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ABSTRACT

A deep optical survey of the Cassiopeia A supernova remnant has revealed dozens of new emission-
line ejecta knots out beyond the remnantÏs bright nebular shell. Most of the newly detected knots exhibit
a 4500È7500 spectrum dominated by [N II] jj6548,6583 line emissions. After accounting for possibleA�
decelerations, the estimated space velocities for about four dozen of these [N II] knots suggest a nearly
isotropic ^10,000 km s~1 ejection velocity. However, a small group along the southwestern limb show
signiÐcantly higher velocities of up to 12,000 km s~1. Over 20 outlying O ] S emission knots were also
discovered, mostly along the remnantÏs western limb. These knots have optical spectral properties like
those seen in the main shellÏs metal-rich ““ fast-moving knots ÏÏ but with much higher estimated space
velocities of between 7600 and 12,600 km s~1. Discovery of these knots means that the remnantÏs
highest-velocity, O ] S debris are not conÐned to just the remnantÏs northeast ““ jet.ÏÏ [S II] jj6716,6731
emissions dominate the spectra of these knots above an expansion velocity of 11,000 km s~1. A few
““ mixed emission knots,ÏÏ which show both strong nitrogen and sulfur line emissions, were also detected
along the remnantÏs western rim. The properties of these outlying debris knots suggest a turbulent super-
nova expansion in which the innermost S-rich layers were ejected up through overlying material in
certain regions, attaining Ðnal outward velocities greater than the starÏs N and He-rich surface layers.
The detection of such high-velocity, sulfur-rich ejecta only along the remnantÏs northeast and southwest
limbs further suggests an asymmetric expansion, possibly bipolar. A turbulent expansion may help
explain the creation of the observed mixed emission knots. It is unclear, however, if mixed knots rep-
resent truly microscopically mixed debris or are simply small, comoving clusters of chemically distinct
ejecta.

Subject headings : ISM: individual (Cassiopeia A) È ISM: kinematics and dynamics È
supernova remnants

On-line material : machine-readable tables

1. INTRODUCTION

Studies of young Galactic supernova remnants (SNRs)
o†er chemical and kinematic information for supernova
(SN) ejecta on much Ðner spatial scales than possible from
either extragalactic SN or SNR investigations. Though only
a small fraction of a starÏs ejected mass may be detectable
centuries after the initial SN outburst, much still can be
learned about the details of a SNÏs explosion dynamics by
studying its ejecta fragments, particularly those with the
highest velocities. The chemical composition and expansion
properties of a SNRÏs highest-velocity, outermost ejecta can
provide useful clues regarding the nature of the progenitor
star, evidence for possible asymmetries of the explosion, and
information on the abundances of certain key elements gen-
erated by the explosive nucleosynthesis. The physical
dimensions, organization, and morphology of a SNÏs outer
debris can also give unique empirical data on the formation
and evolution of SN ejecta. In cases where sufficient circum-
stellar matter is present, it may also be possible to investi-
gate a progenitorÏs mass-loss history and evolutionary
phase just prior to outburst.

Because ejecta knots in young SNRs often possess rela-
tively high densities and low electron temperatures
(n D 103h4 cm~3, T D 103h5 K), optical investigations are a
particularly useful means for exploring clumps of ejecta.
High-velocity knots of SN debris can be shock-excited and
ionized, and thus made optically visible, as they interact
with either the main and reverse shocks or with the sur-
rounding interstellar medium.

With a current age of ^320 yr, the remnant Cassiopeia A
(Cas A) is the youngest Galactic SNR known. Quickly rec-
ognized as being the brightest radio source in the northern
sky at low frequencies (Reber 1944 ; Ryle & Smith 1948),
coincident optical emission was soon identiÐed by Baade &
Minkowski (1954). Finding numerous optical Ðlaments with
radial velocities º3000 km s~1, large internal motions, and
unusual line ratios, they surprisingly did not recognize it at
Ðrst as a young supernova remnant despite prior sugges-
tions along those lines (Parenago & Shklovsky 1952 ; Shk-
lovsky 1953). Subsequent optical studies revealed it to be a
remarkable SNR in terms of its chemical and kinematic
properties (Minkowski 1959, 1968 ; van den Bergh 1971 ;
Peimbert & van den Bergh 1971).

There is now considerable evidence from optical, infra-
red, and X-ray abundance analysis that Cas A is the
remnant of a massive star (Chevalier & Kirshner 1978,
1979 ; Tsunemi et al. 1986 ; Jansen et al. 1988 ; Douvion et al.
1999). A WN-type Wolf-Rayet star of mass 10È30 hasM

_
been most often suggested as the likely progenitor (Langer
& El Eid 1986 ; Fesen, Becker, & Blair 1987 ; Fesen, Becker,
& Goodrich 1988 ; Langer, & Mac LowGarc•� a-Segura,
1996), with indications for a high, pre-SN mass-loss rate
(Vink, Kaastra, & Bleeker 1996).

An estimated explosion date of A.D. 1658 ^ 3 yr was
derived from extensive, multiyear studies of its expanding
bright optical nebulosity (Kamper & van den Bergh 1976 ;
van den Bergh & Kamper 1983). However, the Cas A super-
nova outburst may have actually been sighted by Flamsteed
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in A.D. 1680 (Ashworth 1980). This later date is more consis-
tent with estimates of around 1671È1677 based on studies of
the remnantÏs less decelerated, outer knots (Kamper & van
den Bergh 1976 ; Fesen, Becker, & Blair 1987, hereafter
FBB87 ; Fesen, Becker, & Goodrich 1988, hereafter
FBG88).

Located at and lying at an estimatedl \ 111¡.7, b \ [2¡.1
distance of kpc (Reed et al. 1995 ; thus 1@ \ 0.99 pc),3.4

~0.1
`0.3

Cas A appears as a ^2 pc radius shell of bright emission
possessing several distinctive types of optical knots (see
Table 1). Large proper motion, high radial velocity ejecta
called ““ fast-moving knots ÏÏ (FMKs; v \ 4000È6000 km
s~1) show strong O, S, and Ar lines but no H, He, or N
emissions, suggesting these are debris fragments from the
supernovaÏs mantle and core. Much slower moving, semi-
stellar knots called ““ quasi-stationary Ñocculi ÏÏ (QSFs ;
v ¹ 400 km s~1) show both hydrogen Balmer emission and
strong [N II] lines consistent with them being CNO pro-
cessed, circumstellar mass-loss material (CSM). Faint, high-
proper motion [N II] jj6548,6583 emission dominated
knots (v \ 7000È9000 km s~1) have also recently been
found along the remnantÏs outer boundary. Like the QSFs,
these knots appear to be debris from the progenitorÏs N and
He rich outer layers. Because the Ðrst few of these knots
showed line strengths like those seen in the QSFs, FBB
called these ““ fast-moving Ñocculi ÏÏ (FMFs). However, since
most do not show any optical emission other than nitrogen,
we will simply refer to them as nitrogen knots or ““ NKs.ÏÏ A
handful of so-called ““ mixed-emission knots ÏÏ (MEKs) have
also been found which show [N II] emissions and high
proper motions like NKs while also having strong O, S, and
Ar emissions like the FMKs.

