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Abstract

TheBL Lac ObjectMkn 501 wasin a stateof high actiity in the TeV rangein 1997. During this time Mkn
501wasobseredby all Cherenkv-Telescopesf the HEGRA-CollaborationPartof thedatawerealsotaken
during moonshinethus providing a nearly continuouscoveragefor this objectin the TeV-range. We have
carriedout a QPO analysisand found evidencefor a 23 day periodicity We appliedthe sameanalysison
the 'databy dwell’ x-ray lightcurwe from the RXTE/ASM databasendfound alsoevidencefor the 23 day
periodicity ThecombinedorobabilitywasP = 2.8 e—04.

1 Introduction

The nearbyAGN Mkn 501 (z = 0.034) of the BL-Lac classis known to be oneof the few TeV v-ray
(shortcuty) sourcesThesourcehasbeendiscoreredin 1995by the WhipplecollaborationQuinnetal. 1996,
ataflux level equivalentto afew % of thatof the Crabnehula andhasbeenconfirmed1996by the HEGRA
collaborationBradhury etal. 1997.

Earlyin 1997alargeincreasen theTeV «-flux hasbeenobseredby atleast7 groups seeProtheroel 997
for anovervien. Obsenrationscoveredthe time from Februaryuntil October The flux washighly variable
with ameanvalueof around3 timesandflaresup to 10timesof thatof the Crab

Since1996Mkn 501hasbeenmonitoredin the2-12(10) keV X-ray bandby theall sky monitor(ASM) of
RXTE (Remillard1997). The dataareavailableaspublic domain(RXTE 1999)andpresenteaitheron rates
per few hoursor smoothed.The Mkn 501 X-ray datacoverageis nearly continuoug(with small gaps)and
shaws alsoa significantincreaseuntil mid 1997 andthena falling tendeng. Again, significantfluctuations
areobsered, but muchlessdramaticcomparedo the TeV flux variation.

Already at the XXV ICRC, Durban,two groups(TA and HEGRA) reportedaboutindicationsfor peri-
odicity in the TeV lightcurwe, althoughno full analysishasbeencarriedout. One of the problemswasthe
interruptionof the obserationsduring the periodsof moonshine In the following the procedureandresults
of aQPOanalysigo boththe TeV andX-ray lightcurve will be presented.

2 Thedata

The TeV datawererecordedwith the 6 air Cherenkv telescope®f the HEGRA experimentlocatedon
the canaryislandLa Palma. Four telescope$ormeda stereosystem(SCT) providing high statisticsresults
from 110 hoursof obserationtime. Lessprecisedataweretaken with the two standaloneCTs. The latter
instrument datacorrespondo 300 hoursobsenration, in part overlappingwith the SCT data. A sizable
fraction of the datarecordedwith oneof the standalongelescopesCT1, wastaken during moonshinethus
providing flux measurementshenno othertelescopavasoperationalseeAharonianetal. 1999a Aharonian
etal. 1999b,Kranichetal. 1999.

Theusedlightcune abore 1.5TeV enepgy is shawn in Fig. 1. Typical obserationdurationduringsummer
1997 was 3-4 hours/nightwheneer atmosphericonditionswere acceptable.Fig. 1 also shavs the X-ray
lightcure between2 to 10 keV from RXTE-ASM. For clarity the smootheddataare shavn while in the
subsequerdnalysighe unsmoothedlata(~ 3000 datapoints)wereused.

For the analysisthe databetweenMJD 50545andMJD 50661wereused. As startingdatewe took the
onsetof the high statewhile the secondimit wastakenwherethe X-ray curve wasinterruptedor sometime.
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Figurel: Lightcure abore 1.5 TeV enepgy; alsoshawvn is the X-ray lightcune between2 to 10 keV from
RXTE-ASM. Theoneday averagedRXTE dataareshawn for clarity.

Additional reasonto endthe analysisat MJD 50661wasthe factthatthe later TeV dataweretaken only at
large zenithanglesandrathershortobsenration timesperday Also the sourceseemedo returnto a lower
state.

