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Abstract. Obsenational and theoreticalresultsindicate that
low-redshift BL Lacertaeobjectsare the most likely extra-
galacticsourcego be detectableat TeV enepies.In this paper
we presentthe resultsof obserationsof 4 BL Lacertaeob-
jects(PKS0521-365,EX0 0423.4-0840,PKS2005-489and
PKS2316-423) madebetweenl993and1996with the CAN-
GAROO 3.8m imaging Cerenlov telescope During the pe-
riod of theseobsenationsthe gamma-rayenegy thresholdof
the 3.8mtelescopavas ~2 TeV. Searche$or steadylong-term
emissionhave beenmade,and,inspiredby the TeV flaresde-
tectedrom Mkn 421andMkn 501,asearctonanight-by-night
timescaléhasalsobeernperformedor eachsourceComprehen-
sive Monte Carlosimulationsareusedto estimateupperlimits
for bothsteadyandshorttimescaleemission.

Key words: gamma-rays: obsenations — BL Lacertae
objects: individual: PKS0521-365, EXO00423.4-0840,
PKS2005-489,PKS2316-423

1. Intr oduction

Only two extragalacticsourceshave beenconfirmedto emit
gamma-raysabore 300GeV:. Mkn 421 (Punchetal. 1992,
Macombetal. 1995, Petryetal.1996) and Mkn 501
(Quinnetal. 1996, Aharonianetal.1997). In addition, an
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asyetunconfirmeddetectionhasbeenmadeof 1IES2344+514
(Catanesetal. 1997a).All threehave redshiftslessthan0.05
and are, basedon their valuesof log (F'x/F,), classifiedas
X-ray—selectedBL Lacs (XBLs). Obsenationsof more than
30 candidatef othersourcetypesover a rangeof redshifts
have not yielded ary other extragalacticTeV emitters (e.g.
Kerrick etal. 1995). From theoreticalconsiderationsStecler

et al. (1996) have proposedthat low redshift XBLs may be
the only extragalacticgamma-raysourcesobsenrable at TeV

enegies.

The CANGAROO data set, containing data collected
over more than 5 years, includes obsenations of four low
redshift actve galactic nuclei (AGN) of the BL Lacertae
class(PKS0521-365,EX0O0423.4-0840,PKS2005-489and
PKS2316-423).In thispapemwe presentheresultsof searches
for TeV emissiorfromthesebjects A comparisorof on-source
andoff-sourceregionsof sky is usedto searchor anexcessof
gamma-ray-lik eventsfromthesesource®ver atypically two-
weekobservingperiod.

The detectionof a large flare from the BL Lac Mkn 421
by the Whipple Collaboration(Gaidosetal. 1996)hasencour
agedusto analyzethedatawith particularemphasign shorter
timescaleflare searchesThe Whipple result has shavn that
at TeV enegies,BL Lacsare capableof extremely enegetic
flareson timescalesof lessthan 1 day Preliminary analysis
of the Mkn 421 gamma-rayspectrumindicatesthat photon
enegies extend beyond 5TeV (McEneryetal. 1997). Similar
strong, short durationflares at TeV enepgies have also been
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reportedfrom Mkn 501, shaving gamma-rayemission ex-
tendingto enegiesof atleast10TeV (Aharonianetal. 1997,
Quinnetal. 1997).Thelack of high enegy turnover in the ob-
senedspectrunimpliesthattheinteractionof thegamma-rays
with the cosmicinfra-redbackgrounds atthelower endof ex-
pectationgcf Stecleretal. 1992). The resultsfrom Mkn 421
andMkn 501 indicatethatthe CANGAROO 3.8m telescope,
with arelatively high gamma-rayenegy threshold,s capable
of detectingsuchextragalacticsourceof TeV gamma-rays.

