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| Remarkgd binsize | Timelag | Fitrange]
1day -0.5+-0.39days | +- 2days

0.5day -0.45+- 0.15days | +- 2days
0.25day -0.21+- 0.15days | +- 2days
0.2day -0.35+- 0.15days | +- 2days

0.1day -0.25+-0.1days | +-2days
1 hour -0.41+- 0.04days | +- 2days
0.5hour -0.5+-0.04days | +-2days

| nobin/interpolation | -0.38+-0.07days | +- 2days]
jacuzzi/ 1 hourbin -0.36+-0.1days | +- 2days
jacuzzi/ interpolation| -0.45+- 0.078days | +- 2 days

TableB.4: Thetablebelow displaysthefit resultsfor differentbin sizes.All measurementshav a
systematidime lag of x-raysof approximatelylO hours. As a crosscheckor the analysisprogram
alsothelightcurve of jacuzzi’, acompletelydifferentlightcurve programwritten by DanielKranich
in Munich, was taken to calculatethe correlation. It shavs the sameresult. To crosscheckhat
the effect is not an artifact of binning the correlationwas also calculatedwithout binning but by
interpolatingbetweemeighbouringCT1 measurements.

The analysisis basedon the ideathat the x-ray flaresconsistof two components a
slow flare backgroundcomponentand a fast flare componentwhich is fasterthan 0.5
days. The objective in this caseis to determinewhetherTeV flaresare correlatedto the
total x-ray flux or only to the fast flare component Thereforethe empiricalcorrelation
functionis calculatedor boththetotal x-ray flux andfor the fastx-ray flaresfor which the
slow componenthasbeensubtracted (seeFig. B.14). Theslow componentvasestimated
by fitting the slow flare (of approximatelysevenday duration)with a Gaussiardistribution
function.

FiguresB.15 Fig. B.16 displaythe results. The highestcorrelationfor both datasets,
with andwithoutbackgroundis achieredfor a smalltime lag of a few hours (gamma-rays
arrive earlier). The effect hasonly onesigmaandis not significant.

The correlationincreasesrom 0.63+- 0.18(3.50) t0 0.70+- 0.16 (4.3 ¢) whenthe
slow x-ray componenti.e. thebackgroundjs subtractedTheincreasds not significant.

Time lag betweenthe «-light flux and the x-ray light flux

For systematicstudiesof thetime lag the datafrom CT1 in 2001weretaken. If onelooks
at Fig. B.17 which useda binning of one 1 hour anddisplaystime lags At of +-6 days
onegainstheimpressiorthatthe curveis slightly shiftedto theleft. Thiswould imply that
~-rays arri ve slightly earlier than x-rays.

To clarify the questionaboutthetime lag, a Gauss-distribtion wasfitted to theregion
aroundthe origin of thecorrelationplot. Firstthetime lag wasdeterminedor differentbin
widths. FigureB.18 hasa bin width of onehour. Thefit givesa time lag for the x-rays of
9.8+- 0.9hours. Tah B.4 displaysthefit resultsfor differ ent bin widths.

To crosscheckthatthis effectis not an artifact of binning, the correlationwasalso
calculatedwithout binning. Sincethe measurementsom ASM/RXTE andCT1 do not
preciselycoincide for each90 s measuremerdf ASM/RXTE, thevaluefrom CT1wasin-
terpolated betweertwo measurements, the pointswerenot furtherapartthan2.5hours.
If thereis no CT1 measurementvhich canbe properlyinterpolatedthe measuremens
discarded.To ensurehatthe singlecorrelationpointsarenot correlatedthe stepsizewas
alsochoserto be 2*2.4=4.8hours(24/5h). Fig. B.19shavs thefit to the correlationwhen
calculatedwith interpolatedCT1 fluxes. Thefit givesa time lag of 9.1 +- 1.9 hours. The
rangefor thefit hasbeenchoserto be +-2 days.
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FigureB.15: Plot a) shavs an ASCA x-ray autocorrelatiorplot thatillustratesthe periodicitiesin
the dataset.Plot b) shavs the empirical correlationfunction beforebackgroundsubtractionwhich
is maximally 0.63 +- 0.18. Plot c) shaws the correlationfunction after backgroundsubtraction. It
increasedo 0.71+- 0.16 which is insignificant. The two lower plots arevery similar if smoothed.
Theplotsb) andc) shav aslighttendeng for atime shift of afew hours.
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FigureB.16: This plot shavs the TeV-gammaFluxesandthex-ray fluxesplottedagainseachother
Whensubtractinghe slow flare componenfrom the total x-ray flux it wasensuredhatthe origins
of TeV flux andx-ray flux coincide. Thefit of F = az’ revealsanalmostperfectlinearcorrelation
betweerthetwo dataset$b=0.86+-0.2).
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onegetstheimpressiorthatthe curwe is slightly shiftedto theleft. Which would meanthat~-rays
arri ve slightly earlier than x-rays.
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FigureB.18: In this figure only a smallrange(betweent- 2 days)is plotted. The bin sizeis only 1

hour Thefit shavs atime lag of 9.8 hours+- 0.9 hours.
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Figure B.19: In this figure the correlationwas calculatedwithout binning, but by interpolating
betweemeighbouringCT1 measurementshich arenot furtherapartthan2.5 hours. To ensurethat
thedatapointsarenot correlatedhe stepsizeof thetime shift waschoserto be 4.8 hours(24/5h) as

well. Thefit givesatime lag of 9.1 hours+- 1.9hours.
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All themeasurementsith differentbin sizesareconsistentvithin theerrorsandshon
atimelag of thex-raysof approximatelyl 0 & 1, + 3,,, hours.Sincetheshapehaslarge
fluctuationsachangen thefit rangealtersthefitted timelag considerablyThis meanghat
thisresultalsodepend®nthefit range.Thereforethe systematicuncertainty is estimated
to be approximately3 hours. Taking this into accountthe effectis not muchlargerthan
approximatelythreeto four sigmafor smallbin sizes.

