421, a correlationcoeficient of 0.74 £+ 0.12 (this analysis,one day bins) and for

Mkn 501, a correlationcoeficient of 0.76 + 0.12 [Kra01] wasobsened. This correlation
provideshints aboutthe mechanisnof y-ray production. Todayit is widely assumedhat
highenegy gammasareproducedvia inverseComptonup-scatteringf soft photons.The
guestionis whetherthe soft photonsemege from the accretion disc or whetherthey are
producedinside the jet. The high correlationcan only be explainedif both production
mechanismsare coupled andvery closeto eachotherin distance.If the soft photons(i.e.

x-ray photons)would originatefrom the accretiondiscthenthe correlationwould be zero
or even negative (x-ray dip). This meanghatanexisting correlationclearly favors a SSC
modelandasa consequencegotentialquasi-periodicitieglik e the 23 +- 2 day periodicity
of Mkn 501 [Kra01]) cannot be explainedby a modulation of soft photonsememing from

the accretion disc [Bed9q. Quasi-periodicitieshouldbe explainedby othermodelslike
helicaljets, periodicejectionof thejet by a big rotatingobjectcloseto theinnermosistable
orbit of the (Kerr-) blackhole [Mas99 or binaryblackholes[Beg80, Man0d.

The ASCA x-ray measuiement

Interestingresultsare obtainedfrom the ASCA-x-rayh-ray correlationstudy that also
shaws a strong correlation betweenx-ray flux (ASCA measuremenfrom April 1998)
andthe «-ray flux. In addition, we divided the x-ray flux into a slow flare component
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(of severaldaysduration)anda fast component (of a few hourduration). It appearghat
the correlationbetweerx-ray and~-ray increasefrom 0.63+- 0.18t0 0.70+- 0.16when
the slow x-ray componentthe background)s subtracted.However, the increaseis not
significantanddoesnot allow furtherconclusions.

Relation betweenthe x-ray flux and y-ray flux

In the caseof Mkn 501 thex-rayly-rayrelationis quadratic (Fluz,yq, o< FluzgEo-0T

[Aha99/3) while for Mkn 421 it is linear (FluTyrqay o< Fluzg2E02) (seethe previous
chapter). The latter measuremenis in agreementvith [Aha99/] andis alsoconfirmed
by the ASCA-x-ray/v-ray correlationstudy (seethe previous chapter). This difference
betweenthe objectscan be explainedby the fact that the peak position (of the inverse
Comptonpeak)of Mkn 501 shifts much stronger with changesn its luminosity.

The argumentis the following. The changein flux thatwe obsere in the small TeV
window might notonly originatefrom a real increasein theluminosity (at peak)but also
from a movement of theinverseComptonpeak.Sincethemovementor thecaseMkn 501
is presumedo belarger, thechangen flux in the500GeVto 20 TeV window is expected
much larger (it is quadratic) in contrastto Mkn 421 in which casethe changein flux
(in the TeV window) shouldbe less (sincethe inverseComptonpeakis moving lessit
is linear). This meansthatthe differencein the relationbetweenx-ray fluxesandy-ray
fluxesis stronglyrelatedto the questionatwhich positionswe find thesynchrotron/inerse
Comptonpeaks,which shapethey have andin which enemy intervals we measurehe
flux.

In the future, more precisemultiwavelengthmeasurementwill provide the possibility
to rejector acceptifferentSSCmodeltheories.

Observable and intrinsic parametersof the classicSSCmodel

The simplestSSCmodel (assumingonly a single spherical emissionregion) was pre-
sentedin theintroductionchapter(in detailin AppendixA) andhasthe following seven
independenparametersThe normalizationconstantk’, the enegy breakenegy ~;, the
radiusof the emissionregion R, the magneticfield B, the Dopplerfactoré andthe posi-
tions of the peakluminositiesof the synchrotrorradiationrv, andof the inverseCompton
radiationvg [IN096].

Thespectrabbsenationsin thex-ray andthe~y-ray enegy region arethe shapeof the
spectrathe two peakluminosities, the variability time scalesanda potentialtime lag
betweerthe x-raysandthe~-rays. The structureof the equationsllows to expressstrong
constrainton B andd [Tav98]. For thecaseof Mkn 421,usingthe singleemissiorregion
modelanda variability with a very consewative time scaleof t,,,. = 1 h, the magnetic
field B andthe Dopplerfactord resultin B ~ 0.25 Gaussandd ~ 25. This atypical high
Lorentzfactoris meantto provide anexplanationfor the very rapid variability time scales
obsened.

