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ABSTRACT

Context. 3C 58 is a Crab-like supernea remnantcontainingthe youngpulsarPSRJ0295-6449,which powersaradioplerionanda
compactorus-like pulsarwind netula visible in X-rays.

Aims. We have performedadeepopticalimagingof the3C58 eld to detectheopticalcounterparof the pulsarandits wind netula.
Methods. Theimagingwascarriedoutin the B andV optical bandswith the Nordic Optical TelescopeWe have alsoanalyzedhe
archial imagesof the eld obtainedwith the ChandrdACIS andHRC in X-raysandwith the SpitzefIRAC in the mid-infrared.
Results. Wedetectafaintextendecktlliptical opticalobjectwith B=24"06 0.08andV=23"11 0.04whosepeakbrightnessandcenter
positionareconsistenat the sub-arcseconkbvel with the positionof the pulsar The morphologyof the objectandthe orientationof
its majoraxisarein excellentagreemenwith thetorusregion of the pulsarwind netula seenalmostedgeon in the X-rays, although
its extensionis only abouta half of thatin X-rays. This suggestshatin the opticalwe seeonly the brightestcentralpartof thetorus
netulawith the pulsar The positionandmorphologyof the objectarealsopracticallyidenticalto the counterparbf thetorusregion
recentlydetectedn themid-infraredbands We do notresole ary point-like sourcewithin thenetulathatcouldbeidenti ed with the
pulsarandestimatethatthe contrikution of the pulsarto the obsenedoptical ux is < 10%.Usingthearchival ChandréACIS-Sdata
we analysethe spectrumof the pulsarnehula X-ray emissionextractedfrom the spatialregion constrainedy the opticalinfrared
sourcepositionandextentand nd thata singleabsorbecpower law providesan acceptablespectralt. Combiningthis t with the
opticalandinfrared ux esof the detecteccandidateorusnehula counterpartve compile a tentative multi-wavelengthspectrumof
thecentralpartof the pulsarnetula. Within the uncertaintie®f theinterstellarextinctiontowards3C 58it is reminiscenof eitherthe
Crabor PSRB0540-69pulsarwind nehula spectra.

Conclusions. The position, morphologyand spectralpropertiesof the detectedsourcestrongly suggesit to be the opticalmid-
infraredcounterparof the 3C 58 pulsar+ its wind nelula system.This makes3C 58 the third membeytogethemwith the Craband
PSRB0540-69,0f sucha classof the systemsdenti ed in the opticalandmid-infrared.
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1. Intr oduction

The “Crab-like” supern@aremnant(SNR) 3C 58 was rst dis-
coveredin theradio(Weiler & Seielstad1971)andthenidenti-
ed in theopticalby obsenationsin H (vandenBermgh, 1978).
Justasthe Crabnehula, this SNR hasa plerionic,or lled cen-
ter. It shawvs a lamentary structurein theH emissionandin
theradiowith a at radio spectrumof synchrotronorigin. The
distanced = 3:2 kpc, andsize, 6° 9°of 3C 58is alsosim-
ilar to that of the Crab SNR. What malkes SNR 3C 58 particu-
larly interestings its possibleassociatior{Stephenso& Green,
2002)with the historicalsupern@a SN 1181.The deducedage
of 830yr is consistenwith the remnantbeingof roughly the
samesize asthe Crab nehula, but this hasbeenquestionecn
anothergroundgseebelow).

It waslong suspectethat3C 58 containsa pulsarin its cen-
ter (Becker, Helfand & Szymloviak, 1982), and after several
yearsof searchingn X-rays andradio, the pulsarJ0205-6449
with a periodof P = 65:68 mswasdiscaveredwith the Chandra
X-ray obsenatory at the centerof the SNR plerion (Murray et
al., 2002).1t wasdirectly con rmed alsoin theradio (Malofeer
etal.,2001;Camiloetal., 2002;Malofeer etal., 2003).Deeper
Chandraexposuregevealeda Crab-like X-ray torustjet pulsar

wind nehula (PWN) in the centerof the pulsarpoweredplerion
(Slaneetal.,2004).

Oneof the puzzlesof the 3C 58 systemis that, unlike for
the Crab,the characteristiageof the3C 58 pulsar = P=2P
5400yr, is considerablyhigher than the historical age of 830
yr. This canperhapse understoody assuminga largerinitial
spinperiodof the neutronstar(NS). However, thefactorof 2
lower radial velocitiesof the optical (Fesen,1983; Feseret al.,
2008)andradio (Bietenholz Kassim,Weiler, 2001;Bietenholz,
2007) laments than for the Crab,i.e., < 900 km s 1, either
would requirea larger actualage of 3C 58, a wealer SN ex-
plosion,or a substantiatleceleratiorof the remnantChevalier,
2004). Furthermore the radio emissionof 3C 58 is about10
timesfainterthanfor the Crabwhile its X-ray nelula is about
2000timeswealer. The latteris surprisinganddoesnot match
the presentspin-davn power of the pulsar:the spindavn lumi-
nosity of PSRJ02056449is E = 2.7 10*” erg s %, andthus
5% of that of the Crab (this is actually the third largestspin-
down powerfor all known pulsardn theGalaxy).Deeperstudies
of PSRJ0205-6449andits PWN atdi erentwavelengthamay
helpto establisha link betweerthe propertiesof this Crab-like
SNRandits pulsaractivity.

Multiw avelengthstudiesof PSRJ0205-6449aresstill rare.
Its radio luminosityis lower thanfor 99% of all known pulsars



2 Yu. Shibane etal.: Opticalidenti cation of the3C 58 PWN

andactuallythe lowestamongknown youngpulsarsgCamilo et
al., 2002).The X-ray propertiesof the nonthermalemissionof
the pulsar (spectralslope, pulse shape)are similar to thoseof
the Crah However, animportantdi erences the presencef a
thermalblackbody-like componenfrom the surfaceof the cool-
ing NS with a temperaturef about10°® K (Slaneet al., 2004).
Assumingan age of 830 yr, this temperaturefalls far belov
the predictionsof the standardNS cooling theoriesand could
suggestain enhancedooling provided by the presenceof ex-
otic matter(lik e pion condensatesh the NS interior. The spec-
tral index of the X-ray synchrotroremissionfrom the torus-like
PWN is compatiblewith that of the Crab, but the luminosity,

5:3 10° emy s !, is about4000times smaller The size of
theplerioncorevisiblein X-rays,<0.55pc, is only afactorof 3
smallerthanthatof the Crah

Therehave beenfew studiesof the3C 58 eld in theoptical
range,andwe arenot aware of ary deepbroadbandmagingof
the remnant.Suchstudies,carriedout to reveal the continuum
emissionfrom the pulsarandthe PWN andthusto constrairnthe
propertiesof the multiwavelengthspectralenegy distribution,
have beenperformedor the Crabandits twin in theLMC, PSR
B0540-69(e.g., Sollerman,2003; Sera movich et al., 2004).
Thelattertwo systemshawv astrongspectrabreakbetweerthe
optical and X-rays leadingto a smalleroptical ux thanwould
be expectedfrom a simple extrapolationof the obsened X-ray
spectrumtoward the optical range.The detectionof the 3C 58
PWN in the mid-infrared (mid-IR) recentlyreportedby Slane
et al. (2008)alsosuggestsa breakbetweerthe infraredand X-
rays,andperhapsnultiple breaks Optical studiesarenecessery
to constrainthe positionandthe numberof the breaks.

