Appendix B

Analysis of the flaresof Mkn 421
in 2001

In chapterl andA the necessarjoundationwasestablishedo now discusgheanalysisof
the Mkn 421 data. This datawasrecordedbetweenFebruary 2001and May 2001 when
Mkn 421 exhibitedlargeflares.Thetotal obsenationtime amountgo 249hours.

Two maincharacteristicsvill be examined.Oneis thelightcurve which containstim-
ing information of the flaresandtime correlationsto x-ray measurementsThe second
concernghe spectral properties of theflux. Calculatedwill bethetotal averagespectrum
andthe spectrumn differentflare statesncluding hardnessatio changes.

B.1 Light curveandtiming of the flaresof Mkn 421

In this section,the measurementf the lightcurve usingthe CT1 telescopeandotherin-
strumentdik e the x-ray satellitesRXTE and ASCA andthe CT-systemtelescopesre
describecandcomparedIn addition,fundamentatiming propertiesandtime correlations
arediscussedhere.

B.1.1 The light curve of Mkn 421asmeasuredby CT1

Thealgorithmof thelightcurve calculationwasexplainedin detailin chapterA. Thedata
is binned in runs which are typically of 20 minutes duration. Smallerbinning was
disregardedbecausehe statisticswould be unacceptablyow. Thelightcurve of thewhole
periodis shovn in Fig. B.2 andthe completenight by night setcanbe seenin Appendix
B. Somerunshave high fluxesof up to (10 — 15) 10~ (TeV m? s)~1. The lightcurve
exhibits five mainobsenationperiodswhich areinterruptedoy moonperiodsduringwhich
obsenationswasonly restrictedpossible.In threeof thesefive periodsMkn 421 shaved
highfluxes.Moon obsenationdatais notincludedin this plot andwasnotanalyzedn this
documentA lightcurve with daily averagesvasalreadyshovnin Fig. A.41.

Estimation of rise and fall times

Measurementsaking during twelve daysand containingsignificantflareswere selected
andareshowvnin FiguresB.3, B.4 andB.5. Thereis someevidencethatsomeof theflares
arefasterthantheresolutionof therun bins. It is difficult to estimatetherisetimein some
cases.To obtainnumberdor the doublingrisetime, the halvingfall time andthe average
FWHM durationof atypical flare, thr eedifferentapproachesvereused.
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FigureB.1: This figure shaws the total excessof the Mkn 421 datasetvhich amountsto 17400+-
210 signal events over approximately8800 backgroundevents and which was recordedbetween
February2001andMay 2001with atotal obserationtime of 249hours.
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FigureB.2: Thelight curve for thecompleteperiodbetweerFebruary2001andMay 2001is shavn.
Eachpoint correspondso a singlerunwhich is typically of approximately20 minutesduration.
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FigureB.3: Selectedlux measuremenfsom thenights51928,51929,51930and51934.Theflares

have beenfitted with a simpleflare modeldescribedelow.
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FigureB.4: Selectedlux measuremenfsom thenights51938,51939,51942and51968.Theflares
have beenfitted with a simpleflare modeldescribedelow.
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FigureB.5: Selectedlux measurementsf the nights51988,51990,51991and51993. Theflares
have beenfitted with a simpleflaremodeldescribedelaw.



118 APPENDIXB. ANALYSIS OF THE FLARESOFMKN 421IN 2001

16

14

12

10

Flux in 10 *(Tevscm 3

\\\z\\\z\\\i

i i i i i i
51967.16 51967.17 51967.18 51967.19 51967.2 51967.21
Noon MJD

FigureB.6: Fit to obtainthe doublingtime. Theflaretakenoccurredn thenight51967.1t shavs a
doublingtime of 8.2+7.0 minutes.Eventheworstcasescenariablueline) still hasa doublingtime
of only 23 minutes.

1. For asimplecharacterizationa flare model hasbeenfitted to eachnight.

b

(t—tg)

2= 12

Ft)=a+

(B.1)

_ (t=tg)
a

This function behaveslike an exponentialin the limits of minus and plus infinity.