Thedata,especiallythatfrom the ASM/RXTE, is too hoisyto give ananswerof greater
precision.Yet,it canbe statedthatin all of theplots,without exception,a systematicshift
to the left (v-photonsarrive a few hoursearlier)hasbeenobsened. The resulthasbeen
crosschecled with the light curve calculatedby ’jacuzzi’ (written by Daniel Kranichin
Munich), anotherlight curve calculationprogramof a completelyseparatenalysissoft-
ware.

Still, it cannot be clarified whetherthetime lag in the discretecorrelationfunctionis
dueto a real physicaltime lag. This subjectwill bediscussedh detailin chapterd.

B.1.5 Conclusionaboutthe ~-ray/x-ray correlation studies
CT1-v-flux and ASM-x-ray-flux:

It canbe concludedthatthereis a significant correlation of 0.74+- 0.05(in 1 day bins)
betweerthex-ray flux andthe~-ray flux. The correlationbetweerthesefluxescanclearly
beseenevenby eyein Fig. B.13. A fit of afunction F = ax® shavsthatthe correlation is
almostlinear (b=1.0+-0.2).Theempiricalcorrelationcoeficientincreasesnonotonically
with bin size probablydue to the improved statisticsof the bins that are involved. It is
possiblethatthis increasewith binssizehasa physicalreasoraswell.

The hint abouta possibletime lag betweerthe x-raysandthe gammasof afew hours
(~10 % 144 £ 3,44 hours)is of considerablénterest. This time lag hasnot only been
obsenedwith the CT1 lightcurve calculatedby this programpackagdan C++/ROQT, but
alsousingthelightcurve calculatedoy the jacuzzi’ programwritten by DanielKranichin
Munich. This provesredundang of the lightcurve calculation. The apparentime lag of
thex-rayscanbealsoexplainedwith anasymmetricshapeof the (longer)flares.Different
parametersor therise (accelerationandfall time (cooling) couldresultin suchan effect.

ASCA-x-ray measurement:

The ASCA x-raysmeasuremerftom aflare of Mkn 421in April/May 1998is muchmore
detailedthanthe ASM measurementsThe x-ray flarescanbe divided into a slow flare
component (of ~seven daysduration) and a very fast flare component (shorterthan
0.5 daysduration). Also for the measuremenfrom ASCA a clear correlation between
x-ray flux and TeV «-flux canbe obsened. It was studiedwhetherthe ~-flux is mainly
correlatedto the fastx-ray componenbr to the total x-ray flux. For both casesa rather
high correlationwasfound. The maximumcorrelationfor the TeV flux andthetotal x-ray
flux is 0.63+- 0.22. If the slow componentis subtracted the correlationincreasesto
0.71+- 0.16whichis insignificant.

The correlationbetweenthe TeV v-flux andx-ray-flux is almostlinear just asabove
(b=0.85+-0.2) and,asbefore,aweakhint of atime lag betweerx-raysand~’s of approx-
imately 4 hourswasbeobsened.

The obsewedtimelag:

Theobsenedtimelagof thex-rayshasonly anestimatedignificanceof thr eesigmasince
thesaidsystematicagrroris large. However, apotentiattimelagcouldoriginatefrom either
opacity effects(x-raysescapdaterandy escapémmediatelyfrom thesurface)or cooling
effectsof the VHE electrondn thejet (in the beginningmary ~-raysareproducecbut later
whentheelectroncooleddown they only emit x-ray-synchrotromadiation).
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The timelag could even be a first sign of quantumgravity effectswheretheoreticians
expectchangedn thespeedf light for photonswith enepgiescloseto thePlanckmass.The
time lag of x-rayswould point to an increaseof the speedof light for increasingphoton
enepgies. Eventhatthe enegy of TeV photonsis far away from the Planckscale thelong
distancéfrom Mkn 421to earthcould helpto amplify eventiny effects.

Still, it cannot be clarified whetherthetime lag in the discretecorrelationfunctionis
dueto a real physicaltime lag. The effect couldalsobedueto avery asymmetric shape
of thex-ray flares.This subjectwill bediscussedn chapterd.

B.1.6 The hardnessratio asmeasuredby CT1 in 2001

The hardnessatio describeghe steepnesof a differential spectrumfor a given source
(e.g. Mkn 421) in small time bins (which correspondo singlerunsin our case). It is

calculatedtogetherwith the lightcurve aswas describedn detail earlier Its advantage
over a spectrumis thatit needslessstatistics and canbe calculatedfor singleruns. The

hardnessatio givesusthe possibility to seewhetherthe spectralindex of the power law

spectrumchangesduring different flare states. FiguresB.20, B.21 and B.22 shav the

hardnessatio for differentenegy intervalsasa functionof thetotal flux.

