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ABSTRACT

We present high spatial resolution optical imaging and fjiwdséion observations of the
PSR B0540-69.3 and its highly dynamical pulsar wind nebBW&K) performed witiHub-
ble Space Telescopand compare them with X-ray data obtained with @eandra X-ray
Observatory In particular, we have studied the bright region southwéshe pulsar where
a bright “blob” is seen in 1999. In a recent paper by De Lucal.et avas argued that the
“blob” moves away from the pulsar at high speed. We show thatly instead be a result of
local energy deposition around 1999, and that the emission this then faded away rather
than moved outward. Polarization data from 2007 show treaptiarization properties show
dramatic spatial variations at the 1999 blob position argdéior a local process. Several other
positions along the pulsar-“blob” orientation show simitdnanges in polarization, indicat-
ing previous recent local energy depositions. In X-rays,gbectrum steepens away from the
“blob” position, faster orthogonal to the pulsar-“blob’téction than along this axis of orien-
tation. This could indicate that the pulsar-“blob” origtida is an axis along where energy in
the PWN is mainly injected, and that this is then mediatecheofilaments in the PWN by
shocks. We highlight this by constructing an [S Il]-to-[@]dtatio map, and comparing this
to optical continuum and X-ray emission maps. We argueutfinanodeling, that the high
[S N]/[O 1] ratio is not due to time-dependent photoionizati@used by possible rapid X-
ray emission variations in the “blob” region. We have alseated a multiwavelength energy
spectrum for the “blob” position showing that one can, tchivit2o-, connect the optical and
X-ray emission by a single power law. The slope of that polaer{defined fronF, = y~*)
would bea, = 0.74+ 0.03, which is marginally dferent from the X-ray spectral slope alone
with @, = 0.65+ 0.03. A single power-law for most of the PWN is, however, not bsg-
ble. We obtain best power-law fits for the X-ray spectrum if welude “extra” oxygen, in
addition to the oxygen column density in the interstellas ghthe Large Magellanic Cloud
and the Milky Way. This oxygen is most naturally explainecthy oxygen-rich ejecta of the
supernova remnant. The oxygen needed likely places theapitog mass in the 20 25 M,
range, i.e., in the upper mass range for progenitors of Tifpsupernovae.

Key words: pulsars: individual: PSR B0540-69.3 — ISM: supernova remsa ISM: SNR
0540-69.3 — supernovae: general — Magellanic Clouds

1 INTRODUCTION whole supernova remnant in all wavelength bands is provimed
Williams etal! (2008).

PSR B0540-69.3 is often referred to as the “Crab twin” be-
cause it is of similar age~( 1000 years), it has a similar pulse pe-
riod and that it has a pulsar wind nebula (PWN) surroundirjrit-
ilar to that of the Crab. It has also been suggested that tadetd
* E-mail:natalia@astro.su.se structures of the two PWNe, as revealed for PSR B0540-69.3 in

PSR B0540-69.3 is a 50.2 millisecond pulsar in the Large Mag-
ellanic Cloud (LMC). A detailed review about the discovery
and observations of the pulsar, its wind nebula, as well as th
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X-rays (Gotthelf & Wang 2000), are similar, and that PSR BB54
69.3 may have a jet and a torus like the Crab. For further com-
parison between the two pulsars and their PWNe we refer to
Serafimovich etal.| (2004).

There are, however, importantfidirences between the two
pulsars and their surrounding nebulae. The most obvioukais t
the supernova ejecta of SNR 0540-69.3 are oxygen-richouadin
with some hydrogen mixed in_(Serafimovich etlal. 2005), makin
it likely that SNR 0540-69.3 and PSR B0540-69.3 (togethache
forth referred to as “0540”) stem from a Type IIP supernova ex
plosion of a massive~ 20 M,) star (Chevalier 2006), whereas
the Crab progenitor was a much less massive (8-1pdvhr (e.g.,
Hester 2008). In addition, 0540 has a normal supernova chialbt
ejecta, something which has not yet been fully confirmed tstex
around the Crab (see, elg., Tziamtzis etal. 2009). Thiglooelan
that the Crab ejecta have much less kinetic energy than dotaej
of 0540 which appears to be normal in that respect.

Closer to the center, 0540 appears much more asymmetric
than the Crab Nebula, with much of the emission coming from
a region a few arcseconds southwest of the pulsar. Morse etal

(2006) show that this asymmetric appearance, as well as red-

ward asymmetry in integrated profiles of emission lines @lse
Kirshner etal.l 1989; Serafimovich etial. 2005), does notadign
overall asymmetry of the PWN as the maximum velocity of emis-
sion lines toward and away from us are nearly equal.

2 OBSERVATIONS
2.1 HST observations and data analysis

The pulsar field was obseved with HSTFPC2 in 2005 (Program
ID 10601) using the two broadband filters F547M and F555W
(see Tablg€1l). As opposed to earlier H&/FPC2 observations of
PSR B0540-69.3 we used a dithering procedure for all images t
better avoid cosmic ray contamination. PSR B0540-69.3 #&d i
PWN were exposed on the PC chip, and the observations were
made in a two-gyro mode. The CCD amplification, igain was
7.12 andreadout noise=5.24. The reason for choosing the contin-
uum filter F547M was that the main goals of the observationgwe
to study the proper motion of the pulsar. as well as the specof
the pulsar and the PWN. In earlier observations the pulshP&iN
were mainly studied in filters largely contaminated witheliemis-
sion from filaments in 0540. Continuum filters like F547M aloi
this contamination. The 2005 data have been discussed byi&e L
et al. (2007), and an upper limit to the proper motion of thisgu
was estimated, as well as identifying the apparent dispiaeot of
a feature in the PWN. We discuss this further here, as welkas u
the data for spectral studies of the PWN. The

To study time variability of the PWN we also used available
archival HSTWFPC and WFPC2 data obtained from 1992 to 2007
(Table[1). There are threeftifrent storage sites of HST observa-
tions, namely thé1ASTH, CADG?, andST-ECH. All three archives
use slightly diferent calibration plans, or pipe-line reductions of

Even closer to the center, a detailed comparison between theraw data. We found that the pipe-line reduced data of the same

PWNe of the two pulsars is morefficult due to the large dis-
tance to PSR B0540-69.3- (51 kpc, Panagia 2005) as opposed
to the 2+ 0.5 kpc to the Crab (Kaplan etal. 2008) and references
there in); the semi-major axis of the torus in the Crab woulity o
subtend~ 175 at the distance of PSR B0540-69.3, and details
such as the changing structure of the Crab wisps would hase be
close to impossible to disentangle even with the HST or gieun
based adaptive optics. It therefore comes as no surpriséhira

is yet no counterpart for PSR B0540-69.3 and its PWN to the de-
tailed synchronized optical and X-ray study of the Crab PWN b
Hester etal. [(2002). These authors revealed the presenmet-of
ward moving equatorial wisps with velocities ©f0.5 the speed of
light. Many time-variable subarcsecond structures erithé Crab
PWN in the optical [(Hester etal. 2002), near-IR_(Melatod.eta
2005%) and X-rays (Hester etal. 2002; Weisskopf et al. 2000

is discussed in detail by Hester (2008).

The first indication that also 0540 displays changes iniitest
ture over arelatively short time period was shown by De | ucd. e
(2007). They found a 10 year flux variation (between 1995 and
2005) in the southwest direction where the PWN has its sesing
emission and suggested that they had detected a hot spoagnovi
at ~ 0.04c. De Luca et al. noted that the hot spot could be simi-
lar to a time-varying arc-like feature in the outer Crab Naband
that a pulsar jet in 0540 could be directed toward the brightls
west region rather than perpendicular to this, as suggesteir
by|Gotthelf & Wang|(2000).

In this paper we present a study of the PWN of PSR B0540-
69.3 using the same datalas De Luca etlal. (2007) , complethente
with all other HST data available for 0540 as well. In partéeu
we have included recent HST polarization data from 2007. M a
include all available X-ray data of 0540.

The paper is organized as follows: in Sect. 2 we describe and
discuss the observations, in Sect. 3 the analysis andseanfd in
Sect. 4 we conclude with a discussion.

WFPC2 observations from these archives giv@edént results for
the photometry of PSR B0540-69.3 and its neighborhood. dxipr
ous work (Serafimovich et. al. 2004) we did not resort to pipe-
reductions, but made careful manual reductions of the rasv tes-
ing photometric results from that work we found that only taga
from theMAST archive with their recent pipe-line calibration plan
can reproduce our previous photometry. To avoid systerddfer-
ences due to pipe-lingfects in our analysis we therefore used the
data only from theMAST archive with the most recent calibration
plan for all epochs of HSWFPC2 observations listed in Talile 1.

All data were reduced usin@AF in combination withSTS-
DAS and DITHERA packages. Pre-calibrated data include refer-
ences to the latest distortion correction files availabtb@STSd.
Using STScl recommendatidhere used these files together with
the Multidrizzle package for each individual image independently.
Cosmic ray cleaning and combining of the images were exdlude
at this step. This exclusion was essential for the 1995 a9 19
epochs. These observations were performed without dittperi
between exposures, and after cleaning and combimihdgjdriz-
zle introduced extra noise in the pixel distribution which ledan
overestimate of faint source fluxes. The overestimate fe¥7Wb
in the 1999 epoch was found to be a factor of around two. After
Multidrizzle, the individual images were converted from the unit
of electrons per second to counts using iR&F/imgtools/imcalc
utility, e.g., (mage= exposurg/gain. Final image combining was
performed using the standaliRAF imcombine utility with cosmic
ray rejection by settingeject=crreject.

