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ABSTRACT

Context. 3C 58 is a Crab-like supernova remnantcontainingtheyoungpulsarPSRJ0295+6449,which powersa radioplerionanda
compacttorus-like pulsarwind nebula visible in X-rays.
Aims. Wehaveperformedadeepopticalimagingof the3C58�eld to detecttheopticalcounterpartof thepulsarandits wind nebula.
Methods. Theimagingwascarriedout in the B andV opticalbandswith theNordic OpticalTelescope.We have alsoanalyzedthe
archival imagesof the�eld obtainedwith theChandra/ACIS andHRCin X-raysandwith theSpitzer/IRAC in themid-infrared.
Results. Wedetectafaintextendedellipticalopticalobjectwith B=24:m06� 0.08andV=23:m11� 0.04whosepeakbrightnessandcenter
positionareconsistentat thesub-arcsecondlevel with thepositionof thepulsar. Themorphologyof theobjectandtheorientationof
its majoraxisarein excellentagreementwith thetorusregion of thepulsarwind nebula seenalmostedgeon in theX-rays,although
its extensionis only abouta half of that in X-rays.This suggeststhat in theopticalwe seeonly thebrightestcentralpartof thetorus
nebula with thepulsar. Thepositionandmorphologyof theobjectarealsopracticallyidenticalto thecounterpartof thetorusregion
recentlydetectedin themid-infraredbands.Wedonotresolveany point-likesourcewithin thenebulathatcouldbeidenti�ed with the
pulsarandestimatethatthecontribution of thepulsarto theobservedoptical �ux is <� 10%.Usingthearchival Chandra/ACIS-Sdata
we analysethe spectrumof the pulsar+nebula X-ray emissionextractedfrom the spatialregion constrainedby the optical/infrared
sourcepositionandextentand�nd thata singleabsorbedpower law providesanacceptablespectral�t. Combiningthis �t with the
opticalandinfrared�ux esof thedetectedcandidatetorusnebula counterpartwe compilea tentative multi-wavelengthspectrumof
thecentralpartof thepulsarnebula.Within theuncertaintiesof theinterstellarextinction towards3C 58it is reminiscentof eitherthe
Crabor PSRB0540-69pulsarwind nebula spectra.
Conclusions. The position,morphologyandspectralpropertiesof the detectedsourcestronglysuggestit to be the optical/mid-
infraredcounterpartof the3C 58 pulsar+ its wind nebula system.This makes3C 58 the third member, togetherwith theCraband
PSRB0540-69,of sucha classof thesystemsidenti�ed in theopticalandmid-infrared.
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1. Intr oduction

The“Crab-like” supernova remnant(SNR)3C 58 was�rst dis-
coveredin theradio(Weiler & Seielstad,1971)andthenidenti-
�ed in theopticalby observationsin H� (vandenBergh,1978).
JustastheCrabnebula, this SNRhasa plerionic,or �lled cen-
ter. It shows a �lamentary structurein the H� emissionandin
the radio with a �at radio spectrumof synchrotronorigin. The
distance,d = 3:2 kpc, andsize,� 60 � 90 of 3C 58 is alsosim-
ilar to that of the CrabSNR.What makesSNR 3C 58 particu-
larly interestingis its possibleassociation(Stephenson& Green,
2002)with thehistoricalsupernova SN 1181.Thededucedage
of � 830yr is consistentwith theremnantbeingof roughly the
samesizeas the Crabnebula, but this hasbeenquestionedon
anothergrounds(seebelow).

It waslongsuspectedthat3C 58containsapulsarin its cen-
ter (Becker, Helfand & Szymkoviak, 1982), and after several
yearsof searchingin X-rays andradio, the pulsarJ0205+6449
with a periodof P = 65:68mswasdiscoveredwith theChandra
X-ray observatoryat the centerof the SNR plerion (Murray et
al., 2002).It wasdirectly con�rmed alsoin theradio(Malofeev
et al., 2001;Camiloet al., 2002;Malofeev et al., 2003).Deeper
Chandraexposuresrevealeda Crab-like X-ray torus+jet pulsar

wind nebula (PWN) in thecenterof thepulsarpoweredplerion
(Slaneet al., 2004).

Oneof the puzzlesof the 3C 58 systemis that, unlike for
theCrab,thecharacteristicageof the3C 58pulsar, � = P=2 �P �
5400 yr, is considerablyhigher than the historical ageof 830
yr. This canperhapsbe understoodby assuminga larger initial
spinperiodof theneutronstar(NS).However, thefactorof � 2
lower radialvelocitiesof theoptical (Fesen,1983;Fesenet al.,
2008)andradio(Bietenholz,Kassim,Weiler,2001;Bietenholz,
2007) �laments than for the Crab, i.e., <� 900 km s� 1, either
would requirea larger actualageof 3C 58, a weaker SN ex-
plosion,or a substantialdecelerationof theremnant(Chevalier,
2004). Furthermore,the radio emissionof 3C 58 is about10
timesfainter thanfor the Crabwhile its X-ray nebula is about
2000timesweaker. The latter is surprisinganddoesnot match
thepresentspin-down power of thepulsar:thespindown lumi-
nosityof PSRJ0205+6449is �E = 2:7 � 1037 erg s� 1, andthus
5% of that of the Crab (this is actually the third largestspin-
down powerfor all known pulsarsin theGalaxy).Deeperstudies
of PSRJ0205+6449andits PWN at di� erentwavelengthsmay
help to establisha link betweenthepropertiesof this Crab-like
SNRandits pulsaractivity.

Multiwavelengthstudiesof PSRJ0205+6449arestill rare.
Its radio luminosity is lower thanfor 99%of all known pulsars
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andactuallythelowestamongknown youngpulsars(Camiloet
al., 2002).The X-ray propertiesof the nonthermalemissionof
the pulsar(spectralslope,pulseshape)aresimilar to thoseof
theCrab. However, an importantdi� erenceis thepresenceof a
thermalblackbody-likecomponentfrom thesurfaceof thecool-
ing NS with a temperatureof about106 K (Slaneet al., 2004).
Assumingan age of 830 yr, this temperaturefalls far below
the predictionsof the standardNS cooling theoriesand could
suggestsan enhancedcooling provided by the presenceof ex-
otic matter(like pion condensates)in theNS interior. Thespec-
tral index of theX-ray synchrotronemissionfrom thetorus-like
PWN is compatiblewith that of the Crab,but the luminosity,
� 5:3 � 1033 erg s� 1, is about4000timessmaller. The sizeof
theplerioncorevisible in X-rays,<� 0.55pc, is only a factorof 3
smallerthanthatof theCrab.

