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Abstract. We present deconvolved narrow band images of Cgge remnants also produce synchrotron radiation at some level.
Aasobserved by the MECS instrument on the BeppoSAX X-réjthough, it is worth pointing out that SN 1006 was probably a
satellite. The images show that Cas A has different morphotgpe la supernova, whereas Cas A is very likely the remnant of
gies in the continuum and line bands. This difference poirdscore collapse supernova (Type Ib or I). Recently, a hard X-
towards a synchrotron origin for part of the X-ray continuumay tail was discovered in the spectrum of Cas A, the youngest
of Cas A. Going to the hardest continuum band we find that tkeown galactic supernovaremnant (The etal. 1996, Favata et al.
emission is coming predominantly from the Western regioh991, Allen etal. 1997). This tail can be attributed to synchrotron
making this the most likely location for the hard X-ray taitadiation, but it could also arise from bremsstrahlung caused by
seen with instruments on CGRO (OSSE), BeppoSAX (PD&non-Maxwellian tail to the thermal electron distribution. Note
and RXTE (HEXTE). that, like SN1006, Cas A does not seem to contain a pulsar. In
the case of Cas A there is no doubt that a substantial part of the
Key words: X-rays: ISM — ISM: supernova remnants — ISMemission is thermal in nature, since the remnant displays strong

cosmic rays — ISM: individual objects: Cas A line emission. So, whatever the nature of the hard tail, at lower
photon energies this component is intermingled with thermal
components.
From a theoretical point of view both synchrotron emis-
1. Introduction sion (Reynolds1997) and non-thermal bremsstrahlung can ex-

The X-ray emission from supernova remnants has generdiify(Asvarov etal. 1990). For instance, the cosmic ray electrons
been understood to be thermal emission (i.e. bremsstrahiffigPCnsiPle for the radio emission of Cas A find their origin in
and line emission) for the so called shell type supernova rem-erm_al e!ectrons gccelerated atthe shock. This means that a!t all
nants, such as Tycho, Kepler and Cassiopeia A (Cas A), ditfr9ies mte_rr_ne_dlate between the thermal electror? d|str_|bu_t|on
synchrotron emission for the plerions such as the Crab nebtﬂﬁq the rglatlwstlc electrons respon_5|ble for the radio emission,
In the latter case the synchrotron emission is caused by cosfRePulation of electrons should exist. The Coulomb equilibra-
ray electrons accelerated in the magnetosphere surrounding{ffg Process is slow, so if at some moment the initial electron
neutron star. The ideas on shell type remnants have, howeg'é}tr!but!on is npn—thermal,the relaxat|ontqwardsaMaxweIhan
changed dramatically with the publication of the analysis gistribution is likely to evolve slowly (Laming 1998), bg:c;\use
ASCA data of the remnant of SN1006 by Koyama et al. (1998{1 relaxation time scales with electron energy @SE; 2.

They proposed that the featureless X-ray spectra of the riffs 9Ive an example applicable to Cas A& (~ 10 cm™): at

of the remnant were the result of synchrotron emission (earlie€V the refaxation time is- 1 yr, at 10 keV it is~ 30 yr,
anticipated by Reynolds & Chevalier 1981). SN1006 is a shéfid at 50 keViits is of the order of the age of the remnant.
type remnant and does not contain, as far as we know, a pulggv,arefore, from say 20 keVto 1 G_eV the e_Iectron distribution
hence the synchrotron emission should arise from cosmic SgPuld Pe a continuously decreasing function and non-thermal
electrons accelerated in the blast wave of the supernova remngfgmsstrahlung should exist, but may be less pronounced than
This view is supported by the recent discovery of TeV gamniia® Synchrotron emission.

rays coming from the Northeastern rim of SN1006 (Tanimori et ,SO’ what can we say at present about the relative contri-
al.[1998). butions of a synchrotron component and a non-thermal brems-

trahlung component to the hard X-ray tail? Ultimately this will

e resolved by observing X-ray polarization, which is not fea-
sible presently. Here we attempt to bring the discussion some-
Send offprint requests 1d. Vink (J.Vink@sron.nl) what further by investigating the spatial distribution of the X-ray