2. The CANGAROO imaging atmospheric Cerenkov
telescope

The CANGAROO 3.8m imaging telescopeis located near
Woomera, South Australia (longitude 137°47'E, latitude
31°06'S, 160m a.s.l). The reflectoris a single 3.8m diame-
ter parabolicdishwith f/1.0 optics. Theimagingcameracon-
sistsof a square-pactéd arrayof 10mm x 10mmHamamatsu
R2248photomultipliertubes.The cameraoriginally contained
224 photomultipliertubes,andwasincreasedo 256 pixels (16
x 16 squarearray)in May 1995. The tube centersare sepa-
ratedby 0.18°, giving atotalfield of view (side-sidepf ~ 3.0°.
The photo-cathod®f eachtube subtendg).12° x 0.12°, giv-
ing a photo-cathodecoverageof about40% of the field of
view. For a more detaileddescriptionof the 3.8m telescope
seeHaraetal. 1993.

In the currentconfigurationan event trigger is generated
whena sufiiciently large numberof tubes(3~5) exceedtheir
discriminatorthresholdIndividualtubediscriminatodevelsare
believed to be around4 photo-electrondndertheseriggering
conditionsthecurrentgamma-rayenegy thresholdf the3.8m
telescopés estimatedo be~1.5TeV. Priorto mirror re-coating
in November1996 (which includesall datapresentedn this
papertheenepgy thresholdvas somevhathigher UsingMonte
Carlo simulationswe estimatethat this enegy threshold(as
definedby the peakof the differential enegy spectrum)was
2.5TeV. When calculatingintegral fluxes and flux limits we
define our thresholdas 2 TeV. This figure is obtainedby re-
binning the lower enegy gamma-raygo producean integral
spectrumdefinedby a single power law with a sharpcutof at
thethresholdenengy.

Since starting obserations in 1991 the CANGA-
ROO 3.8m telescopehas been used to obsere a num-
ber of galactic and extragalactic candidate TeV gamma-
ray sources(Robertsetal. 1997). From these obsenations
we have evidence for gamma-ray emission from three
galactic sources— PSR1706-44 (Kifune etal. 1995), the
Crab nehula (Tanimorietal.1994) and the Vela SNR
(Yoshikoshietal. 1997).

As anindicationof the sensitvity of the 3.8m telescopéeo
extragalacticsourceswe can useMonte Carlo simulationsto
estimateheresponsaf thetelescopdo fluxesobsened from
Mkn 421andMkn 501.Assumingthatthegamma-ragmission
from Mkn 421 andMkn 501 extendsup to 10TeV theintegral
fluxesabove 2 TeV areasfollows.
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For Mkn 421:
F(>2TeV) ~ 2.2 x 10~ 2 photonscm 25!
(adoptingthe average1996 Whipple flux with anassumedn-
tegral spectralndex of —1.56,McEneryetal. 1997.)

For Mkn 501:
F(>2TeV) ~ 6.5 x 10~'2 photonscm 25!
(adoptingthe March 1997 HEGRA flux assumingan integral
photonspectraindex of —1.49,Aharonianetal. 1997.)

If ary of the sourcesexaminedin this paperwere capable
of providing a steadyflux atthe level of Mkn 421 or Mkn 501
it would be detectableby the CANGAROO 3.8m telescope,
albeitatlow significance.

Obsenationsby theWhipplegroupof Mkn 421haveshavn
that it is capableof extremely enegetic flareson timescales
of hoursto days.A flare similar to that seenon 7 May 1996
by the WhippletelescopgdMcEneryetal. 1997)with a flux of
F(>250GeV)~ 5.7 x 10710 photonscm 25! (F(>2TeV)
~ 3.8x 10~ photongm~2s~! for a—1.56spectralndex and
maximumphotonenegy of 10TeV) lastingtwo hourswouldbe
easilydetectabldoy CANGAROO at a significanceof around
70.

3. Data sample

WhenselectingAGN as obsenationtargetsfor the 3.8m tele-
scopewe have useda numberof criteriaincludingthe proxim-
ity of thesourceandmeasurementsom X-ray andgamma-ray
satelliteexperiments As mentionedearlier Stecleretal. 1996
have suggestedthat nearby XBLs are the most promis-
ing sourcesof detectableTeV gamma-rayemission. Multi-
frequeng studiesof blazar emission(Sambrunatal. 1996)
suggesthatXBLs maybemorecompactndhave higherelec-
tron enegiesandstrongermagneticfields thantheir radio se-
lected counterpartsThe currentstatusof groundbasedTeV
obsenrationsaddssupportto this belief. We presentherethe
resultsof obsenationson two XBLs and two radio selected
BL Lacs(RBLs). While RBLs are perhapdesspromisingas
TeV sourceswell placedupperlimits in the TeV rangecould
help to confirm fundamentaldifferencesbetweenXBLs and
RBLs. Thefour sourcegeportedn this paperaredescribedn
thefollowing sub-sections.

