
Appendix C

Comparisonwith Mkn 501and
Conclusion

In this final chapterI wish to discussthe measurementresultsof the large ` -flaresof
Mkn 421 in 2001 andhow the resultsfit into the global picture of jet emission. I will
comparethe observational propertiesof Mkn 421 with the propertiesof anotherAGN,
Mkn 501, in orderto obtaina clearerpictureof jet emission.Mkn 501hasbecomequite
famousin TeV- ` -Astronomy. It wasthe secondAGN which emits ` -raysthat hasbeen
discovered[Qui96] afterMkn 421. It is of virtually thesamedistanceasMkn 421andis
thereforevery interestingfor purposesof comparison.It behavesvery similar to Mkn 421
but it haslongervariability time scalesanda differentspectrum[Kra01].

This chapteris divided into two parts. In the first part,spectral properties of the jet
emissionarediscussed.In the secondpart, time scalesand correlations betweenx-ray
and ` -rayemissionsarepresented.

C.1 Spectralpropertiesof a -flares

Thespectraof Mkn 421andMkn 501exhibit somequite similar characteristics.Both of
themarestronglycurvedandshow a cutoff. On theotherhand,thespectrumof Mkn 501
exhibitsancutoff at higher energiesthanMkn 421.Thebestaverage(overall flarestates)
spectrumfit of Mkn 501is [Kra01]:

b0cbHdfehgji�k�lmi?noiHl pHqEi
k�r,s4s t divuxw	y{z r _�| }�~2}�| s�� w r ����j� �O�I�X� �X���H�O� u�w�y�r,s��7�Yr _
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while for Mkn 421it is [TW]:

bHcbHd e�gO�Il k�n�k�l �0qEi�k r,s4s t di2uxw	y�z r2s | �4��~,}
| sj� w r ����j� �O�0�j� �X�����X� uxw	y r,s �7� r _ � r,s (C.2)

Tab. C.1shows themostimportantspectralparametersin anoverview. Measurements
in the x-ray region by ASCA andRXTE [Kat01] show that the synchrotron(luminosity)
peakof Mkn 421 changesits position only slightly fr om 0.5 keV in the quiescentstate
to 2.0 keV in high flare state(seeFiguresC.1a)andC.2). For the caseof Mkn 501 the
positionchangestwo orders of magnitude, from 1.0keV to 100keV (seeFiguresC.1b)
andC.2). Fig. C.2 shows a measurementof the synchrotronpeakposition in the x-ray
regionasa functionof theluminosity.
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150 APPENDIXC. COMPARISON WITH MKN 501AND CONCLUSION

(a) Mkn 421 (b) Mkn 501

FigureC.1: Plotsa) andb) show thespectrumof AGN Mkn 421andMkn 501, respectively, over
thecompletefrequency rangefrom radio to TeV for variousflarestates.Thedottedline represents
the bestfit SSCmodelfor the quiescent/flarestate. It canbe seenthat in the caseof Mkn 501 the
synchrotronpeakshifts two ordersof magnitudefrom 1.0 keV to 100 keV, while for Mkn 421 the
positionchangesonly slightly from 0.5keV in thequiescentstateto 2.0keV in highflarestate.Taken
from [Kat01].

FigureC.2: This figure shows thesynchrotronpeakpositionvs. synchrotronpeakluminosity for
theobjectsMkn 421andMkn 501. For thecaseof Mkn 501thepeakpositionof the luminosity in
relationto theluminosityitself at thatpoint changesmuchmorethanfor thecaseof Mkn 421.There
theluminosityatpeakchangesby oneorderof magnitudewhile thepeakpositionitself only changes
slightly. Takenfrom [Kat01].
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Figure C.3: Plot a) shows the effect of the cosmic infrared background(CIB) on a power law
spectrumwith spectralindex 2.0 andfor a sourcethat is thesamedistancefrom earthasMkn 421.
Strongabsorptioneffectsthatcould leadto a cutoff appearmainly above 10 TeV. Plot b) shows the
modelfor the CIB from T. Kneiske andK. Mannheim[Kne02] andis in goodagreementwith the
actualmeasurements(redpoints).Greenpointsareupperlimits andbluepointsarelower limits. Plot
c) shows afit to thepower law spectrumthathasbeenattenuatedby theCIB model.Thefit yieldsan
exponentialcutoff at 13.5TeV. Thespectrumdecreasesfasterthanexponentialabove 20 TeV which
canbeseenin thelastpoint which is far below thefit curve.
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Parameter Mkn 421 Mkn 501

Averageflux constant
c } �Il k�n�k�l � [TW] i
k:l�i<nªi�l«p [Kra01]

Spec.index ¬ (with cutoff) ­ iHl ®H®�n¯k:l�i�° [TW] ­ p�l kH±�n¯k:l�i�² [Kra01]
Cutoff in TeV ±:l�i?n�k�l«° [TW] ³ l kxnªi�l � [Kra01]

Harden.of spec.dur. flare yes[TW] yes[Pir01]

Shift of synch.peakin keV k�l«° ­ pIl k SSC[Kat01] i�l k ­ i�k�k [Kat01]
Shift of Comp.peakin GeV ´ p
k ­ p
k�k [TW], SSC[Kat01] i
k ­ i
kHk�k [Kat01, Pir01]

TableC.1: Thetablelists thespectralpropertiesof Mkn 421andMkn 501.For caseof Mkn 501the
cutoff is foundat higherenergiesthanfor Mkn 421.Thesynchrotronpeakof Mkn 501shiftsby two
ordersof magnitudefrom low stateto high statewhile theoneof Mkn 421only shiftsby a factorof
four. Theshift of theinverseComptonpeakhasbeenguessedby thefit to a SSCmodel.

Thisshift in thex-ray rangealsoimpliesapotentialshift of the inverseCompton (lu-
minosity) peak (in the ` -rayrange),whichcanonly beestimatedbyafit to theSSCmodel
[Kat01]. For thecaseof Mkn 421,it probablyshiftsfrom approximately20 GeV to about
200GeV while for Mkn 501it shouldshift from about10 GeV up to 1000GeV [Pir01].