Despite a relatively high line-of-sight extinction in the
optical mag or more ; Searle 1971 ; Hurford &(A

V
\ 5È6

Fesen 1996), Cas A o†ers perhaps the best opportunity for
an in-depth, high-resolution study of a young SNR
resulting from the explosion of a high-mass progenitor, i.e.,
a SN II or SN Ib,c. Indeed, past investigations into Cas AÏs
high-velocity ejecta have already yielded considerable
detailed information on the range of ejecta knot velocities
and SN ejecta abundances (Peimbert & van den Bergh
1971 ; Kirshner & Chevalier 1977 ; Chevalier & Kirshner
1978, 1979 ; van den Bergh & Kamper 1983, 1985).

Insights into the remnantÏs kinematics and expansion
asymmetry have come from recent research on the
remnantÏs fastest-moving, outermost knots (FBB87 ;
FBG88). These studies have indicated that the Cas A pro-
genitor may have had a N-rich photosphere at time of out-
burst with the presence of hydrogen in a handful of detected
outer knots, raising the possibility of an early, albeit brief,
Type II spectroscopic phase (Fesen & Backer 1991) like that
seen in some Type II/Ib SNe (e.g., SN 1987K, SN 1993J ; see
Filippenko 1997). In addition, the remnantÏs northeastern
““ Ñare ÏÏ or ““ jet ÏÏ of exceptionally high-velocity, sulfur bright

knots suggests a possible asymmetry in the Cas A SN explo-
sion in which underlying S-rich material was ejected with
velocities much greater than that of the photospheric debris
(van den Bergh 1971 ; Fesen & Gunderson 1996, hereafter
FG96 ; Fesen & Becker 1991, hereafter FB91). Finally, the
detection of a few ““ mixed ÏÏ emission knots indicated pro-
genitor layer mixing during the SN explosion in the region
of the jet (FB91).

Unfortunately, no systematic optical survey of the
remnantÏs outer, high-velocity knots has been undertaken
to date. Previous studies employed narrow Ha and [S II]
interference Ðlters and consequently could have easily
missed outer knots having large radial velocities
( o v o º 2000 km s~1). Prior searches also looked speciÐcally
for Ha or [N II] emitting ejecta (i.e., NK knots), with the
result that faint, high-velocity S and O emitting FMKs
could have gone undetected.

In this paper, the results of a more comprehensive
reconnaissance of Cas AÏs outermost optical emission knots
are presented. This survey has resulted in the discovery of
dozens of additional outlying knots, which in turn has
revealed further details about the core-collapse dynamics of
the Cas A supernova.

2. OBSERVATIONS

2.1. Imaging

With the objective of surveying the population of faint,
outlying line emission knots around the remnant, several
sets of deep interference-Ðlter images of Cas A were
obtained in 1996 October using a 1024 ] 1024 Tektronix
CCD detector attached to the Hiltner 2.4 m telescope at the
Michigan-Dartmouth-MIT (MDM) Observatory. The
telescope-camera system produced a square Ðeld of view4@.7
with pixels. The remnantÏs limb was divided into four0A.275
imaging quadrants (NE, SE, NW, and SW) so as to cover an
expansion velocity distance from remnant center equivalent
to roughly twice the D6000 km s~1 of the remnantÏs main
shell.

Filters were chosen that would allow the detection of
knot emission lines at both large positive and negative
radial velocities. These included Ha (FWHM \ 90 toA� )
detect [N II] jj6548,6583 emitting knots with low to mod-
erate radial velocities km s~1), a 6450 Ðlter(v

r
^ 2000 A�

(FWHM \ 90 for negative velocity [N II] emitting ejectaA� )
to [7500 km s~1), a broad 6650 Ðlter(v

r
\ [4000 A�

(FWHM \ 250 to detect both [S II] jj6716,6731 emis-A� )
sion knots with to ]3000 km s~1 and [N II]v

r
\ [4000

knots with large positive velocities to ]8500(v
r
\ ]1000

km s~1), and a standard R-band Ðlter to serve as a reference
on stellar sources in each Ðeld. The southeastern rim of the
remnant was also imaged using 6100 and 6300 ÐltersA� A�
(FWHM \ 100 to investigate the presence of a few [O I]A� )
emitting knots in this area that were serendipitously dis-

TABLE 1

OPTICAL KNOT TYPES IN CASSIOPEIA A

Knot Type Abbreviation Dominate Optical Emission Lines Nature

Fast-moving knots . . . . . . . . . . . . FMK [S II], [S III], [O I], [O II], [O III], [Ar III] SN ejecta

Quasi-stationary Ñocculi . . . . . . QSF [N II], Ha Circumstellar

Nitrogen knots . . . . . . . . . . . . . . . . NK [N II] SN ejecta

Mixed emission knots . . . . . . . . . MEK [N II], [S II], [S III], [O I], [O II], [O III], [Ar III] SN ejecta



No. 1, 2001 OUTLYING EJECTA IN CAS A 163

covered spectroscopically in an earlier study (FG96).
Usually, two exposures of between 600 and 1000 s were
taken in each Ðlter for the four Ðelds, with each image set
co-added, bias subtracted, and dome or sky Ñat corrected.
Typical seeing varied between 1A and 2A (FWHM).

Additional images were taken in 1998 September using
the same telescope but this time using a 2048 ] 2048 SITe
CCD, producing a 9@ FOV with pixels. Three 2000 s0A.275
exposures of the remnant and vicinity were taken using a
narrow Ha Ðlter (FWHM \ 30 and a matched contin-A� )
uum Ðlter centered at 6510 The Ha image detected bothA� .
QSF emission and faint di†use H II emission, while a com-
parison with the 6510 image revealed the presence of aA�
few blueshifted NK-type knots along the north and east
limbs.

2.2. Spectroscopy

Low-dispersion optical spectra of known or suspected
outlying emission knots were obtained on three nights in
1996 October using the MDM 2.4 m telescope with the
Mark III Spectrograph and a 1024 ] 1024 Tektronix CCD
detector. A slit and a 300 lines mm~1 54001A.2 ] 4@.5 A�
blaze grism were used to obtain sets of two or three 1000È
1200 s exposures spanning the spectral region 4500È7400 A�
with a spectral resolution of ^8 A N-S slit was typicallyA� .
used except in cases like Knots 21A, 21B, and 21C in the
northeast, where we employed a NE-SW slit (position

to obtain several knot spectra at once.angle \ 23¡.5)
Spectral data were reduced using standard IRAF soft-

ware routines and calibrated with Hg, Ne, and Xe lamps
and three to four Oke (1974), Stone (1977), or Massey &
Gronwald (1990) standard stars. All three nights were
photometric. However, with seeing only between 1A and 1A.5,
slit light losses were at times considerable, sometimes
resulting in lower measured knot Ñuxes relative to previous
measurements (e.g., for NK 15). Also, due to unexpectantly
large spectrograph Ñexure during the run, measured radial
velocities were later checked and corrected using night-sky
lines as zero-velocity reference points (Osterbrock & Martel
1992). Radial velocities are believed accurate to ^100 km
s~1, a†ected as much by the low dispersion as by the blind
o†sets used and hence uncertainties in precise knot loca-
tions within the slit. Flux measurement errors can reach
50% due to uncertainties in knot locations in the slit. Weak
residue night-sky emissions at [O I] j5577 and j6300 due to
imperfect sky subtraction were manually removed in the
Ðnal reduced spectra.