Therehavebeenfew studiesof the3C 58 �eld in theoptical
range,andwe arenot awareof any deepbroadbandimagingof
the remnant.Suchstudies,carriedout to reveal the continuum
emissionfrom thepulsarandthePWNandthusto constrainthe
propertiesof the multiwavelengthspectralenergy distribution,
havebeenperformedfor theCrabandits twin in theLMC, PSR
B0540-69(e.g., Sollerman,2003; Sera�movich et al., 2004).
Thelattertwo systemsshow astrongspectralbreakbetweenthe
optical andX-rays leadingto a smalleroptical �ux thanwould
be expectedfrom a simpleextrapolationof theobservedX-ray
spectrumtoward the optical range.The detectionof the 3C 58
PWN in the mid-infrared(mid-IR) recentlyreportedby Slane
et al. (2008)alsosuggestsa breakbetweenthe infraredandX-
rays,andperhapsmultiple breaks.Opticalstudiesarenecessery
to constrainthepositionandthenumberof thebreaks.

Herewereportondeepopticalimagingof thecentralpartof
3C 58 in the B andV bandswith theNordic OpticalTelescope
(NOT) on La Palma.Theseobservationsallowed us to �nd a
likely candidatefor theoptical counterpartof thepulsar+PWN
system.We compareour datawith X-ray andmid-IR datare-
trievedfrom theChandraandSpitzerarchives.Theobservations
anddatareductionaredescribedin Sect.2. In Sect.3 wepresent
theresultswhichare�nally discussedin Sect.4.

2. Obser vations and data reduction

2.1. Observations

The�eld of 3C 58 wasobservedon thenight of October22-23
2006with theAndaluciaFaintObjectSpectrographandCamera
(ALFOSC1) at theNOT duringaservicemodeobservation(pro-
gramP34-026).ALFOSCwasequippedwith a2048� 2048pixel
CCD providing a �eld-of-view of 60:5 � 60:5 with thepixel size
onthesky of 0:0019.Thecenterof 3C58wasimagedin theB- and
V-band�lters whichhavethroughputssimilar to theBesselsys-
tem.Setsof 10min ditheredexposureswereobtainedin eachof
the�lters at anairmassvariedin a narrow rangeof � 1.24–1.35.
The total exposuretime was5400s in the B and6600s in the
V bands.The PG0231+051standard�eld (Landolt,1992)was
usedfor the photometriccalibration,andwasobserved imme-
diatelyafter the3C 58 �eld at a similar airmass.Theobserving
conditionswereratherstablewith theseeingvaryingfrom � 0:006
to � 0:009 andwith meanvaluesof � 0:0084 and � 0:0071 in the
B andV bands,respectively. Standarddatareductionincluding
biassubtraction,�at-�elding andcosmicray rejectionwasper-
formedmakinguseof the IRAFccdredpackageandcrrej task.
Theindividual imagesin eachbandwerealignedandcombined
with theimcombinetask.

1 www.not.iac.es/instruments/alfosc

2.2. Astrometric referencing

Theastrometricreferencingof theNOT imageswasdonemak-
ing useof theUSNO-B1.0catalog(Monetet al., 2002)andthe
IRAFtasksccmap/cctran . We chosetheresultingB-bandim-
ageasa primaryfor thereferencingsincethis imagehave fewer
saturatedstarsin the �eld. To minimizeany geometricaldistor-
tion e� ectsweusedthepositionsof elevenunsaturatedreference
stars2 locatedwithin an arcminutefrom the centerof the im-
age.Thenominalcatalogpositionerrorsof theselectedstarsare
lessthan0:001. Thesestarsshow no considerablepropermotions
within a few masyr� 1. Formal rms errorsof theastrometric�t
for theRA andDecwere� 0:00059and� 0:00062,respectively, and
maximalresidualsof any referencestarwere<� 0:001 for bothco-
ordinates.Usingasetof starswith goodPointSpreadFunctions
(PSFs)theV bandimagewasalignedto theB bandimagewith
anaccuracy of betterthan� 0:1 pixel, or � 0:00019.Combining
the errors,a conservative estimateof our 1� astrometricrefer-
encingaccuracy is <� 0:001 in bothRA andDecfor bothbands.

2.3. Photometric calibration

Theobservingnight wasphotometric.Thephotometriccalibra-
tion wascarriedout usingsix standardstarsfrom the Landolt
�eld PG0231+051 (Landolt, 1992) and the IRAF packages
daophot andphotcal . Thesmallvariationsof theairmassdur-
ing ourobservationsdid notallow usto estimatetheatmospheric
extinction coe� cientsfrom our own data.We therefore�x ed
theextinctioncoe� cientsat theirmeanvaluesadoptedfrom the
NOT homepage:kB=0:m22 and kV=0:m12. Sincethe target and
the standardstarshadsmall airmassdi� erencesthe uncertain-
tiesin theairmasscorrectionhasa negligible e� ecton our pho-
tometry. As a resultof thephotometric�t, we obtainedthe fol-
lowing zeropointsBZP=25:m62� 0.01andVZP=25:m51� 0.01,and
color termsBVb=0:m036� 0.011andBVv = � 0:m068� 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 shown in Fig. 1. The�eld is crowdedwith starswhich makes
it di� cult to immediatelyidentify any opticalcounterpartof the
plerion's X-ray emission,whoseoutercontourfrom anarchival
Chandra/ACIS-Simage3 is overlaid.Nevertheless,onecanre-
solve several bright optical �laments likely associatedwith the
SNR,e.g.,a long �lament extendingfrom thecenterof theneb-
ula in theE-W direction.Thebrightnessof theextendedoptical
emissionincreasestowardtheX-ray tail westof theplerion.The
sameis seenin ourV imageandin a redPalomarplate(vanden
Bergh, 1978;Fesen,1983).The long E-W �lament alsocorre-
lateswith this tail andit is clearly detectedin narrow bandH�
and[O III] images(Fesenet al., 2008).Opticalspectraof some
centralpartsof the�lament havebeenobtainedby Fesen(1983)
andrevealaradialvelocityof upto 900km s� 1 con�rming thatit
belongsto theSNR.WhethertheothersmallscaleopticalBV �l-
amentsandknotsareassociatedwith similar structuresdetected
in the radio, narrow bandoptical, and/or X-rays is outsidethe

2 USNO-B1.0starsusedfor theastrometrictransformationof the3C
58�eld: 1548-0060227,1548-0060191,1548-0060258,1548-0060348,
1548-0060300,1548-00603061548-0060264,1548-0060155,1548-
0060199,1547-0060002,1547-0060015.