Herewe reporton deepopticalimagingof thecentralpartof
3C58in the B andV bandswith the Nordic Optical Telescope
(NQOT) on La Palma. Theseobsenationsallowedusto nd a
likely candidateor the optical counterparof the pulsar PWN
system.We compareour datawith X-ray and mid-IR datare-
trievedfrom the ChandraandSpitzerarchives.Theobsenations
anddatareductionaredescribedn Sect.2. In Sect.3 we present
theresultswhichare nally discussedh Sect.4.

2. Obser vations and data reduction
2.1. Observations

The eld of 3C 58 wasobsenedon the night of October22-23
2006with the AndaluciaFaint ObjectSpectrograplandCamera
(ALFOSC) attheNOT duringaservicemodeobsenation(pro-
gramP34-026)ALFOSCwasequippedvith a2048 2048pixel
CCD providing a eld-of-view of 6%5  6%5 with the pixel size
onthesky of %9. Thecenterof 3C 58 wasimagedn the B- and
V-band lters which have throughputsimilar to the Bessekys-
tem. Setsof 10 min ditheredexposuresvereobtainedn eachof
the Iters atanairmassvariedin anarrov rangeof 1.24-1.35.
The total exposuretime was5400s in the B and6600s in the
V bands.The PG023}%051 standardeld (Landolt,1992)was
usedfor the photometriccalibration,and was obsened imme-
diatelyafterthe3C 58 eld ata similarairmassThe observing
conditionswereratherstablewith theseeingvaryingfrom  0°6
to (9 andwith meanvaluesof ®84and %1 in the
B andV bands respectiely. Standarddatareductionincluding
biassubtraction,at- elding andcosmicray rejectionwasper
formedmakinguseof the IRAF ccdred packageandcrrej task.
Theindividualimagesin eachbandwerealignedandcombined
with theimcombinegask.

1 www.not.iac.eSnstrumentalfosc

2.2. Astrometric referencing

The astrometriaeferencingof the NOT imageswasdonemak-
ing useof the USNO-B1.0catalog(Monetetal., 2002)andthe
IRAFtasksccmap/cctran . We chosethe resultingB-bandim-
ageasa primaryfor thereferencingsincethis imagehave fewer
saturatedstarsin the eld. To minimize any geometricadistor
tione ectsweusedhepositionsof elevenunsaturatedeference
starg locatedwithin an arcminutefrom the centerof the im-
age.Thenominalcatalogpositionerrorsof theselectedstarsare
lessthan®®A.. Thesestarsshav no considerablgropermotions
within a few masyr !. Formalrms errorsof the astrometrict
fortheRA andDecwere (P059and 00?062 respectiely, and
maximalresidualsof ary referencestarwere< (?% for both co-
ordinatesUsinga setof starswith goodPointSpread-unctions
(PSFs)heV bandimagewasalignedto the B bandimagewith
anaccuray of betterthan 0:1 pixel, or  0°019. Combining
the errors,a consenrative estimateof our 1 astrometricrefer
encingaccuray is < ®% in bothRA andDecfor bothbands.

2.3. Photometric calibration

The observingnight wasphotometric.The photometriccalibra-
tion was carriedout using six standardstarsfrom the Landolt
eld PG023#051 (Landolt, 1992) and the IRAF packages
daophot andphotcal . Thesmallvariationsof theairmassdur-
ing ourobsenationsdid notallow usto estimateheatmospheric
extinction coe cientsfrom our own data.We therefore x ed
theextinctioncoe cientsattheir meanvaluesadoptedrom the
NOT homepageks=0"22 and ky=0"12. Sincethe target and
the standardstarshad small airmassdi erenceghe uncertain-
tiesin theairmasscorrectionhasa negligible e ectonour pho-
tometry As aresultof the photometrict, we obtainedthe fol-
lowing zeropointsBzp=25"62 0.01andVzp=25"51 0.01,and
colortermsBV,=0"036 0.011landBV, = 0068 0.014.

3. Results
3.1. Overview of the 3C 58 eld

The NOT/ALFOSC overview of the 3C 58 eld in the B band
is shovnin Fig. 1. The eld is crowdedwith starswhich makes
it di cultto immediatelyidentify arny optical counterparbf the
plerion's X-ray emissionwhoseoutercontourfrom anarchial
Chandr#ACIS-Simagé is overlaid. Neverthelesspne canre-
solve several bright optical laments likely associatedvith the
SNR,e.g.,along lament extendingfrom the centerof the neb-
ulain the E-W direction.The brightnesf the extendedoptical
emissionincreasesowardthe X-ray tail westof theplerion.The
sameis seenin ourV imageandin aredPalomarplate(vanden
Bergh, 1978; Fesen1983).The long E-W lament alsocorre-
lateswith this tail andit is clearly detectedn narrov bandH
and[O Ill] images(Feseretal., 2008).Optical spectraof some
centralpartsof the lament have beenobtainedby Fesen(1983)
andrevealaradialvelocity of upto 900km s ! con rming thatit
belonggotheSNR.Whethertheothersmallscaleoptical BV |-
amentsandknotsareassociatedvith similar structuresletected
in the radio, narrav bandoptical, andor X-rays is outsidethe

2 USNO-B1.0starsusedfor theastrometrigransformatiorof the3C
58 eld: 1548-00602271548-00601911548-00602581548-0060348,
1548-0060300,1548-00603061548-0060264,1548-0060155,1548-
0060199,1547-00600021547-0060015.