The data obtained in 2005, and later, clearly show that

Multimission Archive at STScl. archive.stsci.edu

Hubble Space Telescope Archive at Canadian Astronomy Deéed www4.cadc-ccda.hia-iha.nrc-cnre.gmeg
Space Telescope European Coordinating Fadility, ar@seeorgcmshubble-space-telescope-data

Space Telescope Science Data Analysis System, www.stgtisgwfpc2/documentalitherhandbook.htmil
[incubator.stscr.edmediawikjindex.phpWFPC2

o g b wWwN PR
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Table 1.HST/WFPC2 optical observations of the PSR B0540-69.3 field usedi study.

Date Total Filter Proposal Comments

exp? name PHOTPLAM  PHOTBW: ID
17Nov9®  2x400 F547M 5483.9 205.5 4244 continuum
190ct95 2x300 F555W 5442.9 522.2 6120 overlaps with [O1BP07
170ct99 2x300 F336W 3359.5 204.5 7340 continuum
170ct99 8x1300 F502N 5013.3 48.3 .- centered on [O I[P 5007
170ct99 2x400 F547M 5483.9 205.5 continuum
170ct99 6x1300 F673N 6732.3 30.7 centered on [S 11 6716,6731
170ct99 2x200 F791W 7872.5 519.8 .. continuum
15Nov0%  4x260 F547M 5483.9 205.5 10601 continuum
15Nov0%  3x160 F555W 5442.9 5222 .- overlaps with [O 111]2 5007
21Jun07 3x260 F336W 3359.5 204.5 10900 continuum
21Jun07 3x260 FA50W 4557.3 404.2 continuum
21Jun07 3x100 F555W 5442.9 522.2 overlaps with [O 111]1 5007
21Jun07 3x140 F675W 6717.7 368.3 overlaps with [S 11]11 6716,6731
21Jun07 3x200 F814W 7995.9 646.1 continuum

a Total exposure is given in number of images times the? Pivot wavelength of the filter band measured in A.
exposure time of individual images in seconds.

d The 1992 observations were obtained with ASFPC
instead of HSTWFPC2.

e

T

£

E [ T

Figure 1. A 15”x15” image of the field around PSR B0540-69.3 obtained
in the F547M band with HSWFPC2 in 2005 (Tablg]1). The pulsar was
exposed on the PC chip and its position is marked by an arrbevdifuse
emission surrounding the pulsar is the pulsar wind nebuldNR A highly
variable area or “blob” is marked by a circle and an arrow. Twuical
traces of the CTEfect are marked by arrows (see text for more details).

the Charge Transfer ficiency (CTE) &ect (Riess|(2000)) on
HST/WFPC2 images was getting worse with time (see Filire 1).
The CTE dfect is very complicated to compensate for as it is time,
position and flux dependent, i.e., it is unique for every ipatar
point source and almost unknown for extended objects. lardal
more reliably study the structure of the PWN, we used theimult
scale filtering method described in Séct]2.5fandl 3.1.

2.2 Chandra X-ray observations

To compare the structure of the PWN in the optical and X-rays,
we utilized the Chandra archival data listed in Tdlle 2. TIROH
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¢ Width of the filter band measured in A.
€ Our observations.

Table 2. Chandra X-ray observations of the PSR B0540-69.3 field used i
our study.

Date Exposure Instrument  ObsID
(ks)

31Aug99 17.79 HRC-I 132

21Jun00 10.04 HRC-I 1735
21Jun00 10.04 HRC-I 1736
22Jun00 10.07 HRC-I 1741
15Feb06 40.36 ACIS-S 5549
16Feb06 39.98 ACIS-S 7270
18Feb06 38.56 ACIS-S 7271

observations of 0540 were obtained as part of the instrucednt
bration plan in 1999 and 2000, only a few months before aret aft
the HST 1999 observations described in Table 1. They coméain
limited spectral information, but provide the best spatbolution
(pixel size 0132) in X-rays, and are therefore the most useful for
the study of the PWN morphology. The ACIS-S observations (Pl
S. Park) have lower spatial resolution (pixel sizd@2), but pro-
vide better spectral information. The ACIS-S observatistested
only three months after our HST observations in 2005, andsee

ful for an opticalX-ray comparison, assuming the PWN structure
did not change substantially in three months. Another at@ggnof
these observations is that th@ ACIS-S subarray mode was uBed
and the data are much less contaminated by the CCD piléegte
from the high count rate of the pulsar in the center of the PWN,
as opposed to previous ACIS observations, e.g., the dasnekbit

in Nov 23 1999 |(Petre etal! (2007), Obs ID 119, exposure 28.16
ks). For the latter, significant pileup precludes a reliagatial and
spectral analysis of the central PWN regions. The HRC-I de¢a
not dfected by the pileup.

7 The frame time of the/4 mode isSl.l s, for details sete asc.harvard gpdoposetPOGhtml/chap6.html
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Table 3. HST/WFPC2 polarization observations of the PSR B0540-69.3
field used in our study.

Date Total Mode of obs. Pol.  Proposal
exp? angle ID
05Nov07 600x3 F606WPOLQ (0 10900
25Sep07 600x3 FB06WPOLQ 45 10900
26Julo7 600x3 F606WPOLQ 90 10900
21Jun07 600x3 F606WPOLQ 135 10900

2 The total exposure is given in number of images times
the exposure time of individual images in seconds.

2.3 HST/WFPC2 polarization observations

To better understand the highly variable structure in thetsgest-
ern part of the 0540 PWN we utilized HBWVFPC2 archival polar-
ization data.

PSR B0540-69.3 and its wind nebula were observed in polar-
ized light with HSTWFPC2 in 2007 (Program ID 10900) using
the broad band filter F606W in combination with the POLQ po-

larizer (see TablE]3). The field was exposed only on the PC chip

during all sets of observations usindgfdrent rotations of the HST
to reproduce the required polarization angle (see columm i
ble[3). This gives the presently highest spatial resolusieailable
for polarization observations, i.e’;@55 per pixel. Unfortunately,
the pulsar and its nebula were placed mainly in the vignetted

of the PC chip. Since the part of the nebula was never more than

4" into the bad area, the loss of light was not so big. Howevés, th
made calibrations slightly more cumbersome.

Due to the long exposures (600 s) each frame exhibits thou-
sands of cosmic ray (CR) hits. Most of these we removed by tem-
poral median filtering of the three images, and the remaihitgy
are removed bya-cosmicwhich is included in the IDL software.
The images were taken at the roll angles 0, 45, 90 and 135a&gre
and to align the images three of them must be rotated aneghift
The de-rotation of 45 and 135 degrees requires interpolgiad so
do the shifts. We used a cubic spline interpolation scherdesaen
though we succeed in overlapping the images to an accuraty of
milliarcseconds, itis clear that the resulting PSF (pgiméad func-
tion) for point sources may befacted. This means that we must be
careful in our interpretation of polarization close to gaéources.
On the other hand, the extended emission, which is the fddbhe o
present investigation, is noffacted by the interpolations.

In this set of observations, the main source of instrumental
polarization is the WFPC2 pickfomirror. We have followed the
calibration scheme as outlined\WFPC2 Polarization Calibration
Theory(Biretta & McMaster 1997) to calculate the Mueller matrix
for 605 nm, and as a result we get following relations

=11 lops

Q=1.1 (Qypst 0.065 Ly
U = 1.6 (Uppst 0.034 bpy),

where |, Q and U are standard Stokes parameters, @5dQbps

and Uy are Stokes parameters before correction for instrumental
polarization. Test measurements of stars in the field shomadl s
tendency of a remaining systematic polarization-&%, which is

a bit more than expected. According to a detailed study ffede
(1991) of SN 1987A, which is located quite close to PSR B0540-
69.3, the foreground polarization is onty0.4%, so the~ 2% sys-
temic uncertainty we find probably also represents the taicgy

of our results for 0540. This is small in comparison to theepbsd

polarization which is typically 16- 30%, and therefore does not
affect our results noticeably.

2.4 Astrometric referencing

Astrometric referencing of the H$WFPC2 images was performed
based on the positions of the astrometric standards sel&ce
the USNO-B1 astrometric cataﬁ]gA dozen of the USNO-B1 ref-
erence objects can be identified within the PC2 chip FOV. iThei
1o coordinate uncertainties vary between 50 and 8Gwith an
rms value of about 330nas Pixel coordinates of the standards
were derived using of the IRAF taskncenterwith an accuracy
of 0.05-0.1 PC2 pixel size (®M42). The IRAF taskecmapcctran
were applied for the astrometric transformation of the iesag\Ve
consequently discarded standards which are either owenasad or
have relatively large catalog and image positional unggits. As

a result, only seven stars were selected for the final astramfié
Formal rmsuncertainties of the fit were best for the F814W filter
ARA<0!32 andADec<0’43, and the fit residuals af€0’6, which

is compatible with the maximum catalog position uncertaiot
the finally selected standards’@83). The rest PC2 images were
referenced to the F814W image with the accuracy better thian 0O
(0004) of the PC2 pixel size using several unsaturated stams fr
the PWN neighbourhood. Finally, the first F547M images oletdi

in 1992 with the WFPC at a worse spatial resolution (pixeé siz
0’1) were aligned to the WFPC2 images with the accuracy of about
0/02.

Inspection of the ChandftdRC and ACIS images obtained
in 2000 and 2006 showed that within a nominal Chandra pajntin
accuracy 0f<0.5 arcsecond they are in a perfect agreement with
the referenced optical images both by the pulsar coordinatel
the orientation of the PWN. For the HRC observations of 1989 w
found a large formal systematic shift of the pulsar coorgiadorm
their correct values by 22.1 and -84.02 pixels of the CCD xynd
coordinates, respectively. After the correction by thigtghe ob-
ject position and the PWN orientation are in agreement vhitisé
at the other X-ray and optical images obtained &edént epochs.

All this allows us to compare the optical and X-ray structure
of the PWN at a subarcsecond accuracy level. To get deepay X-r
images of 2000 and 2006 the respective multiple data sets wer
combined making use of theerge-all v3.6 script of the CIAO
tool.