3 The X-ray datawereretrieved from the Chandraarchive (ObsID
4382,2003-04-23,170ksexposure,PI P. Slane).



Yu. Shibanov et al.: Opticalidenti�cation of the3C 58 PWN 3

2:06:00.0 50.0 40.0 30.0 20.0 05:10.0

52:00.0

51:00.0

64:50:00.0

49:00.0

48:00.0

47:00.0

RA

D
ec

A

B

C

Fig.1. Overview (� 60� 60) of the centerof the supernova remnant3C 58 in the B-band,asobtainedwith NOT/ALFOSC. An outercontourof
X-ray emissionof the3C58plerionis overlaidfrom theChandra/ACIS-Simage.A boldellipsein theplerioncentermarksthepositionwherethe
pulsarJ0205+6449poweringthenebula is located.Thecentralregion is enlargedin Fig. 2. Whitearrows marked“A”, “B” and“C” pointat some
�laments belongingto theremnant.FilamentA is discussedfurtherin Fig. 2.

scopeof this paper. Herewe concentrateon the faint extended
emissionlocatedin the centerof the imagenear/within the re-
gionmarkedin Fig. 1 by abold ellipsethatcontainsthepulsar.

3.2. Detection of the pulsar/PWN optical counterpart

The region containingthe pulsar is enlarged in Fig. 2, where
we compareour optical B andV imageswith availablearchival
imagesobtainedin other spectraldomains:Chandra/ACIS-S
andHRC-S4 X-ray images,mid-infraredimagesobtainedwith
Spitzer/IRAC5, anda 1.4 GHz VLA radio image(Bietenholz,
2007).Theunsaturatedstarsclosestto thepulsarweresubtracted
in theoptical images.Thedynamicalrangeof theACIS image
waschangedcomparedto thecontourshown in Fig. 1 to reveal
thestructureof thetorus-like PWN with its possiblewesternjet
(assumingthetorusis seenedge-on).

4 The X-ray datawereretrieved from the Chandraarchive (ObsID
1848,2002-01-09,33.5ksexposure,PI S.Murray).

5 ProgramID 3647,exposure5.4ks,PI P. Slane

In bothopticalbands(TopLeft andMiddle panelsof Fig. 2)
we detecta faint extended,elliptical structureat the pulsarpo-
sition andwe 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
majoraxisaresimilar to what is foundin X-rays.This suggests
that the detectedsourceis the optical counterpartof the PWN
of PSRJ0295+6449,with perhapsalsoa contribution from the
pulsaritself. Thesourceis alsoclearlyvisible in all four IRAC
mid-IR bandsat thesamepositionandwith thesameelliptical
morphologyandorientation.An 8 � m imageof this �eld was
presentedby Slane(2007)andSlaneetal. (2008).Theastromet-
ric accuracy of thepipelineproducedmid-IR post-BCD(Basic
CalibratedData)imagesshown in Fig. 2 is � 0:002, which allows
usto statethatstructureswe seein theopticalandIR represent
thesamesource.Themid-IR counterpartappearsto beslightly
blurredin comparisonwith theopticalstructures.Thisis because
of thelowerspatialresolutionof theIRAC images(pixel sizeof
1:002) comparedto thatin theoptical(pixel sizeof 0:0019).
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Fig.2. Central� 1:01� 1:01 part of 3C 58 containingthepulsarandthe PWN. Top-Left andTop-Middle panelsareNOT/ALFOSC B andV band
images,respectively, whereunsaturated�eld starshave beensubtractedto betterreveal the suggestedpulsar/PWN optical counterpart.Other
panelsshow imagesof thesame�eld but in X-rays,mid-IR andradio,asobtainedwith theChandra/HRC andChandra/ACIS, Spitzer/IRAC and
VLA, respectively, as indicatedin the images.The optical andX-ray imageshave beensmoothedwith a Gaussiankernelof threepixels. The
X-ray contoursoutliningtheboundaryandPWNbrightnessdistributionin X-raysontheHRCandACIS imagesareoverlaidontheB, 3.6� m and
on theV, 5.8 � m andVLA images,respectively. TheVLA contoursareshown in the8 � m image.Thewhite cross(”+”) in all panelsmarksthe
Chandra/HRC positionof thepulsar(Murray et al., 2002).Filament“A” in Fig. 1 is clearlyseenin bothB andV to thewestof thewhite cross.

In theopticalwe alsoseetwo knotsonanextended�lament
westof thepulsar(calledFilament“A” in Fig. 1). They coincide
spatiallywith anelongatedX-ray structureseenin theACISim-
agethat hasbeeninterpretedasa possiblejet emanatingfrom
the pulsar(Slaneet al., 2002).However, in the optical images
we do not seethe “beginning” of the jet. The sameis true for
themid-IR wherewe seeboth faint emissionfrom the �lament
andtheknots,in particularthewestern-mostof the two optical
knots.The �lament, andespeciallythe knots,arebestseenat
the longestIR wavelengths.Thesestructuresseenin the opti-
cal andmid-IR arelikely partsof a long curved SNR �lament
clearlyvisible in theVLA radio image(Bottom-Rightpanelof

Fig. 2). To emphasizethis, we have overlaidthe radiocontours
onthe8 � m image.The8 � m emissiontracestheradiostructure
well. At shorterwavelengths,andin particularin theoptical,the
full structureof the radio emissionbecomeslessobvious.That
the emissionbecomesstronger, is lessclumpy, and tracesthe
radiostructureprogressively betterasthewavelengthincreases
from the B-bandto 8 � m, makesus con�dent that we have in-
deedidenti�ed the optical/IR counterpartto the radio �lament.
The X-ray contoursoverlaidon the radio imagealsoshow that
at leastthedistantpartof theelongatedX-ray structureis likely
of thesameorigin astheradio�lament. This rulesout theinter-
pretationof this partof thestructureasthepulsarjet.
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Fig.3. The1300� 600centralregion of 3C 58 with thesuggestedopticalcounterpartof thepulsar/PWN systemin theB (Left) andV (Right) bands
andresultsof theB bandsurfacebrightness�t with elliptical isophotes(Middle). As in Fig. 2, thewhiteplussignmarkstheHRC-SX-ray position
of thepulsarwhile ” � ” shows thepositionof thecenterof thebrightestpartof theopticalsourceobtainedfrom the�t. Thedi� erencebetweenthe
plusand� is � 0:006, which is abouttwicesmallerthanthe1-� uncertaintyof thepulsarX-ray positioncombinedfrom � 100HRCpointingaccuracy
and� 0:001 uncertaintyof theastrometricreferencingof theoptical images.The B andV imagesweresmoothedwith a Gaussiankernelof three
pixels.Thebright sourceat thebottomleft cornerof theB andV imagesis theremainsof a poorly subtracted�eld star.