3 The X-ray datawere retrieved from the Chandraarchive (ObsID
4382,2003-04-23170ks exposure PI P. Slane).
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Fig. 1. Overview ( 6° 69 of the centerof the supernga remnant3C 58 in the B-band,as obtainedwith NOT/ALFOSC. An outer contourof
X-ray emissionof the3C 58 plerionis overlaidfrom the ChandrdACIS-Simage.A bold ellipsein theplerioncentermarksthe positionwherethe
pulsarJ0205-6449poweringthenehulais located.The centralregionis enlagedin Fig. 2. White arravs marked“A”, “B” and“C” pointatsome
laments belongingto theremnantFilamentA is discussedurtherin Fig. 2.

scopeof this paper Herewe concentraten the faint extended
emissionlocatedin the centerof the imagenearwithin the re-
gionmarkedin Fig. 1 by abold ellipsethatcontainshe pulsar

3.2. Detection of the pulsar/PWN optical counterpart

The region containingthe pulsaris enlagedin Fig. 2, where
we compareour optical B andV imageswith availablearchval
imagesobtainedin other spectraldomains: ChandréACIS-S
andHRC-S' X-ray images mid-infraredimagesobtainedwith
SpitzefIRAC®, anda 1.4 GHz VLA radio image (Bietenholz,
2007).Theunsaturatedtarsclosesto thepulsarweresubtracted
in the opticalimages.The dynamicalrangeof the ACIS image
waschangedcomparedo the contourshavn in Fig. 1 to reveal
the structureof thetorus-like PWN with its possiblewesternjet
(assuminghetorusis seenedge-on).

4 The X-ray datawere retrieved from the Chandraarchive (ObsID
1848,2002-01-0933.5ks exposure Pl S. Murray).
5 ProgramiD 3647,exposures.4ks, Pl P. Slane

In bothopticalbands Top Left andMiddle panelsof Fig. 2)
we detecta faint extended elliptical structureat the pulsarpo-
sition and we have marked this by a white plus sign. Its mor-
phology matchesthe structureseenin the HRC image,which
revealsonly the brightestpart of the PWN in X-rays. Both the
extent of this elliptical optical sourceandthe orientationof its
major axis aresimilarto whatis foundin X-rays. This suggests
that the detectedsourceis the optical counterpariof the PWN
of PSRJ0295-6449,with perhapsalsoa contribution from the
pulsaritself. The sourceis alsoclearly visible in all four IRAC
mid-IR bandsat the samepositionandwith the sameelliptical
morphologyand orientation.An 8 m imageof this eld was
presentedby Slane(2007)andSlaneetal. (2008).Theastromet-
ric accurag of the pipeline producedmid-IR post-BCD(Basic
CalibratedData)imagesshavn in Fig. 2is  0°2, which allows
usto statethat structureswve seein the opticalandIR represent
the samesource.The mid-IR counterpargppeargo be slightly
blurredin comparisorwith theopticalstructuresThisis because
of thelower spatialresolutionof the IRAC imageg(pixel sizeof
199) comparedo thatin the optical (pixel sizeof °4.9).
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Fig. 2. Central 1% 1%1 partof 3C 58 containingthe pulsarandthe PWN. Top-Left and Top-Middle panelsare NOT/ALFOSC B andV band
images,respectiely, whereunsaturatedeld starshave beensubtractedo betterreveal the suggestegulsafPWN optical counterpartOther
panelsshav imagesof thesameeld but in X-rays, mid-IR andradio,asobtainedwith the ChandréHRC andChandréACIS, SpitzefIRAC and
VLA, respectiely, asindicatedin the images.The optical and X-ray imageshave beensmoothedwith a Gaussiarkernelof threepixels. The
X-ray contoursoutlining theboundaryandPWN brightnesdistributionin X-raysontheHRC andACISimagesareoverlaidontheB, 3.6 mand
ontheV, 5.8 mandVLA imagesyrespectiely. The VLA contoursareshavn in the8 m image.Thewhite cross(”’+") in all panelsmarksthe
ChandréHRC positionof the pulsar(Murray etal., 2002).Filament“A” in Fig. 1 is clearlyseenin both B andV to thewestof thewhite cross.

In the opticalwe alsoseetwo knotson anextendedlament  Fig. 2). To emphasizehis, we have overlaid the radio contours
westof thepulsar(calledFilament‘A” in Fig. 1). They coincide onthe8 mimage.The8 m emissiortracesheradiostructure
spatiallywith anelongatedX-ray structureseenin the ACISim-  well. At shorterwavelengthsandin particularin theoptical,the
agethat hasbeeninterpretedasa possiblejet emanatingrom  full structureof the radio emissionbecomedessobvious. That
the pulsar(Slaneet al., 2002). However, in the optical images the emissionbecomesstrongey is less clumpy, and tracesthe
we do not seethe “beginning” of the jet. The sameis true for  radio structureprogressiely betterasthe wavelengthincreases
the mid-IR wherewe seebothfaint emissionfrom the lament from the B-bandto 8 m, makesus con dent thatwe have in-
andthe knots,in particularthe western-mosbf the two optical deedidenti ed the opticallR counterparto the radio lament.
knots. The lament, and especiallythe knots, arebestseenat The X-ray contoursoverlaid on the radioimagealsoshawv that
the longestIR wavelengths.Thesestructuresseenin the opti- atleastthe distantpartof the elongatedX-ray structureis likely
cal andmid-IR arelikely partsof a long curved SNR lament  of thesameorigin astheradio lament. Thisrulesouttheinter-
clearlyvisible in the VLA radioimage(Bottom-Rightpanelof pretationof this partof the structureasthe pulsarjet.
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Fig. 3. The 13°° 6%centralregion of 3C 58 with the suggesteaptical counterparbf the pulsafPWN systemin the B (Leff) andV (Righ) bands
andresultsof the B bandsurfacebrightnesst with elliptical isophote{Middle). As in Fig. 2, thewhite plussignmarksthe HRC-SX-ray position
of thepulsarwhile” " shavs the positionof the centerof thebrightestpartof the opticalsourceobtainedromthe t. Thedi erencebetweerthe
plusand is 6, whichisabouttwice smallerthanthel- uncertaintyof the pulsarX-ray positioncombinedrom 1°°HRC pointingaccuray
and % uncertaintyof the astrometriaeferencingof the opticalimages.The B andV imageswere smoothedwith a Gaussiarkernelof three
pixels. Thebright sourceat the bottomleft cornerof the B andV imagess theremainsof a poorly subtractedeld star

Table 1. Parameter®f theelliptical t to the surfacebrightnesf the
PSRJ0295-6449+PWN optical counterparirderedby the major el-
lipseaxislength(c.f., Middle panelof Fig. 3).