Of course, if there is X-ray synchrotron radiation comin
from SN1006, then it is very likely that other (young) she
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POOFTs="""" """ 77 T " "ok 1 August and September 1996 and one observation on Novem-

ber 26, 1997. The total observation time is different for each
% set of instruments, but data presented here comprise 161 ks of
r ———__8okv 71 MECS observation time. The data analyzed here are based on
L \’\7:_\\*- , {1 the MECS2and MECS3 units (labeled together as MECS23) for
N uniformity: the MECS1 was no longer functioning at the time of
the last observation. Comparing the various data sets we found
that there were rather large inaccuracies in the aspect solutions.
This was most distinct for the last observatien {.4') made
after a gyroscope failure, which may have caused the relatively
large error in the aspect solution. Using a correlation analysis
similar to that employed by Vink et al. (1998), we shifted the
observations in order to match in position.
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Fig. 1.The MECS3 point spread function at four energies: 2 keV, 4 ke¥he MECS point spread function (PSF) consists of two compo-
6 keVand 8 keV. nents, representing the gaussian shaped intrinsic resolution of
the MECS instrument and the scattering component originating
emission up to 10.5 keV. We do this by presenting deconvolvg@@m the mirrors. These components can be identified in the
images in narrow bands obtained by the MECS instrument f§llowing parameterization of the PSF as a function of radius,

board BeppoSAX. r, (Boella et al_1997b):
Before discussing our analysis, a short characterization of ) )
Cas A. The remnant is at a distance3of )% kpc (Reed et al. Lr g
. ~0. =C s 1.0+ — ; 1
1995) and is between 340 and 318 years old. The younger ag{a(Q {ovexp( 202 )+ (10+ R? )77 @)

based on the po'ssiblt'a.explosion datg of 1680, when Flamstﬁgge that the parametess R, o and 3 are energy dependent
observed an unidentified 6th magnitude star near the curr .tMoIendi, private communicationj! is a normalization con-
position of _Cas A (Ashworth 1_980)‘_ The older age is based fhnt, so that the integration over the total plane equals 1.]Fig. 1
the expansion analysis of opt!cal f||gments (van den Berghé%ows the PSF of the MECS3 for four different energies. As can
Kamper 1988). The current wisdom is that the progenitor WHR seenthe PSF changes with energy, especially the change from
prqbgply an early type WoIf-RayeEstar (Fesen dial 1987) W'ﬁhto 4keV is dramatic. Above 4 keV the PSF does not change
an initial mass of about SOM(Garca-Segyra et 4l 1996) an_d dnuch anymore. At higher energies the resolution of the MECS
final mass I_ess than 1(.)M(mG et al. 199.())' _Recent EXpansion, creases, but the mirror scattering becomes worse. Fortunately,
studies of high resolution X-ray images indicate that the currehg photon statistics at 2 keV are far superior to those at 8 keV,
overall expansionlvelocity 'S 3200 k.m ?1 for the *?”ght shell S0 we can compensate for the degraded resolution at 2 keV b’y
and~ 5200 "”.‘ s for the fainter emission associated W'th_thierforming more iterations of the deconvolution algorithm.
blast wave (Vink et al._ 1998, Koralesky et al. 1998). This is We used the analytical representation of the PSF to decon-
consid_erably greater than the expansion of th_e bright radio ri{)@lve the narrow band MECS images with the Lucy-Richardson
which is about 2000 kms' (Anderson & Rudnick 1985). deconvolution algorithm (Lucy 1974, Richardson 1972). One
problem associated with this algorithm is the number of itera-
2. Observations and analysis tions that should be used. Too many iterations may cause spuri-
2 1. The data ous results, too few iterations do not bring out the full potential
of the image. We solved this by statistically comparing the con-
The BeppoSAX satellite (Boella et al. 1997a) contains four Xrolved model image with the raw image at each iterative step;
ray detectors: the LECS (0.1-10 keV) and MECS (1.5-12 ke\When the model improvements were less tharmwe halted the
composed of three units, the HPGSPC (4-120 keV) and the P&sonvolution process. The consistency of our results was veri-
(13-300 keV). The overall spectrum of Cas A as observed figd by comparing the deconvolved images of individual datasets
BeppoSAX is shown in the paper by Favata etal. (1997). Onlith those of the total dataset and, as discussed below, with the
the LECS and MECS have imaging capabilities. Here we hanasults from other X-ray telescopes. We point out that some of
opted for only using the MECS (Boella et al. 1997b) instruthe features presented below were already recognizable in the
ment, since the supporting structure of the LECS blocks paaiv images (Maccarone et al. 1998).
of the field of view, whereas the MECS has an unobstructed
view of Cas A, which simplifies the image analysis considey; , . .
ably. Furthermore, the MECS has a higher sensitivity aboé/é& Comparison with previous measurements
5 keV than the LECS. BeppoSAX observed Cas A five time¥je present here the first analysis of the morphology of Cas A
four observations during the performance verification phasefor photon energies in excess of 6 keV. A similar analysis was
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Fig. 2. A comparison of the MECS23 image in the silicon band (on
right) with the ROSAT PSPC image from 1.5 keV to ~ 2.3 keV
convolved with a gaussian with = 24"