Variability t,,, and the sizeof the emissionregionR

Thetime scalesof the flaresarequite differentfor thetwo sources.Mkn 421 shows dou-
bling times of equalto or fasterthan15 minutes (seetheanalysisof the previouschapter)
while Mkn 501 hasdoublingtimesof about2 hours[Kra01]. Thetypical (fast)flaredura-
tion (FWHM) for Mkn 421is approximatelyl-3 hours[TW] while for Mkn 501it is about
2 days.

Thesevariabilities can be explained by varying the dimensions of the emissionre-
gionsof thejetsof theseobjectsandby differ ent Doppler factors dueto varyingbulk jet
Lorentzfactors.
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For the caseof Mkn 421, for reason®f causality the small variability time scaleof
tyar = 15 minutesputshard constraints onthe sizeof the emissionregion and/oron the
Dopplerfactord:

R S Ctvar(s (CS)

Thisimplied thatfor Mkn 421,assuminga typical Lorentzfactorof § = 10 (whichcannot
be much higherfor Blazarsas explainedin the introductionchapter),that the emission
region mustbe very small, lessthan R = 2102m ~ 10 AU~ 10~*pc. Typical jet
scalesareapproximately0.01 — 0.03 pc. Jetdimensionsare strongly constrained by the
transparency or photon-photon opacity condition which setslower limits [Mas99 on
them. Thereforejet scaleswith sizesof order 10~ pc are virtually ruled out for the
obsenred/uminosity .

The other possibility for this modelis to increasethe Lorentz factor up to values
of §=80. This scenarids unrealistic, especiallysinceit is known thatthe (cooled)radio
blobs(thesuperluminamotionis only 2-3) of theseobjectsareslower thanthoseof typical
blazarsandradiogalaxies.

Shock-in-jet models

Obviously the standardet model of a sphericalemissionregion seriously breaksdown

whenit attemptsto explain the very short variability time scales For this reasonnen

modelshave beendevelopedwhich are ableto explain the fastvariabilities without in-

creasinghe Dopplerfactor All of themintroducemoving laminar shock fr onts inside
the jet insteadof a sphericalemissionregion. Thin 'sheets’ of shockfronts move in-

sidethe jet towardsthe obsener. Typical sourcedimensionshave radii of approximately
R = 10"*m ~ 0.01 pc andthicknessesof d = 7 - 10* m ~ 5 - 10~° pc. Theseso-called
shock-in-jet modelsprovide a naturalexplanationfor very shortvariabilities[Mas99 (a

moredetaileddiscussiorcanbefoundin [Sal9g).

Whenlooking at the recordedflaresof Mkn 421 (intra day variability, lightcurvesfor
eachnight) onegetstheimpressiornthata large flare (several daysduration)is mainly a
superposition of mary small flares. This imagewasusedasa basisfor the flare model
thatwasfitted to theintradaylightcurves(lastchapterfitting of flaretimes): Theflux of a
singleflareis F(t) = a+ b . In this modela constantbackground 'a’

(z(i—io)/6+2—(i—io)/d
(the pile-up of mary flares),an exponentialrise time 'c’ (the acceleratiorinsidelaminar
shocks-in-jetandan exponential cooling time 'd’ (the cooling via synchrotrorradiation
andinverseComptonscatteringwasassumedThis picturenaturallyemegesfrom shock-
in-jet modelsbecausé¢hereoneexpectsmary shocksin parallel which crossthejet atthe
sametime.

In addition,themeasuremenisf ASCA in thex-ray enegy region (lastchapteycorre-
lation measurementsetweerx-raysand~y-rays)seemnto shav a slow flare componenand
fast overlapping flares.Theslow componentoveringseveral(aboutseven)daysrefersto
the emerging of a blob andthefastshortflaresreferto the shocks-in-jetthattraversethe
blob. Thiswould explain why the correlationseemdo increasef the slow componentin
thex-ray)is subtractedrom thetotal beforecalculatingthe correlation.

Potential timelag of the x-rays

In the analysisof the Mkn 421 flaresin 2001we have obseneda hint thatthe x-raysmay
be delayed with respecto v-raysby approximatelyl0 hours.