Table 1. Parametersof theelliptical �t to thesurfacebrightnessof the
PSRJ0295+6449+PWN optical counterpartorderedby the major el-
lipseaxislength(c.f., Middle panelof Fig. 3).

Centera Centera Major Ellip- PAc B-band
RA DEC axis -ticityb N to E �ux d

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 coordinatesof centersof theellipses(J2000);
b de�ned as1 � lmin=lmax, wherelmin andlmax aretheminorand
majorellipseaxeslengths,respectively;
c positionalangleof themajoraxis;
d �ux from theelliptical aperturenormalizedto the�ux from the
largestaperturein thisset.Numbersin bracketsare1� uncertainties.

To comparethe suggestedoptical counterpartto the X-ray
PWN torusstructure,we have �tted thespatialintensitydistri-
bution with a simple two-dimensionalmodel (using the IRAF
isophotes package)accountingfor thebrightnessdistribution
by elliptical isophotesandtaking into accountthe background
level. The samewasdoneby Murray et al. (2002) for the ex-
tendedpart of theX-ray sourcein theHRC image,usingCIAO
Sherpa tools. The resultsof the spatial �ts are presentedin
Fig. 3 andin Table1.

The �t shows that the brightestpart of the optical nebula,
within 100–200 of thecenter, hasalmostacircularshapeandemits

only <� 10%of thetotal �ux. If our identi�cation is correct,this
canbeconsideredasanupperlimit of thepulsarcontribution to
thetotal pulsar+PWN optical �ux. This is consistentwith what
was found for two known pulsar+PWN systemsin the optical
range(Sera�movich et al., 2004).Thecoordinatesof thecenter
de�ned from the �t areRA=02:05:37.88andDEC=64:49:40.7
(marked by ” � ” in Fig. 3). This is in agreementwith the pul-
sar X-ray coordinates(marked by plus), RA=02:05:37.8and
DEC=64:49:41(Murray et al., 2002),whenaccountingfor our
astrometricaluncertainty, <� 0:001, andthe typical HRC pointing
uncertainty, <� 100. The ellipticity increasesup to � 0.5–0.6for
the outeroptical nebula regions,and the major axis is slightly
tilted towardsthe North-Westby a few degrees,which is also
in a good agreementwith what was found in X-rays (Murray
et al., 2002;Slaneet al., 2002).In addition,the optical nebula
is elongatedin the north-southdirectionalmostsymmetrically
aroundits centerwith a total lengthof � 9:006, which agreeswith
the� 1000extentof thebrightestpartof thenebula in theHRC-S
data.Finally, assumingthatweseeatilted torus-likeshapedneb-
ula,ourelliptical �t suggeststhattheangleof thetorussymmetry
axisto thesky planeis in therangeof 53� - 66� . This is closeto
thevalueof � 70� estimatedfrom theX-ray databy Slaneet al.
(2002).

To bring out more detailsof the structureof the nebula in
theoptical/mid-IR andin X-rays,we consideredalso1D-spatial
pro�les of thepresentedimagesalongtwo slicesshown in Fig.4.
The slicesare 200 wide with PA 0� and 90� , both centeredon
theHRC-Spulsarposition.The�rst sliceis 2000long to include
the mostnorth-southextent of the nebula asseenin the ACIS-
S imageand was placedsymmetricallyover the centerof the
nebula.Thesecondsliceis 4000longandextendstowardthewest
to cover also the region supposedto be an X-ray emitting jet.
TheX-ray, opticalandmid-IR spatialpro�les alongtheseslices
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Fig.5. Spatialpro�les of the pulsar/PWN systemin the optical, mid-infraredand X-rays along the north-south(Left) and east-west(Right)
slicesshown in Fig. 4 obtainedfrom di� erent images,as indicatedin the plot. The coordinateorigins of the horizontalaxes correspondto
Dec=64:49:31:00andRA=02:05:39:90for the Left andRight plots, respectively. The imagesweresmoothedwith a 3-pixel Gaussiankernel.
Dashedvertical lines indicatetheHRC-Spositionof thepulsar. Dottedline shows thepositionof a bright jet-like structureto thewest,beforeit
bendsto thesouth.TheACIS-Spro�le in theright panelis in a log scaleto betterresolve thisstructurein X-rays.
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Fig.4. ACIS-Simagewith positionsof two slicesof 4000 (black) and
2000 (white) lengthsandof 200 widths usedfor the comparisonof the
X-ray andopticalspatialpro�les of thepulsar+PWN systemin Fig. 5.

arepresentedin Fig. 5. Thehorizontalaxis in theLeft panelis
directedfrom southto north, andin the Right panelfrom east
to west.This �gure shows the coincidenceof the positionsof
the main peakof the nebula in the optical, mid-IR and in X-
rays.TheACIS-Speakis broaderthanthatof theHRC because
of thelowerspatialresolutionof ACIS.Thesameis truefor the
infraredwhereweshow only the8 � m pro�le. The5.8� m pro�le
is practically the same,while the 3.6 � m and 4.6 � m pro�les
are contaminatedby the nearbystar eastof the pulsar. In the
Left paneltheACIS-Speakhasanapparento� settowardnorth
by roughly an arcsecond,but this may be relatedto errors in
theastrometricalreferencingof theACIS-Simage(Slaneet al.,

2002,2004).Thepro�les con�rm thatweseethesamesourcein
all threespectraldomains.

Although thepositionof themainoptical andIR peaksco-
incide with the pulsarX-ray position, we do not resolve any
point-like object in the centerof the nebula in our optical and
thearchival IR images.TheFWHM of theopticalPSFis � 0:007-
0:0085 (Sect.2.1), while for the mid-infraredit varieswith the
wavelengthfrom � 2:001 to 2:005. The brightestpart of the PWN,
which subtendsseveralarcseconds,is clearly resolved(Fig. 5).
To resolvethepoint-likepulsarfrom thenebula in theoptical/IR
wouldrequiredeeperimagingathighspatialresolution,or alter-
natively timeresolvedobservations.

Wealsonoteabroadsecondarypeakwestof thepulsarseen
in theeast-westopticalandIR pro�les andwhich is markedby a
verticaldottedline in theRight panelplot of Fig. 5. It coincides
with a shallow secondarypeakseenin theACIS pro�le. This is
Filament“A” in Fig. 1 with its knots,andwhich is projectedon
theextendedX-ray structurewhichwasearlysupposedto bethe
pulsarjet.