Additional radial velocity measurements on several knots
(including Knots 6A, 14A, 15A, 15C, and 23È27) were
obtained on several nonphotometric nights during 1997
May and June and 1998 October using the 2.4 m MDM
telescope. For these data, a Modular Spectrograph was
used together with a 600 lines mm~1 5000 blaze gratingA�
and a wide slit. Data reduction was similar to that of the1A.5
1996 October data, but with radial velocity measurement
uncertainties of ^75 km s~1.

3. RESULTS

Our survey of Cas A uncovered nearly four dozen new
optical emission knots in the outskirts of this well studied
remnant. These include 25 new [N II] jj6548,6583 knots
(NKs). This brings the total number of such high-speed
knots in the outskirts of Cas A now to 50, up from the 15

cited by FBG88 in 1988 plus the nine later found in the NE
jet region (FG96). The survey also uncovered 19 new outly-

ing FMKs. These FMKs are the Ðrst outlying knots to be
found outside of the northeast jet region. In fact, most of
these new FMKs are located along Cas AÏs western rim
roughly opposite from the jet. This indicates a much wider
distribution of high-velocity O ] S debris than previously
realized. In addition, three ““ mixed emission knots ÏÏ
(MEKs) were also detected outside the remnantÏs western
rim.

A Ðnding chart for the outer Cas A knots discussed in this
paper is shown in Figure 1. Marked are 49 of the 50 current-
ly known NKs (NK 13 has faded since its detection by
FBG88) along with 19 FMKs (excluding jet FMKs; see
Fesen & Gunderson 1996) and 6 MEKs. Small regional
Ðnding charts are presented in Figures 2aÈ2o. Although we
chose Ðnder chart images which showed the majority of
emission knots best in each region, some knots appear only
faintly (or even entirely absent) on these images due to their
large radial velocities shifting their principal emission lines
out of the ÐlterÏs bandpass.

The naming convention adopted for the newly discovered
knots was to identify them with an already known nearby
knot, usually by adding a letter. This worked well in several
cases (e.g., Knots 3, 3AÈB; 12, 12AÈ12E) but grew elaborate
in others (e.g., Knots 19, 19AÈ19M). However, nothing
more than a need to name an ever increasing population of
outer knots is implied by these knot identiÐcation names.
Because both the discovery and subsequent spectroscopic
conÐrmation did not always follow a prescribed or orderly
manner, the resulting knot identiÐcation numbers do not
follow a pattern or change systematically around the
remnant. Brief comments on some individual knots is given
in Appendix A.

3.1. Outlying [N II] Dominated Debris (NKs)

Low-dispersion optical spectra of two of the brighter NK
knots, Knots 12 and 15, are shown in Figures 3a and 3b,
respectively. These spectra are representative of the major-
ity of NK knots in that they show a 4500È7500 spectrumA�
dominated by the two [N II] jj6548,6583 lines.

Our spectrum of NK 15 is similar to that obtained by
FB91, except that we Ðnd no evidence for weak He I j5876
emission which would be shifted to 5964 kmA� (v

r
\ ]4500

s~1). With just the two [N II] lines present in this low-
dispersion spectra, it is difficult to determine much in the
way of knot physical properties such as electron density or
internal velocity dispersion. However, adopting an
E(B[V ) \ 1.6 (Hurford & Fesen 1996), the lack of detect-
able emission from the temperature sensitive [N II] j5755
line [i.e., I(6583 ] 6548)/I(5755) º 40] suggests T

e
¹ 16,000

K assuming cm~3.N
e
¹ 5000

For Knots 12 and 15, like nearly all NK spectra, Ha is
substantially weaker relative to the [N II] lines when com-
pared to that seen in the remnantÏs circumstellar QSFs. In
Table 2, we list observed values or lower limits for the [N II]
j6583/Ha line ratio for 38 of the 50 NKs. For most NKs,
Ha emission was undetected due to either intrinsically weak
Ha Ñux (i.e., [N II] j6583/Ha º 3) and/or low S/N data. For
18 knots, we could set a lower limit of [N II] j6583/Ha º 5.
For the brightest NKs where relatively good S/N data were
obtained, weak Ha emission was seen (e.g., Knots 10, 13B,
15, and 15A). The most extreme case is for the bright knot
Knot 15 (““ KB 91,ÏÏ Kamper & van den Bergh 1976) where
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FIG. 1.ÈOuter ejecta knot identiÐcation chart. Image is a [S II] jj6716,6731 CCD frame of Cas A taken in 1992 (Fesen & Gunderson 1996). Locations of
over 70 knots for epoch 1996È1998 are marked.

the [N II] j6583 emission was detected with an intensity
some 30 times that of Ha.

Large [N II] j6583/Ha ratios are in sharp contrast to
those seen in the slower moving, circumstellar QSFs which
exhibit I(Ha) ^ 0.3 ] I([N II] j6583) (van den Bergh 1971 ;
Chevalier & Kirshner 1978 ; Hurford & Fesen 1996). The
only exceptions to this rule are three NK knots located in
the remnantÏs southwest region (NKs 1È3) which do show
QSF-like Ha line strengths (see spectra in FBB87).

The [N II] j6583 Ñux threshold for our NK detection was
^1 ] 10~16 erg cm~2 s~1, with an average [N II] j6583
Ñux of around 3 ] 10~16 erg cm~2 s~1 for the knots
detected. The brightest ones (Knots 6 and 15) exhibited
[N II] j6583 Ñuxes around 1 ] 10~15 erg cm~2 s~1 and can
be seen on a few broadband archival 1951È1985 Palomar
5 m plates published in the literature (Kamper & van den
Bergh 1976 ; FBB87).

We note the [N II] emission Ñuxes listed in Table 2 must
be viewed with caution. Knot emission Ñuxes are known to
change signiÐcantly with time (Kamper & van den Bergh

1976). In addition, the observed values are subject to errors
up to 50% due to varying seeing conditions and slit place-
ment errors due to the blind-o†set procedure employed in
obtaining the spectra.

Table 2 also lists observed radial and estimated average
transverse velocity data for all 50 known NKs, combining
previous kinematic and line Ñux NK information from
FBB87, FBG88, and FB91. Time-averaged transverse
velocities for individual knots were estimated using current-
ly observed displacements from the remnantÏs estimated
center of expansion (Kamper & van den Bergh 1976) and
assuming a remnant distance of 3.4 kpc and an explosion
date of A.D. 1680. For about half a dozen knots where spec-
troscopic data were not available, approximate radial
velocities (^1000 km s~1) were estimated based upon knot
detectability in various narrow passband Ðlter images
assuming [N II] j6583 dominated the optical spectrum. In
these few cases, a NK nature was suggested either by detec-
tion on Ha or Ha continuum images (6510 FWHM \ 30A� ,

or 6450 FWHM \ 90 Because the transverseA� , A� , A� ).
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FIG. 2.È(aÈo) Finder charts (FOV \ 110@ ] 110@) for outlying Cas A ejecta discussed in this paper. The speciÐc remnant limb region, Ðlter bandpass of
the image, and the year the image was obtained are indicated on each chart. Due to large radial velocities of some ejecta within a given area, a few knots
appear faint or entirely absent on some frames. Panels (b), (d), and (h) are Ha minus 6510 continuum subtracted images in which blueshifted nitrogenA�
emission knots (i.e., those appearing only on the 6510 image) appear as white (rather than dark) features in the Ðgures.A�

velocities for these knots are large km s~1),(v
t
º 8400

uncertainty in their derived space velocities is relatively
small.