The obsenedtimelag of the x-rayshadonly anestimatedsignificanceof threesigma
sincethe mentionedsystematicaérroris large. However, a potentialtimelagcanoriginate
from four possiblesituations:
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1. Asymmetric x-ray flare shape: A significantlyshorter rise time thanfall time of
thex-rayflarescouldresultin aneffectasseenn thelastchapter Theresultingshape
of the discretecorrelationfunction would alsobe asymmetric [Bad98 Jor0] and
theobsenedeffectthuscannotbeinterpretedcasa physical timelag. This meanghat
a non-linearand complicatedtransfer function of the x-ray flux to v-flux could
resultin an asymmetry of the discretecorrelationfunction aroundzerotime lag.
Unfortunately the ASM datadoesnot allow to give answersaboutthe shapeof x-
raysflaresandthetransferfunction.

2. Opacity effects: Different optical opacities of the jet for x-raysandy-rays can
have the effect thatx-raysarrive later The x-raysaretrapped andscatterednside
the jet andcanonly escapédhe jet whenit is sufficiently cooleddown whereaghe
~'s escapeémmediately [MagConi.

3. Cooling effects: Anotherexplanationcouldinvolve cooling of thehigh enegy elec-
trons. Thee®in thejet arecooleddown via synchrotrorradiationandinverseComp-
tonscattering A naturalconsequencef electroncoolingis a time lag of softx-rays
with respecto hardx-rays. The agumentis the following: In high statethe x-ray
spectrumis hard andbecomessofter asit coolsdown. The moreenepetic x-rays
appear first andlater (after cooling) soft x-rays dominate the spectrum.This in-
troducesthe time lag. Sincethe inverseComptonpeakis sort of mirr or of the
synchrotronpeak,a time lag betweensoft x-ray and v-raysis also obsered. The
estimatedrderof magnitudeof thetime lag betweersoftandhardx-raysis (i.e. the
decaytime of electronenepy) is givenby [Dar97):

H-3/2 go1/2

~ 103%%671/2 ~ a few hours (C.49)

H is themagnetidield in Gauss E,, id theenegy of theelectronin keV andd is the

Lorentzfactor Common electronicjet models[Dar97(with a sphericalemission
region) have difficulties to explain the fastcoolingtimesof electronghatareatthe

sametime efficiently acceleratedto ultra high (TeV rangesknepgies. Shock-in-jet
modelsavoid theseproblemsbecauseacceleratiorand cooling are separatecind
happenat differ ent positionsin the jet [Sal9§. It shouldbe mentionedthat short
fall timesthathave beenmeasuredor ~-ray flaresdon’t imply thatx-ray flaresalso
have shortfall times(cooling). It is probablethatx-ray flareshave a differentshape
than~-flares.

tlag

4. Quantum gravity: Thetimelagcould be a first sign of quantum gravity effects
wheretheoreticiangxpectchangesn the speedof light for photonswith enepgies
closeto the Planckmass.Thetime lag of x-rayswould pointto an increaseof the
speedf light for increasingphotonenegies[Ame00, Ame9q. Eventhattheenegy
of TeV photonsis far away from the Planckscale the long distancefrom Mkn 421
to earthcould helpto amplify eventiny effects.

As aconclusiorwe canonly give anupperlimit onthetime lag of about13 £ 3 hours.

Futuremultiwavelengthobsenationswith advancednstrumentswill clarify theseques-
tionsin greateretail. Larger, future Cherenkov telescopegecordwith higherstatisticsand
will providethepossibilityto find time lagswithin GeV/TeV dataonly.

Fastvariability and the massof the black hole

The variability time scaleis approximatelyl5 to 20 minutes. The appearancef the fast
flaresis entirely random. Thereforethey arenotaresultof helicaljetsor objectscloseto
theinnermoststableorbit of the blackhole but ratheraneffect of thejet dynamicstself. A
very plausibleexplanationfor this arethe laminar shockfr onts insidethejets,whichwas
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justdiscussedThe jet hasnot a dir ect relationto the sizeof the centralblack hole. This
impliesthatanestimateof the massof the black hole cannot befoundhere.

Generally it is assumedhatthe nucleusof Mkn 501 hasa massof 10® solarmasses.
Mkn 421 is consideredo be smallerthan Mkn 501 by 2 ordersof magnitude,with an
estimatednassof 5 x 10 solarmassedecausef the shortervariability. The massof the
blackholeis generallypresumedo scalewith m o t,,,. becausehe circling time around
theblackhole scaledinearly with mass.