Centef Centef Major Ellip- PA° B-band
RA DEC axis -ticity? NtoE ux 9
length

(02:05:*) (64:49:*) (arcsec) (degrees) (%)
37.88 40.7 0.84 0.28 7.29 3.1(0.8)
37.88 40.7 1.26 0.28 7.29 7.6(1.2)
37.88 40.7 1.9 0.28 7.29 17.4(1.7)
37.88 40.7 2.86 0.56 16.13 22.9(2.2)
37.88 40.7 4.28 0.62 3.68 40.9(3.1)
38.00 40.8 6.42 0.48 3.68 86.3(6.6)
38.00 40.5 9.62 0.59 5.40 100

a coordinate®f centersf the ellipses(J2000);

bdenedasl IminTdma, Wherelmin andlma aretheminorand
majorellipseaxeslengths respectiely;

¢ positionalangleof the majoraxis;

4 ux fromtheelliptical aperturenormalizecto the ux from the
largestaperturen this set.Numbersin bracletsarel uncertainties.

To comparethe suggestedptical counterparto the X-ray
PWN torusstructure we have tted the spatialintensity distri-
bution with a simple two-dimensionaimodel (using the IRAF
isophotes packagepccountingor the brightnesdistribution
by elliptical isophotesandtaking into accountthe background
level. The samewas doneby Murray et al. (2002) for the ex-
tendedpart of the X-ray sourcein the HRC image,using CIAO
Sherpa tools. The resultsof the spatial ts are presentedn
Fig. 3 andin Tablel.

The t shaws that the brightestpart of the optical nehula,
within 19229 of thecenterhasalmostacircularshapeandemits

only < 10%of thetotal ux. If ouridenti cation is correct,this

canbeconsiderecisanupperlimit of the pulsarcontribtutionto

thetotal pulsarPWN optical ux. Thisis consistentvith what
was found for two known pulsar-PWN systemsn the optical
range(Sera movich etal., 2004).The coordinate®f the center
de ned from the t areRA=02:05:37.88andDEC=64:49:40.7
(marked by ” " in Fig. 3). This is in agreementvith the pul-

sar X-ray coordinates(marked by plus), RA=02:05:37.8and
DEC=64:49:41(Murray et al., 2002), whenaccountingfor our
astrometricalincertainty < (®4, andthe typical HRC pointing
uncertainty< 1% The ellipticity increasesipto  0.5-0.6for

the outer optical nehula regions, and the major axis is slightly

tilted towardsthe North-Westby a few degrees,which is also
in a good agreementvith what was found in X-rays (Murray
etal., 2002; Slaneet al., 2002).In addition,the optical nehula
is elongatedn the north-southdirection almostsymmetrically
aroundits centerwith atotal lengthof 9%, which agreeswith

the 10°extentof thebrightestpartof thenetulain theHRC-S
data.Finally, assumindghatwe seeatilted torus-like shapedeb-
ula,ourelliptical t suggestshattheangleof thetorussymmetry
axisto the sky planeis in therangeof 53 - 66 . Thisis closeto

thevalueof 70 estimatedrom the X-ray databy Slaneet al.

(2002).

To bring out more detailsof the structureof the nelula in
theopticalmid-IR andin X-rays,we consideredlso1D-spatial
pro les of thepresentedmagesalongtwo slicesshavnin Fig. 4.
The slicesare 2°°wide with PA 0 and 90 , both centeredon
the HRC-Spulsarposition.The rst sliceis 20°longto include
the mostnorth-southextent of the nehula asseenin the ACIS-
S imageand was placedsymmetricallyover the centerof the
nelula. Thesecondsliceis 40°%ong andextendstowardthewest
to cover alsothe region supposedo be an X-ray emitting jet.
The X-ray, opticalandmid-IR spatialpro les alongtheseslices
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slicesshavn in Fig. 4 obtainedfrom di erentimages,asindicatedin the plot. The coordinateorigins of the horizontal axes correspondo
Dec=64:49:31:00and RA=02:05:39:90for the Left and Right plots, respectiely. The imageswere smoothedwith a 3-pixel Gaussiarkernel.
Dashedvertical linesindicatethe HRC-Spositionof the pulsar Dottedline shavs the positionof a bright jet-like structureto the west,beforeit
bendsto thesouth.The ACIS-Spro le in theright panelis in a log scaleto betterresole this structurein X-rays.
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Fig.4. ACIS-Simagewith positionsof two slicesof 40°°(black and
20P° (white) lengthsand of 2°°widths usedfor the comparisonof the
X-ray andoptical spatialpro les of the pulsar PWN systemin Fig. 5.

arepresentedn Fig. 5. The horizontalaxis in the Left panelis
directedfrom southto north, andin the Right panelfrom east
to west. This gure shows the coincidenceof the positionsof
the main peakof the nehula in the optical, mid-IR andin X-
rays.The ACIS-Speakis broadertthanthatof the HRC because
of thelower spatialresolutionof ACIS. The sameis truefor the
infraredwhereweshowv onlythe8 mpro le. The5.8 mpro le
is practically the same,while the 3.6 m and4.6 m pro les
are contaminateddy the nearbystar eastof the pulsar In the
Left panelthe ACIS-Speakhasanapparenb settowardnorth
by roughly an arcsecondput this may be relatedto errorsin
theastrometricateferencingof the ACIS-Simage(Slaneetal.,

2002,2004).Thepro les con rm thatwe seethesamesourcen
all threespectradomains.

Although the positionof the main opticalandIR peaksco-
incide with the pulsar X-ray position, we do not resole arny
point-like objectin the centerof the netula in our optical and
thearchial IR images The FWHM of the optical PSFis  0°%-
0?85 (Sect.2.1), while for the mid-infraredit varieswith the
wavelengthfrom 229 to 2%5. The brightestpart of the PWN,
which subtendsseveral arcsecondss clearly resohed (Fig. 5).
To resole thepoint-like pulsarfrom the netulain theopticallR
wouldrequiredeepeimagingathigh spatialresolution or alter
natively time resohedobsenations.

We alsonotea broadsecondanpeakwestof the pulsarseen
in theeast-wesbpticalandIR pro les andwhichis markedby a
verticaldottedline in the Right panelplot of Fig. 5. It coincides
with a shallov secondarypeakseenin the ACIS pro le. Thisis
Filament“A” in Fig. 1 with its knots,andwhich is projectedon
theextendedX-ray structurewhichwasearlysupposedo bethe
pulsarjet.