3.1. PKS0521—-365

PKS0521-365 (RAJQOOO = 05]12371120, DeCJ2000
=-36°23'2", z = 0.055) is a radio selectedBL-Lac. It
was firstdetected as strongradio sourcemorethan30 years
ago (Boltonetal.1964). The spectral enegy distribution
of PKS0521-365 shavs a double peakedstructurethat is
typical of blazars (Pianetal. 1996). The first peak in the
enegy distribution occursin thefar IR (10*® — 10'*Hz) andis
assumedo be from synchrotronemissionfrom the electrons
in the jet. The secondcomponentpossiblyfrom IC emission
from the sameelectronpopulation peaksat around100MeV.
PKS0521 365 was viewed by the EGRET experimenton
theCGRO during1992from May 14to June4 (Lin etal. 1995).



M.D. Robertsetal.: TeV obserationsof southerrBL Lacs

A point source consistentvith the positionof PKS0521-365
was detectedat a statistical significanceof 4.3 o, with an
integral sourceflux above 100MeV of (1.8 + 0.5) x 1077
photonscm~2s~!. The photon spectrumfrom the EGRET
obsenation canbefitted with a singlepower law

dN/dE = (1.85 &+ 1.14) x 1078(E/1GeV)~2-16+0:36
photonsem 251 GeV ™!

The hardnes®f the EGRETphotonspectrumandthe proxim-
ity of the sourcemake PKS 0521-365a candidatesourcefor
detectabldevelsof TeV gamma-rayemission.

The CANGAROO datasetfor this object consistsof 52
on/of pairsof obserationswith atotal of 89 hoursof on-source
and84 hoursof off-sourcedata.

3.2. EXO0423.4—-0840

EX00423.4-0840 (RAJQQOQ = 04h25m50.7, Decs2000
=—08°33'43", z = 0.039) was reported asa serendipitous
discovery as part of the high galactic latitude surney in the
0.05-2.kkeV rangeby EXOSAT (Giommietal.1991).Asso-
ciating the sourcewith the galaxy MCG —-01-12-005incor
rectly given in Giommietal. 1991asMCG +01-12-005pnd
noting the high X-ray luminosity (> 10** emgss—!) of the
source,Giommi et al. (1991) proposedthe sourceas a can-
didate BL Lac object. This would make the sourcethe third
closestsuchobjectknown (after Mkn 421 andMkn 501),and
the closestin the southernhemisphereWe note however that
Kirhakos& Steinerl990determinearedshiftof 0.0392for the
sourcethey designatéRAS 04235-0840Bandidentify with the
HEAO sourcelH 0422-086 andwhich they classifyasatype
2 Seyfert. Clearly higherresolutionX-ray studiesarerequired
to firmly establishtheidentity of this source.

We have obsenedEXO 0423.4-0840duringOctoberl 996
obtainingatotal raw datasetcomprising20 hoursof on-source
and17 hoursof off-sourcedata.

3.3. PKS2005—-489

PKS2005-489 (RAJQQOQ = 20h09m25.4, DecCjo000 =

—48°49'54", 2z=0.071) is an XBL. X-ray measurements

of PKS2005-489 by EXOSAT shov extremely large flux
variations on timescales of hours (Giommietal. 1990).
Initially reported as a manginal EGRET detection
(vonMontigny et al. 1995), a more accurate background
estimation decreasedthe significance belov the level
required for inclusion in the Second EGRET Catalog
(Thompsoretal. 1995). However the fluxesabose 1GeV are
moresignificantthanthoseabove 100MeV suggestinghatthe
source,in a part of the sky that hasreceved relatively poor
EGRETexposure mayindeedbe detectablat higherenegies
(Lin etal. 1997).

