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Abstract

We have performed a multi-wavelength comparison of
Cassiopeia A using Very Large Array, Hubble Space
Telescope, and Chandra X-ray Observatory images.
By separating components spectrally, we find clear
associations between the emission at the three wave-
bands. We separate the emitting material into two
components – shocked circumstellar medium (CSM)
and shocked ejecta, which show the same respec-
tive morphologies and proper motions in the different
bands. In the shocked CSM, we find matched low-
energy enhanced X-ray emission and optical quasi-
stationary flocculi, and X-ray continuum-dominated
emission matched with filamentary radio structures. In
the shocked ejecta, we find matched silicon and iron
dominated X-ray emission and optical fast-moving
knots.

1 Introduction

Cassiopeia A (Cas A) is one of the brightest X-ray and
radio sources in the sky. It is the youngest known ( �
330 per year, Thorstensen, Fesen & van den Bergh,
2001) Galactic supernova remnant (SNR) and is about
3.4 kpc away (Reed et al., 1995). It was most likely
the result of either a type Ib or IIn supernova explosion
(Chevalier & Oishi, 2003). At radio, X-ray, and opti-
cal wavelengths (see Fig. 1), Cas A consists of a 3 � � 5
diameter bright ring of emission with a fainter X-ray
and radio plateau extending to � 5

�
. The X-ray emis-

sion is dominated by a thermal spectrum consistent
with highly ionized ejecta. The radio emission results
from synchrotron radiation from electrons. The optical

emission results from chemically enriched ejecta and
circumstellar media (CSM).

The mean rate of expansion of the radio knots is 0.11%
yr ��� with variations of up to a factor of two as a
function of azimuth (Anderson & Rudnick, 1995; Ko-
ralesky et al., 1998; Tuffs, 1986). The radio knots have
been significantly decelerated relative to the X-ray and
optical emission and are not in homologous expansion
– some even show inward motions. The optical emis-
sion in Cas A arises from slow-moving ( �� 500 km s ��� )
quasi-stationary flocculi (QSFs) and fast moving knots
(FMKs, 4000–6000 km s ��� , � 0.3% yr ��� , Kamper
& van den Bergh, 1976; van den Bergh & Kamper,
1985). The QSFs are thought to be shocked CSM from
the wind of the progenitor while most of the FMKs
are located on the bright ring and represent emission
from ejecta. There are also outlying knots with veloc-
ities from 8000–15,000 km s ��� ( � 0.3% yr ��� , Fesen,
2001).

Previous X-ray proper motion measurements, con-
ducted with EINSTEIN and ROSAT at a resolution of
5
� �
, showed that the mean expansion rate was 0.2%

yr ��� (Koralesky et al., 1998; Vink et al., 1998). This
established a difference in expansion rates for the co-
spatial bright ring of approximately 3:2:1 for the opti-
cal, X-ray, and radio, respectively (Thorstensen, Fesen
& van den Bergh, 2001, and references therein). The
factor of two discrepancy between the X-ray and radio
expansion has also been found in both Kepler’s SNR
(Hughes, 1999; Dickel et al., 1988) and Tycho’s SNR
(Hughes, 2000).
With the advent of Chandra, we are now able to mea-
sure proper motions with unprecedented spatial res-
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Figure 1: Left: Radio 6cm VLA image, Center: Chandra 0.3–10keV X-ray image (square root intensity scale), Right: HST
optical image showing primarily the emission lines of [S II], [O II], [O I], and [N II] (square root intensity scale).

olution. The results for the forward shock filaments
around the outer edge of the remnant showed a mean
expansion rate of 0.21% yr ��� (DeLaney & Rudnick,
2003), the same as the bright ring. In this paper we
extend the X-ray proper motion analysis to the rest of
the SNR, identify spectrally distinct X-ray components
with radio and optical counterparts, and interpret the
proper motions based on these spectral components.

