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FigureA.16: This figure shows the separation andthe overlap for the parameterWIDTH for
NONE -weights(Equ.A.65) for different’core’ cleaninglevels.Theexponent n is codedin colors.
Blue is ÞÜßáà¿â ã , greenis ÞÜßÁäÏâ à , pink is ÞÜßÁäÏâ ã and red is ÞÜßæå�â à . Different cleaning
algorithmsare expressedin different marker stylesand line styles. Cir clesand continuous line
represent’classic’ cleaning,triangles and dashedline is ’island’ cleaningandstars with dotted
line are’mountain’ cleaning.Thebestseparationis obtainedwith ’island’ cleaning,anexponentof
1.5anda cleaninglevel of 1.5.
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FigureA.17: This figure shows the separation andthe overlap for the parameterWIDTH for
REL -weights(Equ.A.66) for different’core’ cleaninglevels. The exponent n is codedin colors.
Blue is Þçßèà¿â ã , greenis Þçß0ä�â à , pink is Þéß0äÏâ ã andredis Þéß´å�â à . Differentcleaningalgorithms
are expressedin different marker stylesand line styles. Cir cles and continuous line represent
’classic’ cleaning,triangles and dashedline is ’island’ cleaningandstars with dotted line refer
to ’mountain’ cleaning.Thebestseparationis obtainedwith ’island’ cleaning,anexponentof 1.5
andacleaninglevel of 1.5.REL weightsgive resultsidenticalto NONEweights.
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FigureA.18: This figureshows the separation andthe overlap for theparameterLENGTH for
NONE -weights(Equ.A.65) for different’core’ cleaninglevels.Theexponent n is codedin colors.
Blue is Þçßèà¿â ã , greenis Þçß0ä�â à , pink is Þéß0äÏâ ã andredis Þéß´å�â à . Differentcleaningalgorithms
are expressedin different marker stylesand line styles. Cir cles and continuous line represent
’classic’ cleaning,triangles and dashedline referto ’island’ cleaningandstars with dotted line
are’mountain’ cleaning.Thebestseparationis obtainedwith ’island’ cleaning,anexponentof 1.0
andacleaninglevel of 1.5.
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FigureA.19: This figureshows the separation andthe overlap for theparameterLENGTH for
REL -weights(Equ.A.66) for different’core’ cleaninglevels. The exponent n is codedin colors.
Blue is ÞÜßáà¿â ã , greenis ÞÜßÁäÏâ à , pink is ÞÜßÁäÏâ ã and red is ÞÜßæå�â à . Different cleaning
algorithmsare expressedin different marker stylesand line styles. Cir cles and continuous line
represent’classic’ cleaning,triangles and dashedline is ’island’ cleaningandstars with dotted
line are’mountain’ cleaning.Thebestseparationis obtainedwith ’island’ cleaning,anexponentof
1.0anda cleaninglevel of 1.5.REL-Weightsgive resultsidenticalto NONE-weights.
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FigureA.20: This figureshows the separation andthe overlap for theparameterLENGTH for
NONE -weights(Equ.A.66) for different ’core’ cleaninglevels. The exponent n is codedin col-
ors. Differentcleaningalgorithmsareexpressedin differentmarker stylesandline styles. Cir cles
and continuous line represent’classic’ cleaning,triangles and dashedline is ’island’ cleaning
andstars with dotted line are’mountain’ cleaning.Thebestseparationis obtainedwith ’island’
cleaninganda cleaninglevel of 1.0.
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Parameter Cleaningtype Level Exp. Sep. Overlap

WIDTH ’classic’ 3.0/2.5 1.0 1.278 0.0238
LENGTH ’classic’ 3.0/2.5 1.0 1.057 0.0279

WIDTH ’classic’ 2.7/2.0 2.0 1.464 0.0200
WIDTH ’island’ 1.3/0.3 1.5 1.630 0.0139
LENGTH ’classic’ 3.5/2.7 1.5 1.235 0.0345
LENGTH ’island’ 1.3/0.3 1.0 1.676 0.0151

CONC ’island’ 1.0/0.3 / 1.584 0.0180

TableA.2: Thetableshows thecleaninglevels for thebest separationsandoverlapsfor WIDTH,
LENGTH and CONC for the two cleaningalgorithms, ’classical’ and ’island’ cleaning. The
weightsREL andNONE show almost identical results(seeFig. A.17, Fig. A.16, Fig. A.18 and
Fig. A.19). Thefirst two rows show theold ’classic’ versionof HILLAS parameters.Thecleaning
level consistsof two numbers,the’imagecorelimit’ andthe’imageborderlimit’. ’Exp’ denotesthe
exponentê and’Sep’ is theseparation.
Thebestcleaningalgorithmsfor WIDTH andLENGTH areprintedin bold.