To summarizehis part,we concludethatthe coincidenceof
the centerpositionsof the detectedbpticalmid-IR nehula with
that of the pulsafPWN X-ray source the opticalmid-IR/X-ray
morphologyandthe spatialsurfacebrightnessro les in these
wavelengthregions, strongly supportthat we have indeedde-
tectedthe opticalmid-IR counterparbf the pulsafPWN system
in the 3C 58 supern@aremnant.

3.3. Optical and mid-IR photometry

Opticalphotometryof the suggestedounterpartvasperformed
on the star subtractedmages.We usedthe elliptical apertures
fromthesurfacebrightnesst describedn Sect.3.2. Theparam-
etersof the ellipsesare presentedn Table 1. The backgrounds
were estimatedrom a circular annuluswith a 20 pixel inner
radiusand a width of 10 pixels centeredon the nelula cen-
ter. Therelative photometricerrorswereminimized(S=N  13)
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Table 2. Obsered magnitudesand ux es for the presumedopti-

calinfrared pulsafPWN counterparbf 3C 58, aswell asdereddened

ux esfor di erentvaluesof Ay .

of f Mag. log Flux log Flux
(band)  obs? obs? dered?
Ay=19 29 34
(. m) (mag)  (J) (J) (J) (9
440B) 24.06(8) 0.02(3) 0.99(3) 1.52(3) 1.78(3)
530(v) 23.11(4) 0.31(2) 1.10(2) 1.52(2) 1.73(2)
650R)® >22.5(5) 0.48(20) 1.11(20) 1.44(20) 1.61(20)
3.6 15.8(4) 2.14(16) 2.19(16) 2.22(16) 2.23(16)
45 15.2(4) 2.16(14) 2.20(14) 2.22(14) 2.22(14)
5.8 14.3(3) 2.34(11) 2.38(11) 2.40(11) 2.41(11)
8.0 13.5(2) 2.42(9) 2.46(9) 2.48(9) 2.49(9)

@ numberdn bracletsarel uncertaintieseferringto lastsigni cant
digits quoted
b upperlimit for the pulsarmagnitudetakenfrom Feseretal. (2008)

for the aperturethat formally encapsulate$ 86% of the to-
tal elliptic netula ux. The measurednagnitudesof the inte-
gral pulsartorus netula emissionare B = 24706 0:08 and
V = 23"11 0:04. We alsotried circular and polygonalaper
turesofdi erentgeometrie$o betterencapsulatthewhole ux,
but got practicallythe sameresults. The magnitudesveretrans-
formedinto ux esusingthezero-pointgrovidedby Fukugitaet
al. (1995).Theresultsaresummarizedh Table2. Themagnitude
distribution with the nelularradiuscanbe estimatedisingthese
magnitudesandthe normalized ux esfor all elliptical apertures
whicharegivenin Tablel.

All nearby backgroundstars were also successfullysub-
tractedfrom the SpitzefIRAC pipeline post-BCDmid-IR im-
agesusing the psfand allstarIRAF utils. Then aperturepho-
tometry with circular aperturesvas done using daophottasks
in accordancevith prescriptionsgivenin the IRAC Obsenrers
Manuaf. A typical apertureradius,wherethe curvesof growth
saturatewasabout6—7 pix, or 7°2-8% dependingon the band,
and the annulusfor backgroundsvas 8-12 pixels. An exam-
ple of the aperturechoicefor the 5.8 m imageis shovn in
Fig. 6. Werepeatedhe starsubtractiorprocedureandvariedthe
backgroundegion. Thedi erencesn the magnitudeobtained
wereaboutthe measuremerttatisticalerrorsandthey werein-
cludedin theresultinguncertaintiesThe magnitudesverecon-
vertedinto ux esin physicalunitsandtheresultsarepresented
in Table 2. Extendedsourceaperturecorrectionswere applied
for the ux valued andthe ux errorsare combinedfrom the
magnitudemeasuremengrrorsand 5% IRAC calibrationun-
certaintiesn eachband.

As seerfrom Table2 themeasurednid-IR ux eshavelarger
uncertaintieshanthe opticalones.The mainreasornis thefaint-
nesof themid-IR sourcewhichis detectedtaboutthe5 level.
The 10%-15%uncertaintiesntroducedby using the pipeline
producedmosaiclR-imagesdoesnot exceedthe count statis-
tic errorsand cannotconsiderablychangethe results. Thus,we
con rm, but ata higherlevel of signi cance,the2 mid-IR de-
tectionreportedby Slaneet al. (2008).Thedi erencebetween
themid-IR andtheoptical ux esis quitesigni cant, andallows
usto draw conclusionson the multiwavelengthspectralenegy
distribution (SED) of the suggestedounterpart.

6 seege.g.,ssc.spitzecaltech.ediarchanaljquickphot.html
7 ssc.spitzecaltech.edlirad/calib/extcalindex.html

5.8 microns

Fig. 6. Enlagedimageof the pulsafPWN candidatecounterparat 5.8

m. Nearbybackgroundstarshave beensubtractecdandthe imagewas
smoothedvith a 2% Gaussiarkernel.Circleswith 8%, %, and14%
radii shav theapertureandbackgroundannuliusedfor the photometry

3.4. Multiwavelength spectrum of the pulsar+PWN source

We canuseour ux es estimatedfor the pulsafPWN counter
partcandidateogethemwith the X-ray datato constructatenta-
tive multiwavelengthspectrunfor the centralpartof thenehula.
Whencompilingdatafrom the IR to X-raysonehasto take into
accountthat the PWN torussizein the optical and IR appears
smallerthanin the X-rays. Futuredeeperoptical and IR stud-
ieswill probablyrevealfainterouterpartsof thetorusin these
rangesashasbeenseerfor the CrabandPSRB0540-69PWNe.
Thesefainterbut moreextendedouterpartscancontribute con-
siderablyto thetotal ux of thesystem.