2 Distinct X-ray spectral components

The X-ray emission can be classified into four ma-
jor spectrally distinct components: Si-dominated,
Fe-dominated, low energy (LowE) enhanced, and
continuum-dominated. The Si-, Fe-, and continuum-
dominated classes were previously identified by
Hughes et al. (2000). Representative spectra are shown
in Fig. 2. The Si-dominated emission has very strong
line emission from Si and S as well as O, Ca, Ar,
and Mg. The Fe-dominated spectrum has strong Fe
L and Fe K emission and may in some cases have al-
most pure Fe emission (Hwang & Laming, 2003; Lam-
ing & Hwang, 2003). The LowE-enhanced emission
shows a relative increase in emission at low energies
( � 0.8–1.6 keV) compared to the global spectrum. The
continuum-dominated emission shows little or no line
emission and an increase in 4–6 keV emission relative
to the global spectrum.
To spatially visualize the spectral components, we used
spectral tomography. The spectral tomography tech-
nique involves taking differences between images from
two different energies with a scale factor chosen to ac-
centuate features of interest. In Fig. 3 we show four
tomography images each representing the dominant
spectral type indicated by the spectra in Fig. 2. For

details related to the tomography image construction,
see DeLaney et al. (2004).

The Si-dominated and Fe-dominated tomography im-
ages basically reproduce the spatial distributions of Si
and Fe as shown by the equivalent width images in
Hwang, Holt & Petre (2000). However, there is sig-
nificant absorption of low energy X-ray emission to
the west (Keohane, Rudnick & Anderson, 1996; Will-
ingale et al., 2002) making it difficult to properly rep-
resent the actual Si and Fe emission present there.
The continuum-dominated image highlights the for-
ward shock filaments around the outer edge of the rem-
nant as described by Gotthelf et al. (2001) and also
shows filamentary emission across the face of the rem-
nant. Hughes et al. (2000) speculated that the apparent
interior continuum-dominated filaments result from X-
ray synchrotron emission associated with the forward
shock. The continuum-dominated image matches the
8–15 keV XMM-Newton continuum image (Bleeker
et al., 2001), especially in the west, indicating that
there may be a strong non-thermal component to the
continuum-dominated X-ray emission. The LowE-
enhanced image represents a newly identified compo-
nent of the X-ray emission. In addition to emission
in the interior of the remnant, a southern arc is clearly
visible.

3 X-ray proper motions

High resolution X-ray proper motions were measured
between the 2000 and 2002 Chandra images as de-
scribed in DeLaney et al. (2004). Histograms show-
ing the radial expansion rates broken down by spectral
class are shown in Fig. 4. Also included for complete-
ness are the expansion rates from the twenty-nine for-
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Figure 2: Chandra ACIS-S spectra of Cas A showing the
global spectrum and typical spectra for the four spectral
classes identified in the text.

Figure 3: Right: Representative tomography images used
to spatially identify emission from the four classes whose
spectra are shown in Fig. 2.

ward shock filaments presented in DeLaney & Rudnick
(2003). Although the expansion rate distribution of the
knots and filaments is very broad, when broken down
by spectral class, it is clear that each species has its
own characteristic expansion rate.
The Si- and Fe-dominated ejecta knots have the fastest
expansion rates with a mean value of 0.2

�
0.01% yr ��� .

This does not mean that the two populations have the
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Figure 4: Histograms of X-ray expansion rates in Cas A
broken down by spectral class. Arrows show the average
measurement error for each population. Dashed lines mark
the mean expansion rates for the Si-dominated and LowE-
enhanced populations. The free expansion rate is 0.3%
yr 	�
 . The “exterior” continuum-dominated filaments are
from DeLaney & Rudnick (2003).

same average velocity. The Si-dominated knots are at
an average radius of 95

� �
which converts to a veloc-

ity of 3100 km s ��� for a distance of 3.4 kpc to Cas A.
The Fe-dominated knots lie further out on average at
a radius of 120

� �
yielding an average velocity of 3900

km s ��� for the same expansion rate. These velocities
are faster than the Doppler velocities of 2000–3000
km s ��� for the Chandra Si emission (Hwang et al.,
2001), � 1000 km s ��� for the XMM-Newton Si and S

Figure 5: Radio emission filtered to enhance edges (left)
and continuum-dominated X-ray emission (right) for a re-
gion west and south of the center of Cas A. There are
significant correlations between the radio emission and
the continuum-dominated X-ray emission as shown by the
green lines.