Table 1. The energy ranges and number of iterations for the Lt
Richardson deconvolution used for the images. Images dominat:
line emission are labeled with the element producing the line emis
In all cases the emission consists of blends of lines of H-like and He
ions.

characterization energy range # iterations

keV
Si 1.6-2.4 440
S 2.4-29 244
Ar 2.9-3.3 158
continuum 4.0-6.0 117
Fe K 6.1-7.1 114
continuum 7.3-9.0 64
continuum 9.0-10.6 43

done with ASCA SIS0 data for energies below 6 keV (Hol
al.[1994). The advantage of the MECS instrument over AS
SIS is that it is more sensitive above 6 keV and also the P<
the MECS is simpler. The core of the MECS PSF is, howe
broader than for the ASCA SIS, so that the deconvolved ME
images in the range 1.8 keV to 6 keV do not show as m
detail as the deconvolved SIS images. Apart from the lac
detail, the MECS images below 6 keV are in agreement \
the images presented by Holt et al. (1994).

A comparison of the ROSAT PSPC image with the dec
volved silicon image provides another check on the validity
our results. As can be seen in Hig). 2 the images compare v

3. Results Fig. 3. The deconvolved MECS23 images. On tké: image domi-

. . . . nated by line emission from Si, S, Ar and Fe. Ontight: continuum
The deconvolved narrow band images are displayed i Figedyission in the energy ranges 4-6 keV, 7.3-9 keV, 9-10.6 keV and a

the energy ranges and the number of Lucy-Richardson iteya- image convolved with a Gaussian with = 24”. Note that the

tions are listed in Tab[g 1. In Fig. 3 we have ordered the imagef images are not corrected for the continuum distribution, which will

such thatimages dominated by line emission are on the left sidiect the Ar and Fe K image most.

and continuum images are on the right. For comparison we in-

cluded an archival VLA image showing synchrotron emission

at a wavelength of 21.7 cm. This image has been smoothedjyothe interstellar medium than the rest of Cas A (Keohane et

roughly the same resolution as the deconvolved MECS imagak[1998). There is also a hint in the Fe K band image that the
Itisimmediately clear that the spatial distribution of the conron line emission in the Southeast peaks further out from the

tinuum emission is different from the line emission, whereas teenter of the remnant than the line emission of Si, S and Ar. The

images relating to the line emission do not differ much from ortsplacement is about 2Qas can be seen in Fig. 4. This may

another. The silicon image is not so bright in the West, but thigdicate that the iron emission inthat area is predominantly com-

is due to the fact that this part of the remnant is more absorliad from the shocked circumstellar medium rather than from the