Risesandfalls aresupposedo have exponentialcharacte correspondingo sudden
outhurstandexponentialcooling). It hasdoublingrise andhalvingfall timesc and
d. This modelassumeshat several smallfastflarespile up to a singlevery large
flare. This meansthat the flare doesnt startfrom zerobut ratherfrom a constant
background whichis estimatedy a. Thisfit is usedo estimate¢heaverageduration
of fastflaresandtheriseandfall timesstartingfrom a constanbackground.

2. For very fastflaresfour points are taken with the rise or fall in the middle (see
Fig. B.6). Threesggmentsof straightlinesarefitted to thesefour pointsby integrat-
ing overtherun period. In this mannemve canapproximatehe slopeof the middle
segmentby usingtheinformationfrom thepointson theleft andtheright andobtain
its errorfrom thefit. Thefit containstwo fr eeparameters which arethe slopesof
thefirst andsecondsggments.The offsetfrom zeroon is givenby the first andlast
point which lay on the first andlast straightline. The doublingtime is calculated
hereby assuminghe a flare startsfrom zero andnot startingfrom an offset asby
fitting theflaremodel.In this way therisetime is calculatedconsewatively.

3. Sincethe4 pointfit is notusefulin all the casesthedoublingrisetime betweentwo
neighbouring points is calculatedby meansof a simple line connectionbetween
two points. The erroris obtainedfrom the errorsof the fluxes. Sincethis methodis
very sensitve to statisticalfluctuationsthedoublingandfalling timesarecalculated
by taking the worst casescenario. The flux valuesusedare the measuredluxes
plus/minustheir one sigmaerrors. (The endsof the error barsare connectedsee
Fig. B.6).
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FigureB.7: FWHM durationof 21 largeflaresobtainedvy fitting theflare modelabaove. Thetypical
durationfor fastflaresrangesbetweenone hour and threeand a half hours. The distribution of
the durationis obtainedby filling Gaussiandistrib utions into a histogram.The meanandsigmaof
suchanGaussiartistribution correspondso themeasuredalueandits errors.The underlying blue
line is the noise background thatwasobtainedby simulatinga lightcurve with Gaussiarrandom
distributeddatapointsarounda meanof the daily averageflux. Thenthe sameflare modelwasfitted
asto thereallight curve. For eachnight 100 lightcurveswere simulated. The blueline shavs that
for randomlightcurves significantly lessflaresarefound.
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FigureB.8: Thesetwo plotsshav the parametevaluesc (doublingrisetime) andd (halvingfalling
time, seeEqu. B.1) obtainedfrom fitting 21 large flares. Typical time scalesin this modelrange
from upwards25 minutes. The distributionsare obtainedby filling Gaussiandistrib utions into a
histogram.The meanandsigmaof the Gaussiardistribution correspondso the measuredalueand
its errors. The underlying blue line is the noise background that was obtainedby simulatinga
lightcurve with Gaussiarrandomdistributed datapoints arounda meanof the daily averageflux.
Thenthe sameflare modelwasfitted asto thereallight curve. For eachnight 100lightcurveswere
simulated.Theblueline shaws thatfor randomlightcurves significantly lessflaresarefound.
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| Type| MJID | Doubling/halfingtime (in minutes) ]|

Fall | 51967.05 11.7+-11.3
Fall | 51990.06 14.1+- 16.3
Fall | 51991.12 12.8+-14.9
Rise | 51934.18 13+-10.7
Rise | 51956.06 15+-15.2
Rise | 51967.17 8.24+-6.9

TableB.1: Theresultsof thefour point, threesegmentfit arepresentediere. The shortesfall time
is 12.8+- 14.9minutesandtheshortestisetimeis 8.24+- 6.9 minutes.Takinginto accounthelarge
errors,thereis evidenceof flaresthathave riseandfall timesof 15to 25 minutes.

Fitting the flare model

The starting valuesfor the fit are setas follows: a=averageflux during night, a=8.0,
¢=30 minutesrise time, ¢=30 minutesfall time and t,=the position of the highestflux
in thatnight. In orderto selectnightswith significantflares,first a straightline fit is per
formed. If the reducedchi-squares lessthen1.5,x?/NDF < 1.5, thenthe nightis not
usedfor thefit of Equ.B.1. The mostinterestingmajor flaresareshownn in Fig. B.3, B.4
andB.5 while thecompletesetcanbe seenin AppendixB.