Our NK velocity data reveal radial velocities ranging
from ]5670 km s~1 (Knot 14) to [6530 km s~1 (Knot
21A). Interestingly, this spread is about equal to the
maximum expansion velocity of the remnantÏs bright ejecta
shell (Reed et al. 1995) despite knot locations well outside
the main remnant shell. Estimated average transverse
velocities range from 7300 to 11,600 km s~1 with most lying
between 7500 and 10,000 km s~1.

Despite a wide range of both radial and inferred trans-
verse velocities, the currently known NKs exhibit space
velocities between 8100 and 12,000 km s~1 (rounded to the
nearest 100 km s~1), with all but two (Knots 24 and 24A in
the SW) within 8100È10,600 km s~1. This is shown graphi-
cally in Figure 4. This suggests a relatively uniform expan-
sion velocity for Cas AÏs strong nitrogen emission ejecta
near the plane of the sky, especially when compared to that
seen for the O, S, Ar emission FMKs (see ° 3.4 below).

However, as can be seen in Figure 5, the projected posi-
tions of the currently known NKs are not entirely isotropic.
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FIG. 2.ÈContinued

Although the NKs (Ðlled circles) are detected along much of
the remnantÏs periphery, even in the northeast jet region,
there are two large opposing areas devoid of NK knots
along in the NNW and SSE rims. Combined, these void
regions represent about a fourth of the remnantÏs perimeter.
A lack of NKs in these areas appears real since these sec-
tions were well covered in the overlapping NE/NW and
SE/SW imaging frames. Moreover, a concerted e†ort was
made to search for knots of any type in these regions once
these empty limb areas were recognized. A possible expla-
nation for the NNW gap is discussed in ° 4.3 below.

In outlying regions where several NKs were detected,
small localized groups or clusters were often seen (e.g., NKs
1È3A, 8È10A, 13AÈD, and 60È65). Individual knots in these
clusters tend to have similar radial and total space velocities.

Examples are the neighboring knots of NK 13B, 13C, and
13D which have nearly identical radial velocities. Another
particularly interesting case is that of Knots 21AÈ21D
which show an orderly progression of radial velocity and
radial displacement [6070, [5550, [4950(v

r
\ [6530,

km s~1, 7300, 7800, 8700 km s~1) leading thesev
t
\ 6800,

four knots to have nearly identical space velocities of
^9500 km s~1.

3.2. Outlying O and S Emission Debris (FMKs)

Apart from the FMKs in the northeastern jet, there had
never been any FMKs found outside Cas AÏs main shell.
However, our survey discovered 19 (see Table 3). As shown
in Figure 5, most of these nonjet FMKs lie along the
remnantÏs western and southwestern limbs (Knots 19AÈ
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FIG. 2.ÈContinued

19M, 22, and 23), with four others located in the east and
southeast (Knots 16, 17È17B) and one lone knot (Knot 27)
in the northeast which might be just an errant jet FMK.
The high density of FMKs along the western limb, many of
which were found accidently through long slit spectra, sug-
gests many more faint FMKs may exist in this region.

Except for FMK Knots 17B and 19J, spectra were
obtained on all the new outlying FMKs. Table 3 lists
observed radial and inferred transverse and space velocities
for all 19 new FMKs, along with spectral line Ñuxes where
available. As was found in the case of the strong [N II]
knots, radial velocities span a wide range, from [1000 to
]5500 km s~1. Inferred space velocities lie between 7600
and 12,600 km s~1, with the highest values found both in
the southwest (Knots 19F and 23 : 11,200È12,600 km s~1)

and in the northeast (Knot 27 : 12,500 km s~1) just above of
the northeast jet. Conversely, the southeast Knots 16È17B
have the lowest estimated space velocities (^7600È8200 km
s~1), placing them kinematically just outside the 6000 km
s~1 expansion velocity of the main shellÏs rear hemisphere
(Reed et al. 1995) and inside the slowest NKs (8000È8500
km s~1 ; Table 1).

Figures 6aÈ6d show spectra of four newly detected outer
FMKs and illustrate some of their emission line diversity.
The relatively slow-moving Knots 16 and 17, which lie just
outside Cas AÏs SE rim (see Figs. 1 and 2i), exhibit spectra
not unlike those seen in the remnantÏs main shell (Hurford
& Fesen 1996), namely bright O and S lines (Knot 16, Fig.
6a) and an oxygen dominated spectrum (Knot 17, Fig. 6b).
However, these two knots are quite unlike most newly dis-
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FIG. 2.ÈContinued

covered outer FMKs, where [S II] jj6716,6731 is the domi-
nant line emission and where lines of oxygen are virtually
absent (e.g., Knots 22 and 27 ; Figs. 6c and 6d).

3.3. Mixed Emission Knots (MEKs)

The Ðrst ““ mixed emission knot ÏÏ in Cas A was reported
by FB91 who found one bright knot in the jet region
showing both Ha and [N II] emissions like NKs/QSFs, and
O and S lines like those seen in FMKs. About a dozen
additional jet knots were subsequently found to have
QSF/FMK mixed emission properties to varying degrees
(FG96).

Our study uncovered three additional MEK type knots,
all located along the remnantÏs western limb (Knots 18, 19,

and 20 ; see Fig. 5 and ID charts Figs. 1 and 2j). These knots
lie among the newly discovered western FMKs, on the
opposite side of the remnant from the NE jet, the only
previously known region having MEK type knots. Figures
7aÈ7d show spectra of two of these western MEKs (18 and
19) along with spectra of two jet MEKs (82A and 82B; see
ID charts Figs. 1 and 2o) discovered by FG96 for compari-
son. In the spectrum of Knot 18, the [N II] emission is weak
compared to the O, S, Ar lines, whereas the [N II] lines
dominate the optical spectrum of Knot 19, as they do in the
spectra of some jet MEKs. No Ha emission was seen in any
of these three new MEKs.

Table 4 lists observed radial and inferred transverse and
space velocities for the three new western limb MEKs along
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FIG. 3.ÈSpectra of two representative high-velocity, nitrogen-dominated, ejecta knots (NKs) in Cas A

with three jet MEKs. Although all line emissions observed
in each knot exhibit, within measurement accuracy, the
same radial velocities, the true nature of these ““ mixed ÏÏ
ejecta is uncertain. Knot 18, for example, can be seen in
Figure 2j to be resolved into several individual knots. The
same is true for Knot 82A in the jet (see Fig. 2o) and maybe
even the prototype knot 82 discussed by FB91. Higher
spatial resolution images along with follow-up spectra will
be needed to determine whether these knots are homoge-
neously mixed ejecta or simply closely packed clusters of
chemically distinct NK/FMK debris.

With so few MEK type knots detected, little can be said
about their overall kinematic properties. Both the western
limb and jet MEKs listed here exhibit similar space veloci-
ties of around 9000È10,000 km s~1. However, 11 other jet
MEKs show a somewhat larger space velocity range of
8500È12,000 km s~1 (FG96 ; Appendix B). The inferred elec-
tron densities these six MEKs range from 4000 to 16,000
cm~3, with the [S II] 6716/6731 ratio often close to the
high-density limit of 0.46.