At thecurrentstageit is reasonabléo comparghemeasured
optical and infrared ux es with the X-ray spectrumextracted
from the samephysicalregion. To do that we extractedthe X-
ray spectrumfor the centralpart of the torus region from the
ACIS-S datamaking use of the CIAOacisspec tool andthe
sameelliptic apertureve appliedfor the optical sourcephotom-
etry. This gave 30200sourcecounts.The spectraldatawere
groupedo provide aminimumof 20 countsperspectrabin and
tted by an absorbedbowerlaw model using standardXSPEC
tools. We obtaineda statisticallyacceptablet with the photon
spectralindex = 1:88 0:08, the absorbingcolumn density
Ny = (434 0:08) 10%!cm 2, anda normalizationconstant
C = (439 0:17) 10 *photonscm ?s ! keV . The t had

2 = 0:95 perdegreeof freedom.Within the uncertaintieghe

andNy valuesobtainedarein agreementvith thoseobtained
for the entiretorusby Slaneet al. (2004),while the unabsorbed
integral ux, 1.68 10 2 erg cm ? s ! (0.5-10keV range),is
only 40% of thatfrom the entire X-ray torusregion. The de-
rivedunabsorbe&-ray spectrdor boththeinnerregionandthe
entiretorusregionsareshavn in Fig. 7.

Beforecomparingwith the X-ray spectrumwe needto cor-
rectthe opticalandIR datafor interstellareddeningTheinter-
stellar color excesstowards 3C 58 is, however, not well con-
strained.Fesen(1983) estimated basedon the H /H decre-
mentobtainedfrom spectralobsenationsof a partof the bright
long E-W lament discussedn Sect.3.1,that E(B V) =
0:6 0:3mag,assumingnintrinsicH /H ratioof 3.0.Thiscor
respondgo theV-bandreddeningcorrectionof A, 1.9 1.0,
adoptingthe standardratio Ayv=E(B V) = 3:1. Later spec-
troscopy of a sampleof the remnantemissionknots provided
a more stringentconstraint,E(B V) = 0:68 0:08 mag
(Feseretal., 1988).Recentspectroscop of threebrightestH -
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Fig. 7. Tentatve unabsorbednultiwavelengthspectrumfor the inner part of the torusregion of the 3C 58 pulsafPWN systemcompiledfrom
dataobtainedwith di erenttelescopesasindicatedin the plots. Di erentpanelsdemonstratehe dependencef the spectrumon the adopted
interstellarextinction Ay . The LowerandUpperpanelsshav thewholeIR/X-ray spectrafrangeandits enlagedopticallR part,respectrely. Both

theopticallR andX-ray dataare tted with powverlawswith di erentspectraindices(de nedasF /

). Thederivedindicesfor theopticallR

partareshavn in the Upperpanelsanddashedinesconstrainl uncertaintie®f therespectie ts. FortheX-ray part,thelower power law is for
theinnerpartof thetorus(i.e.,sameasfor the opticallR emission)whereagheupperpowerlaw is for theentiretorus.The powver-law indicesfor
theseX-ray dataare 0:88 0:08and 0:87 0:02,respectiely. Dottedlinesshav extensiondrom the opticalIR partandthe X-ray part. Grey
polygons(barelyresohed)arel uncertaintie®f theX-ray ts. FortheopticallR rangethesteepnessf anassumeghower law dependstrongly

on Ay, with anupperlimit of 0:5.For29 Ay

3:4, theopticalinfraredspectruncanbejoinedwith the X-ray spectrunmusingonly one

spectrabreak.Lower extinctionssuggest morecomplicatednultiwavelengthspectrumThe upperlimit for thepulsar ux in the R band(Fesen
etal., 2008)is included.lts possibleuncertainty(0.5 mag)is marked by a dasheckerrorbar Seetext for furtherdetails.

lamentsin thenorthernpartof the SNRyieldeda similarresult,
E(B V)=0:6 0:1mag(Feseretal.,2008).

We also know that 3C 58 sits within the Galactic disk
(I 1304, b 3:04) and that the entire Galactic excessin this
direction provided by Schleel et al. (1998)is E(B V)
0:99 mag.This is consistenwith the factthatthe Galacticdisc
edgein this direction of the sky is roughly 1-2 kpc more dis-
tant from us than 3C 58. Assuminga linear color excessin-
creasewith the distancefrom the Sunwith a meangradientof
0.2 magkpc ! applicablewithin 3—4 kpc of the solar neigh-
bourhood(e.g.,Bohlin etal., 1978),we obtainE(B V) 0.6
for 3C 58 and 1 magasthe entire excess,respectiely, pro-
vided thatthe distancego 3C 58 andthe disc edgeare 3.2 kpc
and 5kpc.Thisisin goodagreementvith theestimatesabove.

Ontheotherhand,usingNy=(4:34 0:08) 10?'cm 2, de-
rivedfromtheabove X-ray spectralt, andtheempiricalrelation
Ny=E(B V) =4:8 10*'cm 2 mag ?® applicablefor the Milky
Way (Bohlin etal., 1978),we obtainE(B V) = 0:9 0:02mag
(Ay = 2:8 0:06). Anotherempirical relation betweenthe ef-

fective Ny of the X-ray absorbinggasandthe dustextinction,
Ny=E(B V) = (555 0:093) 10°' cm 2 mag?! (Predehl
& Schmitt, 1995), givesa smallervalue, E(B V) = 0:78
0:03 mag. The color excessesdasedon the Ny value, derived
from the X-ray spectral t of the torus emission,are system-
atically higherthanthe meanexcessobtainedfrom the optical
studies.This maybe explainedby intrinsic reddeningvariations
overtheremnanfarearesultedrom anonuniformdistribution of
the SN ejecta.

Summarizingall the uncertaintiesof the color excesswe
selectfor our further analysisAy = 1:9 magas a most plau-
sible reddeningconsistentwith the meanexcessgiven by the
optical studies.We also perform the analysisfor Ay = 2:9
whichis compatiblewith the X-ray spectrakestimatesliscussed
above. DereddenedpticallR ux esare presentedn Table 2.
For dereddeningve useda standardoptical extinction curve
(Cardellietal., 1989)andaverageA Ak ratiosprovided espe-
cially for the SpitzefIRAC bandsby Indebetouwetal. (2005).
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We have combineddereddenedpticallR ux es for the
pulsafPWN systemwith the unabsorbedX-ray spectrumin
Fig. 7. As expectedthe shapeof the multiwavelengthspectrum
strongly dependson Ay. To emphasizehis we have also in-
cludedan even highervaluefor the extinction towards3C 58,
with Ay=3.4 mag.This valuecorrespondso the upperlimit of
Galacticextinction in the given direction as derived from the
total neutralhydrogenGalacticcolumndensity Ny = 5:34
10?1 cm 2 (Kalberlaetal., 2005), makinguseof therelationby
Bohlin etal. (1978).This highervalueof extinctionis included
becasuét representan interestinglimiting casefor the dered-
denedspectraknegy distribution (seebelow). In Fig. 7 we have
plotted the power-law describingthe X-ray spectrumfrom the
entire PWN torus (upperX-ray power law). We alsoshav the
X-ray spectrumfrom the only samephysicalregion asfor the
opticallR emission(lower X-ray power law).