Only fitting valueswith errorslessthan100%areallowed (asa quality selectioncut)
for thereminderof the process 21 fitted flaresfulfilled this criteria. The plotsin Fig. B.8
andFig. B.7 are obtainedby filling area-normalizedsaussiandistrib utions into a his-
togram. The meanand sigmaof the Gaussiardistribution correspondgo the measured
valueandits error, respectiely. In thisway, it is possibleto graphicallyillustratethe dis-
tribution for only few measurementdn orderto estimatethe significanceof the obtained
result,the sameprocedurenvasappliedto lightcurvesthatweregeneratedy a Gaussian
random generator. The meanof the Gaussiardistribution is the averagedaily flux and
thevarianceis the error of eachdatapoint. For eachnight 100lightcurvesweresimulated
andfitted by the sameprocedurdik e therealone. The obtaineddistribution shavs thatin
randomdistributedlightcurvesmuch lessflaresarefound andthusthe measuredisetime
distribution is significantlyhigherthanthe background.

The averageduration of fastflaresrangesrom one hour to thr eeand a half hours
FWHM. Thetypical doublingriseandhalvingfall timesin this modelrangefrom upwards
of 25 minutes.A significantdifferencebetweerrise andfall timesis not obsened.

Four point-thr eesegmentfit

Theresultsof the four point, threesegment(threestraightlines)fit arepresentedere. A
sampleof riseandfall timesfasterthan15 minutesarelistedin Tah B.1. Theflarescanbe
foundin theFig. B.3,B.4 andB.5 by its MJD.

Takinginto accounthe considerablerrorsonthemeasurementghereis evidencethat
thereexist flaresthathave doublingandhalvingtimesof only 15to 25 minutes.

Worst casescenario: Two point straight line connection

Sincethe four point fit with two free parameteréntroducedarge errorsandsincenot all
fastflareshave two neighboringpoints,the rise andfall time werealsocalculatedrom a
straightline connectionput subtracting one sigmafrom eachof thetwo points(theworst
casescenario) Someof the pointswhich arefasterthen20 minutesarelistedin Tah B.2.
Whenconsideringhe errorsoneshouldtake into accountthatin this worst casesce-
nario alreadyonesigmahadalreadybeensubtracted/addeoin eachof the two pointsand
oneobtainsstill arisetime of 8.24+- 7.0 minutes. Thereforeit canbe safely statedthat
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| Type | NoonMJD | Doubling/halfingtimein minutes |

Rise | 51932.01 8.31+-4.9
Rise | 51989.90 9.7+-6.6
Fall 51929.05 19.4+-13.8
Fall 51992.14 957+-75

Table B.2: In this table somefastrise andfall timesarelisted. They have beencalculatedout of
atwo point connectiorfrom which onesigmahasbeensubtractedalready(worstcasescenariosee
Fig. B.6). It canbe statedthatin afew caseghe doubling rise and halving fall times seemto be
equal or faster than 15 minutes.

in afew caseghe doubling rise and halving fall times arefor sureequal or faster than
15 minutes.

Conclusionsfrom lightcur ve, rise and fall time measurements

The lightcurve measuremennadeby the CT1 telescopeshowns a very fast variability of
thesource.Thereis evidencethatthe fastestdoubling times andhalvingtimesare equal
or faster than 15to 25 minutes. Thefit of a flare modelto the lightcurve shavs thatthe
typical FWHM duration of the fastflaresare betweenone hour and threeand a half
hours while in thatmodelthe typical doubling/halvingtimesareapproximatelyupwards
of 25 minutes.A significantdifferencebetweerrise andfall timeshasnotbeenseen.

In addition,high fluxesof upto (15 + 2) - 10~ TeV~1s~1m~2 canbeobsenedspo-
radicallyduringthefour monthsflare period.