2.5 Wavelet filtering of the HST/WFPC2 images
2.5.1 Wavelet filtering

In order to study the structure of the PWN in greater detdiltex-

ing has been applied to the image of the field around PSR B0540-
69.3 (Starck & Murtagh (1998)). This method is based on aimult
scale transform of the image, the isotropic undecimatedetleav
transform (also named “a trous” wavelet transform) thatlpces a

set of bands at éfierent scales, each band having the same number
of pixels as the image. The original ima@g can be expressed as
the sum of all these wavelet scalg and a smoothed version of
the imageCy:

8 USNO-B1 is currently incorporated into the Naval Obsermathlerged Astrometric Data set (NOMAD) which

combines astrometric and photometric information frompdifgos, Tycho-2, UCAC, Yellow-Blue6, USNO-B, and the

2MAS S [FITIOT vy TR
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P
Coxy) = Cplxy)+ ) wi(xy) (1)
j=1
wherep is the number of scales used in the decomposition.
The filtering is obtained by applying a Hard-Thresholding to
detect at each scale the significantfGiogéents :

if wj(x,y) is significant
if wj(x,y) is not significant

- Wi (X,
wxy) = "V @

Assuming a stationary Gaussian noisg(x, y) has to be com-
pared tokoj

if wj(x,y)l = kojthenw;(x,y) is significant

®)

if wj(x,y)l < kojthenw;j(x,y) is not significant

If wj(x,y) is small, it is not significant and could be due to noise.
If wj(x,y) is large, it is significant. The thresholdr; is obtained
by estimating the noise standard deviation at each sealand
by choosing ak value (see_Starck & Murtagh (2006) for more
details). We use the FDR technique to Eah an adaptive way
(Benjamini & Hochberg (1995)). The filtered image is obtaiy
the addition of the thresholded wavelet scalgsafid the smooth
version of the imag€,,.

2.5.2 Wavelet filtering to study the optical variability bEtPWN

To study the optical variability of the PWN, we have to focogtloe
diffuse emission surrounding the pulsar. For this purpose, we ha
used a detection method to extradt the pulsar and other stars
contained in the field. The detection method requires a raulle
vision model defined ih Bijaoui & Rué (199%); Starck & Murtag
(2006), based on the “a trous” wavelet transform descriiresti-
ously. The multi-scale vision model (MVM) describes an abps

a set of structures atfiierent scales and a structure is a set of signif-
icant connected wavelet ddeients at the same scajeAssuming

a Gaussian noise, the definition of a significant waveleffaent

is given by expressiorf{3). A prior can be introduced to cleang
slightly this definition. For instance, in order to extraétthe pul-
sar and other stars, we can consider there is no interedbijegto
larger than a given size. Then, we can force to 0, the wavelet ¢
efficients larger than this size. Having detected all the istarg
objects in the field (e.g., pulsar and stars), they can baebet by
subtraction (see Starck & Murtagh (2006) for more detallbg re-
maining signal is the diuse emission coming from the PWN. This
is the emission we aim to study.

3 RESULTS
3.1 CTE dfect and proper motion of PSR B0540-69.3

Modern techniques like wavelet filtering of images helps riadp
out faint features and filtersfiotraces of CTE. In order to inves-
tigate the importance of CTEffect on coordinate measurements
or flux measurements we performed the following test on &ter
and non-filtered images. We selected several backgrourgicktae

Distance (arcseconds)

9.1 -4.6 0 4.6 9.
T T T T T T
0.08- o epoch 2005 ]
I epoch 1995 |
0.07k 85 ©ep i
0.06 - -
6
° c o
B 0.051- °g 4 2
S [ 107 9 PSR @93 613
0 0.041 °7 ° . B
Q .9 °
@ | 10° o 1
0.03| 11 g
0.02} -
0.01} i
0 1 1 1 1 1 1
200 -100 0 100 2

Distance (pixels)

Figure 2. Coordinate measurements of 13 stars in wavelet filtered \W555
images for the 1995 and 2005 epochs (see text for furtheilsleta

distance between the pulsar and 13 stars with similar brégst as
the filaments in the PWN, i.e., between magnitude-2B, versus
the positional uncertainty of the stars. In general, faistars pro-
duce higher residuals, but the numbers are low, and thecedear
trend that the 2005 image give higher residuals due to the &§TE
fect. We can therefore conclude that the CTee&t is unimportant
for measurements of point sources, since the core of a siaede
the position, which is urféected by the CTE tail.

Main uncertainties arise when one aligns images frofiedi
ent epochs and sets of observations. The mean accuracysas th
about 0.1 of a WFPQRC chip pixel (or 0005) (se€_ZJ4). At this
accuracy level we do not find any significant displacementef t
pulsar position for the considered time base of 1999-200¥ iE
in agreement with the constraints on the pulsar proper magte
cently reported by De Luca et al. (2007) using HST data batwee
1995-2005.

The situation becomes veryffiirent when we try to measure
fluxes of point sources, since part of the flux is in the CTE A
have tested dierent aperture sizes and find that the most optimal
size is 10 WFPC/PC chip pixels, o~ 0’5 . This aperture encap-
sulates a star of magnitude 2123 and its CTE tail. This aperture
was chosen for most of our photometric measurements.

3.2 Optical photometry

To study spectral properties of the PWN we performed detaile
photometry of selected areas in all optical continuum Slter
1999 and 2007.

We selected several areas in the PWN to perform photometry
using the optical broad band filters. The aperture radiusl@&$ST
pixels, and the aperture was centered on the maximum of flux of
the “blob”. Following (De Luca etal. 2007), we therefore tsred
on different areas for the 1999 and 2005 images. However, for the
2007 epoch, there is no obvious dominant feature, and thituape
center corresponds to the assumed position of the “blohd, iha
continued to move with 0.04 times the speed of light as sugdes

to PSR B0540-69.3, including stars projected on the PWN. We by (De Luca etal.. 2007). An aperture of the same size was also

used filtered and non-filtered F555W images for the 1995 af8 20

placed on the apposite side of the pulsar position along tiem

epochs. We measured coordinates on both sets of images usingymmetry axis of the PWN and at the same distance away from

IRAF imcentroid. Filtered and non-filtered images show no signifi-

the pulsar as the “blob”. We call this the “anti-blob” apeetsee

cant diference in accuracy within the image. A representativetresul Figurel3).

obtained on filtered images is shown in Figlire 2, where wetpéot

© 2010 RAS, MNRASD00,[THI7

We also selected two 10 HST pixel apertures along the minor
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Table 4. Results of optical spectral fits for several regions of thé@pulsarPWN system. Columns 6 and 7 are the measured and dereddexes \flith
E(B-V)=0.20 (AV=0.62), respectively.

Epoch Source Band log(Flux) power law
Region Area name Log) observed dereddened  «a,2 norm. cons®
arcsed Hz uly uly uly
1999 Blob 143  F791W 14.581(15) 1.343(18)  1.496(18) 135
e e . F547M  14.738(8)  1.026(20)  1.275(20) . 1.28¢3)°
F336W  14.950(13) 0.584(82) 0.989(82) -
2007 Blob 143  F814W 14.574(18) 1.255(20)  1.403(20) 196
e e e F675W  14.649(12) 1.160(22)  1.357(22) .
F555W  14.741(21) 0.974(26)  1.224(26) . 1.24(2)
F450W 14.818(20) 0.837(26)  1.152(26)
F336W 14.950(13) -0.006 0.398

F336W 14.950(13) 0.188(72)  0.593(72)
F336W 14.950(13) 0.510(50)  0.915(50)

1999  Anti-blob 143  F791W  14.581(15) 1.012(28)  1.164(28) O]
o - - F547M  14.738(8)  0.707(32)  0.955(32) - 1.00¢3)
F336W 14.950(13) 0.408(108) 0.813(108) -

2007  Anti-blob 143  F814W 14.574(18) 1.036(26)  1.184(26) 1§

- - - F675W  14.649(12) 0.976(26)  1.173(26)
F555W  14.741(21) 0.742(38)  0.992(38)
FA50W 14.818(20) 0.641(36)  0.956(36)  --- 0.94¢3)
F336W 14.950(13) 0.382(118) 0.787(118)

1999  Area3 143 F791W  14581(15) 1.071(32)  1.224(32) 13
- - - F547M  14.738(8)  0.763(34)  1.012(34) - 1.02¢3)°
F336W 14.950(13) 0.318(132) 0.723(132)

2007  Area3 143 F814W 14.574(18) 1.086(28)  1.234(28)  1:3Y
o - - F675W  14.649(12) 1.035(28)  1.232(28)
F555W  14.741(21) 0.799(36)  1.049(36)
FA50W 14.818(20) 0.753(30)  1.067(30)  --- 0.95(3)
F336W 14.950(13) 0.276(146) 0.681(146) -

1999 Area 4 143  F791W  14.581(15) 1.074(26)  1.226(26) 1.0
e .. . F547M  14.738(8)  0.796(28)  1.045(28) . 1.06(3)
F336W 14.950(13) 0.436(108) 0.841(108)

2007  Area4 143 F814W 14.574(18) 1.098(24)  1.246(24) 086
o - - F675W  14.649(12) 0.951(30)  1.146(30)
F555W  14.741(21) 0.746(40)  0.996(40)
FA50W 14.818(20) 0.696(34)  1.010(34)  --- 1.03¢3)
F336W 14.950(13) 0.515(94)  0.920(94)

a Dots in the column show which filters were used for power latinfit ¢ An upper limit. The aperture was placed on the estimated jpixsiition in 2007.
b The row shows which pivot frequency was used for the norratitin.  © The aperture was placed on the estimated blob position i6.200
¢ The power law was fitted without the F336W data. f The aperture was placed on the estimated blob position i8.199

symmetry axis of the PWN, symmetrically on both sides of the 2007 compare to 1999. On other hand, the spectral index keecam
pulsar position, and name these “Area 3" and “Area 4”. Thaoks  shallower in 2007 (see Tablé 4), corresponding to a harder el
the high spatial resolution of the HBWFPCZPC chip (00455 per tron spectrum. There are two possible hypotheses: eithébtbb”

pixel), we were able to measure the optical fluxes in thesesaFor moves with~ 0.04c times the speed of light, as suggested by De
the optical background estimate for these areas we usedusnnu Luca et al. (2007) when they compared 1995, 1999 and 2005 im-
apertures of 6 HST pixels around 6 selected stars (see Ejyure ages, or it fades away. We studied both these hypotheses.