In all casegheopticallR SEDcanbe tted by a powerlaw
(F / ) andthe spectralindices, , of the ts areshovn in
the upperpanelsof Fig. 7. For the mostplausibleAy value of
1.9the t residualsare minimal andwe seea monotonougle-
clinein ux from thelR to theoptical,suggestinga nonthermal
natureof thedetectedpticallR counterpartandidateThisim-
pliesasynchrotroremissiormechanisnior thedetectedehula,
normallyconsideredo bethemainradiative processor PWNe.
For higherextinction values particularlyfor Ay = 3:4, thespec-
trum becomesatter.

Theupperlimit of thepulsarpointsourceux in the R-band
obtainedby Fesenet al. (2008)is also shawvn in the plots for
comparisonlt wasnotincludedin the ts andwe estimatethat
its uncertaintycanbe aslarge ashalf a stellarmagnitude This
is becasuét wasderivedfrom a comparisorwith ratheruncer
tain cataloguamagnitude®f USNOstarsin the3C 58 eld. We
includedthe possibleux uncertaintyin Table2 andFig. 7. The
pulsarR-band ux upperlimit is afactorof afew lowerthanthe
expectednehula ux in this band,which is compatiblewith our
estimatedor the pulsar ux contritutionsin the B andV bands
(seeSect.3.2).

Extendingthe X-ray spectral ts (dottedlineg toward the
opticallR bandsandvice versa we seethatat ary adoptedAy
the X-ray extensionovershootghe IR ux es.For the Ay range
of 2.9-3.4themultiwavelengthspectrumfrom the IR through
X-rays canbe modeledby a power law with a singlebreakand
a atter slopein the IR/optical range.In the opticallR range
the spectrumcannotbe shallaver thanthat with 05, as
follows from the largestvalueof Ay = 3:4 (Right panel3, when
thebreakoccursdirectly in the B opticalband.For lower Ay the
breakmovestoward the X-ray rangeandat Ay = 2:9, it meets
thelow-enegy boundaryof the X-ray range(Middle panel. In
this casethe opticallR slopewith 0:8 is closeto that
in X-rayswith 0:9. For lower valuesof Ay theintrinsic
opticalIR spectrumbecomessteepeiandwe mustinvoke more
breaksto connectthe opticallR SED with the X-ray spectrum.
For example,at Ay = 1.9, the opticallR spectralindex,

1:2,is signi cantly lower thanthatin X-rays(Left panels.

The CrabandPSRB0540-69arethe only two PWNeprevi-
ouslydetectedn the opticalandmid-IR rangesEvenwithin the
large uncertaintiesof the interstellarextinction toward 3C 58,
the tentative multiwavelengthspectrumof the 3C 58 PWN can
besimilarto eitherthe CrabPWN (for Ay > 2:9), or the PWN of
PSRB0540-69for Ay < 2:9). TheCrabPWN changesmoothly
its spectraklopefrom negativein X-rayswith 1ltoa atter
valuein theoptical, whereaghe spectrunof the PSRB0540-69
PWNdemonstrateadouble-knestructureatthetransitionfrom
the opticalto X-rays (e.g.,Sera movich et al., 2004).Our pre-

ferredvalueof Ay  1:9 suggestshatthe 3C 58 PWN is likely
similarto thelattercase.

We emphasizéhe importanceof usingthe samespatialre-
gionin all spectraldomainswhen constructingthe multiwave-
lengthspectrumAs seenfrom the Bottom panelsof Fig. 7, us-
ing the entiretorus X-ray spectrumjnsteadof its inner region,
wouldleadto di erentconclusionsTo make a meaningfulmul-
tiwavelengthplot for the entire X-ray emitting PWN torus,we
would needdeepeppticallR obsenationsto constrairtheemis-
sionin the outerpartsof thetorus,andto make a moredetailed
comparisorwith the entire PWNeof the Craband PSRB0540-
69 andwith availabletheoreticaimodels.

4. Discussion

The propertiesof the detectedsourceindeedsuggestit to be
the opticalmid-IR counterparif the 3C 58 pulsafPWN torus
system.The alternatve could be a SNR lament, or possiblya
faint backgroundspiral galaxy seenedgeon and coincidingby
chancewith the pulsarposition.However, the positionalcoinci-
dencewith the X-ray PWN torusandthe remarkablesimilarity
of theobjectmorphologyandorientationwith thosein X-raysis
reassuringThemultiwavelenghtspectrumshovsthattheoptical
andmid-infraredmagnitudesf the proposectounterparireat
leastconsistentvith the spectraseenin otherPWNe.We argue
thatthis makesthe alternatve interpretationsatherunlikely.

Therearenosigni cant radio laments atthe PWN position
(Bietenholz,2007) The nearestbright and sharplong lament
known asa“wisp” (Frail & Mo ett, 1993)is a few arcseconds
west of the PWN torus and the opticallR sourceboundaries.
Somesignsof afaintradiocounterparbf the PWN torusandor
the optical sourcemay be presentin the latestVLA 1.4 GHz
imagepublishedby Bietenholz(2007,Fig. 2).

For an Ay valueconsistentwith the Ny columndensityde-
rived from the X-ray spectralt thereare 1 deviationsof
the B andV ux esfrom the bestpowerlaw t line describing
the optical and mid-IR SED of the suggestedounterpartsee
Middle panelsof Fig. 7). Additional optical obsenationsarein
progresgo extendthe SEDtowardtheredandUV opticalbands
andto seeif thesedeviationsaresigni cant andif they canbet-
ter constrainthe extinction value,assuminga single power-law

t of the opticallR SED. Higher spatialandor timing resolu-
tion arenecessaryo measureeliably the opticalemissionfrom
the point-like pulsarembeddedn the centerof the PWN torus
andtocon rm nally thesuggestedienti cation. Longerwave-
lengthmid-infraredimagingwith the SpitzefMIPS is neededo
seeif thereis a breaktoward the radio to supportthe apparent
absenckresencef the putatve PWN torus counterparin the
radiorange.