To summarizethis part,we concludethatthecoincidenceof
the centerpositionsof the detectedoptical/mid-IR nebula with
thatof the pulsar/PWN X-ray source,the optical/mid-IR/X-ray
morphologyandthe spatialsurfacebrightnesspro�les in these
wavelengthregions,strongly supportthat we have indeedde-
tectedtheoptical/mid-IR counterpartof thepulsar/PWNsystem
in the3C58supernovaremnant.

3.3. Optical and mid-IR photometry

Opticalphotometryof thesuggestedcounterpartwasperformed
on the star subtractedimages.We usedthe elliptical apertures
from thesurfacebrightness�t describedin Sect.3.2.Theparam-
etersof the ellipsesarepresentedin Table1. The backgrounds
wereestimatedfrom a circular annuluswith a � 20 pixel inner
radiusand a width of � 10 pixels centeredon the nebula cen-
ter. Therelativephotometricerrorswereminimized(S=N � 13)
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Table 2. Observed magnitudesand �ux es for the presumedopti-
cal/infraredpulsar/PWN counterpartof 3C 58, aswell asdereddened
�ux esfor di� erentvaluesof AV.

� ef f Mag. log Flux log Flux
(band) obs.a obs.a dered.a

AV=1.9 2.9 3.4
(� m) (mag) (� J) (� J) (� J) (� J)
440(B) 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)
650(R)b >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)
4.5 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)
a numbersin bracketsare1� uncertaintiesreferringto lastsigni�cant
digits quoted
b upperlimit for thepulsarmagnitudetakenfrom Fesenet al. (2008)

for the aperturethat formally encapsulates>� 86% of the to-
tal elliptic nebula �ux. The measuredmagnitudesof the inte-
gral pulsar/torus nebula emissionare B = 24:m06 � 0:08 and
V = 23:m11 � 0:04. We alsotried circular andpolygonalaper-
turesof di� erentgeometriesto betterencapsulatethewhole�ux,
but gotpracticallythesameresults.Themagnitudesweretrans-
formedinto �ux esusingthezero-pointsprovidedby Fukugitaet
al. (1995).Theresultsaresummarizedin Table2.Themagnitude
distributionwith thenebular radiuscanbeestimatedusingthese
magnitudesandthenormalized�ux esfor all elliptical apertures
whicharegivenin Table1.

All nearby backgroundstars were also successfullysub-
tractedfrom the Spitzer/IRAC pipeline post-BCDmid-IR im-
agesusing the psf and allstar IRAF utils. Then aperturepho-
tometry with circular apertureswas doneusing daophottasks
in accordancewith prescriptionsgiven in the IRAC Observers
Manual6. A typical apertureradius,wherethecurvesof growth
saturate,wasabout6–7pix, or 7:002-8:004 dependingon theband,
and the annulusfor backgroundswas 8–12 pixels. An exam-
ple of the aperturechoice for the 5.8 � m image is shown in
Fig. 6. Werepeatedthestarsubtractionprocedureandvariedthe
backgroundregion. Thedi� erencesin themagnitudesobtained
wereaboutthemeasurementstatisticalerrorsandthey werein-
cludedin theresultinguncertainties.Themagnitudeswerecon-
vertedinto �ux esin physicalunitsandtheresultsarepresented
in Table2. Extendedsourceaperturecorrectionswereapplied
for the �ux values7 andthe �ux errorsarecombinedfrom the
magnitudemeasurementerrorsand� 5% IRAC calibrationun-
certaintiesin eachband.

As seenfrom Table2 themeasuredmid-IR �ux eshavelarger
uncertaintiesthantheopticalones.Themainreasonis thefaint-
nessof themid-IR sourcewhichis detectedataboutthe5� level.
The 10%–15%uncertaintiesintroducedby using the pipeline
producedmosaicIR-imagesdoesnot exceedthe count statis-
tic errorsandcannotconsiderablychangethe results.Thus,we
con�rm, but at a higherlevel of signi�cance,the2� mid-IR de-
tectionreportedby Slaneet al. (2008).The di� erencebetween
themid-IR andtheoptical�ux esis quitesigni�cant, andallows
us to draw conclusionson the multiwavelengthspectralenergy
distribution (SED)of thesuggestedcounterpart.

6 see,e.g.,ssc.spitzer.caltech.edu/archanaly/quickphot.html
7 ssc.spitzer.caltech.edu/irac/calib/extcal/index.html

5.8 microns

Fig.6. Enlargedimageof thepulsar/PWN candidatecounterpartat 5.8
� m. Nearbybackgroundstarshave beensubtractedandthe imagewas
smoothedwith a 2:004 Gaussiankernel.Circleswith 8:004, 9:006, and14:004
radii show theapertureandbackgroundannuliusedfor thephotometry.

3.4. Multiwavelength spectrum of the pulsar+PWN source

We can useour �ux es estimatedfor the pulsar/PWN counter-
partcandidatetogetherwith theX-ray datato constructa tenta-
tivemultiwavelengthspectrumfor thecentralpartof thenebula.
Whencompilingdatafrom theIR to X-raysonehasto take into
accountthat the PWN torussize in the optical and IR appears
smallerthan in the X-rays. Futuredeeperoptical and IR stud-
ies will probablyreveal fainterouterpartsof the torusin these
ranges,ashasbeenseenfor theCrabandPSRB0540-69PWNe.
Thesefainterbut moreextendedouterpartscancontributecon-
siderablyto thetotal �ux of thesystem.

At thecurrentstageit is reasonableto comparethemeasured
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 useof the CIAOacisspec tool and the
sameelliptic aperturewe appliedfor theopticalsourcephotom-
etry. This gave � 30200sourcecounts.The spectraldatawere
groupedto provideaminimumof 20countsperspectralbin and
�tted by an absorbedpower-law model using standardXSPEC
tools.We obtaineda statisticallyacceptable�t with the photon
spectralindex � = 1:88 � 0:08, the absorbingcolumndensity
NH = (4:34 � 0:08) � 1021 cm� 2, anda normalizationconstant
C = (4:39 � 0:17) � 10� 4 photonscm� 2 s� 1 keV� 1. The �t had
� 2 = 0:95 per degreeof freedom.Within the uncertaintiesthe
� andNH valuesobtainedarein agreementwith thoseobtained
for theentiretorusby Slaneet al. (2004),while theunabsorbed
integral �ux, 1.68� 10� 12 erg cm� 2 s� 1 (0.5–10keV range),is
only � 40%of that from theentireX-ray torusregion. Thede-
rivedunabsorbedX-ray spectrafor boththeinnerregionandthe
entiretorusregionsareshown in Fig. 7.