C.2 Outlook

Futur e Cherenkov telescopesasMAGIC ontheislandof La Palma,HESSin Namibiaor
VERITAS have lower energy thr esholds higher sensitivities andmuchhigher effective
detectionareas. They recordwith a muchhighereventrateandachieve better statistics
anda better separability of vsandhadrons.t will bepossibleto clarify to ahigherlevel
thefollowing questionavhich have beentouchedn this work:

1. It might be possibleto directly obsene the energy of the peak luminosity with
lowerenepgy thresholdr atleastto give preciseestimatedy fitting the SSCmodel.
It will befor surepossibleto significantlyclarify the questiorwhetherpeak moves
with varyingluminosity or not. This givesananswerto the questionof the origin of
the cutoff.

2. Preciserdatamight allow to seeif the obsenedspectruncontainscontrib utions of
gammaphotonsfrom r°-decayandwill thereforedetecthadronic componentsin
thejet andconfirmwhetherthejet is purely electronicor not. Neutrinoexperiments
like AmandaandIce Cubeat the SouthPole and Antaresin the MediteranianSea
will help answeringhe questionabouthadroniccontributionsin jets (the detection
of neutrinosprove the existenceof hadrons).The detectionof hadronswould help
to solve oneof the mosturgentquestionsn cosmicray physics:Wheredo the high
enegy hadronscomefrom ?

3. Sincethethresholdof the new instrumentss lower, more objects behindthe actual
gammaray horizonwill be seen.This givesinformationaboutthe exactposition of
the gammaray horizonandthereforeaboutthe evolution of star formation during
the history of the universe(cosmicinfraredbackgroundandalsoaboutcosmicpa-
rametersasfor examplethe cosmologicalconstant [Bla01]. The determinatiorof
the positionof the gammaray horizonwill alsoclarify the origin of the cutoff in
thespectra.

4. Measurementsvertwo to threeordersof magnitudeof thehighenegy scale(30GeV
to 30 TeV) with high statisticswill openthe possibilityto detectpossibletime lags
of fluxesin lower enegy regions (<100 GeV) to fluxesin higher enepgy regions
(>1 TeV) within the samey-ray datasetonly.

5. With higherstatisticsrise times (accelerationpndfall times (cooling) of theflares
canbemeasuredn amoreaccuratevay. It will be possibleto obsene whetherdong
flaresarea superposition of many small flaresor if othercomponent€omeinto
play. Thiswill givesusa betterunderstandingf the jet modelandthe mechanisms
thatareactivein jets.

Simultaneousmultiwavelength campaignith precisex-ray measurementaremanda-
tory for thefollowing reasons:

1. It will be possibleto determinethe exact transfer function of x-ray flux to y-flux,
the acceleratiortime and the cooling time of the high enegy particlesin the jet.
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Thiswill tell uswhich processetake placein jets,whethertherearelaminal shock
fronts or notandhow ~y-raysareproduced.

2. Whenthe transferfunction is known, the questionaboutthe time lag of x-raysto
~-rayswill besolvedin a moreaccuratevay. It might be possibleto detectsignals
of quantumgravitation.



Appendix D

Summary

TodayastroparticldPhysicsis oneof the mostboomingfieldsin modernphysics.Gamma
ray astronomyis a major tool to analyzeandunderstandhe origin of cosmicrays. The
BL LAC object, Mkn 421, belongsto a classof objectsthat emits cosmicrays, the so-
calledactive galactic nuclei (AGN). In a stochastidut regularmannerit switchesfrom a
quiescentstateto a stateof high activity in whichit startsto emitphotonsgn thex-ray and
TeV enegy range.From February 2001until April 2001it exhibitedespeciallyargeand
long flares,which have beenobsenedby mary telescopef the TeV enegy rangeaswell

asby the CT1 telescopeof the HEGRA collaborationat La Palmaandin the x-ray enegy

rangeby the All Sky Monitor (ASM) of the RXTE satellite. Anotherflare happenedn

April 1998which hasbeenobsenedby the ASCA x-ray satelliteand simultaneoushby

several Cherenlov telescopesncluding Wipple. | presentherean analysisof the large
gammaflaresof 2001 andalsoof the shortflarein April 1998.