Photometry for all selected apertures was performed using
IRAF/digiphot/phot. The results are presented in Table 4 and Fig-
ure[4. “Area 3" and “Area 4" show slight brightening from epoc
1999 to 2007, but with similar spectral index, defined af, «
v~®. The area “anti-blob” does not show any change within errors
in flux and spectral index between the two epochs.

The “blob” was in its brightest phase in 1999. The aper-
ture was centered on the maximum of the flux within the area.
In later epochs we placed the aperture on expected posttidns
ing into account an assumed speed ®40. For the F336W im-
age in 2007 the expected position of the “blob” is outsideise
ible PWN. Since the PWN has quite steep power law, and since

The most interesting behaviour is displayed by the “blob”. the extinction is higher in the blue, we only have an uppeitlim
First of all, the flux of the “blob” became significantly lowar on the flux of the “blob” in the F336W band (see Table 4 and

© 2010 RAS, MNRASO0O [THIT
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Figure 3. PSR B0540-69.3 and its PWN as observed with AFS#7M in

1999. The white circular apertures show the “blob” positiorL999, the
“anti-blob”, “Area 3" and “Area 4", as well as 6 referencesust (see text
for more details). Some stars projected on the PWN wereattbtt df.
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Figure 4. Broad band optical spectra for the selected areas showrgin Fi

ure[3. In the top panel we show the “blob” spectrum in red fad2@nd
black for 1999. For the 2007 “blob” spectrum we have appli€tf 4 shift

for the aperture, corresponding to a G:Q#otion of the “blob”, as sug-
gested by mm). For the spectral fit of thicspm, we
have omitted the F336W data (see text). The sensitivity e RB36W to
where the aperture is placed is shown in the plot. Data inrdihads are
less sensitive (see Sect. 3.6). For the anti-“blob” we didapply any shift
in aperture position between 1999 and 2007.

© 2010 RAS, MNRASD00,[THI7

Figure 5. Continuum intensity (Stokek) image at 602 nm of the PWN
centered on PSR B0540-69.3 with overlaid linear polaaretiectors. The
size of the vector is degree of polarization in percents)enrientation of
a vector is the position angle of linear polarization. A korital tick mark
to the lower right shows 10% degree of polarization. The majis of the
nebula, used for Fig§l 7, is marked by a solid line going framtireast
to south-west, cutting across the pulsar and the “blob” eee in yellow.
The x and y axes show distances north and west of the pulsezsa@nds.

Figure[4). This spectral point was not included in calcolagi

of the power law for the “blob” in 2007. All power law calcu-
lations were done using the algorithm described in Serafichov
et al. (2004). Fluxes in F555W and F675W are contaminated by
emission lines of [O 111]414959 5007 (Morse etal.| (2006)) and
[S 1] 126716 6731, respectively, which could add some system-
atic error to the continuum flux for those data entries in &gband

Figure4.

3.3 Polarization of the PWN of PSR B0540-69.3

First optical polarization measurements for 0540 werequeréd

by [Chanan & Helfarld [ (1990) using the CTIO 4m telescope.
Chanan & Helfand found a linear optical (V band) polarizatio
integrated over the PWN, which w&s = 5.6% + 1.0%, oriented

at a position angle (eastward from northy 295°. The time inte-
grated observations with a spatial resolution 66 @er pixel did
not allow them to detect any fine details. The first polariietr
phase-resolved observations of the PSR B0540-69.3 repbste
(Middleditch etall| 1967) gave only an upper limit to the pida-
tion.

A few years later, time integrated optical polarization erbs
vations were performed hy Wagner & Seifert (2000) using tine 8
VLT telescope. Wagner & Seifert found up to 20% of linear pola
ization at the rim of the diuse nebulosity, and 5% for the pulsar. In
this case, the spatial resolution w&20but the seeing conditions
(from 0’4 to 1”) could not bring out any detailed structures.

Polarization of the 0540 PWN has also been studied at 3.5,
6 and 20 cm in the radio, taking into account the Faradayiootat
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Figure 6. Polarized flux (Stokes/Q? + U?2) as a function of optical bright-
ness (Stokes$) over the whole PWN in 2007. Note the weak correlation
between polarized flux and intensity. The “blob” area is #gian with the
highest intensity and smallest error bar in polarized flux.

effect (Dickel etal.l 2002). Dickel et al. obtained a total fiacal
polarization of 20% at 3.5 cm, 8% at 6 cm and 4.5% at 20 cm.
They conclude that this large change in polarization witlveva
length might be a result of high depolarization. The origatais
consistent with the optical value as reported by Chanan &atiell
(1990)/ Dickel et al. [(2002) noted that there is a gradiendiation
measure, which depends on magnetic field strength and atectr
number density, from northeast to southwest.

The latest optical polarization observations of 0540 (see d
scription in Sectio 2]3) are compatible with earlier résubut
bring out many new interesting details due to the very high sp
tial resolution of HSTWFPC2. Figur€b shows a continuum inten-
sity image of the PWN with overlaid linear polarization vast
Polarization vectors represent the electric field vedmrwhich
is perpendicular to the magnetic field. The length of the aesct
shows the degree of polarization. The overall picture iseqedm-
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Figure 7. Flux (Stoked), polarized flux (Stokes/Q? + U2) and polariza-
tion angle along the major symmetry axis in 2007 (shown in [Bjg The
black curve is the flux, the red curve is the polarized flux iplid by 10,
and the dashed line is therXonfidence level for the polarized flux. The
blue horizontal straight line is the position angle of thganaxis in Fig[®,
and the blue curve indicates the polarization anglé) radians relative to
noth (i.e, the position angle of tHevector). Note how spans its full G- =
range. The pulsar stands out as a peak in the flux and poldtizedt zero
arcseconds, and the peaks in flux and polarized flux &'2 correspond
roughly to the “blob” position in the 1999 and 2000 opticahttouum and
X-ray images, respectively (see Figb. 8 Ahd 9).

particles, which could be a jet, may excite ejecta filamentber-
haps cause shock activity in the “blob” area (see se€fion #He
possibility of a jet along the major axis was briefly mentidrisy
De Luca etal. [(2007). However, what is most surprising inuFe®
is how weak the correlation is between optical continuum éog
polarized flux. The figure suggests that there is a generabtmo
polarized flux in the nebula, on top of which there is more igpat
variation in the non-polarized flux. The “blob” area stands as
the region with the highest intensity and smallest errotitaolar-

plicated. As can be seen in Figlite 5, the outer parts of the PWN ized flux. Its polarized flux is slightly lower than other Hricareas

have high polarization, on the order of 30940%. A similar be-

in the PWN, which may suggest less ordered magnetic fielden th

haviour has been seen for the Crab PWN (see Hester|(2008) and'blob region”.

references therein).

The pulsar itself has low polarization, i.e. 5%62%. This is
consistent with earlier observations, but is in stark casttto re-
cently reported results of 16% 4% by (Mignani etal. 2010), us-
ing the same data set as we have used. Tfierdhce might origi-
nate from the dficulties of separating the pulsar from the nebula,
which has high polarization. Another source of thffetient results
might be different data reduction procedures (see se€figh 2.3), in
particular the correction for the instrumental polariaati

The brightest parts of the 0540 PWN in optical continuum are
also in general the brightest in polarized light. It is highted by
the correlation in Figurgl6. This is perhaps not so surpgisince
the nebula emits synchrotron radiation, which can be higblar-
ized for ordered magnetic fields. As can be seen in Figlirees, th
vector E is perpendicular to, or at least not aligned with the ma-
jor symmetry axis in the bright green area. Such flow of chérge

To explore the polarization properties more in detail altivey
major symmetry axis, we have studied’avide slice, centered on
and along the major axis. We will later also use a similaresfar
X-ray projections and the non-polarized optical data (ssevi).
Figure[T shows flux (black), polarized flux (red) and polaita
angle (blue). We also show the position angle of the majos axi
(blue horizontal line). The largest maximum (arouri@)lto the
right of pulsar is close to the “blob” position in 1999. We csee
that the polarized flux jumps by a factor-ef3 at this position, with
a small shift by~ 0’1 further away from the pulsar for the polarized
flux compared to the continuum intensity. At the same time pib+
larization angle swings 60° going from the inside of the blob to
where the polarized flux peaks. The alignment of Eh&eld and
the major axis is~ 20° at the position of peak intensity. This is
close to what is observed for presumed shocks in extragajatg,
where theE vector abruptly swings from perpendicular to the jet,

© 2010 RAS, MNRASOOO [THIT
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to parallel, at jet knots. We see a similar behavior on theosjpe
side of the pulsar at about@, although the structure is less clear.
That the position angle of the polarization vector changss lpe-
fore the polarized flux reaches a maximum at the “blob” positi
and perhaps close to the “antiblob” position, could poinstiock
activity (present or past) in those regions.

We can also see two maxima in polarized flux well abowe 3
on the same side as the “blob”, but~a®’3 and~ 2’8 away from
the pulsar. For the one at 2’3, the position angle swings away
from being parallel to the symmetry axis to being perperdigcu
and at~ 2’8 the electric vector is parallel to that between the pulsar
and the “blob”. Note that the polarized flux is almost as brigh
those regions as it is at the “blob” position. We see a weak, bu
similar trend, also on the opposite side of the pulsar, datsie
“antiblob” position.