Beforecomparingwith theX-ray spectrumwe needto cor-
recttheopticalandIR datafor interstellarreddening.Theinter-
stellar color excesstowards3C 58 is, however, not well con-
strained.Fesen(1983) estimated,basedon the H� /H� decre-
mentobtainedfrom spectralobservationsof a partof thebright
long E-W �lament discussedin Sect. 3.1, that E(B � V) =
0:6� 0:3mag,assuminganintrinsicH� /H� ratioof 3.0.Thiscor-
respondsto theV-bandreddeningcorrectionof AV � 1:9 � 1:0,
adoptingthe standardratio AV=E(B � V) = 3:1. Later spec-
troscopy of a sampleof the remnantemissionknots provided
a more stringent constraint,E(B � V) = 0:68 � 0:08 mag
(Fesenet al., 1988).Recentspectroscopy of threebrightestH� -
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Fig.7. Tentative unabsorbedmultiwavelengthspectrumfor the inner part of the torusregion of the 3C 58 pulsar/PWN systemcompiledfrom
dataobtainedwith di� erenttelescopes,as indicatedin the plots.Di� erentpanelsdemonstratethe dependenceof the spectrumon the adopted
interstellarextinction AV. TheLowerandUpperpanelsshow thewholeIR/X-ray spectralrangeandits enlargedoptical/IR part,respectively. Both
theoptical/IR andX-ray dataare�tted with power lawswith di� erentspectralindices(de�ned asF� / � � � ). Thederivedindicesfor theoptical/IR
partareshown in theUpperpanelsanddashedlinesconstrain1� uncertaintiesof therespective �ts. For theX-ray part,thelowerpower law is for
theinnerpartof thetorus(i.e.,sameasfor theoptical/IR emission),whereastheupperpower law is for theentiretorus.Thepower-law indicesfor
theseX-ray dataare� 0:88 � 0:08 and� 0:87� 0:02, respectively. Dottedlinesshow extensionsfrom theoptical/IR partandtheX-ray part.Grey
polygons(barelyresolved)are1� uncertaintiesof theX-ray �ts. For theoptical/IR rangethesteepnessof anassumedpower law dependsstrongly
on AV, with anupperlimit of � � � � 0:5. For 2:9 � AV � 3:4, theoptical/infraredspectrumcanbejoinedwith theX-ray spectrumusingonly one
spectralbreak.Lower extinctionssuggesta morecomplicatedmultiwavelengthspectrum.Theupperlimit for thepulsar�ux in theR band(Fesen
et al., 2008)is included.Its possibleuncertainty(0.5mag)is markedby a dashederrorbar. Seetext for furtherdetails.

�laments in thenorthernpartof theSNRyieldedasimilarresult,
E(B � V) = 0:6 � 0:1 mag(Fesenet al., 2008).

We also know that 3C 58 sits within the Galactic disk
(l� 130:� 4, b� 3:� 04) and that the entire Galactic excessin this
direction provided by Schlegel et al. (1998) is E(B � V) �
0:99 mag.This is consistentwith the fact that theGalacticdisc
edgein this directionof the sky is roughly 1–2 kpc moredis-
tant from us than 3C 58. Assuminga linear color excessin-
creasewith the distancefrom the Sunwith a meangradientof
� 0.2 magkpc� 1 applicablewithin 3–4 kpc of the solarneigh-
bourhood(e.g.,Bohlin et al., 1978),we obtainE(B � V) � 0:6
for 3C 58 and � 1 mag as the entire excess,respectively, pro-
vided that thedistancesto 3C 58 andthediscedgeare3.2 kpc
and� 5 kpc.This is in goodagreementwith theestimatesabove.

On theotherhand,usingNH=(4:34� 0:08)� 1021 cm� 2, de-
rivedfrom theaboveX-rayspectral�t, andtheempiricalrelation
NH=E(B� V) = 4:8 � 1021 cm� 2 mag� 1 applicablefor theMilk y
Way (Bohlin etal., 1978),weobtainE(B� V) = 0:9 � 0:02mag
(AV = 2:8 � 0:06). Anotherempirical relationbetweenthe ef-

fective NH of the X-ray absorbinggasandthe dustextinction,
NH=E(B � V) = (5:55 � 0:093) � 1021 cm� 2 mag� 1 (Predehl
& Schmitt, 1995),gives a smallervalue, E(B � V) = 0:78 �
0:03 mag.The color excessesbasedon the NH value,derived
from the X-ray spectral�t of the torus emission,are system-
atically higher thanthe meanexcessobtainedfrom the optical
studies.This maybeexplainedby intrinsic reddeningvariations
overtheremnantarearesultedfrom anonuniformdistributionof
theSN ejecta.

Summarizingall the uncertaintiesof the color excesswe
selectfor our further analysisAV = 1:9 mag as a most plau-
sible reddeningconsistentwith the meanexcessgiven by the
optical studies.We also perform the analysisfor AV = 2:9
which is compatiblewith theX-ray spectralestimatesdiscussed
above. Dereddenedoptical/IR �ux esare presentedin Table 2.
For dereddeningwe useda standardoptical extinction curve
(Cardelli et al., 1989)andaverageA� =AK ratiosprovidedespe-
cially for theSpitzer/IRAC bandsby Indebetouwetal. (2005).
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We have combineddereddenedoptical/IR �ux es for the
pulsar/PWN systemwith the unabsorbedX-ray spectrumin
Fig. 7. As expected,theshapeof themultiwavelengthspectrum
strongly dependson AV. To emphasizethis we have also in-
cludedan even highervalue for the extinction towards3C 58,
with AV=3.4 mag.This valuecorrespondsto theupperlimit of
Galacticextinction in the given direction as derived from the
total neutralhydrogenGalacticcolumn density, NH = 5:34 �
1021 cm� 2 (Kalberlaet al., 2005),makinguseof therelationby
Bohlin et al. (1978).This highervalueof extinction is included
becasueit representsan interestinglimiting casefor thedered-
denedspectralenergydistribution(seebelow). In Fig.7 wehave
plotted the power-law describingthe X-ray spectrumfrom the
entirePWN torus(upperX-ray power law). We alsoshow the
X-ray spectrumfrom the only samephysicalregion as for the
optical/IR emission(lowerX-ray power law).

