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A MILLION SECOND CHANDRA VIEW OF CASSIOPEIA A
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ABSTRACT

We introduce a million second observation of the supernova remnant Cassiopeia A wthatig¥a X-Ray
Observatory. The bipolar structure of the Si-rich ejecta (northeast jet and southwest counterpart) is clearly evident
in the new images, and their chemical similarity is confirmed by their spectra. These are most likely due to jets
of ejecta as opposed to cavities in the circumstellar medium, since we can reject simple models for the latter.
The properties of these jets and the Fe-rich ejecta will provide clues to the explosion of Cas A.

Subject headings: supernova remnants — supernovae: general — X-rays: individual (Cassiopeia A) —
X-rays: ISM

1. INTRODUCTION (DeLaney & Rudnick 2003; DeLaney et al. 2004). The remnant
.. is believed to have lost most of its progenitor mass prior to
The young core-collapse supernova remnant Cassiopeia Agyplosion at~4 M., (e.g., Willingale et al. 2003; Chevalier &
is a unique astrophysical laboratory for studying ejecta and gigp; 2003; Laming & Hwang 2003).
shocks in remnants because of its brightness across the elec- o 1 Ms observation of Cas A was performed as a Very
tromagnetic spectrum_and its_ well-constrained age and distanceLarge Project (VLP) inChandra Cycle 5. It was largely mo-
Earlier X-ray observations with théhandra Observatoryhave  {jyated by two papers (Laming & Hwang 2003, hereafter LHO3;
already produced significant results, such as the d|scov_ery ‘?waang & Laming 2003, hereafter HLO3), which us€tian-
the compact stellar remnant (Tananbaum et al. 1999), identi-gr 55 subarcsecond angular resolution to isolate compact ejecta
fication of major types of nucleosynthesis products (Hughes etfaatyres in Cas A. Since the reverse shock crosses these knots
al. 2000; Laming & Hwang 2003; Hwang & Laming 2003), i, 4 very short time compared to the age of the remnant, the
measurement of magnetic fields (Vink & Laming 2003), iden-  gyiracted knot spectra can be characterized with a single elec-
tification of the forward and reverse shocks (Gotthelf et.al. tron temperature and ionization age. These are then straight-
2001), and measurement of small-scale proper motionsiorwardly compared to model results to infer details of the
ejecta density profile, the explosion asymmetry, and with fur-
1NASA GSFC, Code 662, Greenbelt, MD 20771; hwang@milkyway ther modest assumptions, the Lagrangian mass coordinates of
-gsfc.nasa.gov, rob@milkyway.gsfc.nasa.gov, rsmith@milkyway.gsfc.nasa.gov. ejecta structures. With earli@handra observations, individual
- University of Maryland, College Park, MD 20742. ejecta knots could not always be isolated when spectra were

*Naval Research Laboratory, Code 7674L, Washington, DC 20375; . .
jlaming@ssds.nrl.navy.mil. extracted over several image resolution elements. A 1 Ms ex-

4 Institut d’Estudis Espacials de Catalunya, Edifici Nexus, Gran Capita 24, posure allows nearly every pixel of the ACIS CCD image of
Desp. 2-4, E-08034 Barcelona, Spain; badenes@ieec.fcr.es. Cas A to provide a spectrum for fitting. Revisiting the work
®Naval Research Laboratory, Code 7655.7, Washington, DC 20375; of L HO3 and HLO3 with a larger selection of Cas A ejecta

fberendse@ssd5.nrl.navy.mil. . . . . A
“North Carolina State University, Box 8202, Raleigh, NC 27695: knots would be the first full analysis of its kind and a significant

john_blondin@ncsu.edu. effort that is well beyond the scope of this Letter. In this in-
7 George Washington University, Washington, DC 20052; professor@ troductory Letter, we present new images, highlight some re-
cioffi.us. sults immediately revealed by the deep pointing, and indicate

8 University of Minnesota, 116 Church Street, Southeast, Minneapolis, MN i sl
55455: tdelaney@astro.umn.edu, larry@astro.umn.edu. areas of future work where significant findings are expected.

9 Center for Space Research, Massachusetts Institute of Technology, 70 Vas-
sar Street, Building 37, Cambridge, MA 02139; dd@space.mit.edu, kaf@
space.mit.edu.