The classicalanalysisandgamma/hadrorseparationmethodsf Cherenlov telescopes
have beenimprovedby several new techniques which have beentried andtestedfor the
first time here. A completeanalysispackageof approximately50.000lines of codehas
beendevelopedin ROOT/C++ which contains apartfrom theitemsof a standardanalysis
for Cherenlov telescopeghefollowing new features:

e A modified linear discriminant analysisto enhancehe gamma/hadron separa-
tion. It is alsousedasatool to quantify the separatiorcapabilityof differentsets
of (new) imageparameterandnew imagecleaningalgorithmsthathave beentested
andstudiedin detail.

¢ Differentalgorithmsthat perform so-calledimage cleaning, a techniquewhich is
widely usedto remove noisebackgroundn the image,have beentried andtested
with respecto impr ovement of gamma/hadron separation.

e Introductionof newimageparameterthatimprove gamma/hadron separationand
the

¢ Introductionof weights in the calculationof the image parameters, the so-called
'Hillas’ parametersyhichimprove gamma/hadron separation

¢ A systematicalgorithmthattestsvirtually all possiblecombinationsof parameters
andimagecleaningto find the onewith optimal gamma/hadron separation.

¢ A new methodto correctthe mispointing of thetelescopeThis ensurezenithangle
independenintegratedflux measurements.

e Unlike the usual case,the characteristigparameterand featuresof the emission
spectrumhave not only beendeducedrom the unfolded flux spectrum but rather
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vice-versa,by fitting raw excessevent energy distrib ution. In this way an unsat-
isfactoryand potentiallyunreliableunfolding processis avoidedandthefit results
(i.e. thespectrunparametershave lesserrorsandaremorerobust.

In additionto theseémprovementsthe standard items have alsobeenimplementedThey
are:

e A programto estimatethe energy on the basisof the least squares method. It
achiezesanaverageenegy resolutionof approximately24 %.

e A programto calculateeffective areas.

e A programto calculatethe spectrum by unfolding the energy resolution obtained
from MC generatorsThis notonly solvesthe spill-over problemfrom higherenegy
binsto lower enegy bins, but it alsocorrectsfor systematidiasesntroducedby an
enepgy estimatehatis not completelylinear.

e A programto calculatethe time dependenintegratedflux (light curve) in various
enegy ranges.The Accordingeffective areashave beendeterminedrom the actual
shapeof the spectrumwhich waspreviously calculated.

e A programto calculatethe hardnessratio of thelightcurve.
e A progranmto calculatethe correlation betweerx-raylightcurvesand~y-raylightcurves.

e A progranthatsimulatesthe night sky background in theMC gammadatasample.

Theimprovedanalysishasbeenapplied to the measurementsf the large gammaflares
in 2001of Mkn 421. 249 hoursof obsenationtime have beenaccumulatedyhich allows
severaldetailedstudieswith goodstatistics:

¢ A detailedightcurvewith 20 minutebin sizegranularity whichrevealstheextremely
fast flares of this object. The minimal doublingandhalving timesandthe typical
FWHM durationof fastflareswereestimated.

¢ Theflux dependencef the hardnessratio wasexaminedfor differentenegy inter-
vals. Evidenceof a changein spectralindex below 2 TeV from low to high fluxes
hasbeenobsened.

e Thecorrelation betweerthey-TeV-flux andthe x-ray light flux asmeasuredy the
ASM/RXTE (0.5keV to 10 keV) hasbeencalculated.

e Theaveragespectrum andit characteristichave beencalculatedanddetermined.

¢ The spectral behaviour of the sourceduring differ ent flare stateshasbeencare-
fully analyzedn orderto seeif the effect obsened,usingthe hardnessatio, could
alsohave beenobsereddirectly from the spectrum.

In brief, thefinal resultsarethefollowing:

e The spectrumof the Crabnehula wascalculatedandyieldeda pure powerlav with
aspectralindex of « = 2.5 + 0.1 + 0.1 andaflux constanof Fy; = 3.0 £ 0.33 +
0.5 TeV~tem=2s~! whichis in good agreementvith the measurementsf other
Cherenlbov telescopes.

e A pure power law fit to the averagedspectrumof Mkn 421 was rejected by a
chisquareof x2/NDF=74/9.A power law fit with exponentialcutoff wasaccepted
by a chisquareof x2/NDF=6.3/8.Thespectraindexis a = 1.88 + 0.15 4+ 0.1. The
cutoff wasfoundat E, = 3.1 £ 0.5 + 1.0 TeV.
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e The spectrumfor five differ ent flux levels were calculatedandit was possibleto
shaw that the spectrumchangessignificantly with increasingflux: It getsharder.
The hardeningof the spectrumin the region below 2 TeV could be verified by an
independenanalysisusingthe hardnessatio.

e Three different hypothesiswere fitted to the five spectra. For statisticalreasons
only functionswith two free parametersvere used. All threehypothesisyielded
acceptablechisquarevalues.The hypothesisvere:

— A power law hypothesiswith fixed cutoff at E. = 3.2TeV andfree slope:
Thespectraindex decreasedsignificantlywith increasindglux (afixedspectral
index with fixed cutoff wasrejectedatthe 3.8 sigmalevel).