Figure 6: Scatter plots showing the proper motions (left:�� , right: ��� ) for all spatially matched X-ray and radio
knots including both continuum-dominated and ejecta X-ray
knots.

emission, and � 1500 km s ��� for the XMM-Newton
Fe K emission (Willingale et al., 2002). The slightly
faster Fe Doppler velocity compared to Si and S agrees
with our result that the Fe knots have a higher velocity
than the Si knots. The mismatch of Doppler velocities
and expansion rates is not surprising since they would
match only if the ejecta were uniformly distributed,
which is not the case (Willingale et al., 2002).

The continuum-dominated knots and filaments are
classified as “exterior” and “projected interior” where
the exterior features are the forward shock filaments
around the edge of the remnant. The exterior features
have a mean expansion rate of 0.2

�
0.01% yr ��� while

the projected interior features have more chaotic be-
havior with large variations in expansion rate and ap-
parent inward motions. Most of the inward motions
are concentrated to the south and west between 170 �
and 300 � azimuth where the radio proper motion mea-
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Figure 7: Left: LowE-enhanced X-ray image with red crosses marking the positions of QSF knots identified in the
continuum-subtracted H � image (center, adapted from Fesen (2001)). Right: close up of one such matched QSF (bottom)
and X-ray knot (top) near � (J2000) = 23 � 23 � 19 � , � (J2000) = 58 � 49 � 3 �� � 8.

surements also show inward moving features (Ander-
son & Rudnick, 1995). The LowE-enhanced knots are
moving quite slowly with a mean expansion rate of
0.05

�
0.01% yr ��� .

4 Radio and continuum-dominated X-rays

Just as the forward shock filaments identified by Got-
thelf et al. (2001) are associated with the edge of the ra-
dio plateau, the continuum-dominated filaments across
the face of the remnant are associated with edges and
filaments of radio emission as shown in Fig. 5. Fur-
thermore, where X-ray and radio features match, the
proper motions match as well as shown in Fig. 6. The
interior continuum-dominated filaments have the same
X-ray spectral shape as the exterior forward shock
filaments and both are associated with steep radio
spectral index features (Anderson & Rudnick, 1996).
Based on these similarities, we propose that the interior
continuum-dominated filaments are projected forward
shock filaments.

The projected interior filaments are not evenly dis-
tributed across the face of the remnant, but rather are
concentrated to the west where there is significant X-
ray absorption (Keohane, Rudnick & Anderson, 1996;
Willingale et al., 2002). The “inward” motions and the
motions seemingly faster than free expansion are con-
sistent with the forward shock illuminating the CSM as
it expands into and interacts with the clumpy, nonuni-
form environment. When seen face on, the forward
shock motions appear chaotic. We may also be observ-
ing a more complex pattern which includes both mo-
tions and changes in synchrotron brightness as CSM

clumps are enveloped by the forward shock causing
magnetic field amplification in shear layers and turbu-
lent wakes (Jones & Kang, 1993).

The interior continuum-dominated filaments have also
been interpreted as non-thermal bremsstrahlung emis-
sion associated with the ejecta/reverse shock (Bleeker
et al., 2001). The XMM-Newton hard X-ray contin-
uum images show that the emission in the west is much
brighter than the forward shock filaments which may
indicate that the two continuum-dominated popula-
tions have different emission processes. If the interior
filaments are internal to the SNR, they are unlikely to
have significant X-ray synchrotron emission because
the high magnetic filed strength will cause rapid aging
of electrons at X-ray energies (Vink & Laming, 2003).

5 Optical QSFs and LowE-enhanced X-rays

Spatially, many of the LowE-enhanced X-ray features
match very well with optical QSF emission, particu-
larly the arc to the south, the emission just to the exte-
rior of the bright ring to the northeast, and much of the
interior emission as shown in Fig. 7. Where QSF and
LowE-enhanced features match, the proper motions
also match as shown in Fig. 8. Based on the spatial
and dynamical similarities, we propose that the LowE-
enhanced X-ray emission, like the optical QSF emis-
sion, represents the clumpy component of the CSM
that was deposited by the wind from the massive pro-
genitor.
Despite the fact that matched features show the same
proper motions, on average, QSFs show little or no
motion (van den Bergh & Kamper, 1985) while the
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Figure 8: Scatter plots showing the proper motions (left:�� , right: ��� ) for spatially matched X-ray and optical QSF
knots.

mean expansion rate of the LowE-enhanced knots is
0.05

�
0.01% yr ��� . The difference in expansion rates

between the optical QSF population and the X-ray
LowE-enhanced population might be due to a pre-
existing density distribution in the progenitor wind
(Chevalier & Oishi, 2003). On average, less dense X-
ray clumps may be accelerated more by the forward
shock than more dense optical clumps. A softer X-ray
spectrum is expected as slow shocks propagate through
dense clumps producing a spectrum with a cooler char-
acteristic temperature (Hester & Cox, 1986; Park et al.,
2003).