3 Theperiodicity analysis

As mentionedn the introductionandvisible in Fig. 1 the TeV lightcurve shavs indicationsof a periodic
modulation. In orderto testfor a QPO structurewe usedthe formalism developedby Lomb and Scagle
(Lomb 1976, Scagle 1982)which is ableto derive power spectrafrom unesenly sampleddata. The Lomb
normalizedperiodgram (nP)is a modificationof the classicaPeriodogranfdefinedwithin the formalismof
discreteFouriertransformationsand givesthe spectralpower asa function of angularfrequenyg w = 2« f.
ThenPis definedas:
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with 7 definedby theequation:
tan (2wT) (Zstwt )/(Zcos Zwt]-) 2
J

Theh; aretheindividual flux valuesmeasuredttimet;, andthe sumsextendoverall N datapoints.# is the
meanvalueof theh;.
This definition of 7 makes Py (w) completelyindependenbf a constantime shift of the data. It canbe



shavn (Scagle 1982)thatthenormalizatioronthevarianceforcesPy (w ) to have anexponentiaprobability
distribution if thedatavaluesareindependenGaussiamandomvalues:

P(Py(w)>2z) = exp(—2). (3)

The resultsfrom the analysis, carried out independentlyfor the TeV and X-ray dataset, are shavn
in Fig. 2. Both, the TeV and X-ray data
shav a significantpeakat a frequeng of L fae
0.044 d~!' which correspondso a 23 day 30 —— yRAY |
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
valuein the X-ray dataat f = 1/T =
0.0088 d~! correspondso the overall be-
havior of the average count-rateduring
1997(increasing/decrsang countrateshe-
fore/afterMJID ~ 50625).
Fromthe power valuefor the 23 dayspe- 0 : s e
. . 0.0 0.1 0.2 0.3 0.4 0.5
riod one can calculatethe corresponding
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probability againstthe null hypothesisof
independenGaussiarrandomnoise. But Figure 2:  Power spectrafor TeV (solid line) and x-ray data
sinceit is known thatBL Lac objectsshay (dashedine).
the phenomenonf flaring it is moremeaningfulto testagainstthe null hypothesiof independenttandom
distributedflares(so-calledshotnoisemodel,seedeJagef999andreferenceherein).In orderto stateprob-
abilities within this frameawork it is necessaryo renormalizenP. This canbe doneby calculatingthe mean
Fourierpower from the shotnoisemodel. If oneassumedlaresof Gaussiarshapewith standardieviation o
themeanFourierpower becomes:
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Here A « a2 which is the meansquaredamplitudeof the flares. A maximumlikelihood analysisof the
derived power spectreof Fig. 2, but excludingthe 23 day periodandthefirst frequeng f = 1/ T, givesthe
parameterst = 3.8, 0 = 0.41d (TeV range)andA = 3.8, o = 0.35d (X-ray range)(deJagefl999). The
final Fourierpower is thencalculateds:

P(w)=Py(w)/(Pf(w)). ()

Thedistributionof P (w ) is shavnin Fig. 3. Thepowervaluesnow follow thesamesxp (—z ) distribution
asin the caseof independenGaussiamandomnoise(Equ. 3). Againthe 23 day periodpointshave big, but
lesssignificantdeviationsfrom this distribution.

Thefinal significancdor the 23 dayperiodis derivedfrom the power spectrunof thecombinedX-ray and
TeV data.Herewe usethefactthatif P = exp (—z), for eachsinglefrequenyg

x? (4)=—-21n (exp (—2,))—21In (exp (—Zx—ray) ) =2+ (zy + 2x-ray) (6)

is chi-squaraistributedwith 4 degreesof freedom.Theresultingy? valuestogethemwith the corresponding
probabilityareshavn in Fig. 4. For the 23 day perioda probability? = 4.9 e—06 correspondingo 4.4 ¢ is
derived, which reducego P = 2.8 e—04 or 3.5 ¢ aftertakingall 58 independentrial frequenciegbetween
1/T and0.5perday)into account.
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Figure 3: Number of frequencieswith a given  Figure4: Thecombinedoowver spectrum(X-ray and
(renormalizedpower vs. power for the TeV (black  TeV data)usingpropernormalization(seetext). The
squarespndX-ray data(opencircles). Pointswith-  probability of the 23 day period,after multiplication
outerrorsconsistof onesinglefrequeng. with thenumberof trials, correspond$ 3.5¢ .

4 Resultsand Conclusions

The power spectrumshaws a significantpeakat 23 daysin boththe TeV and X-ray datasamples.This
resultis in accordancevith the significantcorrelationof 0.64 which hasbeenobsered betweenthe TeV
andX-ray data(Aharonian1999b). Usingthe framewvork of the shotnoisemodelthe combinedsignificance
becomes.5¢. In orderto avoid/reducealiasingeffects,introducedby the datagapsduringthe moonperiod
in the TeV range moonobsenrationshave provento be of greatimportance.
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