Thehardnessatiois theratio of theintegratedflux of ahigherenepgy interval andthat

of alower enegy interval. For anassumegbower law spectra,dzg ) = Fy (t) E~ %, there

is aclearrelationbetweerthe hardnessatio andthespectraindex. Thehardnessatiofor a
time bin ¢ andtheenegy intervals[Eypper, min, Eupper,maz] aNA[Elower,min > Eiower,maz)
is givenby:

. )
( ) ttm'am,'l dt/ fEEuppeT,m'az dE dl:;(Et) ( )
H (¢ — mzn,1' upper,min B.4
2 tmaw,i dt' fglawer,m'am dE dng')

—_— Eypper,maz

Fo i [E l+1]Euz:er:min
—ait+l

o [Eme e
—a;+1

H(t) = g_””f{” — E_”i’" (B.5)
lower,max lower,min
For agivenhardnessatio the differentialspectraindex «; canbe obtainednumerically

To detecta changedn the hardnessatio asa function of theflux in the dataof thevery
fastflaring sourceMkn 421 thefollowing procedurevasapplied.

First the fluxesin the lower and upperenegy interval were calculatedfor eachrun.
Unfortunatelythe statisticsof a single 20 minute run doesnot contain enoughstatisti-
cal informationto calculatethe hardnesawithin thatrun. To collect more statistics, the
measurementsf thefluxesin thelow enegy interval andthe high enegy interval werere-
binned into total flux bins(consistingof approximatelyl 0 bins),asdescribedn Equ.E.35
(AppendixA). Sincesomeof the measurementsadhugeerrors,a quality cut of F; > o;
wasintroduced.This quality cut did not changethe shapeof thefit resultbut it did reduce
thefluctuationsin there-binssignificantly

Tah B.5 shaws the quantitati ve fit resultsfor differentenegy intervals (LI=Lower
enepy interval, Ul=upperenepy interval). For eachplot a constantly = a, denotedas
‘CO’) anda straightline (y = a + ma denotedas 'SL’) were fitted and the quantity
x2/NDF andits significanceof rejection(of the constantiit only) werecomputed.For a
straightline, the parametergin units of hardnessatio) are’a’ (a constantland’m’ (the
slope). For a constantfit thereis just the single parametera’. The lasttwo columns
containthe spectralindex for an assumecdpower law spectrumfor a flux of £ = 4.0 -
10~ "em—2s~! andfor F = 12.0- 10~ 1em =251,

tmin,i
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Figure B.20: These plots display the hardnessratio for the intervals [0.7, 1.3] TeV and
[2.5, 10.0] TeV andthe correlationbetweenthe flux in the lower enegy interval and the higher
enepgy intenval. a) The hardnessratio clearly changeswith flux. A constanfit wasrejectedwith
4.2 sigma. In figure b) the flux in the lower enepgy interval [0.7, 1.3] TeV is plotted againstthe
flux in the uppereneny intenal [2.5, 10.0] TeV asa crosscheck. This is a plot to crosscheckthe
distribution. The x2/NDF valuesarelistedin Tah B.5.
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Figure B.21: a) This plot displaysthe hardnessratio for the intenals [0.9, 1.3] TeV and
[2.0, 5.6] TeV. It shaws thatthe hardnessratio again increaseswith flux. Although the effect
is smallerthanthat of the previous plot, a constanfiit wasrejectedwith 3.3 sigma. In figureb) the
flux in the lower enegy intenal ([0.9, 1.4] TeV) is againplotted againstthatin the upperenegy
intenval ([2.0,5.6] TeV), asa crosscheck.The x2/NDF valuesarelistedin Tah B.5.
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[ LiTeV [ UlTeV [ Fit | a/10 % | m/10- > || x*/NDF | Sig |

[0.7,1.3] | [2.5,10] || CO| 24+4 57.319 | 4.2
[0.7,1.3] | [25,10] | SL | 81+27 | 1.9+03 | 17.5/8
[0.9,1.4] | [25,56] ] CO| 17+4 83.5/7 | 5.6
[09,1.4] | [25,56] || SL | 55+23 | 21+03 | 12.6/6
[1.0,20] | [25,56] ]| CO| 24+3 15/9 | 1.2
[1.0,2.0] | [25,56] || SL | 22+2.0 |02+02| 13.9/8
[16,2.2] | [25,56] || CO| 807 9.47/12 | 0.4
[16,2.2] | [25,56]| SL | 80+£7.0 | 0£1.0 | 9.47/11

[ LiTeV | UITeV [ Fit | a(Fluz = 4.0) | a(Fluz = 12.0) |

[0.7,1.3] | [25,10] | CO| 25+0.1

[0.7,1.3] | [2.5,10] || SL 27+0.1 23401
[0.9,1.4] | [25,56] || CO| 2.75+0.15

[09,14] | [25,56] | SL| 31+0.15 24+015
[1.0,20] | [25,56] ]| CO| 2.65+0.2

[1.0,2.0] | [25,56] || SL | 2.68+0.3 2.62+0.3
[16,22] | [25,56] ] CO| 2802

[1.6,2.2] | [2.5,5.6] || SL 28+0.2 28402

Table B.5: Thetable shavs the quantitative fit results for differentenegy intervals (LI=Lower

enegy intenal, Ul=upperenepy interval). For eachplot aconstan{y = a, denotedas’'CO’) anda

straightline (y = a + mz denotedhs 'SL’) werefitted andthe quantityx 2/NDF andits significance
of rejection(of the constantfit only) were computed. For a straightline, the parametergin units
of hardnessatio) are’a’ (a constantiand’m’ (the slope). For a constanffit thereis just the single
parametera’. Thelasttwo columnscontainthe spectralindex for anassumegower law spectrum
foraflux of F = 4.0 - 10~ em™2s~! andfor F = 12.0 - 10~ 1 em 2571,

It canbe seenthatthe hardnesgatio increaseswith increasingflux but only for the lower enegy

interval justabove thethreshold.There the constanfit wasrejectedwith 4.2sigma.
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FigureB.22: Plota) shavs thehardnessatio for theinternvals[1.0,2.0] TeV and[2.5,5.6] TeV. The
changein hardnessatio becomesnuchsmallerfor higherenepgies. In the region abore 2 TeV the
hardnessratio is almost constant but still displaysa slightincreasewith increasinglux. Figureb)
displaysthe crosscheckfor theintenals[1.0,2.0] TeV and[2.5, 5.6] TeV. Herethe correlationplot
shawvs almosta straightline. The hardnessatio is virtually constant. The x2/NDF valuesarelisted
in Tah B.5.