The differencein the averagespectrum(i.e. the differentcutoff ) for the two objects
couldbeexplainedby the ideathat theinverseCompton(luminosity)peakfor thecaseof
Mkn 501 shifts to higher energiesthan for the caseof Mkn 421. A movementof the
positionof theinverseComptonpeakshouldshow up asa hardening of thespectrumfor
higherfluxes.Thiseffecthasbeenobservedin thiswork andalsoby theWhippletelescope
[Kre02], which hasa muchlowerenergy thresholdandby theCAT telescope[Pir01].

Analysis results

As wasshown in the last sectiona hardening of the spectrumfor higherfluxeswasob-
served.Fitswith bothfixed cutoffs and fixed slope(-> nochangein shape)wererejected
at the3.8-sigmalevel, aswasa pure power law fit (rejectedwith 5.8 sigma).Thr ee dif-
ferenthypothesiswerefitted to thedataof fivedifferentflux levels.This were

1. a) fix-cutoff/fr ee-slopehypothesis:By fixing the cutoff to 3.3 TeV a significant
changein the spectralindex for increasingfluxeswasobserved( ¬ decreasedfrom
2.5to 1.8).

2. b) fr ee-cutoff/fix-slopehypothesis:By fixing theslopeto ¬ =2.0 asignificantchange
of thecutoff wasobserved(

dxµ
increasedfrom 1.9TeV to 4.3TeV).

3. c) A hypothesisof a moving inverseComptonpeakwastested:By fitting a power
law with a quadraticterm (parabolic fit) the positionof the peakof the parabola
shiftedsignificantlyfrom approximately15 GeV up to 80 GeV.

All thr eefits gaveacceptablechisquarevalues.
Theparabolais only a very rough estimateof thetrueshapeof the inverseCompton

peakand the valuesobtainedareonly demonstratingthe compatabilitywith the ideaof
a moving peakand say nothing aboutthe true inverseCompton(luminosity) position.
Thefit of theparabolasuggeststhatthehigh variability of theflux in theregionbetween
500GeVand20TeV (whereCherenkov telescopemeasure)mightnot only originate from
avariablityof the(inverseCompton)peakluminositybut alsofrom theshift of theinverse
Comptonpeak,sincetheslopeof thespectrumin theregionbetween500GeVand20TeV
is very steepandany movementof thepeakimmediatelyresultsin a largechange in the
flux there(SeeFig. B.29).

It wasnot possible to clearlyaccept or reject any oneof thesehypothesis.The true
behaviour might involvea combinationof theseeffects.
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Parameter Mkn 421 Mkn 501

Correlationx-ray/TeV (1 daybin) k�l����xn�k�lmi�p [TW] k�l�� ³ n�k�lmi�� [Kra01]c·¶¹¸�º�»¼�½4¾7¿ÁÀ c·¶Â¸[º[Ã
: Ä i�l kxn�k�l«p [TW] iHl ² ³ n�k�l k0� [Kat01]

Doublingtimeof flare(TeV) i�° min l [TW] ´ p(Å [Kra01]
Doublingtimeof flare(keV) ´ i�°&��ÆXÇ [Car99] ´ p(Å [Kra01]
Averageflareduration(TeV) i ­ ±?Å [TW] ´ p b0ÈHÉ � [Kra01]

TableC.2: Thetablelists themostimportantpropertiesconcerningtime 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 theabsorption of ` -raysdueto thecosmicinfrared
background(gammaray horizon). In Fig. C.3a), the effect of the CIB absorptionon a
power law spectrumof ¬ =2.0is displayed.Themodelusedfor theCIB is [Kne02] thatfits
theactualCIB measurementsverywell. Dueto thesteepnessof thespectrum,atruecutoff
effect canonly be observed above 10 TeV. A fit to the attenuatedpower law spectrum
yieldsanexponentialcutoff at 13.5TeV while it hasto bekeptin mindthattheattenuation
above10 TeV is muchstrongerthanexponential.This suggeststhatthedominant reason
of observed cutoff in the spectraof both Mkn 421 andalsoof Mkn 501 might favor the
hypothesisof an intrinsic cutoff (increasingcutoff energy with increasingflux ) anda
moving inverseCompton peak.

C.1.1 Time scales,correlationsand jet models

Time scalesof flaresand correlationsbetweenx-ray emissionand ` -ray emissionalso
provide us with hints of the physicalmechanismsinside the jets. Tab. C.2 providesan
overview of themostimportantparameters.

Corr elation of x-ray emissionand ` -ray emission

Both sourcesshow a strong correlation betweenthe x-ray flux andthe ` -ray flux. For
Mkn 421, a correlationcoefficient of k:l«�	��nDk:l�i�p (this analysis,one day bins) and for
Mkn 501,a correlationcoefficient of k:l«� ³ nÊk�lmi�p [Kra01] wasobserved. This correlation
provideshintsaboutthemechanismof ` -ray production.Todayit is widely assumedthat
highenergy gammasareproducedvia inverseComptonup-scatteringof soft photons.The
questionis whetherthe soft photonsemergefrom theaccretion disc or whetherthey are
producedinside the jet. The high correlationcanonly be explainedif both production
mechanismsarecoupled andvery closeto eachotherin distance.If thesoft photons(i.e.
x-ray photons)would originatefrom theaccretiondiscthenthecorrelationwould bezero
or evennegative (x-ray dip). This meansthatanexisting correlationclearly favors a SSC
modelandasa consequence,potentialquasi-periodicities(like the23 +- 2 dayperiodicity
of Mkn 501[Kra01]) cannot beexplainedby a modulation of soft photonsemerging fr om
the accretion disc [Bed96]. Quasi-periodicitiesshouldbe explainedby othermodelslike
helicaljets,periodicejectionof thejet by abig rotatingobjectcloseto theinnermoststable
orbit of the(Kerr-) blackhole[Mas99] or binaryblackholes[Beg80, Man00].

The ASCA x-ray measurement

Interestingresultsare obtainedfrom the ASCA-x-ray/̀ -ray correlationstudy that also
shows a strong correlation betweenx-ray flux (ASCA measurementfrom April 1998)
and the ` -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 appearsthat
thecorrelationbetweenx-ray and ` -ray increasesfrom 0.63+- 0.18to 0.70+- 0.16when
the slow x-ray component(the background)is subtracted.However, the increaseis not
significantanddoesnot allow furtherconclusions.