FIG. 4.ÈPlot of observed radial velocity vs. inferred transverse(V
R
)

velocity assuming d \ 3.4 kpc and 1680) for 50 nitrogen-(V
T

t
SN

\ A.D.
dominated emission knots (NKs). Solid curves show space velocity loci for
8000 and 10,500 km s~1. The four knots lying outside of the 10,500 km s~1
velocity line are all from the remnantÏs southwest quadrant.

3.4. Projected Space Velocities

Space velocities for individual knots were calculated
using observed or inferred radial velocities together with
estimated average transverse velocities. Transverse veloci-
ties were determined by a knotÏs radial displacement from
Cas AÏs center of expansion as derived by Kamper & van
den Bergh (1976) assuming a remnant distance of 3.4 kpc
and an explosion date of A.D. 1680. Resulting knot space
velocities are listed in Tables 2È4.

A comparison of space velocity histograms using 500 km
s~1 bins for the three di†erent types of outer ejecta knots is
shown in Figure 8. The 50 [N II] strong NKs and the 19
O ] S strong FMKs have a similar space velocity range,
namely 7500È12,500 km s~1. However, NKs show a some-
what bell-shaped distribution peaked at around 9500 km
s~1, while the FMKs have a relatively Ñat velocity distribu-
tion. Although MEKs have a velocity range that matches
the overlap region for FMKs with the distribution peak for
the NKs, no meaningful statement about their overall
expansion velocities can be made from a sample of only six
knots.

A plot of NK derived projected angular displacements
from the remnantÏs nominal center (Kamper & van den
Bergh 1976) using NK estimated space velocities is shown
in Figure 9a. The solid circle represents the radial displace-
ment for a 320 yr averaged space velocity of 10,000 km s~1
in all directions. This Ðgure reveals a surprising uniformity
of NK ejection velocities around 10,000 km s~1, especially
along the northern limb.

Strong, systematic deviations from this 10,000 km s~1
velocity circle can be seen along the eastern limb, however,
where all NKs have space velocities under 10,000 km s~1.
The remnantÏs eastern limb region contains (in projection) a
relatively bright, di†use cloud visible on deep R-band or Ha
images (van den Bergh & Kamper 1983 ; Lawrence et al.
1995 ; FG96) like that shown in Figure 10. This emission is
likely that of an H II region due to its strong Ha and
relatively weak [S II] emission (FBB87 ; Lawrence et al.
1995). If this cloud lies physically along the eastern limb
of the Cas A SNR, NKs here might experience signiÐcant
deceleration as they interact with this cloud, resulting in
the lower expansion velocities seen in this region. If this is
the case, it raises the possibility of a nearly isotropic NK
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TABLE 2

HIGH-VELOCITY, [N II] jj6548,6583 DOMINATED EJECTA KNOTS (NKS)

Limb Ra SkTb V
T
c V

R
V
Space

Knot ID Area (arcsec) (arcsec yr~1) (km s~1) (km s~1) (km s~1) j6583/Ha j6583 Fluxd Refs.