292 J. Vink et al.: A comparison of the X-ray line and continuum morphology of Cassiopeia A

121 ‘ ] < [
i 1 £ 1000}
1.0+ _ E F
[ N I
=2 i 1 2 10.0¢
= %) £
5 08 1 % :
C " i ~
© - 1 ¢ 1.0
806 15 i
£ i 1 3
o [ 18 o
2 0.4+ 4 7 : :
K i 1 5 10
[ , E (keV)
0.2+ -
i 1 Fig. 6.Spectrainthe energy range 4.0-10.6 keV reconstructed from the
0.0l ‘ ‘ ‘ === ] deconvolved images. The different spectra are for circular regions with
0 50 100 150 radii of 64". The vertical error bars represent 5% errors, the horizontal
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continuum emission. The dotted lines show spectra with a power law
Fig. 4. The radial profiles for the Southeastern regior’ (4370 from  index of 3. The spectra have been rescaled for reasons of clarity.

the North). The iron emission peaks about 20rther from the center

than the emission from Si, S and Ar. Table 2. The results of the analysis of the continuum and Fe K band
images (cf. Fid.J6). The errors include 5% systematic errors for the
flux measurementg: is the power law index. The index @ 6.6 keV is
based on the 4-6 keV and 7.3-9 keV images and the index @ 9.0 keV
is based on the 7.3-9 keV and 9-10.6 keV images.

Radius (arcsec)

4+

region EW Fe kv I @6.6kevV T @ 9.0keV

keV
Northeast 0.69+0.12 3.24+0.2 4.5+0.6
North 1.45+0.18 3.0£0.2 4.2+0.5
West 0.61+0.12 3.0%+0.2 3.3£0.5