Relation betweenthe x-ray flux and ` -ray flux

In thecaseof Mkn 501 thex-ray/̀ -rayrelationis quadratic (
c·¶Â¸[º ¼
½�¾�¿ À c·¶¹¸�º s | �4Ë ~2}�| }�ÌÍ ¾�ÎÏÎ�¾

[Aha99/2]) while for Mkn 421 it is linear (
c·¶¹¸�º ¼�½�¾�¿ À c·¶¹¸�º s | }�~,}
| _Í ¾�ÎÏÎ�¾ q (seetheprevious

chapter). The latter measurementis in agreementwith [Aha99/1] and is alsoconfirmed
by the ASCA-x-ray/ ` -ray correlationstudy (seethe previous chapter). This difference
betweenthe objectscan be explainedby the fact that the peakposition (of the inverse
Comptonpeak)of Mkn 501shiftsmuch stronger with changesin its luminosity.

The argumentis the following. The changein flux that we observe in the small TeV
window might not only originatefrom a real increasein theluminosity(at peak)but also
from amovement of theinverseComptonpeak.Sincethemovementfor thecaseMkn 501
is presumedto belarger, thechangein flux in the500GeVto 20TeV 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 less it
is linear ). This meansthat the differencein the relationbetweenx-ray fluxesand ` -ray
fluxesis stronglyrelatedto thequestionatwhichpositionswefind thesynchrotron/inverse
Comptonpeaks,which shape they have andin which energy intervals we measurethe
flux.

In thefuture,moreprecisemultiwavelengthmeasurementswill provide thepossibility
to rejector acceptdifferentSSCmodeltheories.

Observableand intrinsic parametersof the classicSSCmodel

The simplestSSCmodel (assumingonly a single spherical emissionregion) was pre-
sentedin the introductionchapter(in detail in AppendixA) andhasthe following seven
independentparameters:The normalizationconstantÐ , the energy breakenergy ` » , the
radiusof theemissionregion Ñ , themagneticfield Ò , theDopplerfactor Ó andtheposi-
tionsof thepeakluminositiesof thesynchrotronradiation Ô
Õ andof the inverseCompton
radiation Ô	Ö [Ino96].

Thespectralobservationsin thex-rayandthe ` -rayenergy regionaretheshapeof the
spectra,the two peakluminosities, the variability time scalesanda potentialtime lag
betweenthex-raysandthe ` -rays.Thestructureof theequationsallows to expressstrong
constraintson Ò and Ó [Tav98]. For thecaseof Mkn 421,usingthesingleemissionregion
modelanda variability with a very conservative time scaleof ×jØ ¾7½ eÙiÚÅ , the magnetic
field Ò andtheDopplerfactor Ó resultin Ò�Û k:l pH° Gaussand Ó·Û pH° . This atypical high
Lorentzfactoris meantto provideanexplanationfor thevery rapid variability timescales
observed.

Variability ×jØ ¾�½ and the sizeof the emissionregion Ñ
Thetime scalesof theflaresarequitedifferentfor thetwo sources.Mkn 421shows dou-
bling times of equalto or fasterthan15minutes (seetheanalysisof thepreviouschapter)
while Mkn 501hasdoublingtimesof about2 hours[Kra01]. Thetypical (fast)flaredura-
tion (FWHM) for Mkn 421is approximately1-3hours[TW] while for Mkn 501it is about
2 days.

Thesevariabilities can be explainedby varying the dimensions of the emissionre-
gionsof thejetsof theseobjectsandby differ ent Doppler factors dueto varyingbulk jet
Lor entz factors.
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For the caseof Mkn 421, for reasonsof causality, the small variability time scaleof×jØ ¾�½ ehi�° minutesputshard constraints on thesizeof theemissionregionand/oron the
Dopplerfactor Ó :

Ñ�Ü � ×jØ ¾�½ Ó (C.3)

This implied thatfor Mkn 421,assuminga typical Lorentzfactorof Ó eÝi�k (whichcannot
be much higher for Blazarsas explainedin the introductionchapter),that the emission
region must be very small, lessthan Ñ eÞpÏi
k s _ � Û i�k(ßÁà Û i
k r[áIâ � . Typical jet
scalesareapproximatelyk�l k�i ­ k�l k�± â � . Jetdimensionsarestrongly constrained by the
transparencyor photon-photon opacity condition which setslower limits [Mas99] on
them. Thereforejet scaleswith sizesof order i
k r[áIâ � are virtually ruled out for the
observedluminosity .

The other possibility for this model is to increasethe Lorentz factor up to values
of Ó =80. This scenariois unrealistic, especiallysinceit is known that the (cooled)radio
blobs(thesuperluminalmotionis only 2-3)of theseobjectsareslower thanthoseof typical
blazarsandradiogalaxies.

Shock-in-jet models

Obviously the standardjet modelof a sphericalemissionregion seriously breaksdown
whenit attemptsto explain the very short variability time scales. For this reason,new
modelshave beendevelopedwhich areable to explain the fastvariabilitieswithout in-
creasingthe Dopplerfactor. All of themintroducemoving laminar shock fr onts inside
the jet insteadof a sphericalemissionregion. Thin ’sheets’ of shock fronts move in-
sidethe jet towardstheobserver. Typical sourcedimensionshave radii of approximatelyÑ eãi
k sjá � ´ k:l k:i â � andthicknessesof

b eä�æå�i
k sBs � ´ °Áå�i�k rE�Aâ � . Theseso-called
shock-in-jet modelsprovide a naturalexplanationfor very shortvariabilities[Mas99] (a
moredetaileddiscussioncanbefoundin [Sal98]).