It canbe seenthat the hardnessatio increaseswith increasingflux but only for the
lower enegy interval just above the threshold. There,the constanffit was rejectedwith
4.2sigma. Lowerenegy internvalsabove 1.6 TeV shav aconstanhardnessatio. Thiswill
bediscussedn detailin the conclusionelow.

Conclusionconceming the hardnessratio calculation

In the figuresabove it could alreadybeenseenthat the hardnessratio increaseswith
increasingflux. However, the changeincreaseswith decreasingenegy. The effectis
largestjust above the threshold. Above 2.0 TeV the hardnesgatio staysvirtually con-
stant. To determinewhetherthis is a significanteffect, potentialsystematierrorsmustbe
discussedarefully.

Enegy intervalscloseto thethresholdintroducelarge systematierrorsin the calcula-
tion of the hardnesbecausehe slopeof the effective detectionareais very steepin those
regions. However, thesesystematicerrors in the calculation of the hardnessare static,
they do not changewith time or run. To excludeany bias from varyingthresholdslueto
differentzenithanglesonly eventswith zenith anglesbetweenl(® and 20° wereconsid-
ered.Thethresholdemainsvirtually unchangedh thisregion. Evenif therearesystematic
errorsin the flux calculation(andthusin the hardnessatio calculation),dueto incorrect
collectionareagoo closeto the thresholdthe effect of a changein the hardnessatio will
persist.

Thespectralindices, obtainedfrom the hardnessatios,are consistentwith the spec-
trum which is presentedn the following section. In general they clearly shov that the
spectralindex (at enegiesof approximatelyl TeV) is increasingfrom about o = 2.4
up to abouta = 3.0 from low fluxes(F = 4.0 - 10~em=2571) to high fluxes(F =
12.0- 10~ em—2571).

How could a different hardnesgatio behaior for different enegy intervals be ex-
plained? An explanationcould be that the peakemissionof inverseComptonscattered
~-photonds notfar away from the measuremer(ets sayat about10to 100 GeV). Below
1 TeV the spectrunmdoesnot have a power-law shapearymore. It is curvedthereandonly
abose 1 TeV it getsa power law shape. During flare the peakmovesslightly to higher
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enegies. The hardnessatio only changesf partsof the lower enegy interval is below
approximatelyl TeV. Thisresultwill be comparedvith obsenationsfrom the spectrum.

B.2 Spectrumof Mkn 421

Thelastaspecbf the Mkn 421 datasamplethatis goingto beanalyzeds the shapeof the
spectrum.The enemgy bin size(in logarithmicscale)hasbeenchoserno be of thedouble
size(two sigma)of theaverageenegy resolution(~23%).

In the secondstagethe spectraof differentflux-statesarecomparedo eachother As
predictedby the studiesof thehardnessatio a changen the slopeof the spectrurmat lower
enegiesis expected.

B.2.1 The spectrumaveragedover all flares

The averagespectrumwascalculatedout of the completedatasebf the flaresof Mkn 421
in 2001 (which accumulate¢o 259hoursof obsenationtime).

Power law with exponential cutoff hypothesis

Figure B.23 shavs the averagespectrumof Mkn 421 for the periodbetween59125MJD
and59250MJD. Two differentialflux % functionshave beenfitted to the spectrum.

1. Thefirst hypothesiss a simple power-law spectrum with spectraindex a:

F(E) . o«
—p = RE (B.6)

2. Theseconchypothesiss a power-law with an exponential cutoff E.:
T FyE e (B.7)

Thefirst hypothesiof a powerlaw spectrungave aspectraindex of a =2.96+- 0.04but
hasbeenrejectedwith a chi-squareof xy2/NDF=74/9. This hasa probability of p=10—2!
or 6.6 sigma(Gaussiamormaldistribution).

The spectrumhasbeenfitted with a power law having an exponentialcutoff (upper
plot). The spectral index is a =1.88+- 0.15 andthe cutoff is locatedat E. =3.1 +-
0.5 TeV. The pointswith differ ent colors represent6 differ ent zenith angle bins rang-
ing upto 50°. The black points aredatafrom all zenith anglescombined.In the lower
left handplot the expectedexcesseventdistribution for a power law with cutoff hasbeen
fitted to the experimentalexcessevent distribution. The fit to the excessevent distri-
bution is expectedto yield the preciserresultsbecausehe unfolding procedureintro-
ducesadditionalerrors. The spectralindex found hereis a =2.1 +- 0.07 with a cutoff
of E. =3.1+- 0.26TeV andis thereforeperfectlyconsistentvith theupperplot. Theplots
for the backgroundestimationfor each(unfolded)enegy bin canbe foundin Appendix
B. Thebackgroundor themeasuremerat 12 TeV wasdifficult to estimateandcouldhave
ahighersystematiaincertainty