* Dartmouth College, 6127 Wilder Lab, Hanover, NH 03755; fesen@ - . . .
snr.dartmouth.edu. Cas A was observed for 1 Ms with the back side—illuminated

'l os Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 93 chip of the Advanced CCD Imaging Spectrometer (ACIS)

2. OBSERVATIONS AND DATA REDUCTION

87545; fryer@lanl.gov. on the Chandra Observatory. The first 50 ks segment was
12\_]ohns Hopkins University, 3400 Charles Street, Baltimore, MD 21218; completed between 2004 February 8 and 9, with the same
parviz@pha.jhu.edu, ravi@pha jhu.edu. pointing, frame time (3.2 s), and roll angle (32%s for two

3 Rutgers University, 136 Frelinghuysen Road, Piscataway, NJ 08854; . ! - .
jackph@physics.rutgers.edu, jesawyer@physics.rutgers.edu. earlier 50 ks ACIS observations to facilitate proper-motion

14 Arizona State University, Box 871504, Tempe, AZ 85287; jon.morse@ Studies. The remaining 950 ks were executed in eight segments
asu.edu. between 2004 April 14 and May 6 with a 3.0 s frame time and
** Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge,ng rg|| angle constraints (the roll angles drifted from® 46
MA 02138; plucinsk@head.cfa.harvard.edu, slane@head.cfa.harvard.edu. p P . . .
© lowa State University, Ames, IA 50011: mkp@iastate.edu. 65°). The aim pointin the f|rst’50 ks segment (and in the earlier
17 SRON National Institute for Space Research, Sorbonnelaan 2, NL-3584 50 KS observations) is roughly9 southeast of the point source,

CA Utrecht, Netherlands; j.vink@sron.nl. while it is 24 northeast in the remaining segments. Cas A’s
L117
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Fic. 1.—Top: Three-color image of Cas A with ree- Si Hex (1.78-2.0 keV), blue= Fe K (6.52-6.95 keV), and greea 4.2—6.4 keV continuum. The
remnant is roughlys’ acros&ottom left: Overexposed broadband image showing faint features. The spectral regions are indégateft ifox: northeast jet;
bottom left box: Fe-rich region; lines at bottom right point to two southwest jet filaments). Smearing associated with CCD readout causes the low surface brightness
artifacts outside the remnant to the southeast and northBetsom right: On the same scale, the ratio image of the SixH&.78-2.0 keV) and 1.3-1.6 keV (Mg
Hex, Fe L), without subtraction of the continuum contribution. The image highlights the jet and counterjet traced by Si emission, although featuoegeat th
intensity levels are uncertain.

high count rate requires the use of only a single CCD chip and 3. RESULTS
accumulation of the data in GRADED mode to avoid telemetry
loss. The spectra thus cannot be corrected to reduce the effects Overview.—A three-color composite of Cas A in Si He
of charge transfer inefficiency. (1.78-2.0 keV;red), Fe K (6.52—-6.95 keVplue) and 4.2—

We retain only events with energies from 0.3 to 10 keV and 6.4 keV continuum emissiomg een) is shown in Figure 1t6p).
apply time-dependent gain corrections for the S3 chip. Time The images have not been smoothed nor the continuum con-
segments with background flares were excluded by makingtribution removed (i.e., the images contain both line and con-
consistent count rate cuts based on the off-source light curvetinuum photons). The figure shows that the filamentary 4—
The filtered data set contained 282 million photons over the 6 keV continuum emission is fragmented, but circular overall,
5" extent of Cas A and had an exposure time of 980 ks. and present throughout the remnant image (see also Gotthelf
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et al. 2001). Most of this emission is probably synchrotron

emission generated at the forward shock. The reverse-shocked - i

ejecta emission, by contrast, is highly noncircular, with the - :

prominent linear jets of Si-rich ejectan(red) in the northeast, -

their fainter counterparts to the southwest, and Fe-rich ejecta © R

fingers (n blue) extending to the forward shock inthe southeast 5 _ 1%

(see also Hughes et al. 2000; Hwang et al. 2000). S 9% =5
The image revealed several faint point sources around the = © 15 ©

remnant that matched the positions of optical stars, thereby < 7 1 =

permitting accurate coordinate transformation of the imagerel- 3 = i3 ©

ative to the USNO-A2.0 catalog. The resulting measured po- < 1 o

sition of the remnant’s central X-ray point source was found ok s

to be o = 23"23" 27.945+ 008, § = 58°48' 4245 + 06 i -

(J2000.0) (see R. A. Fesen et al. 2004, in preparation). T L L T L 1, L
The overexposed broadband image shown in Figubetion = 1 2 5 = ] 2 5

left) highlights faint features in Cas A, including the jet structures channel energy (keV) channel energy (keV)

in the northeast and southwest. An X-ray jet counterpart in the

southwest had been hinted in earli€handra observations Fic. 2.—Left: Comparison of spectrum of a filament in the northeast jet