Whenlooking at the recordedflaresof Mkn 421(intra dayvariability, lightcurvesfor
eachnight) onegetsthe impressionthata large flare (severaldaysduration)is mainly a
superposition of many small flares. This imagewasusedasa basis for theflaremodel
thatwasfitted to theintradaylightcurves(lastchapter, fitting of flaretimes):Theflux of a
singleflareis

c g × q<e È$ç »g _ �«èÂé�è � �mêìëìí _ é0�«èÂé�è � �mêìî q . In thismodelaconstantbackground ’a’

(thepile-upof many flares),anexponential rise time ’c’ (theaccelerationinsidelaminar
shocks-in-jet)andanexponentialcooling time ’d’ (thecoolingvia synchrotronradiation
andinverseComptonscattering)wasassumed.Thispicturenaturallyemergesfrom shock-
in-jet modelsbecausethereoneexpectsmany shocksin parallel which crossthejet at the
sametime.

In addition,themeasurementsof ASCA in thex-rayenergy region(lastchapter, corre-
lationmeasurementsbetweenx-raysand ` -rays)seemto show aslow flare componentand
fast overlapping flares.Theslow componentcoveringseveral(aboutseven)daysrefersto
theemerging of a blob andthefastshortflaresreferto theshocks-in-jet thattraversethe
blob. This would explain why thecorrelationseemsto increaseif theslow component(in
thex-ray) is subtractedfrom thetotal beforecalculatingthecorrelation.

Potential timelag of the x-rays

In theanalysisof theMkn 421flaresin 2001we have observeda hint that thex-raysmay
bedelayed with respectto ` -raysby approximately10hours.

Theobserved timelag of thex-rayshadonly anestimatedsignificanceof thr eesigma
sincethementionedsystematicalerror is large.However, a potentialtimelagcanoriginate
from four possiblesituations:
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1. Asymmetric x-ray flareshape: A significantlyshorter rise time thanfall time of
thex-rayflarescouldresultin aneffectasseenin thelastchapter. Theresultingshape
of the discretecorrelationfunction would alsobe asymmetric [Bad98, Jor01] and
theobservedeffect thuscannotbeinterpretedasaphysical timelag.Thismeansthat
a non-linearandcomplicatedtransfer function of the x-ray flux to ` -flux could
result in an asymmetry of the discretecorrelationfunction aroundzero time lag.
Unfortunately, the ASM datadoesnot allow to give answersaboutthe shapeof x-
raysflaresandthetransferfunction.

2. Opacity effects: Different optical opacities of the jet for x-rays and ` -rays can
have theeffect thatx-raysarrive later. Thex-raysaretrapped andscatteredinside
the jet andcanonly escapethe jet whenit is sufficiently cooleddown whereasthe` ’sescapeimmediately [MagCom].

3. Cooling effects: Anotherexplanationcouldinvolvecooling of thehighenergy elec-
trons.The w ~ in thejet arecooleddown via synchrotronradiationandinverseComp-
tonscattering.A naturalconsequenceof electroncoolingis a time lag of soft x-rays
with respectto hardx-rays. The argumentis the following: In high statethe x-ray
spectrumis hard andbecomessofter asit coolsdown. Themoreenergeticx-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 ` -raysis alsoobserved. The
estimatedorderof magnitudeof thetime lagbetweensoftandhardx-raysis (i.e. the
decaytimeof electronenergy) is givenby [Dar97]:

×ìï ¾�ð ´ i
kHñ[ò r ñ�ó _ôõ È0¸ ��� d r2s ó _Ãö w	y Ó r2s ó _ ´ È$÷ w�øYÅ[ù ¸[ú � (C.4)

H is themagneticfield in Gauss,
d Ã

id theenergy of theelectronin keV and Ó is the
Lorentz factor. Common electronicjet models[Dar97](with a sphericalemission
region)have difficulties to explain thefastcoolingtimesof electronsthatareat the
sametime efficiently acceleratedto ultra high (TeV ranges)energies.Shock-in-jet
modelsavoid theseproblemsbecauseaccelerationand cooling are separatedand
happenat differ ent positionsin the jet [Sal98]. It shouldbe mentionedthat short
fall timesthathave beenmeasuredfor ` -ray flaresdon’t imply thatx-ray flaresalso
have shortfall times(cooling). It is probablethatx-ray flareshave a differentshape
than ` -flares.

4. Quantum gravity: The timelagcould be a first sign of quantum gravity effects
wheretheoreticiansexpectchangesin thespeedof light for photonswith energies
closeto thePlanckmass.Thetime lag of x-rayswould point to an increaseof the
speedof light for increasingphotonenergies[Ame00, Ame96]. Eventhattheenergy
of TeV photonsis far away from thePlanckscale,the long distancefrom Mkn 421
to earthcouldhelpto amplify eventiny effects.

As a conclusionwe canonly giveanupperlimit on thetime lag of about i�±�n¯± hours.
Futuremultiwavelengthobservationswith advancedinstrumentswill clarify theseques-

tionsin greaterdetail.Larger, futureCherenkov telescopesrecordwith higherstatisticsand
will providethepossibilityto find time lagswithin GeV/TeV dataonly.

Fastvariability and the massof the black hole

The variability time scaleis approximately15 to 20 minutes.The appearanceof the fast
flaresis entirely random. Therefore,they arenota resultof helicaljetsor objectscloseto
theinnermoststableorbit of theblackholebut ratheraneffectof thejet dynamicsitself. A
veryplausibleexplanationfor thisarethe laminar shockfr onts insidethejets,whichwas
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just discussed.The jet hasnot a dir ect relationto thesizeof thecentralblackhole. This
impliesthatanestimateof themassof theblackholecannot befoundhere.

Generally, it is assumedthat thenucleusof Mkn 501hasa massof i
k � solarmasses.
Mkn 421 is consideredto be smaller thanMkn 501 by 2 ordersof magnitude,with an
estimatedmassof °üû�i
k Ë solarmassesbecauseof theshortervariability. Themassof the
blackholeis generallypresumedto scalewith � À ×jØ ¾�½ becausethecircling time around
theblackholescaleslinearlywith mass.

C.2 Outlook

Futur eCherenkov telescopesasMAGIC on theislandof 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 ` sandhadrons.It will bepossibleto clarify to a higherlevel
thefollowing questionswhich havebeentouchedin this work:

1. It might be possibleto directly observe the energy of the peak luminosity with
lowerenergy thresholdsor at leastto givepreciseestimatesby fitting theSSCmodel.
It will befor surepossibleto significantlyclarify thequestionwhetherpeak moves
with varyingluminosityor not. Thisgivesananswerto thequestionof theorigin of
the cutoff .