Cleaningtype Level Exponent Mean Variance

’classic’ 3.0/2.5 1.0 12.8 11.8

’classic’ 3.0/2.5 1.5 10.0 8.4
’classic’ 4.0/3.0 1.5 8.4 6.4
’island’ 4.0/3.0 1.5 3.9 3.9

TableA.3: Thetableshows thebestconditionsto obtainthesharpestALPHA distribution
for pointsources.Themeanandthevariancearethequantitiesthatquantifythesharpness.
The first row shows the sharpnessof the ’classic’ ALPHA asdefinedby HILLAS. The
sharpestALPHA distribution is obtainedby increasingë to ëíì9î�ï ð andby removing the
’islands’ with the’island’ cleaningalgorithm.

Conditions to obtain the sharpestALPHA distrib ution

Thesameprocedurewasappliedto analyzetheconditions to obtainthesharpest ALPHA
distribution (for ñ -eventsandfor point sources).Thetwo quantities thatcharacterizethe
sharpnessarethevariance andthemean of theALPHA distribution andthey shouldbe
keptassmall aspossible.Thesmaller thesetwo thequantities,thebetter thebackground
suppression.Fig. A.21 illustratesboth valuesfor differentcleaning levels, cleaningal-
gorithms anddifferentexponents ë , asbefore.Thecolorsandmarkersarecodedin the
sameway asdescribedabove.

A cut of ò�ï óõô¼öÈ÷�ø�ùÊôÊî�ï ò�ð , ø�÷Ìúüû�ýþîÏò¿ò and îÏÿ��������Üú��Ïë
	���
���ë��������Ýÿ¿ÿ������
wasappliedbeforehand(’precut’). It hasto bementionedthat thecut on thezenithangle
resultsin a sharperdistribution thanthetotal averagehas.Theconditionsfor thesharpest
ALPHA distributionarelistedin Tab. A.3. Theverybestoneis printedin bold.

As aconclusionof thesestudieswe cansummarize:

1. Increasingtheexponent ë to ë ìþî¿ï¦ð resultsin asharperALPHA distribution.

2. Increasingthecleaning level to 4.0/3.0alsoreducesmeanandvarianceof theAL-
PHA distribution.

3. The largest effect is obtainedby removing the islands from the imagebeforecal-
culatingALPHA.

Unfortunatelythemiss-pointingof theCT1telescopeisquitelargeandevenafterapointing
correctionof the recordeddatathe ALPHA distribution doesnot have the sharpnessthat
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Figure A.21: This plot shows the varianceand the meanof the ALPHA distribution of gamma
shower imagesfor different ’core’ cleaninglevels. The smallerthesequantities,the betterfor the
backgroundreduction.Theexponentn is codedin colors. Blue is ê������ � , greenis ê������ � , pink
is ê���� � � and red is ê��"!#� � . Differentcleaningalgorithmsareexpressedin differentmarker
stylesandline styles. Circlesandcontinuousline representclassiccleaning,trianglesanddashed
line is ’island’ cleaningandstarswith dottedline are ’mountain’ cleaning. The sharpestALPHA
distribution is obtainedfor high cleaninglevelsabove 3 andexponentsof 1.5.
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FigureA.22: Theasymmetrydistribution for gammasandhadrons.0% pointstowardsthecamera
centerand180% points away from the cameracenter. The histogramhasbeenfilled after a cut
on ALPHA < 15% andDIST < 1.0. The cut on ALPHA hasbeenperformedto demonstratethat
only in thecaseof & -evenstheasymmetryis correlatedto ALPHA andnot for hadronicevents.For
that reasonit is possibleto suppressin the ideal casehalf of the background (for a cut on the
asymmetryangleat 90% ). Thehadrondistributionhasbeenscaledup for bettervisibility.

would be expectedfrom MC studies.We will only be ableto take little advantageof the
sharperALPHA distribution.