The systematiaincertaintiesasalreadydiscussedn thelastchapter have their origin
mainly in imperfectcalibrationof the absoluteenegy scaleandin imperfectMC studies.
It is estimatedhatthe systematiauncertaintyof the spectralindex is o (o) = 0.1, that
of theenegy cutoff iso(E.,;) = 1 TeV andthatof theflux is o(Fy) = 10% Fp.
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FigureB.23: Plota) shavstheaveragespectrumIt wasfitted with apowerlaw having aexponential
cutof. The spectralindex is 1.88+- 0.15 andthe cutoff is locatedat 3.1 +- 0.5 TeV. The points
with differentcolorsrepresent differentzenithanglebinsrangingup to 50°. The black pointsare
datafrom all zenithanglescombined.In plot b) the expectedexcesseventdistribution for a pover
law with cutoff wasfitted to the experimental excessevent distrib ution. This avoidsthe unfolding
procedureandyields smallererrorsfor thefit parametersThe spectral index found here is 2.1 +-
0.07 with a cutoff of 3.1 +- 0.26 TeV. Plot c) shawvs thefit of a purepower law fit which s rejected

with a x?/NDF=74/9.
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FigureB.24: The cunaturein the spectrumshavn heremight not only originatefrom a cutof, but
from anintrinsic cunatureof the spectrumsincewhatis obsered,is supposedo beaportionof the
inverseComptonpeak.A functionthatis proportionako theluminosityandcontainsaparaboliccerm
wasfitted here: L « E4L = FoE~*~#™"F_ Thechisquards x*/NDF=4.1/6,whichis perfectly
acceptable.Thefit givesa valuefor the cunatureterm of a=0.22,which will be usedlater when
the spectraof differentflux statesareanalyzed.The spectrumwasplottedin unitsof E2dF/dE for
betterillustration.

Power law with a parabolic term

The obsened curvaturein the spectrunmight not only originatefrom a potential cutoff
(for examplefrom the absorptionof the cosmicinfrared background)but also from an
intrinsic curvature of the spectrum. What we are supposedo obsere is a portion of
the inverse Compton peak, which naturallypossesa curvatureratherthana pure power
law shape.This ideawill be studiedfurther whenthe spectraof differentflux levelsare
examined.

To first orderthe peakshapecanbe approximatedy a quadratic term. Theresulting
functionis a parabol&in log-log scale). Usually SSCmodelpredictionsare presentedn
termsof luminosities. For this reasorthe ansatZor thefit functionis proportional to the
luminosity L «x Eg—g. Naturally the quadratictermis introducedn log-log scaleandthe
parabolaansathecomes:

dF

2
EdE — efa(lnEflnEpeak) +c (BS)
— ec A e—a,ln2 E—2a,lnE'lnEpeak—i-—aln2 Epeak
— ec . efa,lnEpea;c . E+2a1nEpeak7a1nE

= F.EofmE (B.9)

Thelastline shavsthattheansatas equalto a usualpower law with aquadratiderm g if

Fy = ef-e nPpear (B.10)
«a 2aln Epeqr,

B = a
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| Instrument || Cangaroo | Whipple | CAT
Years 1992-1996 1995-1998 1996-2000
RanggTeV] 7-50 055 0.3-20
Fy 2.8713 320+£0.17+0.6 | 2.2+0.05+0.6
a 2.563+0.18 | 249+ 0.06 £0.04 | 2.80£0.03 = 0.08
Reference [Tan9g [Hil98] [Mas0]
| Instrument || CT-System CT1 |
Years 1997-1999 2001
RangeTeV] 0.5-20 0.7-20
Fy 2.79+0.02+0.5 | 3.0+£0.33+0.5
a 2.59+0.03£005| 25+0.1£0.1
Reference [AhaOq [TW]
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TableB.6: Thetableliststheactualflux measurementsf the Crabnelulawith differentinstruments.

Fig. B.24shavsthatthis ansat4its quitewell to theshapeof thespectrumThechi-square
is x2/NDF=4.1/6. Thefit givesusa valuefor the quadratic term of a=0.22,which will
be usedaterwhenthe spectrunfor differentflare statess examined.Thefit alsoprovides
usavaluefor thepeakof the parabola Sincethe shapeof theinverseComptonpeakis not
known andsinceSSCmodelsdo not predicta parabolicinverseComptonpeak,this value
only providesavery roughhint of the positionof therealluminosity peak.

B.2.2 The Crab nebula spectrumfor consistencycrosscheck

The Crabnehulais a pulsarthat permanentlyffeedsa shockfront which producesy-rays.
The spectraof shockwave acceleratiorhave a power law shape.lt hasbecomea standard
candleor calibrationlight sourcesinceit emits a time constantflux with a power law
spectrumgivenby:

dF

dE
whereq is the spectraindex and Fy is theflux constantThe spectrunof the CrabNelula
wasmeasuredy mary experiments.Ilt canbe usedto checkif the one's own analysisis
consistentvith commonacceptedesults.

Fig. B.25 shavs the spectrumasrecordedby CT1 duringthe sameperiodasMkn 421
in 2001. Thespectrunis flatter (or harder)thanthatof Mkn 421. Sincethe Crabnehulais
in ourgalaxyno absorptiorfrom the cosmicinfraredbackgrounds expected.The spectral
index, as measured in this work, isa = 2.5 £ 0.1 £ 0.1 and the flux constant Fy =
3.0 £0.33 £ 0.5TeVlem~2s~!. The enegy rangeis, as canbe seenin the figure,
650GeVto 15 TeV. Thesecondigurebelon shovsthezenithangledependencef theflux
which is negligible (asis shouldbe). Tah B.6 shavs the resultsfrom several Cherenlov
telescopes.