2. Preciserdatamight allow to seeif theobservedspectrumcontainscontributions of
gammaphotonsfr om ý } -decayandwill thereforedetecthadronic componentsin
thejet andconfirmwhetherthejet is purelyelectronicor not. Neutrinoexperiments
like AmandaandIce Cubeat the SouthPoleandAntaresin the MediteranianSea
will helpansweringthequestionabouthadroniccontributionsin jets (thedetection
of neutrinosprove the existenceof hadrons).The detectionof hadronswould help
to solve oneof themosturgentquestionsin cosmicray physics:Wheredo thehigh
energy hadronscomefrom ?

3. Sincethethresholdof thenew instrumentsis lower, moreobjects behindtheactual
gammaray horizonwill beseen.This givesinformationabouttheexactposition of
thegammaray horizonandthereforeabouttheevolution of star formation during
thehistoryof theuniverse(cosmicinfraredbackground)andalsoaboutcosmicpa-
rametersasfor examplethecosmologicalconstant [Bla01]. The determinationof
the positionof the gammaray horizonwill alsoclarify the origin of the cutoff in
thespectra.

4. Measurementsovertwo to threeordersof magnitudeof thehighenergyscale(30GeV
to 30 TeV) with high statisticswill openthepossibility to detectpossibletime lags
of fluxes in lower energy regions (<100 GeV) to fluxes in higher energy regions
(>1 TeV) within the samè -ray datasetonly.

5. With higherstatisticsrise times (acceleration)andfall times (cooling)of theflares
canbemeasuredin amoreaccurateway. It will bepossibleto observewhetherlong
flaresarea superposition of many small flares or if othercomponentscomeinto
play. This will givesusa betterunderstandingof thejet modelandthemechanisms
thatareactive in jets.

Simultaneousmultiwavelength campaignswith precisex-ray measurementsaremanda-
tory for thefollowing reasons:

1. It will bepossibleto determinetheexact transfer function of x-ray flux to ` -flux,
the accelerationtime and the cooling time of the high energy particlesin the jet.
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Thiswill tell uswhich processestake placein jets,whethertherearelaminal shock
fr onts or not andhow ` -raysareproduced.

2. Whenthe transferfunction is known, the questionaboutthe time lag of x-raysto` -rayswill besolvedin a moreaccurateway. It might bepossibleto detectsignals
of quantumgravitation.



Appendix D

Summary

TodayastroparticlePhysicsis oneof themostboomingfields in modernphysics.Gamma
ray astronomyis a major tool to analyzeandunderstandtheorigin of cosmicrays. The
BL LAC object,Mkn 421, belongsto a classof objectsthat emits cosmicrays,the so-
calledactivegalacticnuclei (AGN). In a stochasticbut regularmannerit switchesfrom a
quiescentstateto astateof high activity in whichit startsto emitphotonsin thex-rayand
TeV energy range.FromFebruary 2001until April 2001 it exhibitedespeciallylargeand
longflares,whichhavebeenobservedby many telescopesin theTeV energy rangeaswell
asby theCT1 telescopeof theHEGRA collaborationat La Palmaandin thex-ray energy
rangeby the All Sky Monitor (ASM) of the RXTE satellite. Anotherflare happenedin
April 1998 which hasbeenobservedby theASCA x-ray satelliteandsimultaneouslyby
several Cherenkov telescopesincluding Wipple. I presentherean analysisof the large
gammaflaresof 2001 andalsoof theshortflarein April 1998.

Theclassicalanalysisandgamma/hadronseparationmethodsof Cherenkov telescopes
have beenimprovedby severalnew techniques, which have beentried andtestedfor the
first time here. A completeanalysispackageof approximately50.000lines of codehas
beendevelopedin ROOT/C++ whichcontains,apartfrom theitemsof astandardanalysis
for Cherenkov telescopes,thefollowing new features:þ A modified linear discriminant analysis to enhancethe gamma/hadron separa-

tion . It is alsousedasa tool to quantify theseparationcapabilityof differentsets
of (new) imageparametersandnew imagecleaningalgorithmsthathavebeentested
andstudiedin detail.þ Differentalgorithmsthat performso-calledimage cleaning, a techniquewhich is
widely usedto remove noisebackgroundin the image,have beentried andtested
with respectto impr ovement of gamma/hadron separation.þ Introductionof new imageparametersthatimprovegamma/hadronseparationand
theþ Introductionof weights in the calculationof the image parameters, the so-called
’Hillas’ parameters,which improvegamma/hadron separationþ A systematicalgorithmthat testsvirtually all possiblecombinationsof parameters
andimagecleaningto find theonewith optimalgamma/hadron separation.þ A new methodto correctthemispointing of thetelescope.Thisensureszenithangle
independentintegratedflux measurements.þ Unlike the usual case,the characteristicparametersand featuresof the emission
spectrumhave not only beendeducedfrom theunfolded flux spectrum but rather,
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vice-versa,by fitting raw excessevent energy distrib ution. In this way an unsat-
isfactoryandpotentiallyunreliableunfolding processis avoidedandthefit results
(i.e. thespectrumparameters)have lesserrorsandaremorerobust.

In additionto theseimprovements,thestandard items havealsobeenimplemented.They
are:þ A programto estimate the energy on the basisof the least squares method. It

achievesanaverageenergy resolutionof approximately24 %.þ A programto calculateeffectiveareas.þ A programto calculatethespectrum by unfolding theenergy resolution obtained
from MC generators.Thisnotonly solvesthespill-over problemfrom higherenergy
binsto lower energy bins,but it alsocorrectsfor systematicbiasesintroducedby an
energy estimatethatis not completelylinear.þ A programto calculatethe time dependentintegratedflux (light curve) in various
energy ranges.TheAccordingeffectiveareashave beendeterminedfrom theactual
shapeof thespectrum,which waspreviouslycalculated.þ A programto calculatethehardnessratio of thelightcurve.þ A programto calculatethecorrelation betweenx-raylightcurvesand̀ -raylightcurves.þ A programthatsimulatesthe night sky background in theMC gammadatasample.