(Hwang et al. 2000) but is clearly evident in the new image. It scaled by a factor of 15 and the summed spectrum of two filaments in the
is further highlighted in the ratio image of Sin Hex (plus Eg?ﬁhgvigsltailoggge%eg?hg Ehaf ggé“i?tﬁnegg Z;&c’:gmgéggtsgg‘?%‘;;’s and
continuum, 1.78-2.0 keV) relative to _the 13-16 kefv band Comparison of Fe cloud spectrum in summed 50 ks ACIS observations of
(mostly weak Mgxt and Fe L plus continuum) shown in Fig- 2000 and 2002 January (scaled by 15) and VLP ACIS observations from 2004,
ure 1 pottom right; see also Vink 2004). The southwest jet confirming the relative purity of the Fe, seen in both line and continuum
filaments are fainter, have a larger opening angle on the sky, angmission.
do not extend as far inward as their northeast counterparts. Al-
though the point source is clearly offset relative to the jets as ashock trajectories by Truelove & McKee (1999) as imple-
whole (Fig. 1,bottom right), it is well aligned with the longest  mented by LHO3 (but for lower circumstellar medium density)
northeast filament and the lower of two straight southwest fil- show that the forward shock decelerates very slowly in a local
aments marked in Figure bdttom left). A bipolar ejecta struc-  cavity. The reverse shock is thus not strong enough to progress
ture is already known from optical spectral observations (Fesenthrough enough ejecta to yield the relatively high ionization
2001) that reveal high-velocity>10,000 km §%) ejecta knots age observed for the plasma in the jetlike region of Cas A. We
beyond the forward shock in the jet regions and is now also tentatively conclude that Cas A was formed by an asymmetric
seen in 24um dust emission (Hines et al. 2004). explosion that produced jets of ejecta, although more detailed
The chemical similarity of the jets is demonstrated by their work is required for confirmation. This conclusion is corrob-
spectra, shown in Figure 2€ft). Both the spectrum from a  orated by the chemical enrichment and high expansion veloc-
filament in the northeast jet and the summed spectrum of twoities of the optically emitting jet knots (Fesen 2001). Since the
southwest jet filaments (all at similar radial distan¢d 8om optical ejecta knots are generally accepted as being minimally
the compact source) show strong Si, S, Ar, and Ca emission,decelerated by the circumstellar medium, an origin in the ex-
as well as a Fe K blend. Their thermal characteristics are alsoplosion mechanism is suggested for the jet knots, which have
similar, with preliminary spectral fits to simple models with an significantly higher velocities than elsewhere.

underlying O continuum giving temperatutésof ~1-1.5 keV Interesting questions then arise as to the nature and energetics
and ionization ages,t a few times'i@m—s. These knots  of the jets. A jet-induced explosion (e.g., Khokhlov et al. 1999)
resemble the typical Si/O-rich knots studied by LHO3. requires an overdense jet to explode the star and is expected