3.4 X-ray counterpart of the “blob”

To investigate how the X-ray emission correlates with thécap
and polarization data, we carefully aligned the optical Xndhy
images as described in sect[on]2.4, and extracted intgmsifijes
along major and minor PWN symmetry axes. We chd'&ty 10’
slit size to cover the “blob” in the best way, taking into agobthe
resolution of diferent instruments.

Figure$ 8 anfl]9 show an optical image in F547M taken in Oc-
tober 1999 and an X-ray image in HRC-I taken in June 2000, with
their respective profiles. The position of the “blob” is medkby
vertical dotted line at the bottom panel in Hig. 8 (see alsol¢t
panel of Fig[ll for the 2006 Changf&IS data). The spatial pro-
file clearly shows a maximum of flux from that area. As can be
seen in the bottom panel in F[g. 9 the same optical coordiraie
respond to a maximum of flux from the “blob” area also in X-rays
This clearly shows that the enhanced X-ray and optical tadia
come from the same area.

We have performed the same investigation for the second
epoch for which we have near-coincident optical and X-rayada
i.e., for 20082006. The optical emission shows a change in mor-
phology of the “blob” as discussed later in the paper, whike X-
ray emission does not show any change in morphology to witigin
spatial resolution. Note that the worse spatial resolutib@han-
drgACIS compared to ChanditdRC.

3.5 ACIS-S X-ray spectroscopy

Kaaret et al. (2001) were the first to attempt a study of theyx-r
spectral structure of the 0540 PWN. They used the observatio
carried out on August 26 1999 with the ACIS-I in a continuous-
clocking (CC) mode. A one-dimensional image oriented axpro
mately along the major axis of the nebula including the pulszs
analyzed. Spectra extracted from the western and eastis of
the pulsar, excluding &'@ region around the pulsar, showed simi-
lar photon spectral indices @=0.96£0.11 and 1.120.14, respec-
tively, for a fixedNy column density of 4.810°* cm2, assuming
Milky Way (MW) composition of the absorbing gas. The observe
flux was twice as bright from the western region than from e
ern. Later, utilizing the ACIS-S observation obtained orvélaber

is also observed in the case of the Crab PWN. However, the az-
imuthal averaging made in the Petre et al. study does nat atio
reveal any possible asymmetry in the photon index spatsdiu-

tion, as suggested by the PWN morphology. A strong pileigre

in the ACIS-S 1999 data set precludes a relaible spectrdysina
owing to the conversion of two photons into a single event llaa
apparent energy equal to the sum of the photon energiesndetd
significant spectral distortions and a loss of photons.

The new ACIS-S data listed in Table 2 allow us to perform
a more detailed and reliable study of the spectral struatitee
PWN owing to a significantly smaller pileup and much longer ex
posures. However, the spectra from the bright PWN regioms, i
cluding the pulsar and the blob, are still distorted by a maikde
pileup. This leads to artificial excesses of high energy &ves+
ducing the derived photon indices. For instance, a singierdied
power law fit is unacceptable for the pulsar and leads to afaump
sible photon spectral index of only half that in previous kgor

To correct for that, the ACIQileup modeas included. To
check its applicability we first examined the spectrum ofgibksar,
since it is a point-like object and thgleup modelwas developed
for point-like sources. We extracted data fromxe83ixel bin cen-
tered on the puslar. Trailing events are seen in the ACISénag a
faint east-north-south-west streak, emanating from th&apalong
the CCD readout direction, and is caused by photons deté&cted
the pulsar during frame readouts. These were placed badieto t
pulsar position using the ClA@cisreadcortool. The total number
of the trailing events was estimated to be less than 1.5%eofcth
tal count number from the pulsar region (with a count-rate @5
counts st). Backgrounds were taken from 4 fadius aperture with
the coordinates RA05:40:36.876 and Dec69:22:17.38 far away
of the remnant.

The spectrum was fitted in the 0.3-10 keV range with an ab-
sorbed power-law convolved with the pileup model using céad
XSPEC v12.3 tools. In this test for the absorbing column igns
we assumed MW abundances as had been done in most previous
studies of the object. We approximated the MW abundancekeoy t
solar abundances of Anders & Grevesse (1989). In geneeascth
lar metallicity according to Anders & Grevesse id 6 0.3 dex
higher than the Milky Way abundances adopted by Wilms et al.
(2000). However, the Anders & Grevesse abundances areywidel
used, which makes it easy to compare with previous resulis. A
discussed below, our conclusions do not depend on usingrénde
& Grevesse (1989) for the Milky Way abundances.

The resulting spectral index for the pulsaz0.9£0.06, is
in excellent agreement with=0.92+0.11 for the rotation-phase-
averaged “pulsar all” spectrum of Kaaret et al. (2001) otedi
using ACIS CC (continuous-clocking) observations, anchwiite
Petre et al. (2007) value of 0.90.25 obtained by extracting only
pulsar trailing events from the 1999 ACIS-S observationbdth
these latter cases, the pileup is negligible. The fit alseiges a
reasonable PSF fractignsfrac~ 1 treated for the pileup, and a
plausibleprobablility ~0.52 that adding a photon to an event yields
a valid X-ray event. The column densith{¥"/=(5.0:0.01)x10**
cm2, was compatible with that of Kaaret et al. (2001) and Petre
et al. (2007). This ensures us that the moderate pileup i2@Hé
data-set can be reliably corrected for. The derived absofioe
from the pulsar region in the 0.6-10 keV range-ls45x107! erg

22-23 1999, Petre et al. (2007) measured the dependence of th snT? s, which is~ 20% lower than that of Kaaret et al. (2001).

PWN photon index on the radial distance from the pulsar. They
extracted spectra from concentric elliptical annuli cegdeon the
pulsar and aligned with the PWN major axis. A systematicét so
ening of the nonthermal PWN emission with radius was fousd, a

© 2010 RAS, MNRASD00,[THI7

This may be explained by some flux contamination from the-rela
tively bright neighboring nebular regions across the readarec-
tion which are collapsed together with the pulsar emissiothe
1D image in the continuous-clocking mode. It could also hesed
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by a difference in assumed abundances for the Milky Way, i.e., if
Kaaret et al. (2001) used abundances with somewhat loweal met
content than in Anders & Grevesse (1989).

To continue our check, we also included a pileup model for the
emission, integrated from large extended regions of the PN,
from the semi-elliptic apertures encapsulating the totaission
from the left (eastern) and right parts of the nebula alosgniajor
axis. For the fainter left part, where pileup is negligilitee model
only marginally improves the fit, while for the brighter rigbart
the improvements are more significant. After the pileupection,
the latter shows a harder spectrum than the former one, éttif-
ferences inx of ~ 0.2 and in the observed fluxes by a factorog.
That is again fully consistent with what was published by t¢tat
al. (2001, Table 2) based on the CC observations. This denates
that the new ACIS-S data in combination with a pileup model ca
be used also for the spectral analysis of the extended PWéhsit
at a qualitative significance level.

As was discussed in Serafimovich et al. (2004), MW abun-
dances are not the best to use for 0540. To investigate teatnal-
ysed the pulsar spectrum usindgfdient absorbing element abun-
dances in the MW and LMC, splitting the total column densgy a
Nu=NY"+NEMC. The diference in absorption between MW and
LMC gas was shown in Serafimovich et al. (2004) for the pul-
sayPWN system, and was then used by Park et al. (2009) in their
study of outer regions of the SNR with the same data set. W fixe
NMW at the value of 0.810%* cm 2, while NJM© was found from
the fit. We obtainedN5M€ =(0.8£0.02)x10?2 cnr2, assuming the
LMC abundances of Russel & Dopita (1992). The resulting spec
tral index wase = 0.7+0.02, which is significantly harder than in

counts per bin

0J8sdJe

oulw 666T W.¥SH

Figure 8. Top-left: 11" x11” optical image of the 0540 pul-
sar-PWN system taken in October 1999 with the HEFPC2

in the F547M band. Positions of two slices with the sizes of
0’8x10”are marked by white lines. They were used for the
extraction of the 1D spatial profiles along the minor (NW-SE)
and major (NE-SW) axes of the system shown intye right
andbottompanels, respectively. Coordinate origins of the spa-
tial axis in the profile plots coincide with the position okth
pulsar visible as a bright point source near the PWN center.
The position of the bright PWN “blob” seen southwest of the
pulsar is marked by a vertical dotted line at tattompanel.

previous works. The derived LMC column density is about 30% -
50% higher than the upper limit discussed by SerafimovicH.et a
(2004), and the value 0<4.0?2 cm2 obtained by Park et al. (2009).
Fixing N5V at the latter level produces an unacceptable fit for a
single power-law spectrum to be typical for all young pusde-
tected in X-rays.

As discussed at length in Serafimovich et al. (2004), the LMC
column density is unlikely to be much higher thanx016?? cm2.
To resolve this problem, we included the idea of Serafimoeich
al. (2004) that there could be a third absorbing componeamhety
that from the ejecta of 0540. So, we fixB"¥ and N;MC at their
reasonable values of 6@0?* and 0.6<10?% cmi2, respectively, and
included the third componenySNR assuming that it is produced
by the SN ejecta. It has to be dominated by heavy elements, lik
He, C, O, Si, and Fe, which are found in optical spectra of ¢ine-r
nant (e.g., Serafimovich et al. 2005). Since 0540 is an oxyigén
SNR we started with only including hydrogeoxygen, whereby
we obtained a better fify€ near 1.1 per d.o.f.) witiNSNR a few
times 16° cm2 and QH ~ 100 times the solar value of Anders
& Grevesse (1989), which isBx 107*, by number. The spectral
index remained at 0.7.