Theimprovedanalysishasbeenapplied to themeasurementsof the largegammaflares
in 2001of Mkn 421. 249hoursof observationtime have beenaccumulated,which allows
severaldetailedstudieswith goodstatistics:þ A detailedlightcurvewith 20minutebinsizegranularity, whichrevealstheextremely

fast flares of this object. The minimal doublingandhalving timesandthe typical
FWHM durationof fastflareswereestimated.þ Theflux dependenceof thehardnessratio wasexaminedfor differentenergy inter-
vals. Evidenceof a changein spectralindex below 2 TeV from low to high fluxes
hasbeenobserved.þ Thecorrelation betweenthe ` -TeV-flux andthex-ray light flux asmeasuredby the
ASM/RXTE (0.5keV to 10 keV) hasbeencalculated.þ Theaveragespectrum andit characteristicshavebeencalculatedanddetermined.þ Thespectral behaviour of the sourceduringdiffer ent flare stateshasbeencare-
fully analyzedin orderto seeif theeffect observed,usingthehardnessratio, could
alsohavebeenobserveddirectly from thespectrum.

In brief, thefinal resultsarethefollowing:þ Thespectrumof theCrabnebula wascalculatedandyieldeda purepowerlaw with
a spectralindex of ¬ eÿpIl«°�nok�lmiÏnÊk�lmi anda flux constantof

c } eã±�l kÁn k:l ±H±�nk�l«° uxw	y r2s ��� r _ � r,s which is in goodagreementwith the measurementsof other
Cherenkov telescopes.þ A pure power law fit to the averagedspectrumof Mkn 421 was rejected by a
chisquareof ^ _ /NDF=74/9.A power law fit with exponentialcutoff wasaccepted
by a chisquareof ^Ú_ /NDF=6.3/8.Thespectralindex is ¬ eÝiHl ®H®xn¯k:l�i�°�n¯k:l�i . The
cutoff wasfoundat

dxµ eª±�lmi?n¯k:l °�nªi�l k TeV.



161þ The spectrumfor five differ ent flux levels werecalculatedandit waspossibleto
show that the spectrumchangessignificantlywith increasingflux: It getsharder.
The hardeningof the spectrumin the region below 2 TeV could be verified by an
independentanalysisusingthehardnessratio.þ Thr ee different hypothesiswere fitted to the five spectra. For statisticalreasons
only functionswith two fr ee parameterswereused. All threehypothesisyielded
acceptablechisquarevalues.Thehypothesiswere:

– A power law hypothesiswith fixed cutoff at
dxµ e ±�l«pLuxw	y andfree slope:

Thespectralindex decreasedsignificantlywith increasingflux (afixedspectral
index with fixedcutoff wasrejectedat the3.8sigmalevel).

– A power law hypothesiswith fixed slope ¬ eãpIl k andfreecutoff: Thecutoff
moved significantlyfrom 1.9TeV up to 4.3TeV.

– A power law with aparabolic (quadratic) term: Thepeak(luminosity)of the
parabolamoved significantlyfrom 13TeV upto 78TeV (afixedparabolapeak
wasrejectedat the3.5 sigmalevel) indicatingthat thechangeof thespectrum
is compatible with amoving inverseComptonpeak.Thepeakof theparabola
is only avery roughestimateof therealluminositypeak.Still, themovement
wassignificant.þ TheTeV lightcurvehasbeenexaminedat singlenight basis.Theriseandfall time

wereestimatedin thr ee independentdifferentmanners.

– A fit of a simpleflare modelallowed to determinesomeflare parametersas
rise time, fall time andaverageduration (FWHM). The modelassumesa
constantbackground andexponential riseandfall times.Theaverageshort
flare duration (FWHM) is of the orderof 1 to 3 hours. The modelshows
thatmostof thefastflareshavedoubling rise times andhalving fall times of
about25 minutes. No significantdiffer encebetweenriseandfall 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 most15 to 25 minutes.

– Thedoublingrise time andhalving fall time werecalculatedby only measur-
ing the rise and fall betweentwo points. Sincethis methodis sensitive to
fluctuationsin theflux datapointsandthereforecanresultin underestimated
rise/fall times,theslopeof thestraightline connectionbetweenthetwo points
wascalculatedby subtracting/adding onesigmaon eachbeforehand(worst
casescenario). Thefastestflaresshowedriseandfall timesof at most15min-
utes.þ Thex-ray flux measuredwith ASM/RXTE shows a clear and significant correla-

tion to theTeV dataof approximately0.74+-0.12(for onedaybins).þ Bothcorrelationstudies,with CT1/ASM dataandASCA/TeV data,yieldeda linear
relation betweenx-rayflux and ` -rayflux.þ A hint of a potential time lag (about10 h+-2h) of thex-raysto the ` -raysshowed
up. It appearsthat the hypothesisof a x-ray time lag of several hourscomparedto` -rayscouldnot besignificantly provenbecauseof theuncertaintyin theestima-
tion of the systematicerror . However, every correlationcurve shows a systematic
time lag for thecompleterangeof time-binwidths, from 1 daydown to 0.5 h. The
apparenttime lag couldbea resultof anasymmetric shapeof thex-ray flareswith
ashortrisetimeandaverylongfall time. Thereforeonly anupper limit onthetime
lagof i
±�n�± hoursis givenhere.



162 APPENDIXD. SUMMARYþ A flareof Mkn 421in April 1998asmeasuredby theASCA x-raysatellitewasana-
lyzedandthecorrelationto ` -raymeasurementsof severaltelescopeswascalculated.
A significant correlation wasfound. Thex-ray datawassplittedinto a slow flare
component(sevendaysduration)anda fast flarecomponent(severalhourduration).
Thecorrelationof theTeV flux to thetotal x-ray flux was0.63+-0.18andincreased
to 0.70+-0.16whentheslow componentwassubtracted from the lightcurve. The
increaseis not significantenoughto give furtherconclusions.