1 . . . . . . . . . . SW 202 0.64 10300 [430 10300 4 . . . 1, 6

2 . . . . . . . . . . SW 191 0.60 9700 [2150 10000 3 . . . 1, 6

3 . . . . . . . . . . SW 182 0.58 9300 [2180 9500 3 . . . 1, 6

3A . . . . . . . . SW 187 0.59 9500 ]330 9500 º3 2.3 6

3B . . . . . . . . SW 178 0.56 9100 ]630 9100 º1 . . . 6

4 . . . . . . . . . . E 151 0.48 7700 ]2450 8100 º6 . . . 1, 6

5 . . . . . . . . . . E 162 0.51 8300 ]1400 8400 º10 . . . 1, 6

5A . . . . . . . . E 165 0.52 8400 0 to [2000 D8500 . . . . . . 6

6 . . . . . . . . . . E 163 0.52 8300 ]230 8300 º6 8.0 1, 6

6A . . . . . . . . E 175 0.55 8900 ]40 8900 º2 . . . 1, 6

7 . . . . . . . . . . E 164 0.52 8300 ]400 8300 . . . . . . 1, 6

8 . . . . . . . . . . NW 196 0.62 10000 ]500 10000 º10 . . . 1,2, 6

9A,B . . . . . . NW 188 0.59 9600 ]1060 9600 º15 . . . 1, 2, 6

10 . . . . . . . . . NW 196 0.62 10000 ]750 10000 ^7 . . . 2, 6

10A . . . . . . . NW 193 0.61 9800 ]1800 10000 º3 . . . 6

11 . . . . . . . . . NW 192 0.61 9800 ]200 9800 º1 . . . 2, 6

12 . . . . . . . . . E 184 0.58 9400 [2560 9700 º10 6.1 2, 6

12A . . . . . . . E 182 0.58 9300 [1150 9400 º4 3.4 6

12B . . . . . . . E 182 0.58 9300 [470 9300 º3 1.2 6

12C . . . . . . . E 187 0.59 9500 0 to [2000 D9500 . . . . . . 6

12D . . . . . . E 168 0.53 8600 [2000 to [4000 D9100 . . . . . . 6

12E . . . . . . . E 179 0.57 9200 [2000 to [4000 D9700 . . . . . . 6

13 . . . . . . . . . SE 180 0.58 9300 ]1570 9400 º6 . . . 2

13A . . . . . . . SE 171 0.54 8700 ]1300 8800 º4 ^4.5 6

13B . . . . . . . SE 176 0.56 9000 ]2000 9200 ^15 5.9 6

13C . . . . . . . SE 181 0.57 9200 ]2000 9400 º3 2.2 6

13D . . . . . . SE 180 0.57 9200 ]2070 9400 º4 2.3 6

14 . . . . . . . . . NE 166 0.52 8400 ]5670 10100 º4 1.1 2, 6

14A . . . . . . . NE 191 0.60 9700 [2400 10000 º7 . . . 6

15 . . . . . . . . . N 168 0.53 8600 ]4500 9700 ^30 9.5 2, 3, 4, 6

15A . . . . . . . N 178 0.56 9100 ]2950 9600 ^11 5.0 6

15B . . . . . . . N 186 0.58 9500 [2000 to [4000 D9900 . . . . . . 6

15C . . . . . . . N 183 0.58 9300 [2570 9700 º5 . . . 6

16A . . . . . . . SE 143 0.45 7300 ]3500 8100 º5 1.3 6

21A . . . . . . . NE 134 0.42 6800 [6530 9400 º4 2.0 5, 6

21B . . . . . . . NE 144 0.46 7300 [6070 9500 º3 . . . 5, 6

21C . . . . . . . NE 154 0.49 7800 [5550 9600 º5 1.4 5, 6

21D . . . . . . NE 171 0.54 8700 [4950 10000 º5 2.2 5, 6

24 . . . . . . . . . SW 222 0.70 11300 ]3050 11700 º3 3.3 6

24A . . . . . . . SW 227 0.72 11600 ]2890 12000 º2 2.5 6

25 . . . . . . . . . SW 204 0.65 10400 ]2220 10600 º3 3.8 6

26 . . . . . . . . . SW 196 0.62 10000 ]3420 10600 º6 4.5 6

60 . . . . . . . . . JET 174 0.55 8900 [3800 9700 . . . 0.7 5, 6

61 . . . . . . . . . JET 163 0.52 8300 [3780 9100 º5 3.6 5, 6

62 . . . . . . . . . JET 151 0.48 7700 [4240 8800 . . . 0.8 5, 6

63 . . . . . . . . . JET 146 0.46 7400 [3960 8400 . . . 1.0 5, 6

65 . . . . . . . . . JET 173 0.55 8800 [3140 9300 . . . 0.6 5, 6

66 . . . . . . . . . JET 175 0.55 8900 [3370 9500 . . . 1.5 5, 6

66A . . . . . . . JET 179 0.57 9100 [2000 to [4000 D9600 . . . . . . 5, 6

NOTE.ÈTable 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
a Estimated 1996.7 radial distance from d[J2000] \ 58¡48@47@@.a[J2000] \ 23h23m27s.7,
b Implied average proper motion since A.D. 1680 ; SkT \ R/316 yr.
c Transverse velocities calculated assuming d \ 3.4 kpc.
d In units of 10~16 erg cm~2 s~1 for epoch 1996È1998.
REFERENCES.È(1) Fesen, Becker, & Blair 1987 ; (2) Fesen, Becker, & Goodrich 1988 ; (3) van den Bergh & Kamper 1983 ; (4) Fesen & Becker 1991 ;

(5) Fesen & Gunderson 1996 ; (6) this paper.

ejection velocity of around 10,000 km s~1 for almost all the
four dozen [N II] emission knots detected.

A similar plot but now for FMKs and MEKs is shown in
Figure 9b. Again, the solid circle indicates an average
expansion velocity of 10,000 km s~1. Here one sees no
FMK or MEK preference for a speciÐc expansion velocity.
However, as in the case of the NKs, the smallest displace-

ments are seen in the southeast, while the southwest shows
the largest. A comparison of NKs versus FMKs ] MEKs is
shown in Figure 9c. This Ðgure shows three important
points. First, there is good agreement in the azimuthal loca-
tion of the slower NKs and FMKs in the southeast. Second,
in the southeast NKs lie always farther out than the FMKs
for a given position angle. Third, the most distant, highest-
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FIG. 5.ÈRelative locations of various outer ejecta knot types. Image is the same 1992 [S II] jj6716,6731 image of Cas A shown in Fig. 1. Knot symbol
legend is shown at lower left. A small but representative number of jet FMKs (Fesen & Gunderson 1996) are included to better portray the remnantÏs outer
ejecta distribution. The central white cross indicates location of the van den Bergh & Kamper (1985) estimated center of expansion.

velocity NKs in the southwest lie adjacent to the most
distant FMKs.

As noted above and shown in Figures 9b and 9c, the
highest velocity FMKs discovered in our optical survey
possess space velocities in excess of 10,000 km s~1 and lie
along the western and southwestern outskirts of the
remnant. However, the remnantÏs overall highest-velocity
ejecta lie in its northeast jet of knots. To examine all outer
knots together in projected angular and azimuthal context,
we show in Figure 9d all 75 outlying knots surveyed here
together with the 86 jet FMKs studied by FG96. Once
again the solid circle represents a 10,000 km s~1 expansion
velocity, while the broken circle indicates a 6000 km s~1
expansion velocity, approximately equal to that of the main
optical shell.

This Ðgure reveals several new things. First, outlying
FMK-type ejecta knots are found only along the eastern
and western limbs. Second, the remnantÏs fastest western
NKs and FMKs are located nearly 180¡ away from the
remnantÏs high-velocity, northeastern jet. Third, the appar-
ent NNW and SSE gaps seen in the NK distribution lie
roughly orthogonal to this NE and SW alignment of

highest-velocity FMKs. Possible interpretations of these
features are discussed below.

4. DISCUSSION

Combined with previous studies, there are now some 75
optical knots known outside the remnantÏs main shell
excluding the ^100 FMKs in the northeast jet. Although
much fainter than main shell ejecta, the number and broad
azimuthal distribution of these new outlying debris indicate
a more signiÐcant population of km s~1 ejectav

space
º 7000

than previously realized. In addition, many of these knots
exhibit distinct chemical compositions not seen elsewhere in
the remnant. By virtue of their expansion velocity alone
(about twice that of the main shell) this material constitutes
an important element of Cas AÏs total kinetic energy and
thus o†ers insights into the expansion dynamics of this
high-mass, core-collapse supernova.

The faintness of these optical knots largely explains why
they went undetected in the many previous studies of
Cas A. While the brightest NK-type knot, NK 15, was
noticed as early as 1951 (Kamper & van den Bergh 1976), it
was understandably interpreted as a [S II] emitting FMK



TABLE 3

OUTLYING, HIGH-VELOCITY S AND O EMISSION KNOTS (FMKS)

Limb Ra V
T
b V

R
V

Space
N

e
c

Knot ID Area (arcsec) (km s~1) (km s~1) (km s~1) [O III] j5007 [O I] j6300 [O II] j7325 [S II] j6725 j6716/j6731 (cm~3)

16 . . . . . . . . SE 153 7800 [475 7800 6.8 5.8 20.0 6.4 0.58 5000

17 . . . . . . . . SE 160 8200 [310 8200 . . . 1.3 7.7 . . . . . . . . .

17A . . . . . . E 147 7500 ]1020 7600 . . . 1.2 3.5 . . . . . . . . .

17B . . . . . . E 152 7800 D0? º7800 . . . . . . . . . . . . . . . . . .

19A . . . . . . W 187 9500 [830 9500 . . . . . . . . . 1.0 D0.7 D2000

19B . . . . . . W 188 9600 [550 9600 . . . . . . . . . 1.4 0.62 4000

19C . . . . . . W 187 9500 ]460 9500 . . . . . . . . . 0.5 D0.6 D4000

19D . . . . . . W 188 9600 ]5500 11100 . . . . . . 0.4 0.8 D0.5 D10000

19E . . . . . . W 189 9600 ]1330 9700 . . . . . . . . . 0.5 D0.7 D2000

19F . . . . . . W 200 10200 ]4550 11200 . . . . . . 1.4 2.7 0.55 6500

19G . . . . . . W 196 10000 [550 10000 . . . . . . . . . 0.7 D0.6 D4000

19H . . . . . . W 202 10300 [830 10300 . . . . . . . . . 2.8 1.37 50

19I . . . . . . . W 181 9200 [1010 9300 . . . . . . 4.5 2.6 0.65 3000

19J . . . . . . . W 184 9400 . . . º9400 . . . . . . . . . . . . . . . . . .

19K . . . . . . W 182 9300 ]5190 10700 . . . . . . 4.3 3.2 0.85 1100

19M . . . . . . SW 201 10300 ]3700 11000 . . . . . . . . . 2.8 0.75 1700

22 . . . . . . . . SW 194 9900 ]3520 10500 . . . . . . . . . 1.6 D0.6 D4000

23 . . . . . . . . SW 243 12400 ]2070 12600 . . . . . . . . . 5.0 0.80 1500

27 . . . . . . . . NE 245 12500 [270 12500 . . . . . . . . . 6.3 0.65 3000

NOTES.ÈObserved line Ñuxes are in units of 10~16 erg cm~2 s~1. Table 3 is also available in machine-readable form in the electronic edition of the
Astrophysical Journal.

a Estimated 1996.7 radial distance from d[J2000] \ 58¡48@47@@.a[J2000] \ 23h23m27s.7,
b Implied average transverse velocities calculated assuming d \ 3.4 kpc and a 316 yr expansion age.
c Electron densities derived from [S II] 6716/6731 ratio assuming T \ 104 K.