A.4.2 The head-tail asymmetry defined in a such way that it over-
comesthe finite resolutionof the CT1 camera

In thechapter1, concerningtheoryanddetectors,it wasmentionedthatall shower images
(includinghadronicones)have a head-tail asymmetry with respectto thedirectionfrom
wherethey originated(Fig. A.22) dueto theimagingprocesswhich involvesa tangent of
the viewing angle. For point sourcesthis knowledgecanbe usedto further reduce the
backgroundsincethehadronicshowerarrive randomlyfrom all directionsandthegamma
showersonly arrive from thecenterof thecamera(if thecenterpointsto thesource).This
ideais not new andhasalreadybeenusedby otherexperiments.They definedtheasym-
metryin thefollowing way [Pet97]: '( ) ì '*' (+-,/. '10 '( +�2 (A.69)

This is the differencebetweenthe coordinatesof the highestpixel andthe shower center
of gravity (Equ.A.16). However, this definition hasa problem. Sincethe differencebe-
tween

'#' (+3,4. and 0 '( +�2 andtheresolutionof theCT1camera(0.255 ) areof thesameorderof
magnitudedoesn’t yield goodresults.

The definition of the asymmetryangle

HereI introduceanotherformalismwhich usesthe weighted average of all pixelscom-
binedandavoids the pixel sizeproblem. The ideabehindthis methodis the fact that as
the exponent ë in Equ. A.65 increases, the weightedmean(Equ. A.16) moves in the
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dir ection to the shower maximum andvice versa.Consequently, the derivative of the
weightedmeanwith respectto the exponentleadsconsequentlyto a vectorof steepest
descent (as seenfrom the shower maximum)which characterizesan asymmetryin the
image.

'( ) ì � 0 '( +�2��ë 6 7�8:9
(A.70)

ì ë ;�<�=?>A@ 7�B:C> '( +�D '10 '( +�2 =E@ 7�B:C>= >A@ 7> F
GIHKJML ì N '( )PO 0 '( +�2RQSSS '( ) SSS 6 0 '( +�2 6 (A.71)

where L is the anglebetweenthe asymmetryvectorandthe vector from the shower
meanto the centerof the camera(similar as ALPHA). The parameterL will be called
asymmetry angle. The value of the angle L rangesfrom 0 to 1805 , where05 points
towardsthecenterand1805 pointsoutsideof thecamera.

In caseof ñ -events(not in caseof hadrons!)ALPHA is stronglycorrelated with the
asymmetryangle L . This formula is still not perfectsincemany eventsare truncatedat
the cameraborder. With thesetruncationsthe asymmetryvectoris no longer calculated
correctlyandit pointsoutsideof thecamerainsteadof at thecenter. To avoid thisproblem,
only the pixels within a radius of T�ìVUW	!ëYX î�ï ð ' 6 '*' (+-,/. 6 O ò¸ï ÿ�ð�Z aroundthe pixel with
largestsignal areincludedin thecalculation.

Finding the bestcleaningconditionsand exponentsë for the asymmetry

Justaswith theotherparameters,testshave beenperformedby systematicallychanging
thevaluesandalgorithmsfor imagecleaningandtheexponentsë . To determinewhichare
thebestconditions,anotherparametercalledcut efficiency wasintroduced.It is theratio
of thenumberof eventsbelow 905 (of theasymmetryangle)to thetotal numberof events[ ì]\^X )`_�a�b�b ���cT a ôed�ò 5 Zgfh\ji-k�l .

In Fig. A.23 thecut efficiency is plottedfor (recorded)hadronic events andfor MC
gamma events. As before,circle markers represent’classic’ imagecleaning,triangles
’island’ imagecleaningandstars’mountain’ imagecleaning.Thecolorsblue,green,pink
andredrepresenttheexponents(n=0.5,1.0,1.5and2.0).

As aconclusionit canbestatedthefollowing:

1. In caseof theasymmetrya high cleaninglevel, just asfor theALPHA distribution,
is favored.

2. Thebestasymmetrydistributionresultsfrom acleaninglevel of about4.0/3.0using
the ’island’ cleaning algorithmandanexponentof ë�ì ÿ�ï ò .