The estimated amount of “extra” oxygen is close to that de-
rived for SN 1987A, which can be considered as a good model
for an oxygen-rich event in the LMC. The model of Blinnikov et
al. (2000) for SN 1987A was used and expanded to the size of
0540 in Serafimovich et al. (2004). The Blinnikov et al. model
rests on the progenitor model calculated by Nomoto & Hastomo
(1988) and Saio et al. (1988), which assumes that 14.7 aké
ejected at the supernova explosion. The total mass on theseai
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guence is 23 N, but several solar masses are lost in stellar winds.

The progenitor model, which is one-dimensional, is norgned-

ferred to as the 14E1 model (Shigeyama & Nomoto 1990). This 0540 was accounted for using¥" =

model consists of well-defined shells offféirent elements, with
the heavier elements toward the center. Blinnikov et al0Q20
used this model to calculate the broad-band filter emissiom f

SN 1987A, but found that substantial mixing of the ejecta was

needed to obtain good fits to the filter lightcurves. Figurem@d
3 in Blinnikov et al. (2000) show the preferred structureeafhix-
ing, and the unmixed model, respectively. Including the esate-

ments (H, He, C, O, Si and Fe) as in Serafimovich et al. (2004),

the abundances relative to Anders & Grevesse (1989NfA¥R
were assumed to be H8.75, C=32.5, C=-151.58, S£65.95, and

Fe=50.47. Other elements were neglected since they probably do

not contribute significantly to the absorption. As a reswit, ob-
tainedNSNR=(2.42:0.09)x10'° cm 2, ¢=0.745:0.014, and a nor-
malization constant of (2.3@.2510°% photons crm?s™? kev-!
at the reduceg/?=1.02 for 851d.0.f The harder spectrum of the
pulsar, as compared to previous works, is likely explaingdb
fectively lower absorption than in case of pure MW elementrab
dances of the absorbing matter. We note, that based on trentur
data quality and the fits statistics, we cannot justify witbag con-
fidence that the obtained splitting of the absorption inehparts
is real, since for the pure MW afat MW+LMC column densities
the fits are also acceptable. However, the latter leads ta/Af
value which we believe is too high (see also the discussi@eimn
afimovich et al. 2004). The main problem with the X-ray data is
the pileup dect. Diferent pileup corrections for filerent element
abundances cannot be excluded, although formally we gakasim
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Figure 9. Same as in Figuilgl 8. but for the X-ray data taken in
June 2000 with ChandftdRC-I in the 0.2-10 keV band. The
slice positions and sizes are the same as in the optical image
The cross in theop-left panel marks the optical position of

b the pulsar, while the vertical line at tHeottompanel shows
the position of the PWN “blob” in the optical in October 1999
(see also the left panel of Fig]11 for the 2006 ChatfdLsS
data). As seen, despite the half yedfatience between the op-
tical and X-ray observations, a likely X-ray counterpartiud
optical “blob” can be seen at the same place as in the optical
range.

Table 5. Results of X-ray spectral fits for three regions of the 0540 pu
sar-PWN system. Photoelectric absorption along the line oftdigiards
0.06 x 10?2 (cm~2), NRMC =
0.5 x 1072 (cm2), NSNR = 2.42x 10'° (cm2). Note, that the spectra for
the “blob” and “anti-blob” were extracted using the samerfyes as their
optical counterparts. See text for more details.

Region Absorbed power law model
¥
ay, normalization  per dof
104 ph cnt?
s1kev?!
pulsar 074+ 0.01 2297+ 253 1.01
“blob” 0.65+0.03 294+ 0.05 1.01
“anti-blob”  0.73+0.04 184+ 0.04 0.93

values ofpsfrae-1, andprobablility~0.5, i.e., adding a photon to
an event yields a valid X-ray event, for all three cases ofatten-
dances models considered. Nevertheless, including aisofppm
the supernova ejecta is physically reasonable.

Thus, based on the results from the spectral analysis of the
pulsar emission, we fix the MW, LMC and SNR column densities
at the above values in the following spectral analysis ofRKéN.

To study in detail the spatial spectral variation within BA&N, we
divided its image into rectangular spatial bins. We usg# Rixel
bins for the bright central parts anck2 angor 3x4 bins for the
faint outer regions to provide enough count statisticsehBack-
ground fluxes were taken from the same region as for the pulsar
The spectral data for all ACIS-S data-sets were groupedavig
a minimum of 15 counts per spectral bin for faint regions ain2bo
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Figure 10. X-ray spectral index variation map of PWN 0540. The color
coding represents values of the spectral indexwhich varies from 0.65
to 1.8. North is up and east to the left. The white cross is thisgp optical
position, and the white circle is the optical aperture ceten the “blob”
position in 1999. Note that this region overlaps with theaamhich has the
smallest spectral indexy, = 0.65+ 0.03 (see Table[]5), in X-rays. The
distance between the pulsar and the blol'i$.1

for brighter ones. The total number of source counts vaniethf
about 1000 for faint regions to about several tenths of thids for
the blob (with a total source count rate-00.125 counts$ in the
0.5-10 keV range). The background fluxes were abdix210™°
counts arcse@ s, which is insignificant compared to the source
count rates. The spectra were fitted in 0.3—10 keV range Wwih t
absorbed power-law. The pileup corrections were significaty

in some relatively bright regions in the right part of the PWiN
cluding the “blob”. For the compact “blob”, the pileup mogsl-
rameters were compatible with those of a point source (seeab
while for other bright region, where the pileup is still sifizant,
they are less constrained. The results of the fit for the/aldkblob

lap with the “blob” discussed by De Luca et al. (2007). The re-
sults of Serafimovich et al. (2004) hint that the optical $peo of
their “Area 2" in 1999 was dferent from other regions of the PWN
since it could have had a somewhat steeper spectrum in tlealbopt
with @, = 158332, In Table 4, the spectral slope of the “blob” has
o, = 1.35'%27 for the same epoch. The overlap between “Area 2" in

Serafimovoiﬁ et al. (2004) and the “blob” in Table 4 is orl¥0%.
The results are, however, clearly compatible even witlin How
the optical emission of the “blob” varies with time, if mognas
well as other regions how they vary with time, is discusse8ent.
3.2, and listed in Tablgl 4.

Perhaps of more general interest is to see how the opticalemi
sion connects to the emission at other wavelengths. In Seraith
et al. (2004, their Fig. 15), a comparison between the maitey
length spectrum (radio to X-rays) from the entire PWNe ofGnab
and 0540 was made. For both objects, an extension of the X-ray
spectrum overshoots the optical spectrum in aipgs. logF,) di-
agram. A further roll-& towards the radio is seen in both PWNe.
A cubic spline fit for the entire logarithmic spectrum for tBeab
PWN, overshoots both in the optical and radio for 0540, ifdit t
its X-ray part. We have done the same multiwavelength stedg,h
but concentrating on the 0540 “blob”. The optical data arairag
from 1999, but for the X-ray data, we used our reductions ef th
2006 Chandra data. These have better signal-to-noise driere
data. We could have chosen optical data closer in time to@bé 2
Chandra data, but a look at Table 4 for all areas, except tiob™b
shows that the optical flux is stable between 1999 and 2007. Fo
the “blob” in Tabld4 we applied’@ shift between 1999 and 2007,
so the overlap between thé4b5 apertures for each epoch is frac-
tional. Nevertheless, the flux in the red HST bands for thelbin
Table[4 are similar between 1999 and 2007 to within B)%. We
emphasize that the X-ray spectrum of the blob has been éaxtrac
from the same aperture position and extent as has been used fo
the 1999 optical flux measurements. For the absorbing gaseol
densityNy we used the results of Sect. 3.5.

The multiwavelength result is shown in Flg12. It is clear
that an extension of the X-ray data, considering the rathedt-w
determined X-ray slope, undershoots rather than overshioetop-
tical data. What stands out here, like in Serafimovich et24104)

regions are presented in the Tallé 5, and in Fifiuie 10 we showfor the whole PWN, is the intrinsically steep optical spestrcom-

the spectral index map of the PWN, compiled from the spatiall
resolved X-ray spectral analysis described above.

pared to the X-ray spectrum. We caution that the errors ke,
and shown in Fid12 for the optical data points, are thestieail

As seen in Figure11, the blob demonstrates the hardest emis-errors only. If we would allow for for a modest (£215 %) system-

sion within the PWN. Its hardness even exceeds that of treapul
underlining the peculiarity of this structure. In genethg brighter
the region, the harder its spectrum. This leads to theiigifttasym-
metry of the hardness of the PWN along the major axis cleagns
in Figure[11, where the orientation of the NE-SW major axisesl

atic error of the F791W flux, one can connect all optical anda-
data with a single power-law to withirs2 The slope of that power-
law would bea, = 0.74 + 0.03, which is marginally dferent from

the X-ray spectral slope witl, = 0.65+ 0.03. As we noted above,
at least part of the systematic error{3.0%) may come from us-

is the same way as in FigurBs[4, 8, 4dd 9. The hardness profileing the spatially slightly shifted 1999 optical data, rattiean data

along the minor PWN axis is, on the other hand, almost synmimetr
cal, and demonstrates a gradual softening of the emissitndig-
tance from the pulsar, froma~0.9 toa > 1.6. The hardness image
(Fig.[10) does not reveal any hardening to extreme valuethéor
assumed torus region, as seen in the Crab PWN_(Weisskopf et al
2000 Mori etalll 2004).

3.6 Multiwavelength spectrum of the “blob” region

In Serafimovich et al. (2004) we studied the optical spedratfe
1999 HSTWFPC2 epoch of several positions in what we then de-
fined the torus and jet of the PWN. One of these positionsedall
“Area 2" in Serafimovich et al. (2004), turns out to partly ove

closer to the epoch of the X-ray data, i.e., 2006.