There is also LowE-enhanced emission which has no
QSF counterparts such as in the southeast. This may be
because the low energy spectral region contains emis-
sion lines of O, Fe, Ne, and Mg, making it is possible
that some of the emission in the LowE-enhanced image
is due to more than one spectral component.

6 Ejecta emission

Our new, high-resolution proper motion measurements
show that the X-ray ejecta are moving slower on aver-
age than the co-spatial optical ejecta and faster on av-
erage than the co-spatial radio knots as was observed
previously with EINSTEIN and ROSAT (Koralesky et
al., 1998; Vink et al., 1998). There are a small num-
ber of matched X-ray/optical and matched X-ray/radio
knots which have the same motions as shown in Fig. 9
and Fig. 6, respectively. The X-ray/optical population
difference is thought to be due to the density difference
between the two populations (Anderson et al., 1994;
Hwang et al., 2001; Fesen, 2001; DeLaney & Rudnick,
2003). High density ejecta are not very decelerated
and thus are not significantly disrupted, allowing the

Figure 9: Scatter plots showing the proper motions (left:�� , right: ��� ) for spatially matched X-ray and optical FMK
knots.

ejecta to cool rather quickly and emit at optical wave-
lengths. Low density ejecta experience more deceler-
ation, and are heated to higher temperatures. These
ejecta emit at X-ray wavelengths and may experience
significant disruption before they can cool to optically
emitting temperatures. The radio emission arises from
synchrotron radiation, which requires amplification of
magnetic fields to be strong enough for the emission to
be seen. This amplification likely results from the tur-
bulence associated with the deceleration of the ejecta.
If significant deceleration is needed for amplification,
radio emitting knots would be decelerated the most.

Of particular interest is the fact that the Si- and Fe-
dominated ejecta have experienced the same apparent
fractional deceleration in their expansion rate (from
free expansion at 0.3% yr ��� to 0.2% yr ��� ). The Fe-
rich emission (which results from explosive silicon
burning near the core of the progenitor) is on average
exterior to the Si-group emission (which results from
explosive oxygen burning farther out from the star’s
center). This spatial separation might arise from either
a difference in the initial ejection velocities or from a
difference in deceleration after interaction with the re-
verse shock. In either case, one would not necessarily
expect the Si and Fe to have been decelerated by the
same fractional amount. Furthermore, the X-ray ejecta
have the same expansion rate as the forward shock fil-
aments (i.e., homologous expansion on average), per-
haps implying that the two populations are part of a
coupled dynamical system in which the pressure in the
X-ray ejecta is determined by the forward shock speed;
although this does not explain why the optical ejecta
would not be affected. Even if initially the ejecta were
not coupled to the forward shock speed, after interac-
tion with the reverse shock and secondary shocks, the
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ejecta may now be expanding with the forward shock
(Laming & Hwang, 2003).

7 Conclusion

In summary, both the high-resolution X-ray proper
motion measurements and the X-ray spectral classes,
show that the X-ray emission can be separated into
shocked CSM and shocked ejecta. The shocked CSM
can be further separated into a clumpy and a diffuse
component. Each component has a distinct kinematic
signature. The ejecta component consists of both Si-
and Fe-dominated emission populations, is associated
with optical FMK emission, and has experienced sig-
nificant decelerated relative to the FMKs. The greater
deceleration of the X-ray ejecta on average compared
to the optical ejecta is due to the relatively lower
densities in the X-ray material. The clumpy CSM
component consists of slow-moving LowE-enhanced
emission and is analogous to optical QSF emission.
The diffuse CSM may be associated with continuum-
dominated emission from material swept up by the
forward shock. The projected interior continuum-
dominated filaments have chaotic motions which may
be explained by an interaction with the absorbing CSM
in that region. The X-ray ejecta has the same expansion
rate as the exterior forward shock filaments suggesting
a dynamic coupling between the forward shock and the
ejecta.
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