B.1.2 Comparison of the lightcurve to the one measured by the CT-
system

To testredundancy, the obtainedflux wascomparedwith the flux obtainedby the CT-
system This could only be donefor time-coincidentins. As Mkn 421is a very rapidly
flaring source,if the flux is not measuredy boththe CT1 andthe CT-Systemexactly at
thesametime thenit cannotbe expectedhatthe measuredluxespreciselycoincides.This
resultsin a few pointsthatdon't fit perfectlyin the trend. However, it canbe checled
whethemothmeasuredluxesarecorrelatedwhetherthe scaleis the sameandwhetherthe
origins coincideaswell. Fig. B.9 shaws the correlationof time coincidentbins of quarter
daysize. Themeasurement@rein goodagreementA straightline fit with y = p0 + pl x x
to the datashows thatthe origins of both telescopegoincide(p0 ~ 0). The CT1 flux is
approximately 13%+6% lower than that onedetermined by the CT-System.

It shouldbe mentionedthata completelydifferentcalibrationprocedurefor CT1 and
and CT systemhasbeenused. In this respectthe differenceof 13%+6% is surprisingly
good.

B.1.3 The 2 keV-12 keV lightcur ve measured by the All Sky Monitor
of the RXTE satellite

Flaresof February2001to April 2001 have alsobeendetectedn the x-ray domain at
2 keV to 12 keV by the All Sky Monitor (ASM) of the RXTE satellite. This allows
multi-wavelengthobsewations. Somebasicpredictionsof the SSCmodelcanbetested.
It claimsthat X-rays are producedby synchrotrorradiationof saidaccelerate@lectrons
while the GeV/TeV ~'s areproducedby inverseComptonupscatteringf saidx-ray pho-
tons.

Unfortunatelythe measurementsf the All Sky monitor are only a few, short, 90 s
measurementserdaywith very poor statisticsandbig errors. This doesnot allow precise
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FigureB.9: Correlationof theflux above 1 TeV obtainedby the CT-systemwhencomparedo the
fluxesof CT1 for time-coincidentbins of quarterday size. A straightline fit with y = p0 + pl *x z

shaws that the origins of both telescopescoincide andthatthe CT1 flux is approximately13%

smaller thanthe one of the CT-System. The pointswhich are significantly away from the straight
line fit arearesultfrom notcompletelytime coincidentmeasurementsf thetwo instruments.
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measurementsf the developmentof the flares. However the measurementsanbe aver-
agedover biggertime bins. FigureB.10showvs (middle plot) the ASM lightcurve averaged
over 12 hourbinsand(above) a 24 hour sampleof theday51966.0On the smalltime scale
the datais highly noisy. Almost simultaneougointsshav large differences.If the datais av-
eragedover a biggertime period acceptableesultsare obtained. In the bottom plot the
correspondin@T1 half daybin lightcurveis displayedfor comparisonln thenext session
thetime correlationbetweerthetwo instrumentswill bediscussedh detail.

B.1.4 Thediscretecorrelationfunction appliedto TeV and X-Ray light
curves

LookingatFig. B.10,onemaysurmisehatthefluxesof CT1andRXTE arecorrelatedvith
eachother Suchacorrelationprovidesveryimportantinformationaboutthe processethat
createx-ray photonsand-~y-photons.

The empirical correlation function

The empirical correlation p of two vectorsF and F'* is generallydefinedas:
_ 2 (B = (F) (FY = (F7))
2
VI (F7 — (F0))2 5, (FF — (Fe))?
In our casethe situationis morecomplicatedsincethe measurementarecompletelynon-
equidistandistributedin time. Both dataset$iave beenre-binnedinto equidistant time
binsof size AT, asdescribedn Equ.E.35(AppendixA). The correlationis measuredor
systematictime shifts At betweenthe two datasetsthe flux binsfor v-rays F'7 (¢;) and
for x-raysF'” (t;), to seeif thelight of the y-flaresarrivesearlieror laterthanthe light of

the x-ray flares. Only the time coincidenttime bins are summedup, usingthe following
formula:

p (B.2)

Stcrirar (F7 () = (F) (F* (t:) = (F7))
V temar (FY (t5) = (F1)* T, (F () = (Fo))’

Thefiner the bin sizeis chosen the fewer coincidenttime bins arefound. The errorin-

creasedecausehefluctuationof smallerbinnedmeasurementrelargerandbecausdess
time-coincidenbinsarefound. The errorcalculationof the empiricalcorrelationfunction
is describedn AppendixA.

p(At) =

(B.3)

Corr elation of the datarecordedby CT1 and ASM in 2001

Fig. B.11 shows the correlationfor time shifts betweent40 days.In Fig. B.13the RXTE
flux andthe CT1 flux areplottedagainsteachotherfor time coincidentbinsandFig. B.12
shaws bothlightcurvesfor comparisonFor bettervisibility, only coincidenttime binsare
includedin the plot. Tah B.3 shavs the correlation for differ ent bin sizes It increases
with bin size.