= FRE © (B.11)

B.2.3 Analysisof the Mkn 421spectrumduring different flare states

Rememberinghe resultsfrom the analysisof the hardnesgatio we expecta changeof
cunaturein the spectrumin the region at approximatelyl TeV and eventually a slight
changeof the spectraindex of the spectrumin dependenco differentflare states.

Thedatahasbeenseparateéh essentiallyfive intervals of differ ent fluxes ([0.5, 1.0],
[6.0,10] and[10,15] in 10~ TeV~tem=2s~1). For all of theseflare stateshe spectrum
hasbeencalculated.
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FigureB.25: The Crabnehula hasbecomeacalibrationlight sourcefor Cherenkv telescopesince
it emitsa constanflux of v-rayswith a power law spectrum Plota) shavs the spectrumwhenfitted
by a power law. As usual,differentcolorsrepresentifferentzenithanglesbinsandtheblack points
arethesumof all zenithanglescombined.Thefit givesa spectralindex of « = 2.5+ 0.1 anda flux
constantof Fy = 3.0 £+ 0.33. b) A straightline fit (y = p0 + p1 * z) shows thatthe zenithangle
dependencef theflux abore 1 TeV is negligible.
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Interval | T,ps Ry Q x?/NDF
in TeV inh || TeV-'em=2s7! Fixedcutoff, freeslope
0.5,1.0 21.7 || 2.05+0.2610~11 | 2.50+0.2 1.0/4
1.0,25] | 829 || 3.17£0.1710 T | 2.22£0.08 2.3/5
2.5,4.5 79.8 || 7.07+£0.28 10~ | 2.04 +£0.04 3.9/5
[7.0,10.0] | 23.9 || 13.4+05310 1 | 1.88 + 0.04 2.8/5
[10.0,15.0] | 11.8 || 19.0 £8.1310~1* | 1.83 + 0.05 5.8/5

TableB.7: A power law with fixed cutoff of E. = 3.2 TeV (resultfrom overall spectrum)was
fitted. For lower fluxesthe spectrunbecomessteeper

Interval | Tops F X’/NDF
in TeV inh || TeV—'em=2s~! | Fixedcutof, fix slope
0.5,1.0] | 21.7 |[ 2.05£0.2610 1" 17.8/5
1.0,2.5] | 82.9 || 3.17+0.1710° ¢ 30.7/6
2.5,4.5 79.8 || 7.07+0.28 1011 25.6/6
[7.0,10.0] | 23.9 || 13.4+0.5310~!! 4.0/6
[10.0,15.0] | 11.8 || 19.0 £ 8.1310 1 5.8/6

TableB.8: A powerlaw with fixed cutoff of E. = 3.2 T'eV andfixedslope(slopeof high-
estflux curve) wasfitted. The fixed slope hypothesiswas rejectedby x2/NDF=30.7/6
(maximumvalue)or 3.7 sigma.

Power law with exponential cutoff

Thefirst hypothesigesteds a powerlaw with cutoff. FigureB.26 shavsthe E2 j—g spectra
plotsof thesefive flux intervals.

a) A power law with fixedcutoff of E, = 3.2 TeV (resultfrom overall spectrumhasbeen
fitted. It wasnecessaryo fix oneparameteto reducethe errorson thefit parameterso
obtainmeaningfulresults.The spectraindex of the differentflare stateschanges
considerablyFor lower fluxesthe spectrum becomessteeper. Thefit resultsarelisted

in Tah B.7.

b) To checkthesignificanceof the changen slopeduringdifferentflaresthe slopewas
fixed to o = 1.8, thatwith the highestflux (greenpoints)andthe x? wasobtainedfrom
eachfit. The fixed slopehypothesiswasrejectedby x2/NDF=30.7/6(maximumvalue)
or 3.7sigma (for a Gaussiamormaldistribution). Tah B.8 shavsthatnoneof the other
four curvesfit thefixedshapewell.

c) In thefirstfit 'a)’ the cutoff hasbeenfixedandthe spectraindex wasfree. Now we
checkif thefit is alsocompatiblewith a fixed slopeof o = —2.0 (slopeof overall,
averagespectrumanda fr eecutoff. Thefit provesthatthedatais alsoperfectly
compatible with afixedslopeandafree cutoff. The cutoff movesto higher enegies
with increasingflux. Theinformationavailableis not sufiicientto differentiatebetween
thedifferentmodels.Tah B.9 lists thefit results.

d) To checkthesignificanceof the existenceof a cutoff (or acurvature)a pure power
law wasalsofitted. The pure power law wasrejectedby a chisquare of x2/NDF=49/5
(maximumvalue).Thefit resultsarelistedin Tah B.10. Thevaluesin thetableillustrate
how the spectrumhardens with increasinglux.