We emphasize that our finding that a single power-law may fit
the opticalX-ray part of the spectrum for 0540 was derived only for
the “blob”, and therefore does not necessarily contradictfimd-
ings in Serafimovich et al. (2004) that spectral breaks aedeafor
the whole PWN. While we leave a discussion for the entire leebu
for a future paper, we can make use of Fig4.]8, 9[and 10 to check
whether our reductions of Chandra data make feedince com-
pared to the X-ray spectra used in Serafimovich et al. (2F@4m
Fig.[10 we note that the X-ray spectral index is in the rande 1.8
in the north-west and south-east part of the PWN, and frora.[Big
and[® that the optical and X-ray fluxes are2 and~ 3 — 5 times
weaker there, respectively, than at the “blob” positiorFign[12 we
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Figure 11. (leff) ACIS-S X-ray intensity along the same major axis slice aBigi9. (righ?) Index spatial profile along the same slice. Coordinateinsigf
the spatial axes coincide with the pulsar position, and #érgoal dotted line marks the position of the blob. Southviet the right of the plots. The intensity
and index maps were smoothed with a one ACIS pixel Gaussiarelkieefore the sampling along the slice was made.
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Figure 12. Multiwavelength spectrum for the “blob” region. See text details.
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show that a single power-law with spectral index= 0.74 + 0.03
could be enough for the “blob”. Using aftérence of 3 dex be-
tween the optical and X-ray frequencies, an X-ray spectraéx

of @, = 1.6 would make an extension of the X-ray spectrum over-
shoot the optical by more than 2 dex in flux in the north-west or
south-east parts of the PWN. A single power-law for thos@regy

is thus not possible, or actually in any part of the remnarenetthe
X-ray spectral index ig, > 0.9. Asa, 2 0.9 is true for most of the
PWN, a single power-law for the whole PWN will not be possjble
and our results will in this sense not contradict the findiobSer-
afimovich et al. (2004). From Fig_]L0 we note that< 0.9 applies
only along the major axis withir 2 arcseconds from the pulsar.
The simplest explanation to this is that energy injectioosuo in
this region, and that cooling of electrons take place, tkespening
the X-ray spectrum, when electrons move away from this regio

4 DISCUSSION
4.1 Morphology of the PWN

The PWN of PSR B0540-69.3 and SNR 0540-69.3 have been im-

aged on several occasions. In_Serafimovich etal. (2004) we co

centrated on the continuum-emitting PWN, and images stgpwin Figure 13.Upper left: Wavelet filtered [O I1l]] image of PWN 0540 obtained
the line-emitting gas of the inner 4” of the SNR are nicely com- with HST/F502N in 1999 with overlaid contours from the continuum imag
piled in[Morse etal.[(2006). While there are some generalfea in the upper right panelUpper right: Wavelet filtered continuum image of
in common between continuum-emitting and line-emitting @ike PWN 0540 obtained with HSF547M in 1999 with overlaid contours. The

. black cross shows the pulsar positidrower left: Wavelet filtered [S 1]
overall Shap.e and Conclentratlon toward the southwest tiwe image obtained with HSF673N in 1999 with overlaid contours from the
also several important filerences.

. " . continuum imageLower right: Ratio map of [S II]/ [O HlI], with [S 1]
The line-emitting gas is concentrated to the south-west, bu and [O Il1] from the lower left and upper left panels, respesy. Overlaid

with distinctions between the spatial distribution of,.e[@ Ill] contours are from the optical continuum in the upper rightghaThe scale
and [S I1]. This can be seen in the wavelet filtered images ft669 at the bottom of the figure represents color coding for thtt fage.
shown in Fig[IB . The [O IlI] structure appears overall rogmnih

shape, whereas [S 1] is more focussed to the southwestern co

glomerate, and shows only little emission to the northeagro-

trusion extending- 2” outside the main body of the emission inthe obtained in a time dependent situation. An example is thi fias-

southwestern direction is seen in both [O Ill] and [S 11]. ®iaic- toionization of the inner ring around SN 1987A where the [ Il
ture of this is reminiscent of the Crab chimney. What is gtigkis temperature was 5 x 10* K shortly after the outburst (see Fig. 1
that the protrusion connects to the area of strongest [$rli$&on in Lundqvist & Fransson 1996). We explore this possibilitytfier
in the remnant body, whereas the [O IlI] emission in the remina  below.

is in general weaker in the pulsar-protrusion directioantin the The spatial distribution of the continuum emission in thel®W
areas east and west of it, i.e., the areas flanking the “blob”. of 0540 shows high variability in the optical. This was netichy

The optical continuum emission from the same epoch, as ex- De Luca et al. (2007), and they argued that the “blob” showFign
emplified by the uppermost right panel in FigJ] 13 and contours [I4 had moved between 1999 and 2005. The change in the spatial

overlaid on the line-emission maps, is even more concemutrt distribution of the optical continuum is clearly seen in a@velet
the southwest than the [S II] emission, but the overlap betwe filtered images in Fig.15. Figurell5 also shows how a newirec
[S 1] and the continuum is obvious. No clear indication ofratpu- appears just southwest of the pulsar, as if a new “blob” wdngld
sion is seen in the wavelet filtered continuum image, whiakicco generated, whereas the overall structure does fiet dietween the
be due to lower signal-to-noise. The overlap between dptima- two epochs. In addition, Fif15 shows how the structurerslitey

tinuum and regions of enhanced [S 1] emission is evidenged b from the pulsar (marked by a black cross) toward the “blolri-co
the lower right panel of Fig. 13, where we have made a ratio map tinues in the northeastern direction, although with loweensity
of [S II] and [O Il]. The highest optical continuum flux ocaur and less extent.

in a conglomerate with a large [S I/][O Ill] ratio. The corre- The soft X-ray emission has an even more remarkable con-
lation between optical continuum and the [S AlJO IlI] ratio is centration of emission to the “blob” position than in theiogt,
indeed even more pronounced than with the [S II] emissionealo  with a soft X-ray flux as bright as 10% of the pulsar emission.
This could either be a physical coincidence of continuumssion The X-ray position does not seem to vary appreciably withetim
and regions of high sulphur abundance /andower state of ion- between 2000 and 2006, and the X-ray spectrum is a power-law
ization, or it could signal that shock excitation is more ortpant which is hardest at the “blob” position, and becomes indngghg

in those regions compared to regions with smaller [S [P 111] softer away from it (see Fi_10). In general, the spectruhaisler

ratios. Shocked gas generally emits more [S 1] than [O Idine along the NE-SW direction thanffothis orientation. The optical
pared to photoionized gas, and the temperature of the géghierh continuum emission shares the general brightness disorbof
(see Williams et al. 2008). A temperature higher than thelibgu the X-ray emission along the NE-SW direction, but it doe® als
rium temperature in photoionization dominated plasma tsmlze show strong variability of the spatial distribution. Thag are able
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Figure 14. The PSR B0540-69.3 and its PWN obtained with HE47M

in 1992 @pper lef), in 1999 (pper righ), in 2005 (ower lef) and
HST/F450W in 2007 lpwer right). Note that the cut levels for the F540W
image were compensated for the slope of the nebula’s SEDwhHite cir-
cular apertures show the “blob” position in 1999 and respeapoch, as
well as three other areas selected for comparison. In thé 26d 2007
images we have also made circular apertures for the 2005quosif the
“blob”, and the expected 2007 position if the “blob” dispatent would be
linear in time. Some stars projected on the PWN were suletiat}.

to see this in the optical, but not in X-rays, may be dieet of
better spatial resolution.

4.2 Excitation of the line emitting filaments close to the
ublobﬁ

The variability of the spatial distribution of the optidale emission

is less known since observations through HST line filtere oy
been performed once, namely in 1999 (Morse et al. 2006). How-
ever, we also have some slit spectra taken in 1996, whiclypart
sample the “blob” region (N. Lundqvist et al., in preparajicand
which do not indicate strong [S 1] emission at the positidrire
1999 “blob”. This, together with the fact that the opticahtiauum
emission does vary, suggests that the line emission mayaftgo
with time.

The excitation of the line emitting filaments is most natiyral
explained through shock activity (Williams et al. 2008)t ibuSect.
4.1 we also highlighted the possibility of time dependerdtplon-
ization. The idea is that the optical continuum activity icbalso
indicate higher X-ray activity, and that the X-rays couldfifion-
ize unshocked filaments that are quasi-stationary. As we besn,
the X-ray emission from the “blob” in 2006 is about a factor of
10 weaker than the emission from the pulsar, but we only wish t
study the photoionization close to the “blob” where X-raysfi the
“blob” dominate, so to study whether time-dependent plostiaa-
tion is important, we have ignored the pulsar X-rays.

To test the #ect of time dependence we have made models
where we have artificially switched on the X-ray emissiomfrine
“blob” to study how it would photoionize nearby gas. The nlage
similar to that used in Lundgvist & Fransson (1996) for SN7228
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but with several updates (see e.g. Mattila et al. 2010). We ha-
sumed that the “blob” is spherical with radiu&) and that the gas
being photoionized surrounds the “blob” also in a sphefasthion.
For the density of this gas we adopted the results of Serafainov
et al. (2005) who derived an electron density in the rangBx10°
cm from the [S 11] 11 6716-31 lines. For the abundances of the
filaments we have assumed a composition with the relativa-abu
dances (by number) suggested by Williams et al. (2008), Ce.
O: Ne: Mg: Si: S: Ar: Ca: Fe= 0.1: 1: 0.2: 0.1: 0.1: 0.1: 0.1: 0.1:
0.1. We have also blended in H and He at various amounts as Ser-
afimovich et al. (2005, see also Morse et al. 2006) clearlgated
the presence of hydrogen. The ionizing luminosity from thieb”,
when switched on, is assumed to b&6ix 10°1(E/1 keV) %% erg

st eVl With H and He mixed in so that H: He: © 1: 1: 1,
and with a total density of atoms and iong = 1.5 x 10° cm 3,

the ionization parameter (number density of ionizing phetdi-
vided byny) is ~ 1073, i.e., only a thin rim of gas is photoionized
around the “blob”. Steady state is reached-ii0 years, which is
longer than the time scale for changes in the “blob” strugtjursti-
fying time dependence. Peak temperature of the ionizedcgaties

~ 8.5x10° K, and occurs already after 3 months. Maximum ioniza-
tion occurs when steady state is being approached. Altheugh
phur is mainly in S 11, i.e., which we know from Figufe]13 is fus
what is observed in the “blob” region, most of the oxygeniisist

O I. This contrasts the observations of Kirshner et al. (19@8%ich
show very weak [O I] emission. One must caution that the ebser
vations of Kirshner et al. were made more than one decadeeefo
the “blob” in 1999, and that the slit of Kirshner et al. was -
ally placed to probe the “blob” region. The very small ioniiaa
parameter and the low temperature of the ionized gas areJsow
enough to make us rule out photoionization by X-rays from the
“blob” structure as a viable source for the excitation of [&dl]
emitting gas in the southwestern part of the PWN. If we diardg
the possibility that this region is truly more abundant itpbur
than other parts of the nebula, the remaining explanatiomhist

is discussed by Williams et al. (2008), i.e., [S 1] being bteal by
shock activity.