Correlation of the data recorded by the ASCA x-ray satellite in 1998 and several
Cherenkov-telescopes

In the introduction chapterthe measurementf the ASCA x-ray satellite and several

Cherenlov telescopegWipple, HEGRA, CAT) betweenrApril 23,1998andMay 1, 1998
werealreadypresentedseeFig. B.14). The ASCA measuremeris significantlymorede-
tailedandprecisethanthatof ASM. Unfortunatelythe TeV datais presentlyvery sporadic
andcontaindarge errorbars.However, the correlation betweerthe x-ray flux and-y-flux

wasalsoanalyzed.
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FigureB.10: Theupperplotshavs: a) A 24 hoursampleof aASM measuremerfor theday51964.
It canbe seerthatthe ASM datais very noisy. Almost simultaneoupointsshaw large differences.
The middle plot shaws: b)Thelight curve averagedover 12 hour bins. The lower plot shaws: c)

The CT1 light curve for comparison.The ASM curwe is continuouswhile the CT1 obsenration is

interruptedby moonperiods.Fromthe uppertwo plotsit is evidentthatwhile the ASM is very noisy

whenaveragedover 12 hourbinsit displaysthe trend of theflux. Theflux outhurstsseemto happen
simultaneouslyor x-rays(ASM) andfor v-rays(CT1).
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FigureB.11: a) The upperplot shawvs the correlationbetweenx-ray dataandthe v-ray flux, as
measuredvith CT1. The maximum correlation 0.74 + 0.06 is reachecdat atime lag of the x-rays
of -12h. It hasto be mentionedthatin this plot the timelagis not significant. The time lag will be
discussedaterin detail. The bin sizewas1.0 days. To obtaina smoothcurwe, thetime lag between
binswassampledn stepsof 1/3 days.b) Thelower plot is the autocorrelatiorof the CT1 data. The
dataseemso containperiodicitieswhich alsoappeaiin the upperplot.

| Bin size(days)| Correlation |

5.0 0.91 £0.07
20 0.83 £ 0.06
1.0 0.74 £ 0.05
0.5 0.73£0.05
0.2 0.65 +0.05

Table B.3: The table shavs the correlationfor differentbin sizes. It increaseswith bin size. It
cannotbe clarified in this thesiswhetherthis hasa physicalorigin or if this originatesfrom larger
errorswhenusingsmallerbin sizes.
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FigureB.12: a) Theupperplot shavs the CT1 flux andb) thelower plot shavs the ASM flux. Note
that,for bettervisibility only thetime coincidentbinsof CT1 fluxesandASM fluxesareplotted. The
correlationis clearlyvisible now.
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FigureB.13: In this plot thetime coincidentmeasurementreplottedagainseachotherusingabin
sizeof two days.They-axisgivesthe CT1flux in andx-axisthe ASM x-ray flux in counts(ccFlux).
A functiondefinedasF = a + ma® wasfitted to thedata. It revealsan almostlinear dependencef
the ASM flux onthe CT1flux , whichis givenby anexponentof b=1.0+0.2. The chisquarexhibits
alargevaluesincethe correlationcoeficient hasa valueof smallerthanone(0.83+- 0.06).
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FigureB.14: Theseplots shav multiwavelenthmeasurementsf Mkn 421 for the periodbetween
April 23,1998andMay 1, 1998. a) The upperleft handplot shavs TeV measurementsy Wipple,
HEGRA andCAT. The middle left handplot shawvs x-ray measurementdy ASCA. b) In the upper
right handplot thex-ray measuremeris displayedwith abackgroundit andthelowerright handplot
shaws the x-ray measuremenith subtractedackgroundandwith superimposedeV datapoints
for illustration.