In all casestheoptical/IR SEDcanbe�tted by a power law
(F� / � � � ) andthespectralindices,� � , of the �ts areshown in
the upperpanelsof Fig. 7. For the mostplausibleAV valueof
1.9 the �t residualsareminimal andwe seea monotonousde-
cline in �ux from theIR to theoptical,suggestinga nonthermal
natureof thedetectedoptical/IR counterpartcandidate.This im-
pliesasynchrotronemissionmechanismfor thedetectednebula,
normallyconsideredto bethemainradiativeprocessfor PWNe.
For higherextinctionvalues,particularlyfor AV = 3:4, thespec-
trum becomes�atter.

Theupperlimit of thepulsarpoint source�ux in theR-band
obtainedby Fesenet al. (2008) is also shown in the plots for
comparison.It wasnot includedin the�ts andwe estimatethat
its uncertaintycanbe aslarge ashalf a stellarmagnitude.This
is becasueit wasderivedfrom a comparisonwith ratheruncer-
taincataloguemagnitudesof USNOstarsin the3C 58 �eld. We
includedthepossible�ux uncertaintyin Table2 andFig. 7. The
pulsarR-band�ux upperlimit is a factorof a few lower thanthe
expectednebula �ux in this band,which is compatiblewith our
estimatesfor thepulsar�ux contributionsin theB andV bands
(seeSect.3.2).

Extendingthe X-ray spectral�ts (dottedlines) toward the
optical/IR bands,andvice versa, we seethatat any adoptedAV
theX-ray extensionovershootsthe IR �ux es.For the AV range
of � 2.9–3.4themultiwavelengthspectrumfrom theIR through
X-rayscanbemodeledby a power law with a singlebreakand
a �atter slopein the IR/optical range.In the optical/IR range
the spectrumcannotbe shallower thanthatwith � � � � 0:5, as
follows from thelargestvalueof AV = 3:4 (Right panels), when
thebreakoccursdirectly in theB opticalband.For lower AV the
breakmovestoward theX-ray rangeandat AV = 2:9, it meets
thelow-energy boundaryof theX-ray range(Middle panels). In
this casethe optical/IR slopewith � � � � 0:8 is closeto that
in X-rays with � � � � 0:9. For lower valuesof AV the intrinsic
optical/IR spectrumbecomessteeperandwe mustinvoke more
breaksto connecttheoptical/IR SEDwith theX-ray spectrum.
For example,at AV = 1:9, the optical/IR spectralindex, � � �
� 1:2, is signi�cantly lower thanthatin X-rays(Left panels).

TheCrabandPSRB0540-69aretheonly two PWNeprevi-
ouslydetectedin theopticalandmid-IR ranges.Evenwithin the
large uncertaintiesof the interstellarextinction toward 3C 58,
the tentative multiwavelengthspectrumof the3C 58 PWN can
besimilar to eithertheCrabPWN(for AV >� 2:9),or thePWNof
PSRB0540-69(for AV <� 2:9).TheCrabPWNchangessmoothly
its spectralslopefrom negativein X-rayswith � � � � 1 to a�atter
valuein theoptical,whereasthespectrumof thePSRB0540-69
PWNdemonstratesadouble-kneestructureatthetransitionfrom
theoptical to X-rays (e.g.,Sera�movich et al., 2004).Our pre-

ferredvalueof AV � 1:9 suggeststhat the3C 58 PWN is likely
similar to thelattercase.

We emphasizethe importanceof usingthe samespatialre-
gion in all spectraldomainswhenconstructingthe multiwave-
lengthspectrum.As seenfrom theBottompanelsof Fig. 7, us-
ing theentiretorusX-ray spectrum,insteadof its inner region,
would leadto di� erentconclusions.To makeameaningfulmul-
tiwavelengthplot for the entireX-ray emitting PWN torus,we
wouldneeddeeperoptical/IR observationsto constraintheemis-
sionin theouterpartsof thetorus,andto make a moredetailed
comparisonwith theentirePWNeof theCrabandPSRB0540-
69andwith availabletheoreticalmodels.

4. Discussion

The propertiesof the detectedsourceindeedsuggestit to be
the optical/mid-IR counterpartof the 3C 58 pulsar/PWN torus
system.The alternative could be a SNR �lament, or possiblya
faint backgroundspiral galaxyseenedgeon andcoincidingby
chancewith thepulsarposition.However, thepositionalcoinci-
dencewith theX-ray PWN torusandtheremarkablesimilarity
of theobjectmorphologyandorientationwith thosein X-raysis
reassuring.Themultiwavelenghtspectrumshowsthattheoptical
andmid-infraredmagnitudesof theproposedcounterpartareat
leastconsistentwith thespectraseenin otherPWNe.We argue
thatthis makesthealternative interpretationsratherunlikely.

Therearenosigni�cant radio�laments at thePWNposition
(Bietenholz,2007)The nearestbright andsharplong �lament
known asa “wisp” (Frail & Mo� ett, 1993)is a few arcseconds
west of the PWN torus and the optical/IR sourceboundaries.
Somesignsof a faint radiocounterpartof thePWNtorusand/or
the optical sourcemay be presentin the latestVLA 1.4 GHz
imagepublishedby Bietenholz(2007,Fig. 2).

For an AV valueconsistentwith the NH columndensityde-
rived from the X-ray spectral�t thereare � 1� deviationsof
the B andV �ux esfrom the bestpower law �t line describing
the optical andmid-IR SED of the suggestedcounterpart(see
Middle panelsof Fig. 7). Additional opticalobservationsarein
progressto extendtheSEDtowardtheredandUV opticalbands
andto seeif thesedeviationsaresigni�cant andif they canbet-
ter constraintheextinction value,assuminga singlepower-law
�t of the optical/IR SED. Higher spatialand/or timing resolu-
tion arenecessaryto measurereliably theopticalemissionfrom
the point-like pulsarembeddedin the centerof the PWN torus
andto con�rm �nally thesuggestedidenti�cation. Longerwave-
lengthmid-infraredimagingwith theSpitzer/MIPSis neededto
seeif thereis a breaktoward the radio to supportthe apparent
absence/presenceof the putative PWN toruscounterpartin the
radiorange.