144 APPENDIXB. ANALYSIS OF THE FLARESOFMKN 421IN 2001

o
£ -10 | ]
510 E
i - .
0 C 7
> B |
[0]
E L
w
Elorll |
w =
kel -
N -
w -
-12
100
-13
10
1 10
Energy (TeV)
(a) Powerlaw with fix cutoff
I Tl
5w T ﬂum E G
g - = \Q\ _ N s ‘\\\:\\‘.\\.
3 ——— N 3 OF e ~ s
c s T N e [ S — —
5 — N Y o T s
£ T ——— T~ [ i NG s
- \3\\\\\ - \ﬁ \\\\
RN I .
~~ ~L_
™~ . ~
10 10 SQE
~J
10" 10"
1 10 1 10
(b) Lowerlav with fix cutof and fix (c) Purepowerlaw fit
slope

FigureB.26: TheseareEQj—g spectragplots of variousflare states. The datawasseparateéhto five
intervals of differentfluxes. a) The spectrafor eachinterval wascalculatedanda power law with a
fixed cutoff of E. = 3.2 TeV wasfitted to the data. To obtainmeaningfulresultsit wasnecessary
to fix oneparameteso thatthe errorson the fit parametersrereduced.The spectralindex of the
differentflare stateschangesonsiderably In the plot b), to checkthe significanceof the changen
slopeduring differentflares,the slopehaswasto the onewith the highestflux (the greenpoints)
andthe 2 wasobtainedfrom thefits. Thefixed slopewasrejectedby x2/NDF=30.7/6 (maximum
value),or 3.8sigma. c) To checkthe significanceof the existenceof a cutoff a purepower law was
fitted to the data. The purepower law wasrejectedby x2/NDF=49/5 (maximumvalue).
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Figure B.27: This figure shaws the fit of a power law with a fixed spectralindex of « = —2.0

anda free cutof. The x2-valuesalso agreeto sucha solution (SeeTah B.9). The cutof moves
from 1.9 TeV up to 4.3 TeV. The datais not good enoughto distinguishbetweenthesedifferent
possibilities.

Interval | Tops Fy Cutoff x?/NDF

in TeV inh || TeV—tem=2s7! inTeV | Freecutof, fixedslope

0.5,1.0 21.7 2.44+0.5510~11 1.9+04 0.8/4

1.0,2.5] | 829 | 34+£02710 T | 25+0.23 35/5

25,45 | 798 | 7.1+£0.3510" T | 3.1+0.18 4.0/5
[7.0,10.0] | 239 | 13.0+0.6010 ' | 4.0+ 0.25 2.8/5
[10.0,15.0] | 11.8 || 18.1 +0.84 10711 | 43+0.3 3.4/5

TableB.9: Herethe slopewasfixed and cutoff was kept free As expectedthe cutoff movesto
higher enegiesfor increasingflux. The chisquarevaluesareacceptableThe slopeandthe cutoff
arehighly correlatedparametersTheinformationavailabledoesnot permitto differentiatebetween
differentmodels.

Interval | Tops Iz a x?/NDF
in TeV inh || TeV tem 257! Purepowerlaw
05,1.0] | 21.7 ]| 1.7£0.1910 T | 3.50£0.14 74/4
1.0,2.5] | 82.9 | 25+0.1210- 1T | 2.90 £ 0.06 11.6/5
2.5,4.5 79.8 || 5.8+£0.2010~!! | 2.83+0.04 49.0/5
[7.0,10.0] | 23.9 || 10.9+0.37107 | 2.66 +0.04 42.5/5
[10.0,15.0] | 11.8 || 15.5 £0.58 10711 | 2.6+0.04 23.4/5

Table B.10: To checkthe significanceof the existenceof a cutoff (or a cunature)alsoa pure
power law wasalsofitted. The pure power law wasrejectedby a chisquare of x*/NDF=49/5.
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FigureB.28: A power law with a quadratic term describeghe cunvatureof the spectrunvery
well. In plot a) Eachspectrumhasbeenfitted with a fixed curvature of a=0.22. This value was
measuregreviously from the overall spectrum.Fromthefit the peakpositionof the parabolavas
calculated.lt movessignificantly from 13 GeV'to 78 GeV. Plotb): The peakpositionwasfixedto
E,eqr=78.8GeVin orderto checkthe significanceof the movement.It is evidentthattheresulting
curvesdo not describethe shapeof thelower flux spectra.Thefits are rejected with a chisquareof
x2/NDF= 33/6 (maximumvalue). This correspondso a probability of 5 1072,

Power law with a quadratic (parabolic) term

As alreadymentionedthe curvatureof the spectruncanalsobe explainedalsoby the fact
thatoneobsenesapartof theinverseComptonpeak. Thereforejt makessenseo perform
a fit usinga power law with a quadratic curvature term. This meansthatthe inverse
Comptonpeakis approximatedby a parabolaSSCmodelsnormallygive predictionsabout
luminosities. Our ansatZor thefit functionis

E _ —a—@InE
Lx E ¥ i LE

whereg is the curvature, « is spectral index and I is the peak intensity (flux times
enegy). Using Equ.B.10, the peak position of the parabola canbe calculated.Ilt must
be keptin mind that this valueis not the position of the luminosity peak but rathera
very rough estimate sincethe inverseComptonpeakdoesnot have a parabolicshape!
Fig. B.28 shaws the spectrafor thefive differentflux intervalsto which a power law with

guadratica curvaturetermwasfitted.

Whatwe wantto testis whetherthechangen spectraindex (or equivalentthe cutoff),
canbe explainedby the idea of a moving peak. The curvaturewasfixedto a value of
a=0.22aspreviously measuredrom the overall spectrum.The hypothesigs thatthe peak
only moveswith increasingluxesbut doesnot changeits shape Thefixing of a is also
necessaryo limit the numberof freefit parameterso two (just aswasdonefor the cutoff
fit). Thisreducegheerrorsonthefit parametersuficiently to obtainmeaningfulresults.

