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Evidence for a QPO structure in the TeV and X-ray light curve
during the 1997 high state � emission of Mkn 501

D. Kranich � , O.C. De Jager � , M. Kestel � , E. Lorenz � , and the HEGRA collaboration� Max-Planck-Institutfür Physik,München,D-80805,Germany� PotchefstroomUniversity for CHE,Potchefstroom2520,SouthAfrica

Abstract

TheBL Lac ObjectMkn 501wasin a stateof high activity in theTeV rangein 1997.During this time Mkn
501wasobservedby all Cherenkov-Telescopesof theHEGRA-Collaboration.Partof thedatawerealsotaken
during moonshinethusproviding a nearlycontinuouscoveragefor this object in the TeV-range. We have
carriedout a QPOanalysisandfound evidencefor a 23 day periodicity. We appliedthe sameanalysison
the ’databy dwell’ x-ray lightcurve from the RXTE/ASM databaseandfoundalsoevidencefor the 23 day
periodicity. Thecombinedprobabilitywas �����	��
� – ��� .
1 Introduction

The nearbyAGN Mkn 501 ( ������������� ) of the BL-Lac classis known to be oneof the few TeV � -ray
(shortcut� ) sources.Thesourcehasbeendiscoveredin 1995by theWhipplecollaboration,Quinnetal. 1996,
at a flux level equivalentto a few % of thatof theCrabnebula andhasbeenconfirmed1996by theHEGRA
collaboration,Bradbury et al. 1997.

Early in 1997a largeincreasein theTeV � -flux hasbeenobservedby at least7 groups,seeProtheroe1997
for an overview. Observationscoveredthe time from Februaryuntil October. The flux washighly variable
with ameanvalueof around3 timesandflaresup to 10 timesof thatof theCrab.

Since1996Mkn 501hasbeenmonitoredin the2-12(10)keV X-ray bandby theall sky monitor(ASM) of
RXTE (Remillard1997).Thedataareavailableaspublicdomain(RXTE 1999)andpresentedeitheron rates
per few hoursor smoothed.The Mkn 501 X-ray datacoverageis nearlycontinuous(with small gaps)and
shows alsoa significantincreaseuntil mid 1997andthena falling tendency. Again, significantfluctuations
areobserved,but muchlessdramaticcomparedto theTeV flux variation.

Already at the XXV ICRC, Durban,two groups(TA andHEGRA) reportedaboutindicationsfor peri-
odicity in the TeV lightcurve, althoughno full analysishasbeencarriedout. Oneof the problemswasthe
interruptionof theobservationsduringtheperiodsof moonshine.In the following theprocedureandresults
of a QPOanalysisto boththeTeV andX-ray lightcurve will bepresented.

2 The data
The TeV datawererecordedwith the 6 air Cherenkov telescopesof the HEGRA experimentlocatedon

the canaryislandLa Palma. Four telescopesformeda stereosystem(SCT) providing high statisticsresults
from 110 hoursof observation time. Lessprecisedataweretaken with the two standaloneCTs. The latter
instrument’s datacorrespondto 300 hoursobservation, in part overlappingwith the SCT data. A sizable
fractionof thedatarecordedwith oneof thestandalonetelescopes,CT1, wastakenduringmoonshine,thus
providing flux measurementswhennoothertelescopewasoperational,seeAharonianetal. 1999a,Aharonian
etal. 1999b,Kranichet al. 1999.

Theusedlightcurve above1.5TeV energy is shown in Fig. 1. Typicalobservationdurationduringsummer
1997was3-4 hours/nightwhenever atmosphericconditionswereacceptable.Fig. 1 alsoshows the X-ray
lightcurve between2 to 10 keV from RXTE-ASM. For clarity the smootheddataare shown while in the
subsequentanalysistheunsmootheddata( ��������� datapoints)wereused.

For the analysisthe databetweenMJD 50545andMJD 50661wereused. As startingdatewe took the
onsetof thehighstatewhile thesecondlimit wastakenwheretheX-ray curve wasinterruptedfor sometime.
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Figure1: Lightcurve above 1.5 TeV energy; alsoshown is the X-ray lightcurve between2 to 10 keV from
RXTE-ASM. TheonedayaveragedRXTE dataareshown for clarity.

Additional reasonto endtheanalysisat MJD 50661wasthe fact that the laterTeV dataweretaken only at
large zenithanglesandrathershortobservation timesper day. Also the sourceseemedto returnto a lower
state.