We have obsened PKS2005-489 during Augustof 1993
andduring August/Septembet994 obtaining41 hoursof on-
sourceand38 hoursof off-sourcedata.
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3.4. PKS2316—-423

PKS2316-423 (RAja000 = 23"19™05.8, DeCjagon =
—42°06'48", z= 0.055) is a radio selectedBL Lac object.
Assuming a magneticfield strengthof B < 103G, the
emissiorfrom radiothroughto X-ray wavelengthss consistent
with synchrotronradiationfrom electronswith £ > 10*3eV
(Crawford & Fabian1994).PKS2316-423is not detectedby
the EGRETtelescopenthe CGRO.

TheCANGAROO3.8mtelescop®bsenedPKS2316-423
during July 1996for a total of 26 hoursof on-sourcedataand
25 hoursof off-sourcedata.

4. Image analysisand Monte Carlo simulations

Prior to imageanalysisa dataintegrity checkis performedto
testfor the presenceof cloud or electronicsproblems.For a
subsebf obsenationstrackingcalibrationis testedoy monitor
ing changesn single-foldratesaslocal starsrotatethroughthe
field of view. Using this methodthe pointing directioncanbe
inferredto anaccurag of around0.05°.

For eacheventtriggerthe tubesassociatedvith theimage
are selectedusing the following criteria: (i) The TDC of the
tubemustindicatethatthetubehasexceededts discrimination
thresholdwithin 50nsaroundthetriggertime of theevent,and
(i) The ADC signalin the tube mustbe at least1 standard
deviation above the RMS of backgrounchoisefor thattube.

An imageis consideredsuitable for parameterizationif
it containsmorethan4 selectedubes,andif the total signal
for all tubesin the image exceeds200 ADC counts(around
20 p.e.).About 25% of raw imagesarerejectedby thesetwo
selectionconditions.Surviving imagesareparameterizedfter
Hillas 1985,with thegamma-raydomainsfor our obserations
being:

0.5° < Distance< 1.1°
0.01° < Width < 0.08°
0.1° < Length< 0.4°

0.4 < Concentration< 0.9
alpha< 10°

The cumulatve percentagesf eventspassingeachselec-
tion condition are given in Table 1. The numbersshavn are
basedon imagecutsappliedto Monte Carlo gamma-raysand
protons.Theefficiengy of the cutsfor the Monte Carloprotons
is consistentvith thatseenfor realdata.

To estimatefluxesandupperlimits for our datawe usean
exposurecalculationbasedon a detailedMonte Carlo simula-
tion of the responseof our telescopego gamma-rayinitiated
EAS. Simulationshave beenbasedn the MOCCA simulation
package(Hillas 1982) which modelsall relevant particle pro-
ductionprocesseandincludesatmospheri@bsorptioreffects
for the Cerenlov photonsthat are produced.The enegies of
simulatedgamma-rayrimariesvereselectedromapowerlaw
with integral exponent—1.4, with a minimum primary enegy
of 500GeV. Coredistancesvereselectedrom anappropriate
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PKS0521-365 * AR 41# ++ + +
EX00423-0840| s+ ﬁ .

PKS2316-423 * o+ 3++ + o+ +

PKS2005-489 % F T s +

1 2 3 4 5 6 7 8 9 10
2 Sigma Flux limit (above 2TeV) X 1072 photons cm™2 s~

Fig. 1. Scatterplot of night by night 2o flux limits for eachof the
sourceqindicatedby crosses)Also shavn arethe 20 flux limits for
thetotaldatasetfor eachsource(stars) Thetwo dashedinesshow the
>2TeV fluxesfrom Mkn 421 (left) andMkn 501 (right) (seetext for
details).

Table 1. Cumulatize percentagesf eventspassinggamma-rayselec-
tion cuts.