South 0.17£0.09 3.3+0.2 3.2+0.5
Southeast 1.944+0.22 3.0+0.2 54+£0.5

parameters related to the spectra are listed in Table 2. The statis-
tical errors of the flux measurements are small, so the systematic
errors, which are of the order of 5%, dominate. We corrected the
iron image for the continuum contribution. Dividing this image
Fig. 5. This image (the deconvolved, continuum subtracted iron K iny the estimated continuum emission at 6.6 keV we ended up
age) shows the regions used for producing[Hig. 6. North is up. with an image approximating the equivalent width of the iron
K-shell emission (Fid.J7). The peak equivalent width in Elg. 7
of 4.7 keV is rather high, but the average equivalent width per
shocked ejecta. The lack of variation from one line image to thegion, as determined from the images, agrees with the value in
other indicates that dust depletion cannot play a major roleTable2 and spectral analysis results.
explaining the line radiation morphology, since silicon and iron The continuum in the iron band image was estimated by
can be easily dust depleted, whereas sulphur and argon canintgrpolating the 4—6 keV and 7.3-9.0 keV image to 6.6 keV
The continuum emission does vary strongly from one energgsuming a photon index of 3.0 and averaging those two con-
band to another, but the continuum images differ from the lit@uum images. The results, shown in 1. 6, Elg. 7 and Table 2,
emission images in that they all peak in the Western regionadnfirm that the line emission peaks in the North and Southeast,
the remnant, a property they share with the VLA image. whereas the continuum peaks in the West. The Western regions
In order to make more quantitative statements we concdrecomes relatively brighter at higher energies.
trate on the emission above 4 keV. Each image was corrected forlf line emission is an indication for a thermal origin of the
the bandwidth and instrument effective area, so that the pieghission, is its prominent absence a signature for synchrotron
values correspond to the approximate flux density per pixel (immission? It seems at least the most natural explanation, since
photons keV 'm~2s~!pixel~!, one pixel being 16in size). other explanations involving steep abundance gradients or ano-
With these images rough spectra at various regions were maugdous electron distributions are more far fetched. This argu-
(see Figlh for the regions). This is shown in [Elg. 6 and usefulent is supported by the observation that all the line images
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E
r=1+ T 3)
with kT, the electron temperature. So we see that the overall
value of " = 3 at 6.6 keV (cf. Holt et al. 1994) implie&,. =
1.1keVorkT, = 3.3 keV (in agreement with Vink et &l. 1996).
The thermal spectrum steepens much faster than the synchrotron
spectrum: at 9.0 keV the synchrotron model preditts 3.2,
?ﬁ whereas the bremsstrahlung model predicts- 3.8. So we
| see that some spectra fall off too rapidly to be dominated by
synchrotron emission, except the spectra of the Western and
Southern region.
It has been argued (Keohane et al. 1996) that in the Western
region the blast wave is interacting with the molecular cloud
seen in absorption towards Cas A (Bieging & Crutcher 1986).
Such an event could lead to an enhanced cosmic ray production,
but this hypothesis implies that the thermal emission should
peak in the Western region as well since there should also be
more shock heated material. The line images, which trace the
thermal component, do not support this. Because the infrared
image of Cas A (Lagage et al. 1996) does not peak in the West-
| R o oregion, depletion in dust cannot explain the relative lack of
—-0.14 4. F2  emission. Inaddition, sulphurand argon are notdepleted in dust.
However, the lack of line emission can be reconciled with an
Fig. 7.Thisimage represents the iron K-shell emission equivalent widihteraction between a molecular cloud and Cas A, if the electron
(in keV). Negative values, WhiCh are unphysical, have been remow%qnperature is too low to produce appreciable S, Ar and Fe K
atthe edge of the remnant. Pixels ar¢' 16size. line emission in this region. The electron temperature is poten-
tially low if the shock wave decelerates rapidly when entering
the dense cloud. The weak line emission originating from the
have rather similar morphologies, so if there are abundans@stern region may in that case come from the far side of Cas
gradients they should be roughly equal for all elements. NoA; where the blast wave is possibly undisturbed.
thermal bremsstrahlung does not explain the difference betweenTurning the attention now to the line images, we note sev-
the continuum morphology and the line morphology, becauseal interesting features. First of all, little line emission origi-
the electrons involved in this process should also cause lim&tes from the Southern region. Although the VLA image also
emission. The line emission does indicate, however, that thete®ws some lack of emission in that region, the near absence
is also a contribution of bremsstrahlung to the continuum. Thé line emission is rather puzzling. Another feature is that the
bending of the spectra in some regions shown in[Fig. 6 (ergorphology of the line images indicates that the remnant can be
the Southeastern and Northeastern regions) indicates thatdivided into roughly two halves, with the intersection running
continua in those regions are probably dominated by thermftbm Northeast to Southwest. Interestingly, this is also the di-
bremsstrahlung, whereas the Western and Southern regions/@ien made on the basis of X-ray Doppler shift maps (Markert
likely to be dominated by synchrotron emission. The trends vist al.[1983, Holt et al. 1994 and Tsunemi ef al. 1996). Tsunemi
ible in the continuum images make it very likely that the haret al. {1996) report that the Fe K line has larger Doppler shifts
X-ray tail above 20 keV (The et al. 1996, Favata ef-al. 199¢han the other elements, although there are some uncertainties,
Allen et al.[T997) is coming predominantly from the West adue the fact that non-equilibrium ionization effects may mimic
Cas A. Doppler shifts. If Doppler shifts are indeed larger for the Fe K
Models for the X-ray synchrotron emission of shell typ#ines, then this may be connected to the observation presented
supernova remnants (e.g. Reynolds 1997) predict that the slyere that the Fe K emission in the Southeast peaks further out
chrotron spectrum extrapolated from the radio emission shofi{dm the center than the emission from other elements. In this
cut off with a term shallower thamp(—(E%)%), with £ the case most Fe K emission in the Southeast presumably originates
photon energy and.. the cut off energy. From this we can defrom the swept up circumstellar medium, which has a larger ve-
rive that the photon indeX;, of the X-ray spectrum is given locity than the supernova ejecta heated by the reverse shock.

by:

1, F 4. Conclusion
I'= QR+ i(f

¢ We have presented narrow band images of Cas A deconvolved
with ap the radio spectral index, which is 0.78 for Cas A. Fawith the Lucy-Richardson method. There is a clear distinction

thermal bremsstrahlung the photon index is: between the morphology of the continuum emission and the

)%+ 1, )
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