Thefit resultsshav thatthe peak of the parabola movesfrom 13 GeV to 78 GeV.
Thevaluefor the intensity Iy, which is proportionalto the peak luminosity suggestshat
the luminosity at peak doesnot changevery much. This simplemodelseemdo shav
thattheincreasen flux (in the TeV) is mainly causedy a shift of thepeak! Tah B.11lists
theexactnumbers.

To checkthesignificanceof themovementthepeakpositionhasbeerfixedto E,.,;=78.8GeV.
Thefits arerejectedwith a chisquare of x2/NDF of 33/6 (maximumvalue). This corre-
spondsto a probability of 5108 (or 3.8 sigma). This meansthat the changein spectral
index is indeedcompatiblewith the idea of a moving peak,evenif we are not ableto
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Interval | Tops Ey Peak x?/NDF
in TeV in h ecm2s—1 GeV
0.5,1.0] [21.772£6.1107° ] 13.2+£5.7 1.5/4
1.0,2.5] | 82.9 | 29+0.910°1% | 30.5+5.7 2.8/5
2.5,45] | 798 [ 40£0.7107° | 454 +£5.1 7.3/5
[7.0,10.0] | 23.9 || 47+£0.71071° | 68.6+ 7.4 3.7/5
[10.0,15.0] | 11.8 || 5.7+ 0.910°10 | 788 £9.25 | 2.8/5

TableB.11: Thetableshaws thefit resultsof the powerlaw fit with parabolicterm. The numbers
shaw thatthe peak of the parabola moves from 13 GeV to 78 GeV andthatthe increasein flux

(in the TeV) might be mainly causedby a shift of the peakratherthanby anincreaseof the peak
luminosity.

Interval | Tops x?/NDF
in TeV in h || Fix curvaturea,fix peakat 78.8GeV
0.5,1.0 21.7 26.2/5
1.0,2.5] | 829 30.8/6
2.5,4.5 79.8 33.0/6
[7.0,10.0] | 23.9 5.4/6
[10.0,15.0] | 11.8 2.8/6

Table B.12: To checkthe significanceof the mavement, the peak position has beenfixed to
E,cq1=78.8GeV (curve with highestflux) . Threeof thefits (curveswith lower fluxes)arerejected
significantly

give a goodestimateof the real positionof the inverseComptonpeak. Tah B.12lists the
chisquarevalues.

B.2.4 Conclusionsand a discussionof the results
Averagespectrumof Mkn 421

Thespectrumof Mkn 421 shows clear evidencefor acutoff at E, = 3.1 £ 0.5+ 1TeV.

The pure power law was rejectedat the 6.0 sigmalevel. The powerlav hasa spectral
index of & = 2.96 + 0.04 £+ 0.1. It waspossibleto demonstrat¢hata power law with a
quadratic curvature term of a = 0.22 &+ 0.05 describeshe shapeof the spectrunupto

10 TeV equallywell asa powerlaw with exponentialcutoff.

Spectrum of the Crab nehula

Thefit of a pure power law to the spectrumof the Crab nehula givesa flux constantof
Fy =3.0+£0.33+£0.5TeV " 'em~2s~! andaspectraindex of o = 2.540.1 4 0.1 which
is in goodagreementvith currentmeasurementsf otherexperiments.

Spectraof Mkn 421during differ entflare states

Thespectraof differentfluxesshow a significant hardening with increasingfluxes, which
is in agreementvith theresultsfrom the hardnessatio measuremeniThe decreasef the
spectralindex with increasingflux wasshawn by fitting a power law with fixed cutof (at
E. =3.2TeV). A fit with afixedspectraindex wasrejectedatthe 3.7 sigmalevel.

Thefit of apowerlaw with fixed spectralindex andfr eecutoff alsogivesacceptable
x2-values.Thecutoff movesfrom 1.9 TeV upto 4.3 TeV.
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FigureB.29: Thefigureillustrateshe modelof themoving peak. Thefit of aparabolao thespectra
seemdo shaw thata goodpartof the high variability of theflux in the TeV rangeis mainly caused
by a shift of the inverse Compton peak to higherenegies (Fig. B.29 illustratesthe hypothesis)
ratherthanby a high variability of the peak luminosity.

Mkn 421flare spectrafit by using a powerlaw with parabolic term

By fitting a power law with a quadraticcurvatureterm (which very roughly approximates
aninverseComptonpeak)it waspossibleto show that the hardening of the spectrum is
compatible with the idea of an moving inverse Compton peak. The movementof the
peakluminosity of the parabolafrom 13 GeV for low fluxesup to 78 GeV for high fluxes
is significantwhile a fixed parabola peak position wasrejectedwith 3.9sigma. It must
be keptin mind thatthis roughapproximationis not appropriateo estimatethe real peak
positionof the luminosity.

The fit seemsto shav that a good part of the high variability of the flux in the
TeV rangeis mainly causedby a shift of the inverse Compton peak to higher ener
gies (Fig. B.29 illustratesthe hypothesisyatherthanby a high variability of the peak
luminosity.

Conclusionabout spectraduring differ ent flar e states

As aconclusionit canbenotedthata significant changgahardeningor higherfluxes)in
the spectrumfor differentflux levels could be detected.A fixed cutoff andfixed slopefit
wasrejectedaswell asa purepower law fit.

But it wasnot possibleto differ entiate betweendiffer ent modelsto find out whether
the cutoff changegfixed spectralindex) or ratherthe spectral index (fixed cutoff). The
hypothesi®f amoving peakwith a parabolicfit alsogivesacceptable?-results.Thetruth
mightinvolve a combinationof theseeffects.