At largerspatialscalesthespectrumfrom thewhole 3C 58
plerionregionfromradiothroughX-raysisdescribedbyapower
law with asinglelow frequency breaknear� 50GHz.Below this
frequency thespectralslopeis signi�cantly �atter thanin X-rays
(cf. Slaneetal.,2008).Thisis in contrastto theplerioncorenear
the pulsar. For the PWN torusour optical datasuggestat least
onebreakatmuchshorterwavelenghts,somewherebetweenthe
optical andX-ray ranges.This implies a di� erentspectrumof
therelativistic particlesin theplerioncoreat distancesfrom the
pulsarcomparableto the pulsarwind terminationshockradius
wherethePWNtorusstructureis formed.At any reasonableas-
sumptionon theinterstellarextinction value,theoptical/IR part
of thepower-law torusspectrumcannotbe�atter thanthatwith
� � = � 0:5 andsteeperthanthat with � � = � 1:2. Comparison
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Table 3. Comparisonof the optical andX-ray spectralindices(� O
� , � X

� ) luminosities(LO, LX), e� ciencies(� O, � X) of the threeyoungPWNe
detectedin theoptical/IR andX-rays.InformationontheVelaPWN,notyetdetectedin theoptical,aswell asonthepulsarcharacteristicages(� ),
spindown pulsarluminosities( �E), PWN sizes,andtheratiosof thepulsarto PWNluminosityin theopticalandX-raysarealsoincluded.

PWN � �E size � � O
� LO;a � O � � X

� LX;b � X LO
psr=LO

pwn LX
psr=LX

pwn

(kyr) (1037 erg s� 1) (pc) (1033 erg s� 1) (10� 5) (1036 erg s� 1) (10� 3)

Crabc 1.24 46 1.5 0.92 4240 920 1.14 21.8 47.5 0.0017 0.046

0540c 1.66 50.2 0.6–0.9 1.5 366 245 1.04 12 79.7 0.03 0.26

3C 58d 5.38 2.6 0.08–0.19 0.7–1.2 0.08–0.21 0.3–0.75 0.88 5 � 10� 3 0.19 <� 0:1 0.23

Velac 11 0.069 0.14 – – – 0.5 6:8 � 10� 4 9:8 � 10� 2 – 0.34
a For theopticalrange1.57–3.68eV. c Dataaretakenfrom Sera�movich et al. (2004).
b For theX-ray range0.6–10keV. d This paper. Thedistanceis assumedto be3.2kpc.

with theradio�ux from thetorusor its upperlimit wouldprovide
additionalconstraintsof thespectrumof theemittingparticles.

Assumingthatwe have indeeddetectedtheoptical/IR coun-
terpart of the torus-shapedPWN, we comparein Table 3 its
parameterswith the parametersof the other two young pul-
sar/PWN systemswhich have beendetectedin the optical, in-
fraredandX-rays.We alsoincludetheolderVelapulsarwhose
PWN has not yet been identi�ed in the optical or IR (e.g.,
Shibanov et al., 2003).For 3C 58 we adopta distanceof 3.2
kpc (Slaneet al., 2004). Its optical luminosity uncertaintyis
mainly dueto theuncertaintyin the interstellarextinction. The
ratio of the pulsarto PWN optical luminosity re�ects the pos-
sible contribution of the pulsarto the total pulsar/PWN optical
emission,aswasestimatedin Sect.3.2. The principal ranking
in Table3 is thecharacteristicageand/or spindown luminosity
�E. The ageof 3C 58 andits associationwith the historicalsu-
pernova event of 1181A.D. is still debated(e.g.,Slaneet al.,
2004). We have usedthe characteristicage of the pulsar de-
�ned in the standardway as � = P=2 �P (Murray et al., 2002).
We seethat the 3C 58 PWN nicely �ts its position in Table3
in termsof otherphysicalparameters.Its size,X-ray luminos-
ity ande� ciency of transformationof thepulsarrotationalloss
to PWN emission,� X = LX= �E, andthe ratio of pulsarto PWN
X-ray luminositytracethegeneralevolutiontendency wherethe
“strength” of a PWN correlateswith the spindown luminosity
andfadeswith pulsarage.Interestingly, theluminosityof 3C58
hasfadedanorderof amagnitudemorein theopticalthanin X-
rays,if we take theCrabPWN asa reference.For PSR0540-69
and3C 58 both luminositieshave decreasedby approximately
thesamefactor. Thisperhapsmeansthattheold estimatesof the
CrabPWN optical continuumluminosity basedon low spatial
resolutionobservationsVeron-Cetty& Woltjer (1993)needare-
vision using recentlyavailablehigh resolutionobservationsof
this PWN.Thereis nostrongdi� erencefor thee� ciency of the
3C58PWNin theopticalandX-rays.Thesamesituationapplies
to theyoungerPSR0540-69PWN,although3C58 is muchless
e� cient,asexpectedfrom its age.For the Crab,the di� erence
is exceptionallystrong,probablyfor thesamereasonswe have
mentionedabove. Thus, the propertiesof the likely optical/IR
counterpartof the 3C 58 PWN suggestthat the real ageof the
associatedSNRis closeto thepulsarcharacteristicage,but not
to thehistoricaleventof 1181A.D, ashasbeendiscussedfrom
otherpointsof view by Chevalier (2004)andBietenholz(2007).

Thelongextendedstructureseenin X-rayswestof the3C58
pulsarhasbeensuggestedto be the jet part of its PWN (Slane
et al., 2004).A similar axisymmetricaljet structureof theCrab
PWN hasa clearoptical counterpart(e.g.Hesteret al. , 2002).
Somehintsof a lesspronouncedX-ray jet of thePSR0540-69

PWNarealsoseenin theoptical(Sera�movich etal.,2004).For
3C 58 we alsoseea bright optical �lament projectedon theX-
ray jet whereit bendssouthward.However, a comparisonof the
optical,infraredandradioimagessuggeststhatthis is notanop-
tical jet counterpart.It may alsobe that this distantpart of the
X-ray structuredoesnot relateto thePWN jet at all. Instead,it
is mostlikely a long curvedSNR�lament, which is alsoclearly
seenin VLA images(Bietenholz,2007).Its positionis marked
in the8 � m imagesof Fig.2. Most likely, thepartof the�lament
wehavedetectedin our images,is thesameaswasstudiedspec-
troscopicallyby Fesen(1983)(position1 in his notation)using
a 400circle aperture.Basedon H� , he estimateda radial veloc-
ity of � 900 km s� 1, which is similar to the overall expansion
of the remnant,and to motionsin the Crab. Detailedimaging
andspectralstudiesarenecessaryto con�rm this and to study
if this extendedstructureis a part of the real PWN jet or not.
Deeperspectralobservationswill also set more stringentcon-
straintson the interstellarextinction, which is the main source
of uncertaintyof theestimatedintrinsicoptical�ux of thePWN.

In conclusion,our observationshave, with high probability,
increasedthenumberof theoptically identi�ed Crab-likePWNe
from two to three,which shouldhelp to constrainmodelsof
theseuniqueobjectsandto understandtheir nature.
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