At larger spatialscalesthe spectrumfrom the whole 3C 58
plerionregionfrom radiothroughX-raysis describedy apower
law with asinglelow frequeng breaknear 50GHz.Below this
frequeng thespectraklopeis signi cantly atter thanin X-rays
(cf. Slaneetal.,2008).Thisis in contrasto theplerioncorenear
the pulsar For the PWN torus our optical datasuggestt least
onebreakat muchshorterwavelenghtssomevherebetweerthe
optical and X-ray ranges.This impliesa di erentspectrumof
therelatiistic particlesin the plerioncoreat distancegrom the
pulsarcomparabléo the pulsarwind terminationshockradius
wherethe PWN torusstructureis formed.At ary reasonablas-
sumptionon theinterstellarextinction value,the opticalIR part
of the power-law torusspectruncannotbe atter thanthatwith

= 05 andsteepethanthatwith = 1:2. Comparison
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Table 3. Comparisorof the optical and X-ray spectralindices( °, *)

nti cation of the3C 58 PWN

luminosities(L®, LX), e ciencies( ©, X) of the threeyoungPWNe

detectedn theopticallR andX-rays.InformationontheVelaPWN, notyetdetectedn theoptical,aswell asonthe pulsarcharacteristiagey( ),
spindavn pulsarluminosities(E), PWN sizes andtheratiosof the pulsarto PWN luminosityin the opticaland X-raysarealsoincluded.

PWN E size o [0a o X R X L9A%, LSA%.
(ky) (107 emgst) (pc) (10®emgs!) (109 (10*emgs!) (103

Cralf 1.4 46 1.5 0.92 4240 920 1.14 21.8 47.5 0.0017  0.046

0540  1.66 50.2 06-09 15 366 245  1.04 12 79.7 0.03 0.26

3Cc58  5.38 2.6 0.08-0.19 0.7-1.2 0.08-0.21 0.3-0.75 0.88 5 103 0.19 <01 0.23

Vel 11 0.069 0.14 - - - 05 68 104 98 102 - 0.34

@ For theopticalrangel.57-3.6&V.
b For the X-ray range0.6—10keV.

with theradio ux fromthetorusor its upperimit would provide
additionalconstraintf the spectrumof the emitting particles.
Assumingthatwe have indeeddetectedhe opticallR coun-
terpartof the torus-shapedWN, we comparein Table 3 its
parameterswith the parameterof the other two young pul-
saVPWN systemswhich have beendetectedn the optical, in-
fraredandX-rays. We alsoincludethe older Vela pulsarwhose
PWN has not yet beenidenti ed in the optical or IR (e.g.,
Shibanw et al., 2003). For 3C 58 we adopta distanceof 3.2
kpc (Slaneet al., 2004). Its optical luminosity uncertaintyis
mainly dueto the uncertaintyin the interstellarextinction. The
ratio of the pulsarto PWN optical luminosity re ects the pos-
sible contribution of the pulsarto the total pulsafPWN optical
emission,aswas estimatedn Sect.3.2. The principal ranking
in Table 3 is the characteristimgeandor spindavn luminosity
E. Theageof 3C 58 andits associatiorwith the historical su-
pernova event of 1181 A.D. is still debated(e.g.,Slaneet al.,
2004). We have usedthe characteristicage of the pulsarde-
ned in the standardvay as = P=2P (Murray et al., 2002).
We seethat the 3C 58 PWN nicely ts its positionin Table 3
in termsof otherphysicalparameterslts size, X-ray luminos-
ity ande cieng of transformatiorof the pulsarrotationalloss
to PWN emission, X = LX=E, andthe ratio of pulsarto PWN
X-ray luminositytracethegenerakvolutiontendeng wherethe
“strength” of a PWN correlateswith the spindavn luminosity
andfadeswith pulsarage.Interestinglytheluminosity of 3C 58
hasfadedanorderof amagnitudemorein the opticalthanin X-
rays,if we take the CrabPWN asareferenceFor PSR0540-69
and 3C 58 both luminositieshave decreasedby approximately
thesamefactor This perhapsneanghattheold estimate®f the
Crab PWN optical continuumluminosity basedon low spatial
resolutionobsenationsVeron-Cetty& Woltjer (1993)needare-
vision using recently available high resolutionobsenations of
this PWN. Thereis nostrongdi erenceor thee cieng of the
3C58PWNin theopticalandX-rays.Thesamesituationapplies
to theyoungerPSR0540-69PWN, although3C 58is muchless
e cient,asexpectedfrom its age.For the Crab,thedi erence
is exceptionallystrong,probablyfor the samereasonsve have
mentionedabore. Thus, the propertiesof the likely opticallR
counterparbf the 3C 58 PWN suggesthatthe real ageof the
associate@NRis closeto the pulsarcharacteristi@age,but not
to the historicaleventof 1181A.D, ashasbeendiscussedrom
otherpointsof view by Chervalier (2004)andBietenholz(2007).
Thelongextendedstructureseerin X-rayswestof the3C 58
pulsarhasbeensuggestedo be the jet part of its PWN (Slane
etal., 2004).A similar axisymmetricajet structureof the Crab
PWN hasa clearoptical counterpar{e.g.Hesteret al. , 2002).
Somehints of alesspronouncedX-ray jet of the PSR0540-69

¢ Dataaretakenfrom Sera movich etal. (2004).
4 This paper Thedistancds assumedo be 3.2kpc.

PWN arealsoseenin theoptical (Sera movich etal., 2004).For
3C 58 we alsoseea bright optical lament projectedon the X-
ray jet whereit bendssouthward.However, a comparisorof the
optical,infraredandradioimagessuggestshatthisis notanop-
tical jet counterpartlt may alsobe that this distantpart of the
X-ray structuredoesnot relateto the PWN jet at all. Instead it
is mostlikely along curved SNR lament, whichis alsoclearly
seenin VLA images(Bietenholz,2007).lIts positionis marked
inthe8 mimagesof Fig. 2. Mostlikely, the partof the lament
we have detectedn ourimagesjs thesameaswasstudiedspec-
troscopicallyby Fesen(1983)(position1 in his notation)using
a4%circle aperture Basedon H , he estimatech radial veloc-
ity of  900km s %, which is similar to the overall expansion
of the remnant,andto motionsin the Crah Detailedimaging
and spectralstudiesare necessaryo con rm this andto study
if this extendedstructureis a part of the real PWN jet or not.
Deeperspectralobsenationswill also set more stringentcon-
straintson the interstellarextinction, which is the main source
of uncertaintyof theestimatedntrinsic optical ux of thePWN.
In conclusion,our obsenationshave, with high probability,
increasedhenumberof theopticallyidenti ed Crab-like PWNe
from two to three,which shouldhelp to constrainmodelsof
theseuniqueobjectsandto understandheir nature.
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