4.3 s the “blob” a moving entity?

In Fig.[14 we also include the epochs 1992 and 2007. The signal
to-noise is too low in the 1992 data, which we have included fo
completeness, to draw any conclusions more than that théneon
uum emission is enhanced in the southwestern direction206@
image shows a much weaker “blob”, and it is in fact not obvious
that the “blob” structure is longer present in 2007. In gahehe
U-shaped structure in the 1999 image, with the pulsar at ppeu
left part of the U-structure, and the “blob” at the bottonmeens
roughly intact between 1999 and 2005, but breaks up in 2007. A
“blob”-structure so clearly seen in 2005 divides up intethfrag-
ments with the lower one roughly at the expected positiorhef t
“blob”, but with the strongest emission seen northeast efith99
“blob” position. In 2005 that position is actually devoid stfong
emission. One could imagine that this new structure in 2@Qidc
signal propagation of the 2005 “blob” just southwest of thésar,

but we also note that the structure just northeast of theb™bilo
2007 is clearly seen in 1999, but less brighter. A possjbiditthat
the whole structure responsible for the continuum emissiasts

at all epochs, but that it contributes withféirent amounts at fiier-

ent epochs. With this interpretation, the northern parhef‘blob”

is just an enhancement in emission in 1999, which then fadeg,a
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Figure 15. Upper: Wavelet filtered continuum image of PWN 0540 ob-
tained with HSTF547M in 1999 with overlaid contouré.ower: Wavelet
filtered continuum F547M in 2005 image with overlaid contotnom the
1999 epoch. Note how the “blob” structure and the structust $outh-
west of the pulsar change in morphology between these twohspd-or
the structure close to the pulsar the strongest emissioneir2®05 image
is much wider than in the upper panel. The increased emis$ise to the
pulsar could be new blob emerging.

leaving only the southern part of the “blob” seen in 2005, eveh
more so in 2007.

Our findings can therefore suggest that the “blob” structure
may not be a moving entity, but rather a part of the filamentary
structure that was excited in 1999, and then fades in opiical
tensity. Particularly evident is how well the continuum ssibn
traces the emission structure in [S 1] and how low the carrel

tion is between continuum and [O 1ll] (see Sect. 4.1). Thehhig
[S 11]/[O lll}-ratio suggests shocks (cf. Sect. 4.2), this pod#ibi
being strengthened by the fact that the “blob” coincide$aipo-
sition in the PWN where the polarization angle changes dlyrup
and where there is strong X-ray emission. A possibility iat
flow in the PWN from the pulsar which excites the filaments at th
“blob” position in a time-varying fashion. Another possityi is a
local release of energy at the “blob” position which thensesua
point-like expansion of plasma. In both these cases thetdowi
after some delay, slow shocks transmitted into filamentsesitiéd

in the PWN in a way similar to the shocks transmitted into tlob®

of the circumstellar ring around SN 1987A (e.g., Gronirgsst al.
2008).

As discussed in Sect. 3.3, there are several positions #heng
major symmetry axis (NE-SW) of the PWN where the polarized
flux peaks other than at the “blob” position, and where thapol
ization angle changes at these positions. This could bes 9fin
past, or weak present, shock activity. A possibility is taaergy
is released along this symmetry axis dtelient places at fierent
epochs, which means that the “blob” was just a recent sucht.eve
If the “blob™-like feature seen in 2005 just southwest of fhd-
sar is a new feature moving southward, the sporadic enelegse
scenario may prove wrong. If it breaks up, it could speak Viofa
of a sporadic energy release. Indeed, we note in 2007 a peak ab
30 at~ 0’6 in polarized flux, southward along the major symmetry
axis (see Fig. 8), as well as a change in polarization angiekL
ing at Fig[ 14 from 2007, no obvious blob-like counterparségn
at that position. This could hint that the 2005 “blob”-likeature
broke up, leaving only an imprint on the polarization map.

We also note that the two strong peaks in polarized flux south-
west of the pulsar occur in the protrusion-like feature nobesarly
seen in lower left panel of Fig._13 which shows wavelet-fidter
[S 11] emission from 1999. The NE-SW slice in F[d. 8 catches th
northern part of this protrusion. Further polarizationdéts would
shed more light on this and other regions of the PWN. At the mo-
ment we only have good data from one epoch, nhamely the one from
2007 discussed here.

The strong spatial variation of the inferred X-ray powes-la
slope of the emitted radiation (cf. F{g.]10), shows that imalve-
length spectra should be studied over limited spatial eégtedn
Serafimovich et al. (2004) we invoked possible spectralks&e-
tween the optical and X-rays when studying the multiwvavgtien
spectrum of the full PWN. From Fi§1L.2 here, we argue that a sin
gle power-law may be dficient for the “blob”. A single power-law
could mean that the 1999 “blob” position is a site of energgdn
tion to relativistic electrons. Further multiwavelengémd prefer-
ably contemporaneous, studies at other positions, away the
“blob”, would reveal if a break in the power-law appears, and
cooling of the electrons occurs. We leave this for a futune\st

4.4 The supernova progenitor

The X-ray spectral analysis presented in Sect. 3.5 gaverlrett
sults if we included “extra” absorption from oxygen-richsga ad-
dition to the interstellar gas in the LMC and Milky Way. Thd-co
umn density of extra oxygen we found to be needed N8R ~
3.1x10% cm2. Adopting SN 1987A, and particularly the model
used in Blinnikov et al. (2000) and Serafimovich et al. (2084)

a model for 0540N3NR = 9.5x10" cmr? for an SN 1987A age

of t = 800 years, where the column density scales with age as
t~2. It seems unlikely that 0540 is younger than 800 years, so if
NSNRis indeed as high as suggested from our X-ray analysis, then

© 2010 RAS, MNRASD0O [THI7
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more oxygen was produced in 0540 than in SN 1987A/@rithe
oxygen-rich ejecta of 0540 expand more slowly or it could e d
ferently mixed than in the model of Blinnikov et al. (2000)s we
do not find any evidence for strong variation of the oxygemcoi
density over the PWN, a higher than average column densihgal
the line of sight to us is less likely.

It is interesting to note that the model used in Blinnikovlet a
(2000) invokes~ 2 M,, of oxygen, whereas Williams (2010) in his
PhD thesis argues for an upper limit of 3.5 My of oxygen. If
the oxygen mass is this high in 0540, and the velocity streabd
oxygen more “compact” than in SN 19873 "Rcould be close to
the value inferred from our X-ray extractions. A high oxygeass
would then favor a progenitor in the upper mass range for tes o
discussed by Chevalier (2006), and we would end up with theesa
mass range of 20 25 M, as favored also by Williams (2010). We
note that Park et al. (2009) did not need to include elevated |
els of oxygen for the X-ray absorption, which does not catitta
our indications. Their analysis was made for the outer pzfrtee
supernova remnant not covered by the oxygen-rich ejecta.

4.5 Future observations

To map out the 3D shock structure of the filaments, good reso-

lution both in space and velocity is needed. Previous deep-sp
troscopic observations of 0540, partly used in Serafimoeichl.
(2004, 2005) and discussed in a forthcoming paper (N. Luistiqv
et al., in preparation, see also above), show no clear [S1Nity
close to the “blob” position, but these observations werdevaior
to the knowledge about the “blob”, and the slits were not ligea
placed to constrain the “blob” activity. These observatiorere
also carried out at seeing 1’1. To map out the velocity struc-
ture of the “blob” region in order to constrain the propagatof
the shocks, observations with good spatial resolution awere
age are needed. Modern Integral-field-units (IFUs) withecsal
resolution of (< 100 km s?) are particularly useful, especially in
good seeing and at low airmass. The good velocity resoluion
useful to separate out slow (tens of km)sshocks driven into the
filaments from the faster~( 250 km s') shocks driven into more
hydrogen-rich gas (cf. Williams et al. 2008). Observatiomshe
optical should also be sensitive enough to catch weakes like
[O 1] 24363 for temperature estimates.

The “blob” in the southwest part of the PWN, first seen in

1999, was truly an extraordinary event. As we have argued for

above, similar events may, however, have occurred alseipakt.
Continuous imaging monitoring of 0540 is therefore impotta
both in the continuum and in lines like [S 11] and [O Il1], toese

if new blobs emerge. HST can continue to play an importarg rol
here, especially with the upgrade to WFC3 which has no CTE
effects. To see how polarization evolves would be particularly
useful for a global picture of the PWN. Further down the lineth
JWST and ALMA with their good sensitivity and spatial res@no

will provide very important links between optical and radiadies

of the PWN of 0540. Such studies at good angular resolutidin wi

also make it more easy to compare 0540 to its much closer twin,

the Crab.
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