In the southeast, where extremely Fe-rich material has beento leave large amounts of Fe ejecta in the jet regions. This
observed, the spectrum of the highly Fe-rich cloud discussed incontradicts existing X-ray and optical observations of Cas A
HLO3 is confirmed by the VLP spectrum shown in Figure 2 (e.g., Hughes et al. 2000; Fesen 2001). Furthermore, the kick
(right) to be virtually pure Fe. The spectrum is dominated by direction for the compact object that is inferred from the mo-
Fe L and Fe K line blends and Fe continuum. Highly Fe-rich tions of optical knots (Thorstensen et al. 2001) is aling
ejecta are sites of complete Si burning in the explosion and maythe jet axis, as would be expected, but is instead perpendicular
also harbor some of tHéTi known to have been synthesized in toit. Alternatively, an underdense relativistic jet could be driven
a-rich freezeout (lyudin et al. 1994; Vink et al. 2001; Vink & by a collapsar (see Zhang et al. 2004; Nagataki et al. 2003).
Laming 2003). As such, they originated close to the explosion In this scenario, the ejecta knots observed in the jet regions
center and are very sensitive to the details of the explosion. HLO3could be pulled off at the interface of the jet and ambient ejecta
estimate that a few percent of the total Fe ejected by the explosiorplasma and are unlikely to be Fe-rich. Collapsars are believed
is currently visible in X-rays, which is similar to the fraction of to produce superenergetic explosions (iyeray bursts), but
Ni inferred to have been mixed out into the envelope of SN estimates of the explosion energy for Cas A by LHO3 at
1987A by Rayleigh-Taylor instabilities during its explosion (2—4) x 10°* ergs suggest that it was closer to a normal su-
(Pinto & Woosley 1988). Identification and modeling of other pernova and therefore unlikely to have actually produced a
Fe-rich regions will be the focus of future work and will offer ~-ray burst (Podsiadlowski et al. 2004).
the best comparisons with theoretical models for Fe production. Asymmetries in normal supernova explosions are much milder

The nature of the jets—Jet structures can result from an (Fryer & Heger 2000; Scheck et al. 2004). Whether these ex-
explosion into local cavities of the interstellar medium formed plosions can produce the observed asymmetry depends sensi-
by asymmetric winds in the late evolutionary phases of the tively on the exploding star. Asymmetries are effectively erased
progenitor star (Blondin et al. 1996). However, models of the if the star retains much of its hydrogen envelope (see Chevalier



L120 HWANG ET AL. Vol. 615

& Soker 1989 for the case of 1987A). Loss of the hydrogen 4. CONCLUSIONS
envelope could allow asymmetries to persist through breakout,
and this may explain the jetlike structures in Cas A, sinceitwas A new million second observation of the supernova remnant
much less massive at explosion than the progenitor of SN 1987A.Cassiopeia A has been obtained with the S3 CCD detector on
Although these arguments are speculative, we expect to reactthe Chandra X-Ray Observatory. The ejecta have a bipolar struc-
much firmer conclusions through spectroscopy of faint jet knots ture, implying jets that were formed by the explosion. For such
with the VLP data and by coupling hydrodynamics with a treat- asymmetries to survive beyond the outer layers of the star, the
ment of the ionization balance and electron heating. explosion at its source must have an extreme collimation cur-
Point source—The deep image gives no evidence for an ex- rently found only in hypernova models. Relativistic jets may
tended pulsar wind nebula surrounding the point source. As ray-indeed be indicated by the lack of appreciable Fe in their X-ray
tracing simulations confirm, the slightly extended appearance ofspectra, but the total inferred explosion energy for Cas A is closer
the point-source image can be explained by the change in theto that of a normal supernova. Cas A thus provides good evidence
slightly off-axis position of the point source caused by the vary- that jets may also be produced by normal supernovae. The Fe
ing spacecratft roll angle in each individual observation segment.ejecta observed elsewhere in the remnant hold clues to the nu-
Detailed analysis of the compact source, including spectracleosynthesis that took place during the explosion. Addressing
and timing, will be presented in a future paper. Here we simply these kinds of questions with detailed modeling and analysis of
note that the best single-component model is a blackbodythese data should provide insights into the explosion of Cas A.
(x? = 493.7for 315 degrees of freedom) far; = (4.89 +
0.07) x 10° K, an emitting surface with radiuRR;, =
0.83+ 0.03km, and an absorbing column &f, = (1.25+ We thank Alexei Khokhlov for scientific discussion and the
0.03) x 10%* cn® As in previous studies, the temperature is referee for helpful suggestions. This work is supported by a
higher than expected from cooling models for330 yr old  grant from the CXC GO program; J. M. L. was also supported
neutron star, and the inferred size of the emitting region is by basic research funds of the Office of Naval Rese#rch.
small. Emission from discrete hot spots on the stellar surface
may be indicated (Pavlov et al. 2000; Chakrabarty et al. 2001). ¢ For more information about the Cas A VLP, see http:/lheawww.gsfc

A power-law model for the spectrum can be rejected. .nasa.gov/users/hwang/casavip.html.
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