3 The periodicity analysis
As mentionedin the introductionandvisible in Fig. 1 theTeV lightcurve shows indicationsof a periodic

modulation. In order to test for a QPO structurewe usedthe formalismdevelopedby Lomb and Scargle
(Lomb 1976,Scargle 1982)which is ableto derive power spectrafrom unevenly sampleddata. The Lomb
normalizedperiodogram (nP)is a modificationof theclassicalPeriodogram(definedwithin theformalismof
discreteFourier transformations)andgivesthespectralpower asa functionof angularfrequency !#"$��%'& .
ThenPis definedas:
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aretheindividualflux valuesmeasuredat time
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, andthesumsextendoverall ` datapoints.
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This definition of
D

makes
( ) + !-, completelyindependentof a constanttime shift of the data. It canbe



shown (Scargle1982)thatthenormalizationonthevarianceforces
(0)H+ !-, to haveanexponentialprobability

distribution if thedatavaluesareindependentGaussianrandomvalues:� +�(*)�+ !-,bac�b,d"fe?g�h + ; �i,j� (3)

The resultsfrom the analysis,carried out independentlyfor the TeV and X-ray data set, are shown
in Fig. 2. Both, the TeV and X-ray data
show a significantpeakat a frequency of���������jkml � which correspondsto a 23 day
period. The 2nd harmonic of this pe-
riod is visible in the X-ray databut not in
the TeV data. Note that the high power
value in the X-ray dataat &W� . \on ���������
�
0k l � correspondsto the overall be-
havior of the average count-rateduring
1997(increasing/decreasing countratesbe-
fore/afterMJD � 50625).
From the power valuefor the 23 dayspe-
riod one can calculatethe corresponding
probability againstthe null hypothesisof
independentGaussianrandomnoise. But
sinceit is known thatBL Lacobjectsshow

Figure 2: Power spectrafor TeV (solid line) and x-ray data
(dashedline).

the phenomenonof flaring it is moremeaningfulto testagainstthenull hypothesisof independent,random
distributedflares(so-calledshotnoisemodel,seedeJager1999andreferencetherein).In orderto stateprob-
abilities within this framework it is necessaryto renormalizenP. This canbe doneby calculatingthe mean
Fourierpower from theshotnoisemodel. If oneassumesflaresof Gaussianshapewith standarddeviation /
themeanFourierpower becomes: p (0q<+ !-,sr�utwvxe?g�hwV ; ! � / � [ (4)

Here t y z � which is the meansquaredamplitudeof the flares. A maximumlikelihoodanalysisof the
derivedpower spectraof Fig. 2, but excludingthe23 dayperiodandthefirst frequency &{� . \on

, givesthe
parameterst|�}�	��
 , /~������� .Y� (TeV range)and t|�}�	��
 , /~��������� � (X-ray range)(deJager1999). The
final Fourierpower is thencalculatedas:(c+ !-,� (0)H+ !-, \

p (*qA+ !-,mr_� (5)

Thedistributionof
(c+ !-, is shown in Fig.3. Thepowervaluesnow follow thesamee?g�h + ; ��, distribution

asin thecaseof independentGaussianrandomnoise(Equ.3). Again the23 dayperiodpointshave big, but
lesssignificantdeviationsfrom thisdistribution.

Thefinal significancefor the23dayperiodis derivedfrom thepowerspectrumof thecombinedX-ray and
TeV data.Hereweusethefactthatif �#"ue?g	h + ; ��, , for eachsinglefrequency� � + ��,j� ; �]�ML + e?g	h + ; �x��,s, ; ���6LcV�e?g�hwV ; � x-ray

[O[ ����v + �x� I � x-ray, (6)

is chi-squaredistributedwith 4 degreesof freedom.Theresulting� � valuestogetherwith thecorresponding
probabilityareshown in Fig. 4. For the23 dayperioda probability �����m���� – ��� correspondingto �m���j/ is
derived,which reducesto �����	��
� – ��� or �	���0/ after takingall 58 independenttrial frequencies(between
1/T and0.5perday)into account.
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Figure 3: Number of frequencieswith a given
(renormalized)power vs. power for the TeV (black
squares)andX-ray data(opencircles). Pointswith-
outerrorsconsistof onesinglefrequency.

Figure4: Thecombinedpower spectrum(X-ray and
TeV data)usingpropernormalization(seetext). The
probabilityof the23 dayperiod,aftermultiplication
with thenumberof trials,correspondsto 3.5 / .

4 Results and Conclusions
The power spectrumshows a significantpeakat 23 daysin both the TeV andX-ray datasamples.This

result is in accordancewith the significantcorrelationof 0.64 which hasbeenobserved betweenthe TeV
andX-ray data(Aharonian1999b).Usingtheframework of theshotnoisemodelthecombinedsignificance
becomes3.5 / . In orderto avoid/reducealiasingeffects,introducedby thedatagapsduringthemoonperiod
in theTeV range,moonobservationshave provento beof greatimportance.
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