Appendix E

Appendix A: Theory and
calculations

E.1 Verification of the NSBdistrib ution function

In theintroductionchaptertheexcessnoisefactor F hasbeenintroducedwith thefollow-
ing generaldefinition: c _ e � Æ��0Ç ÈA¶ _�����
	��
����� _�����
	�� ­ � _� ï��� Æ��AÇ ÈA¶ _� 	����
	���� � � _� 	����
	�� ­ � _� ï�� (E.1)

Thenoiseat theinputandat theoutputis understoodasnoisewithout electronicnoise
from theamplifier � _� � � Õ � e � _½���¾ ï ­ � _� ï .

The outputdistribution of a PMT (Gain normalizedto Gain=1)whenexposedto dif-
fusenight sky background(NSB) hasbeendescribedasthe Poissondistrib uted sum of
Gaussiannormal distrib utions.÷�� g º q<e ����� } w r ��� �Ç! w r �#"�é%$�� ��'& �$� �)( p ý (E.2)

with a variance of � _� e Ç � c _�­ i � ç � _� ï (E.3)�
is theaverageamountof photoelectronsthathit thefirst dynode,n is thenumberof pho-

toelectrons,� _� is thevarianceof theindividualphotoelectronpeakand � _} is thevariance
of the pedestalwhich is equalto theelectronic noisecontribution � _} e � _� ï .

Now wewantto crosscheck if theproposedoutputdistribution(Equ.E.2)isconsistent
with thedefinitionof theexcessnoisefactor.

1) We calculatetheaverageof
÷ � g º q :* ÷�� g º q�+ e , í �r � ÷�� g º q ºxbHº (E.4)

e , í �r � -./ ����� } w r ��� �Ç! º w r �0"7é%$
� ���& �$� �)( p ý 1
23 (E.5)

e ����� } w r � � �Ç! Çe �54 Ð l
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2) We calculatethevariance of
÷ � g º q :6 È0ú ¼ g ÷ � g º q�q e 7,g º ­ º q _%8 (E.6)

e , í �r � -./ ����� } w r ��� �Ç! g º ­ � q _ w r �0"7é%$
� ��'& �$� � ( p ý 1 23
With g º ­ � q _ e�g º ­ Çvq _ ç p�gÂÇ ­ � q2g º ­ Çvq ç g¹Ç ­ � q _ weget6 È0ú ¼ g ÷ � g º q4q e ���%� } w r �9� �Ç! : � _� ç g Ç ­ � q _<; (E.7)e � � c _ ­ i � ç � _� ï ç � _ ­ p � _ ç � _ ç �e � c _ ç � _� ï
3) We introduce

� Æ��0Ç ÈA¶ �����
	�� e � Æ��0Ç ÈA¶ � 	����
	�� e �
, � _�=���
	�� e �

and � _� 	����
	�� e � c _ ç� _� ï in Equ.E.1: > � � ( �@? _> � � ( � c _ ? _ e c _ 4 Ð l (E.8)
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E.2 The synchrotron self Compton (SSC)model

In theSSCmodel1 thegamma-rayphotonsareproducedby theinverseComptonscattering
of soft photons.Thesesoft photonsaregeneratedby the sameelectronsstemmingfrom
the synchrotronemission(seeFig 1.6). The modeldiscussedherehasbeendescribedin
[Ino96, Blo96]. It is basedon thefollowing assumptions:

1. A spherical emissionzonewhich is stationaryandhasaparameterR thatdescribes
all lengthscales.

2. An electron distrib ution A g ` q which is parameterizedasa broken power law (K
is a normalizationconstant,¬ is the spectralindex of the shockacceleration(eg.¬ e p�l p ), ` is theelectronlorentzfactorand ` » is thebreakingenergy)A g ` q(e Ð ` rCB t i ç `` » z r,s (E.9)

3. Thesoft photons2 neededfor theinverseComptonscatteringaresynchrotron pho-
tons.

4. All particleandphotondistributionsareisotropic in thejet frame.

The electronspectrumhasthe shapeof a broken power law becauseof cooling effects
during the shockaccelerationprocess.The high energy electronsarecontinouslycooled
by synchrotronradiationandinverseComptonscattering.Thebreakingenergy resultsto
be

` » e ±
� � _�xg ¸ » ç¯¸ Õ �ED � q �)F Ñ (E.10)

with magneticfield density ¸CG e Ò _® ý (E.11)

The electronenergy is given in termsof the Lorentz-factor ` , Ò is the magneticfield in
Gauss,Ð is anormalizationconstant,�)F is theThompsoncrosssectionand � is themass
of theelectronin EGSunits. ` » breaksthespectrumby onepower in theindex.

Synchrotron radiation

Thebasicformulas for the synchrotron radiation aredescribedin thefollowing.

1. The spectral density is H
I eKJ I¬ I � i ­ wHrCB<LNM � (E.12)

2. where J I and ¬ I arethe emissionandabsorption coefficient for the synchrotron
radiation,which arecalculatedin thefollowing way:J I eª� _ Ò , ÃNOQP "Ã OSR $ b `CA g ` q c t Ô� s Ò·` _ z (E.13)

and ¬ I e ­ � ñ Ò i` _ , ÃNOQP "Ã OSR $ b `�` _UTT `WV A g ` q` _YX c t Ô� s Ò·` _ z (E.14)

1Note: Thetwo expressions’hardphotons’and’high energy Z -rays’ denotethesameobjects.
2Note: In generalsoft photonsare(soft) x-ray photonsor (hard)UV photons
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with []\ º@^�_oº , �¼ Ð �� \ ºa`b^
cHºa` (E.15)Ðedf \ ºC^ is the incompleteBesselfunctionof fractionalorder gñ andtheconstantsareh�i _ ñ �ákj Î µ , h
l _ m ñ � fn j�o Î µ o and h ñ _ m ñ � fn j Î o µ o . Theelectrondensity A \qp ^
wasshown

in Equ.E.9.