— A power law hypothesiswith fixed slopea = 2.0 andfree cutoff: The cutoff
moved significantlyfrom 1.9 TeV upto 4.3 TeV.

— A powerlaw with a parabolic (quadratic) term: The peak(luminosity) of the
parabolamoved significantlyfrom 13 TeV upto 78 TeV (afixedparabolgeak
wasrejectedat the 3.5 sigmalevel) indicatingthatthe changeof the spectrum
is compatible with a moving inverseComptonpeak.The peakof the parabola
is only a very rough estimateof therealluminosity peak.Still, the movement
wassignificant.

e TheTeV lightcurve hasbeenexaminedat single night basis.Therise andfall time
wereestimatedn thr eeindependentlifferentmanners.

— A fit of a simple flare modelallowed to determinesomeflare parametersas
rise time, fall time and average duration (FWHM). The modelassumes
constantbackground andexponentialriseandfall times. The averageshort
flare duration (FWHM) is of the orderof 1 to 3 hours. The model shavs
thatmostof thefastflareshave doubling rise times andhalving fall times of
about25 minutes. No significantdiffer encebetweerrise andfall timescould
befound.

— The doubling rise time and halving fall time were calculatedby using a 4-
point/thr ee-straight-line fit. The fit valuesshow that the fastestflareshave
doublingtimesof at most 15 to 25 minutes.

— Thedoublingrise time andhalving fall time werecalculatedoy only measur
ing the rise andfall betweentwo points. Sincethis methodis sensitive to
fluctuationsin the flux datapointsandthereforecanresultin underestimated
rise/fall times,the slopeof the straightline connectiorbetweerthe two points
was calculatedby subtracting/adding one sigmaon eachbeforehandworst
casescenario). Thefastesflaresshavedriseandfall timesof at most 15 min-
utes.

e Thex-ray flux measuredvith ASM/RXTE shaws a clear and significant correla-
tion to the TeV dataof approximately0. 74+-0.12(for onedaybins).

¢ Bothcorrelationstudieswith CT1/ASM dataandASCA/TeV data,yieldeda linear
relation betweerx-ray flux and~-ray flux.

e A hint of a potential time lag (about10 h+-2 h) of the x-raysto they-raysshoved
up. It appearghatthe hypothesif a x-ray time lag of several hourscomparedo
~-rayscould not be significantly provenbecausef the uncertaintyin the estima-
tion of the systematicerror. However, every correlationcurve showvs a systematic
time lag for the completerangeof time-binwidths, from 1 daydownto 0.5h. The
apparentime lag could be aresultof an asymmetric shapeof the x-ray flareswith
ashortrisetime andaverylongfall time. Thereforeonly anupper limit onthetime
lag of 13 £ 3 hoursis givenhere.
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o A flareof Mkn 421in April 1998asmeasuredby the ASCA x-ray satellitewasana-
lyzedandthecorrelatiornto v-ray measurementsf severaltelescopewascalculated.
A significant correlation wasfound. The x-ray datawassplittedinto a slow flare
componen{sevendaysduration)anda fast flare componen{seseralhourduration).
The correlationof the TeV flux to thetotal x-ray flux was 0.63+-0.18andincreased
to 0.70+-0.16whenthe slow componenivas subtracted from the lightcurve. The
increasas not significantenoughto give furtherconclusions.



Appendix E

Appendix A: Theory and
calculations

E.1 Verification of the NSB distrib ution function

In theintroductionchapterthe excessioisefactor F hasbeenintroducedwith the follow-
ing generaldefinition:

2 Slgnalznput/( znput gl)

Signaloutput/ ( output gl)
Thenoiseattheinputandatthe outputis understoodsnoisewithout electronicnoise
from theamplifiero2 ;,, = 02,,, — 0.
The outputdistribution of a PMT (Galn normalizedto Gain=1)whenexposedto dif-
fusenight sky backgroundNSB) hasbeendescribedasthe Poissondistrib uted sum of

Gaussiannormal distrib utions.