Cut Gammas Protons

Raw data 100% 100%
ADC sun>200 90.0 77.5
Distance 65.4 44.6
Width 54.8 20.4
Length 54.0 16.5
Concentration 40.3 10.9

alpha 38.8 1.3

distribution outto alimiting coredistanceof 250m. Simulated
gamma-rayimageswerethensubjectedo the sameselection
criteriaastherealdata Fluxesandupperimits arecalculatedy
comparingneasuregamma-rayexcesgatesto thosepredicted
bythesimulations!f weassuméhatourtelescopenodelis cor
rect,thismethodof flux estimatiorhasonly two freeparameters
— the sourcespectraindex andsourcecutoff enegy. For total
flux calculationghe estimateof cutoff enepy is notcritical —
thegenerallysteematureof gamma-raysourcespectraindices
ensureshatthebulk of theflux is aroundthethresholdeneny.

5. Results

Thetotal datasetfor eachsourcehasbeentestedfor the pres-
enceof gamma-raysignals.Thesignificanceof gamma-rayex-
cessedave beencalculatedusing a methodbasedon that of
Li & Ma1983:

S = \/§{N0nln [1;5 (

Non
Non + Noff

Nogy

+ Noyysln {(1 + ) (J\mefﬂ }1/2 @)

Table 2. The 2o flux upperlimits, F(>2TeV) (x10~'2 photonscm™
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2

s~ 1) andapproximateMJD (-40000)for eachon-sourceobseration.

PKS0521 PKS2005 PKS2316 EXO0423
MID F MID F MID F MID F
9655.7 2.9 9220.5 45 10304.8 4.8 10367.7 2.1
9663.7 6.5 9221.6 5.3 10305.7 2.7 10368.7 1.3
9684.6 6.7 92226 7.1 10306.7 3.1 10369.7 3.1
9685.7 3.9 9576.7 49 10307.8 2.4 10370.7 3.4

9686.7 3.1 9577.7 4.8 10308.7 1.8
9687.7 4.8 9597.5 7.0 10311.5 3.6

9688.7 3.7 9599.5 2.6
9690.7 4.6 9600.5 3.5
9691.7 7.1  9601.5 5.9
9713.6 4.9 96025 6.7
9714.7 10.0 9604.6 8.9
97156 7.2 9605.6 4.1
9717.6 4.8
9718.6 8.2
9719.6 3.0
9720.5 4.2
9722.6 6.6

where S is the statistical significanceand ; is the ratio of
eventsin the on-sourceobsenation to thosein the off-source
obsenation in the range30° < alpha < 90° (wherealpha
is theimageparametedescribingimageorientation). The val-
uesof N,, and N, arecalculatedfrom the gamma-rayse-
lected(alpha< 10°) datafor the on and off-sourceobsena-
tions respectiely. This methodtendsto slightly overestimate
the significancesecausat doesnot accountfor the statisti-
cal uncertaintyin calculatingthe value of 5. Basedon Monte
Carlo simulationswe estimatethat this effect is small— and
lessthanthetypical systematidifferencesausedy the vari-
ationsin parameterdistributions betweenon and off-source
obsenations.In the total datasetfor eachsourceno signifi-
cantexcessis seenfor thoseeventsin the gamma-raydomain.
Thecalculatedexcessesre—0.270 (PKS0521-365),—0.99¢
(EXO0423.4-0840), —0.910 (PKS2005-489) and +0.22¢
(PKS2316-423). Upper limits to steadyemissionhave been
calculatedafter Protheroel984 and are shown in the scatter
plot in Fig. 1.

We have alsosearchedur datasetfor gamma-rayemission
onanightby nightbasisln generabur obserationsof asource
consistof along (severalhours)on-sourcerun, with a similar
lengthoff-sourcerun,offsetin RA to providethesamecoverage
of azimuthandzenith. Theflare searchhasbeenperformedoy
calculatingheon-sourcexxcesdor eachpairof on/off obsenra-
tionseachnight. In casesvherethereis nomatchingoff-source
run, an equivalentoff-sourcerun from anothemearbynightis
usedFig. 2 shavsthedistributionof on-sourcesignificancesor
all threesourcesThereis no evidencefor gamma-rayflareson
thetimescaleof ~ 1 nightfor ary of thesourcesThemostsig-
nificantnightly excesqfrom PKS0521-365hasanominalsig-
nificanceof 3.7¢ but afterallowing for the numberof searches
performedhissignificancesreducedolessthan3o. Theupper
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Fig. 2. Distribution of the significance®f night by night excessegor
all sources.

limits to gamma-rayemissiorfor theseobsenationsareshovn
in Fig. 1. Wehave alsoincluded,in Table2, alist of uppedimits
to gamma-rayemissionfor eachindividual obsenration.