FIG. 6.ÈSpectra of four metal-rich, outlying ejecta knots (FMKs) in Cas A
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FIG. 7.ÈSpectra of four high-velocity, ““ mixed emission knots ÏÏ (MEKs) in Cas A

knot, rather than a bright member of a larger population of
N-rich outer ejecta. Even if its true nature had been realized
sooner, the majority of outer NK/FMK knots would not
have been detected on broadband photographic plates even
with exposures of several hours duration using 4È5 m class
telescopes. Subsequent examinations of 1951È1985 archival
Palomar 5 m plates do reveal a few weak detections of a
couple of the brighter outer knots (Kamper & van den
Bergh 1991), but these are exceptions. Also, the Ðrst deep
CCD imaging of the remnantÏs outskirts concentrated on

imaging using Ha Ðlters, thereby missing any new FMK-
type knots (FBB87 ; FBG88).

The surprising success of our modest survey suggests
additional outer knots are likely to exist. The radial velocity
range to be searched is large (^7000 km s~1) with a variety
of dominant knot emission lines possible ([N II]
jj6583,6548, [S II] jj6716,6731, and [O I] j6300). These
factors combine to make the wavelength search region for-
midable (D6000È7000 using conventional narrow pass-A� )
band Ðlters. Our survey did not have sufficient Ðlters to

TABLE 4

OUTLYING, HIGH-VELOCITY MIXED EMISSION KNOTS (MEKS)

Limb Ra V
T
b V

R
V

Space
N

e
c

Knot ID Area (arcsec) (km s~1) (km s~1) (km s~1) [O I] j6300 [O II] j7325 [S II] j6725 [N II] j6583 j6716/j6731 (cm~3)

18 . . . . . . . . W 175 8900 [2350 9200 1.9 8.7 7.0 1.2 0.51 11000

19 . . . . . . . . W 188 9600 ]2400 9900 0.5 3.3 6.2 9.7 0.50 13000

20 . . . . . . . . W 171 8700 [920 8800 . . . 0.5 0.9 ^0.3 D0.70 D2000

82 . . . . . . . . JET 181 9200 ]5100 10500 6.5 18.3 21.0 7.1 0.60 4000

82A . . . . . . JET 151 7700 [3630 8500 5.3 16.5 7.9 5.2 0.49 16000

82B . . . . . . JET 170 8700 ]4830 10000 0.5 . . . 10.5 7.0 0.53 8200

NOTES.ÈObserved line Ñuxes are in units of 10~16 erg cm~2 s~1. Table 4 is also available in machine-readable form in the electronic edition of the
Astrophysical Journal.

a Estimated 1996.7 radial distance from d[J2000] \ 58¡48@47@@.a[J2000] \ 23h23m27s.7,
b Implied average transverse velocities calculated assuming d \ 3.4 kpc and a 316 yr expansion age.
c Electron densities derived from [S II] 6716/6731 ratio assuming T \ 104 K.
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FIG. 8.ÈHistograms of inferred knot space velocities vs. knot popu-
lation for Cas AÏs high-velocity, outer ejecta, binned by knot type.

conduct a complete search of this whole spectral range.
Moreover, increased extinction toward Cas AÏs western
limb (Troland, Crutcher, & Helies 1985 ; Bieging & Crut-
cher 1986 ; Keohane, Rudnick, & Anderson 1996 ; Schwarz
et al. 1997) could easily hide a larger population of faint
outer debris in this direction.

Nonetheless, the 75 knots discussed below, together with
the 80] knots previously studied in the NE jet region,
provide a more complete look at the structure and kine-
matics of the remnantÏs outer debris than previously pos-
sible.

4.1. Knot V isibility Factors

The 50 currently known NKs span a relatively wide
range of radial velocities, namely, [6500 to ]5700 km s~1.
For these to exhibit similar space velocities as shown in
Figure 9a implies a signiÐcant range of locations out of the
plane of the sky. For instance, Knots 21AÈ21D lie some
30¡È44¡ o† the plane moving toward us, and Knots 14 and
15 lie 34¡ and 28¡ o† the sky plane moving away. Such large
angles o† the sky plane appear, however, to be the excep-
tion with the majority of detected nitrogen knots lying
within ^20¡ of the sky (see Fig. 11). Larger angles would
project the knots against the main shell, but there are no
reported detections of such high-velocity [N II] emitting
main shell knots (Reed et al. 1995). Relatively small angles
o† the sky plane also seem to be the rule for the FMKs and
probably for the MEKs as well, although there are too few
to really determine their distribution. These results suggest
that, as seen to hold true for main shell emission knots, a
near tangent viewing angle is an important factor in
producing knot visibility for outer ejecta knots of all types.

A near tangent viewing angle requirement for optical
knot detection is also consistent with a lack of visible ejecta
with unusually high radial velocities near Cas AÏs center.
Although our images were inadequate to survey emission
knots covering the full NK velocity range of ^12,000 km
s~1, it appears unlikely that relatively bright optical knots
with v º 8000 km s~1 exist toward the remnantÏs center.
Deep broadband R images which do detect the brighter
NKs, show virtually no emission of any sort near the
remnantÏs center (D30A radius). Also, our 6450 and 6510 A�
images would have detected blueshifted [S II] emission

having velocities ^[9000 to [13,000 km s~1 and our
broad [S II] images were sensitive to redshifted [N II]
j6583,6548 emission out to D]8000 km s~1. Finally, no
extraordinarily high-velocity ejecta emission was seen in
several exploratory, long-slit spectra taken across the
remnant center.

Detection of NKs and FMKs in groups or small clusters
in particular regions suggests that the presence of extended
CSM and/or ISM of sufficient density is also required for
creating strong optically emitting shocks in the ejecta. A
relatively bright H II region sits o† the remnantÏs eastern
limb (Fig. 10 ; see also FG96 and Reynoso et al. 1997). High-
speed knot passage through this H II region is the likely
cause for the large number of optically visible NKs and
FMKs in this area (Fig. 5). The relatively bright, FMK-rich
jet region lies just northward and likewise may owe much of
its optical visibility to strong interactions within and
around the northern parts of this H II region. Much fainter
patches of emission can be seen (in projection) outside
Cas AÏs SW and NW limbs and these might play similar
roles. However, a physical connection of these with the
remnant is unclear, and no di†use optical emission features
are visible along much of the remnantÏs limb where optical
knots are detected nonetheless.

4.2. L ocation of Outer Optical Knots with Respect to Cas AÏs
Radio and X-Ray Emission

Though there have been recent Cas A radio versus X-ray
emission comparisons (e.g., Keohane, Rudnick, & Anderson
1996 ; Koralesky et al. 1998), there are few optical versus
radio or optical versus X-ray comparisons (Ryle, Elsmore,
& Neville 1965 ; Hogg et al. 1969 ; Fabian et al. 1980 ; Dickel
et al. 1982) and only one done in the last decade (Reynoso et
al. 1997). This has made it difficult to examine positional
coincidences between these outer optical knots and Cas AÏs
outermost radio and X-ray emissions. This issue is particu-
larly relevant for determining whether these knots lie ahead
of or behind Cas AÏs outer blast wave.