(E.1)

o 7(2—3)2
e A \"e 292

n! o,V2n

(E.2)

with a variance of
o2= n(F?-1)+0 (E.3)

A is theaverageamountof photoelectronghathit thefirst dynode,n is thenumberof pho-
toelectronsg? is the varianceof theindividual photoelectrorpeakanda? is the variance
of the pedestalwhichis equalto the electronic noisecontritutionog = o2,

Now wewantto crosscheckif theproposedutputdistribution (Equ.E.2)is consistent
with the definition of the excessnoisefactor

1) We calculatethe averageof f) (z):

+oo
h@) = [ h@ads (E.4)
+ A T
© [ erAr e 293
= T E.5
e A AN
~ nl
= ) OK.
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2) We calculatethe variance of f (z):

var, (H (@) = (@-2)°) (E6)
(@=n)?
B +o0 0 e—)\ P 9 ef 202
= /_Oo T;) — (x—A) 70’7},\/%
With (z — A)> = (2 —n)>+2(n — A) (z — n) + (n — ) weget
X —A\n
vars (02 (@) = 32 XL 4 (-7 E7)
= AMF?=1) 404+ X =222+ X* + A
= AF?’+0)

3) We introduceSignalinpu: = Signaloutput = A, Oinpys = A @NA0S 0 = AF? +

o2 in Equ.E.1:

~ =F” OK. (E.8)
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E.2 The synchrotron self Compton (SSC)model

In the SSCmodel thegamma-rayphotonsareproducedy theinverseComptonscattering
of soft photons. Thesesoft photonsare generatedy the sameelectronsstemmingfrom
the synchrotronemission(seeFig 1.6). The modeldiscussederehasbeendescribedn
[In096, Blo9g]. It is basedn thefollowing assumptions:

1. A spherical emissionzonewhichis stationaryandhasa parameteR thatdescribes
all lengthscales.

2. An electron distrib ution N () whichis parameterizedsa broken power law (K
is a normalizationconstant,« is the spectralindex of the shockaccelerationeg.
a = 2.2), v is theelectronlorentzfactorand-y, is the breakingenegy)

N(y) = Ky~° (1 + %) - (E.9)

3. Thesoft photong neededor the inverseComptonscatteringare synchrotron pho-
tons.

4. All particleandphotondistributionsareisotropic in thejet frame.

The electronspectrumhasthe shapeof a broken power law becausef cooling effects
during the shockacceleratiomprocess.The high enegy electronsare continouslycooled

by synchrotrorradiationandinverseComptonscattering. The breakingenegy resultsto
be

3mc?
= E.10
e 4 (Ub + usoft) orR ( )
with magnetidield density
B2
up = — (E.11)
8w

The electronenegy is givenin termsof the Lorentz-factor~, B is the magneticfield in
Gauss K is anormalizationconstantg is the Thompsorcrosssectionandm is themass
of theelectronin EGSunits. vy, breaksthe spectrurmby onepower in theindex.

Synchrotron radiation
The basicformulas for the synchrotron radiation aredescribedn thefollowing.
1. The spectral density is _
I,=22 (1- R (E.12)

2. wherej, anda, arethe emissionand absomption coefficient for the synchrotron
radiation,which arecalculatedn thefollowing way:

Tmaz 14
J»=c¢ B/ dyN (v) F <—> (E.13)
2 i ( ) ClB’YQ
and s 5 [N (M)
L= —csB— 2 A (Y E.14
AT /vm " 67{ 2 ] (01372) (E14

INote: Thetwo expressionshard photons’and’high enegy ~-rays’ denotethe sameobjects.
2Note: In generakoft photonsare (soft) x-ray photonsor (hard)UV photons
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with -
F(z)= m/ K3 (2')da’ (E.15)
T
K (x) is theincompleteBesselfunction of fractionalordergandthe constantsare
= 47ffnc, co2 = % andcz = % Theelectrondensity N () wasshovn
in Equ.E.9.