6. Discussion

The interpretationof upperlimits from BL Lacsis difficult,

becauseat the presenttime there is no detailed model to

predict TeV fluxes from the different classesof BL Lacs.
Stecleretal. 1996have attemptedo predictTeV fluxesfrom a
numbernf nearbyXBLs by assuminghatall XBLs havesimilar
spectralcharacteristicdo the knowvn TeV emitter Mkn 421.
Macombetal. 1995 argue that the obsened X-ray/TeV

gamma-raylux increasesrom Mkn 421 duringflaresindicate
that the TeV gamma-raysare producedby a synchrotron
self-Compton(SSC)mechanismStecler etal. 1996 note that
the Compton emissionfrom the electronsin the jet hasa
similar spectrunto the synchrotroncomponentput upshifted
by the squareof the maximum Lorentz factor (estimatedto

be ~ 10*° for Mkn 421) of the electrons.For Mkn 421
and PKS2155-304 (both XBLs detectedby EGRET) the
luminositiesin theComptonandsynchrotromegionsarenearly
equal. Assumingthat other XBLs alsohave Lo /Ly, ~ 1,

Stecleretal. 1996 derive the following relationshipbetween
X-ray andTeV sourcefluxes:

VTeVFTeV ~ Vwa

wherev is the frequeny and F' the flux in eachenepgy band.
Usinganassumeds 22 spectralindex for all XBLs, andab-
sorptionof TeV gamma-ray$n theintergalacticinfra-redbased
onanaverageof Models1 and2 from Stecler & de Jagerl997,
they estimateTeV fluxesabove 1 TeV from anumberof nearby
XBLs basedon EXOSAT X-ray flux measurementst should
be notedthat a more recentpaper(Stecler & de Jagerl998)
concludeghatthe absorptionof TeV gamma-raysn theinfra-

red backgroundis overestimatedn Stecler & de Jagerl997.
Allowing for this, the predictedflux for PKS2005-489 above

1TeVisF(> 1TeV) = 1.3 x 102 photonscm —2s~1. Above
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2TeV (thethresholdof CANGAROO in this analysis)}his flux

would be F(> 2TeV) = 0.34 x 10~!2 photonscm~2s~!, be-

low the flux sensitvity of the measurementadein this pa-

per The photonspectralindex assumedn Stecleretal. 1996

is now incompatiblewith recentmeasurementsf Mkn 421

and Mkn 501. It is also possiblethat the SSC mechanism
is not primarily responsiblefor the TeV gamma-rayemis-

sion anda numberof othermechanism$iave beensuggested
(Mannheim1993,Dermer& Schlickeiserl994andreferences
therein).

Of the other predictions of Stecleretal. 1996,
Kerricketal. 1995 derive an upper limit to the >0.3 TeV
emissionfor the XBL 1ES1727+502thatis above the calcu-
lated flux. It is alsoworth noting that a deepexposureof the
RBL BL Lacertaewith the Whipple telescopedid notyield a
detection(Catanesetal. 1997b).

Currentandfuture obsenationsof a rangeof BL Lacsby
groundbasedCerenlov telescopeshouldhelp to clarify the
mechanisméor theproductionof highenegy photonsn these
sources.

7. Conclusion

Analysisof CANGAROOdatashavsnoevidencefor long-term
or short-termemissionof gamma-raysabove 2 TeV from the
BL LacsPKS0521365,EX0O0423.4-0840,PKS2005-489,
PKS2316-423. The 20 upperlimits to steadyemissionare
1.0 x 10~ 2em 2571 (PKS0521-365),1.1 x 10~ 2cm 2571
(EX00423.4-0840),1.1 x 10~ '2cm~2s~! (PKS2005-489),
and 1.2 x 107'2cm~2s~! (PKS2316-423). For the XBL
PKS2005-489 the flux limits presentedn this paperdo not
constrain th@eV emissiorievelspredictedy thesimplemodel
of Stecleretal. 1996.
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