InverseCompton scattering

The emissioncoefficient of the inverseComptonscatteringis obtainedfrom the energy
spectrumof theelectronsEqu. E.9asfollows [Ino96]:

1. Theemissioncoefficient J I _ År ýts�u \ s ^ (E.16)

and Ô _wv � h lÅ s (E.17)

canbecalculatedfrom the

2. Differ ential hard photon production rate shown in Equ. E.18 (numberof hard
photonss producedper energy interval per unit volumeper unit time) which is a
convolution of the electrondistribution andthe soft photondistribution (wherethe
photondensityis x \ szy ^ , the soft photonenergy is szy , the final photonenergy is sandtheelectronenergy is

p
, andeverythingis in unitsof electronmasses)u \ s ^{_ , c s y x \ s y ^ , c p A \bp ^t| \ s p s y ^ (E.18)

Theprobabilityfor a soft photonto beup-scatteredis calledthe

3. Compton kernel C andis givenby:| \ s~} p }
szy ^�_ �z��� l� hp l s y�� (E.19)� ����������� \E� ���%� ^ \
��� � ^ � \ r szy p � ^ l� \�� � r s y p � ^ \
��� � ^��
where � _ sr szy p�\�p�� s ^ (E.20)

Theallowedkinetic energy range for theup-scatteredphotonenergy iss���s�� p r s y p\�� � r s y p ^ (E.21)

The hard photons can interact with the soft photons (andalso with soft external
thermalphotonsfrom the accretiondisc) by creatingelectron-positronpairs,if their CM
energy exceeds1024eV. This resultsin anattenuation of thehardphotonsandintroduces
an upperlimit for the energy of the hardphotonsthat canescapefrom the source. This
givesa hard limit on thesizeof theemissionregion (opacity condition). For simplicity,
we will neglectthiseffecthere.
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E.3 Err or calculation of the correlation function

Theempiricalcorrelationfunctionthathasbeenusedto find correlationsbetweenthex-ray
flux andthe

p
-flux hasbeendefinedas:� \���� ^�_ ���q� � \�[¡ ¢\q� � _ � � � ��� ^ �¤£�[¡ ~¥ ^ \�[�¦�\q� � ^ �]£�[�¦%¥ ^§ � � \�[   \q� � _ � �C� ��� ^ �¤£�[   ¥ ^ l � � \�[ ¦ \q� � ^ �]£�[ ¦ ¥ ^ l (E.22)_ £q¨)©ª¥«�¤£�¨@¥�£�©~¥¬ ¦ ¬)­®�¯ ��°���°a±³²´°aµ � � hN¶ ��²¡¨ } ©¸·¨ � _ [   \�� � _ � � � ��� ^ (E.23)© � _ [ ¦ \q� � ^ (E.24)¹ ¨ � _ ¬)º�»<¼#½�¾À¿S½qÁqÂSÃ«½qÄ (E.25)¹ © � _ ¬)ºQÅ�¼#½qÁqÄ (E.26)£�¨@¥ _ �ÆÈÇ � ¨ � (E.27)£�©ª¥ _ �Æ Ç © � (E.28)£�¨)©ª¥ _ �Æ Ç � ¨ � © � (E.29)¬ l¦ _ �ÆÈÇ � \�¨ � �¤£�¨@¥ ^ l

(E.30)¬ l­ �ÆÈÇ � \�© � �¤£�©ª¥ ^ l
(E.31)� _ � \���� ^ is the empirical correlationcoefficient,

[¡ É\q� � ^ is the

p
-flux at time

� � ,[�¦�\�� � ^ is thex-rayflux at time

� � , ��� is thetime lagbetweenthetwo datasetsand ¬ º » and¬ º Å aretheerrorson theindividual time bin measurement.
The error of the correlationhastwo components.One part ¬aÊ � Ë�Ì#Í ¦ , comesdirectly

from Gaussianerrorpropagationof theerrorson thefluxes[WitCom] andthesecondone¬ Ê � Î ½�ÏÀ½ is of statisticalnature[Bro90, WitCom] of thecorrelation.Bothof themhave to be
added.The uncertaintyof the correlationcoefficient which comesfrom the errorsin the
flux measurementsaregivenin termsof theshortcutsabove(for spacereasons).¬ lÊ � ½�Ð�½ _ ¬ lÊ � Ë�Ì#Í ¦ � ¬ lÊ � Î ½�Ïk½ (E.32)¬ lÊ � Ë�Ì#Í ¦ _ �Æ Ç �ÈÑ \q© � �¤£q©ª¥ ^ �5Ò�ÓÒ Å \�¨ � �¤£�¨@¥ ^ �¬ ¦ ¬ ­ Ô l ¹ ¨ l� � (E.33)_ �ÆÈÇ �ÈÑ \q¨ � �]£�¨@¥ ^ � Ò ÅÒ Ó \�© � �¤£q©ª¥ ^ �¬ ¦ ¬ ­ Ô l ¹ © l�¬ lÊ � Î ½�ÏÀ½ _ ��� � lÆ � � (E.34)Æ

is thenumberof samplesthat is beingsummedup. It is at theorderof 80 (for the
wholelightcurve in onedaybins). Thesecondterm ¬ lÊ � Î ½�Ïk½ is in this casesmallerthanthe
first onebut hasto takeninto accountaswell.
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E.4 Re-binning and averagingof flux bins

For severalreasonstheflux binsmustbere-binnedor averagedoverlargertimeperiods(for
correlationcalculationsor comparisonswith othertelescopes,for exampleseeFig. A.41)
or flux level bins (for the hardnessstudies). The averaginghasbeendoneby weighting
with theobservationtimeof thecorrespondingrunbin.£�ÕÖ¥�× �ÙØÚ��Û Õ ��Ü��� ØÚ��Û Ü�� (E.35)¬ l Ý ºQÞ × �ÙØÚ��Û ¬ lº Á Ü l�ß � Ø³��Û ÜC��à l × �áØ³�=Û ¬ lº Á Ü l�Æ �
â � ØÚ��Û Ü l� (E.36)Æ ��â × ß �ÙØ³�=Û Ü � à l��ØÚ��Û Ü l� (E.37)Õ

is understoodas

ÕÈ×�ã ß�ä Õæå ä�ç à ä�ç . Here ¬ l Ý ºQÞ is varianceof the meanand
Æ �
â is

theso-calledequivalentnumberof events.It canbeobtainedby errorpropagationandit is
neededto obtainthecorrectvarianceof themeanin thecaseof weightedaverages.