InverseCompton scattering

The emissioncoeficient of the inverseComptonscatteringis obtainedfrom the enegy
spectrunof theelectronEEqu. E.9asfollows[Ino96]:

1. Theemissioncoefficient

. h
Jv = -cd (e) (E.16)
7
and )
v= m;c e (E.17)

canbecalculatedrom the

. Differential hard photon production rate shovn in Equ. E.18 (numberof hard

photonse producedper enegy interval per unit volume per unit time) which is a
convolution of the electrondistribution andthe soft photondistribution (wherethe
photondensityis 7 (g¢), the soft photoneneny is £y, the final photonenegy is ¢
andtheelectronenengy is v , andeverythingis in unitsof electronmasses)

4(e) = / deon (20) / BN () C (7o) (E.18)

Theprobabilityfor a soft photonto be up-scattereds calledthe

. Compton kernel C andis givenby:

2nric
c = € E.19
(65’7550) ’7250 X ( )
(450’7'9)2
linnn+(1+2n) 1-k)+ 301 + 4207m) (1-k)
where .
K= ———— E.20
deoy (v —€) (520
The allowed kinetic energy range for the up-scatteregghotonenepy is
4egy
<e<y——"-—"—— E.21
€220 4e07) (E21)

The hard photons can interact with the soft photons (and also with soft external
thermalphotonsfrom the accretiondisc) by creatingelectron-positrorpairs, if their CM
enepgy exceedsl024eV. Thisresultsin anattenuation of the hardphotonsandintroduces
an upperlimit for the enepgy of the hard photonsthat can escapdrom the source. This
givesa hard limit onthe size of the emissionregion (opacity condition). For simplicity,
we will neglectthis effecthere.
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E.3 Error calculation of the correlation function

Theempiricalcorrelationfunctionthathasbeenusedto find correlationdetweerthe x-ray
flux andthe~-flux hasbeendefinedas:

sy - T P =t 8 ) (-

VS (P (= ti + M) — (F1)* 5, (F® (1) — (F2))
(zy) — (2) (v)

040y
with the shortcuts x,y :
xr; = F’Y(tk:ti-i-At) (E23)
yi = F7(t) (E.24)
(5:12,' = O-F‘V(tkzti—i-At) (E25)
0yi = ope) (E.26)
1
(x) = NZx (E.27)
1
W) = Fu (E-28)
1
(zy) = Nzxzyl (E.29)
1
2 _ _ 2
o7 = 2 (@—() (E-30)
2 1 2
7 Nﬁij(yi—@» (E:31)

p = p(At) is the empirical correlationcoeficient, F7 (t) is the y-flux at time ¢y,
F7 (t;) isthex-rayflux attime¢;, At is thetime lag betweerthetwo datasetando s~ and
o= aretheerrorsontheindividual time bin measurement.

The error of the correlationhastwo components.One part o, ¢, comesdirectly
from Gaussiarerror propagatiorof the errorson the fluxes[WitCom] andthe secondone
0p,stat 1S OF statisticalnature[Bro90, WitCom] of the correlation.Both of themhave to be
added. The uncertaintyof the correlationcoeficient which comesfrom the errorsin the
flux measurementaregivenin termsof the shortcutsabove (for spacereasons).

Uz,tot = 0-;2),fluz + ag,stat (E32)
2
A 1 (i — @) — 2= (zi — (@) p
Toftue = Z( - 522 + (E.33)
i 7y
2
1 (@i—(x)) — 2= (i — () p
= 2 < l — 8y;
N - 020y
1— 2
Ug,stat = N _p2 (E34)

N is the numberof sampleghatis beingsummedup. It is at the orderof 80 (for the
wholelightcurvein onedaybins).Thesecondermaﬁ ; is in this casesmallerthanthe
first onebut hasto takeninto accountaswell.

,sta
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E.4 Re-binning and averaging of flux bins

For severalreasonsheflux binsmustbere-binnedr averagedverlargertime periods(for
correlationcalculationsor comparisonsvith othertelescopesfor exampleseeFig. A.41)
or flux level bins (for the hardnesstudies). The averaginghasbeendoneby weighting
with the obsenationtime of the correspondingun bin.

. F;T;
(F) = 7%” T (E.35)
Bin ©1
o2 T2 o2 T2
U?F) — ZBZHUFi 21 — ZanUFi 12 (E36)
(ZBin T'l) Neq ZBz’n T’l
(Zpin 1)’
Yo = ST &0

F is understootas F' = [ (dF/dE)dE. Hereafm is varianceof the meanand IV, is
the so-calledequivalentnumberof events.It canbe obtainedby errorpropagatiorandit is
neededo obtainthe correctvarianceof the meanin the caseof weightedaverages.