Theresultingdistributioncanbeseenin Fig. A.22. Theasymmetryof thehadrondistribu-
tion originatesfrom eventswhichhavebeenpartially truncatedat thecameraborder. A cut
of 0.4<DIST<1.05, SIZE>100and125 <zenithangle<225 wasappliedbeforehand.

A.4.3 The problem of truncated imagesdue to the limited sizeof the
CT1 cameraand the leakageparameter

As mentionedabove,shower imagesthathavelargeimpactparametersor highenergiesare
largerthanthecamera’sfield of view sothattheimageis truncated at thecameraborder.
Unfortunately, this occursfor the majority of the showerssincethe numberof ñ events
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FigureA.23: In thisfigurethecut efficiency of gammashowers(upperplot) andhadronicshowers
(lower plot) for a cut of monqpArsrstqu�vIp�w�x��zyAtq{ is plottedfor different ’core’ cleaninglevels and
algorithms.Theexponent ê is codedin colors.Blue is êY�|��� � , greenis êY�]� � � , pink is ê}��� � �
andred is ê~��!A� � . Differentcleaning algorithms areexpressedin differentmarker styles and
line styles. Cir clesand a continuous line representclassiccleaning, triangles anda dashedline
referto ’island’ cleaningandstars with a dotted line represent’mountain’ cleaning.Thehighest
hadronicsuppression (60 %) while retainingmostgammaevents(78%) is obtainedfor cleaning
levels above 3 andan exponentof ê =2.0. Thecut efficiency for gammasdoesnever reach100%
sincea cutof 0.4<DIST<1.05, SIZE>100and12� <zenithangle<22� wasappliedbeforehand.
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FigureA.24: Thefigure illustrateswhat is meantwith the expressions’mountain’ and ’island’ .
Islandscanform after performinga ’classic’ imagecleaningof a shower image,dependingon the
cleaninglevel. They areisolatedclustersthat have no connectionto otherclusters.For simplicity
’islands’ arealsocalled’mountains’ . In an ’island’ imagecleaningonly islandsareremoved. In a
’mountain’ imagecleaningall themountainsandislandsareremoved apartof thelargestmountain.

increaseslinearly with the impactparameter. If part of the shower is outsidethe camera
thennot all of the light will becollectedandmeasured.This leadsto an incorrectenergy
estimationfor showerswith large impact parameters andhigh energy.

Therefore,a parameterthat quantifies the truncationis needed.For this purpose,I
introducea simpleparameter, calledLEAKA GE , definedas:�����������������������q�h�c���I���*������� ������ � (A.72)

It is theratio of thechargecontentof theborderpixelsandthetotal charge(i.e. SIZE). In
Fig. 1.17we seetheprofile of a typical shower. It is clearthatby knowing theamplitude
at sayDIST=1.5� andalsoits integral from 0� to 1.5� we canestimatethecontentof the
tail quitewell. Later, I will show later that this parameterincreasesthe resolutionof the
energy estimation.

A.4.4 Mountains and islandsin the shower image: Differ encebetween
electromagneticshowersand hadronic showers

Themaindifferencebetweenhadronicshowersandelectromagneticshowersis the larger
WIDTH and larger fluctuations of hadronicshowers. An hadronicshower hasa core
of high energy hadronsthatdevelopelectromagneticsubshowers. Seenby a Cherenkov
telescopeahadronicshowerlookslikethesuperposition of several,dispersed,low energy
electromagneticshowers. As a consequence,the Cherenkov imageof a hadronicshower
hasmore ’mountains’ in the senseof Fig. A.24. The electromagneticshower consists
ideally of one large peak. I tried to quantify this differenceby carryingout a structure
analysis,i.e. by counting the’mountains’in theimage.

The mountain finding algorithm

I performeda recursivecluster analysis, by separatingtheimageinto individual clusters.
Eachclustercontainedonemountain.Themountainsearchmethodwasasfollows:  Performa ’classic’ imagecleaning(without removing islands).



84 APPENDIX A. THE ANALYSISOF SHOWERIMAGES¡ In a first step,find thepeak pixels usinga recursive algorithm.Thepeakpixelsare
the onesthat have a larger contentthanall the neighbourpixels. Afterwardssort
this list, in ascendingorder.¡ Introducea cluster object for eachpeakpixel.¡ Startwith thelargestsignalpixel (top)andsearchrecursivelydownhill from thetop
to thevalley aroundthemountain.Putall thesepixels, including thevalley pixels,
into the cluster. Treateachpixel only once andmark thosealreadyused. Valley
pixelsaredefinedsuch:Thereis no unmarkedneighbourpixel with lowercontent.¡ Repeattheprocedureuntil all thepixelshavebeenassignedto clusters.¡ Countthenumber of mountains (-> this is theparameterNumber-Mountain ) and
count the charge in all themountains,exceptfrom thelargestmountain.(-> this is
theparameterMountain-SIZE ). This parameterquantifiesthechargewhich is not
insidethelargestmountain(for ñ -showersideally zero).

The two new parametersNumber-MountainandMountain-SIZEgive a goodestimateof
whichpartof thechargeis foundin sub-showers.Thisquantityis verydiffer ent for gamma
showersandhadronicshowers.

The island finding algorithm

Before continuingwith finding the bestconditions for thesetwo parametersI want to
introduceanotheralgorithmwhich is usedfor the ’island’ imagecleaning. It is similar to
the cluster/mountainanalysisandI calledit the ’island’ analysis.An ’island’ is a cluster
that is isolatedin a cleanedcamera. A shower image(after ’classic’ cleaning)usually
consistsof onemainisland(themainshowerimage)andsomeadditionalislandswhichare
muchsmaller.

Thealgorithmdoesthefollowing:¡ Performa ’classic’ imagecleaning¡ Loop over thepixel list andcall a recursive algorithmfinding theneighbourpixels
for eachpixel. Continuethe recursionwith the neighbourpixels. Mark eachseen
neighbourpixel andstopat the border of the island. Treatonly unmarkedpixels.
Introducea cluster object for eachnew unmarkedpixel andassignall thepixelsof
oneisland to this cluster.¡ Countthenumber of islands andcalculatethecharge of eachisland.

Theclusterlist obtainedby theislandor mountainanalysiscanbeusedfor imagecleaning,
leaving only the largestislandor mountain.I call thesecleaningalgorithms’island’ and
’mountain’ cleaning.

Gamma/hadron separation

In thiswork only themountainanalysisis usedfor gamma/hadronseparationpurposes.As
before,a systematicprocedurewasusedto checkthebestconditions in termsof cleaning
level, to provide fore for bestseparationof gammasandhadrons.Theparameters’separa-
tion’ and’overlap’areshown in Fig. A.25 andFig. A.26.

Theresultsaredisplayedin Tab. A.4. In thesetwo casesthesmallestoverlapdoesnot
coincidewith bestseparationbecauseof completelynon-Gaussiandistributions.Thevalue
thatwaschosenasoptimal cleaninglevel was3.5/2.7. (Thecleaninglevel consistsof two
numbers.A ’core’ limit anda ’border’ limit.).
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FigureA.25: Theseparation(above) andtheoverlap(below) for theparameterMountain-SIZE .
Optimalvaluesfor thesetwo parametersarefoundfor ’core’ cleaninglevelsbetween3 and 4. The
optimalvaluesfor thecleaninglevel for bothparametersdon’t coincide, thereforetheaverageof a
level of 3.5 hasbeenchosen.

Parameter Cleaninglevel Separation Overlap

MultMountain 3.5/2.7 0.983 0.1083
MountainPhe 3.5/2.7 0.890 0.0512

TableA.4: Thetablepresentsthecleaninglevelswhichprovide thebestseparationandthesmallest
overlap.Thecleaninglevel consistsof two numbers.A ’core’ limit anda ’border’ limit.
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FigureA.26: Theseparation(above)andtheoverlap(below) for theparameterNumber-Mountain .
Theparametersseparation/overlaphave optimalvaluesfor ’core’ cleaninglevelsbetween2 and 4.
They cleaninglevelsin thelowerandupperplot . An intermediatevalueof a level of 3.5 waschosen.
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Figure A.27: Distribution of the Mountain-SIZEparameter, plotted as the logarithmof its ratio
of Mountain-SIZEwith SIZE for betterillustration, for gammas(red)andfor hadrons(blue). This
distribution is notusefulfor hardcuts,but it improvestheseparationif usedasa input in theLDA.
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FigureA.28: Distribution of the Number-Mountainparameterfor gammas(red) andfor hadrons
(blue). A hard cut on Number-Mountain < 2 removes a sizableportion of the backgroundwhile
leaving most & ’s.