Figure 5 shows that all 75 ejecta knots lie well outside of
the remnantÏs bright optical shell. In order to see where
these knots lie relative to the remnantÏs outermost radio
and X-ray emissions, we present two sets of radio/X-ray
versus optical knot comparisons. Figures 12a and 12b show
VLA 20 cm continuum and Chandra ACIS-S X-ray emis-
sion contours, respectively, overlaid onto the same 1992
[S II] optical image shown in Figures 1 and 5. The seem-
ingly ““ empty ÏÏ regions inside the innermost contours on
these Ðgures denote areas of particularly bright radio or
X-ray emission. This presentation of the data allows one to
see how the bright radio and X-ray regions match up with
bright optical areas with less inner contour confusion. The
outermost radio emission contour represents a Ñux level
^0.1 mJy, comparable to that shown by Reynoso et al.
(1997). Although there is a mismatch of several years due to
the di†erent epochs at which these three data sets were
obtained (optical : 1992, VLA: 1994/1995 ; X-ray : 1999),
nonetheless the Ðgures illustrate a fact that has been known
for sometime, namely, that considerable radio and X-ray
emissions lie well outside the remnantÏs bright optical emis-
sion shell.

Where do the outlying optical knots lie in relation to
these outer radio and X-ray emissions? Figures 13a and 13b
show these same VLA radio and Chandra X-ray image data
versus the positions of the 75 outer optical knots as shown
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FIG. 9.ÈProjected angular displacements from Cas AÏs nominal expansion center for all detected high-velocity, outlying knots as a function of knot types.
Symbols used are the same as in Fig. 5. Panels (a)È(c) show NKs, FMKs ] MEKs, and NKs ] FMKs ] MEKs, respectively. Solid circles mark the angular
displacement for km s~1. Panel d shows plot of locations of all knots plus 80] knots in the remnantÏs NE jet (Fesen & Gunderson 1996). TheV

exp
\ 10,000

solid circle represents km s~1, whereas the inner dotted circle represents km s~1, roughly equivalent to the expansion velocity ofV
exp

\ 10,000 V
exp

\ 6000
the remnantÏs bright optical shell.

in Figure 5. Even ignoring possible knot radial velocities, all
outlying optical knots along the western limb and many of
the eastern ones lie outside of the radio emission edge (Fig.
13a). A similar situation is found for the remnantÏs X-ray
emission (Fig. 13b). If the line of thin, wispy X-ray emission
Ðlaments at a radial distance D160A marks the location of
the remnantÏs outermost shock front (Vink et al. 1998 ; Got-
thelf et al. 1999 ; Hughes et al. 2000), then all of the western
knots lie out beyond Cas AÏs main blast wave. If one adds
in the knotsÏ radial velocities (Tables 2È4) to these projected
positions, their projected radial positions would be even
farther out. This means that most, if not all, outlying optical

knots are moving out ahead of the shock front into
unshocked CSM or ISM in a fashion like that discussed by
Hamilton (1985).

4.3. Radio and X-Ray Features Associated with Outlying
Optical Emission

There are few if any conÐrmed instances of spatial coin-
cidences between individual optical and radio emission
knots in Cas AÏs bright main shell (Anderson et al. 1994).
The same appears true in the X-rays as well (Fabian et al.
1980). However, the base of the NE jet exhibits considerable
radio and X-ray emission in rough agreement with the loca-
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FIG. 10.ÈA 1998 Ha minus continuum (6510 ^ 15 image of the Cas A remnant and projected local vicinity. Numerous bright QSFs, several smallA� )
di†use clumps of emission, and larger extended di†use emission features are visible.

FIG. 11.ÈHistogram of knot angular displacement (absolute degrees)
o† the plane of the sky vs. knot population for each knot type.

tions of the jetÏs lower velocity FMKs. In addition, Braun,
Gull, & Perley (1987) found several bow-shaped radio emis-
sion features along Cas AÏs limb, one of which (their
Feature ““ H ÏÏ) appeared to be associated with an outlying
optical QSF (R36 ; van den Bergh & Kamper 1985) along
the SW rim (see also Bell, Gull, & Kenderdine 1975).

We can now see additional optical/radio/X-ray emission
coincidences, speciÐcally along the southeastern limb at the
locations of some outlying optical knots. As shown in
Figures 12 and 13, there is enhanced radio and X-ray emis-
sion near the locations of Knots 4 through 6A, and Knots
16 through 17. Interestingly, Reynoso et al. (1997) found
two small H I absorption clouds in this region (their Fea-
tures 14 and 15) which may be related to the observed
optical knot emissions. The best spatial coincidences
between our optical knots and the 20 cm and H I absorp-
tion involve FMK Knots 16, 17, 17A, and 17B. These knots
also lie at the outer tips of a bright clump of X-ray emission
(Figs. 12b and 13b).
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There is also an interesting optical/radio emission coin-
cidence along the remnantÏs northern edge. It involves a
peculiar radio emission arc with a brightness comparable to
that of the main shell lying some 30A north of Cas AÏs bright
radio ring. This Ðlamentary arc is the largest and brightest
extended emission outside the main shell and is readily
apparent in maps of the remnant (Bell, Gull, & Kenderdine
1975 ; Tu†s 1986 ; Braun, Gull, & Perley 1987). A portion of
the VLA 20 cm image showing this Ðlament is presented in
the upper right-hand panel of Figure 14. Although little
coincident X-ray emission is seen here (Koralesky et al.
1998), the feature does have a strong infrared counterpart.
ISOCAM aboard the Infrared Space Observatory detected a
featureless infrared continuum at this location which

has been attributed to CSM or ISM silicate dust at 105 K
associated with a local cloud which has undergone shock
heating by the Cas A blast wave (Douvion et al. 1999). Its
projected location outside the main shell but behind the
outer, X-ray blast wave emission is consistent with this
picture.

We have also discovered some faint optical emission
apparently associated with this radio Ðlament. A deep
R-band image of this region (Fig. 14, upper left panel) reveals
an exceedingly faint patch of di†use optical emission whose
position and morphology roughly matches that of the radio
Ðlament (Fig. 14, lower left panel) and infrared (Lagage et al.
1996). While most visible in the R-band image, it could be
faintly seen also in narrow and broad [S II] images.

FIG. 14.ÈOptical and 20 cm VLA radio emission map comparisons for limb region just north of main shell. Scale in top left panel applies to all panels.
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However, because this di†use emission is not seen in deep
Ha images (Fig. 14, lower right panel), its emission is not
that of an H II region.

This di†use optical emission may be a reÑection nebula
associated with the IR detected CSM/ISM cloud whose
dust is reÑecting the bright [S II], [O I], and [O II] line
emissions of Cas AÏs bright northern optical ejecta. This
would explain why it is best seen in the broad passband R
image. The combined [S II], [O I], and [O II] line emissions
from Cas AÏs bright ejecta could make the reÑecting nebula
detectable. A dusty cloud in this location might also par-
tially explain the apparent lack of detected optical knots in
this northern limb area (see Fig. 5). A deep optical spectrum
could test this hypothesis.

4.4. Outer Radio Bow Shocks and High-Velocity,
Optical Knots

A neighboring, compact radio feature may be related to
some of our newly discovered high-velocity, outlying
optical knots. Just north of the bright radio Ðlament dis-
cussed above, Braun, Gull, & Perley (1987) argued that a
small bow-shaped feature seen there (their Feature ““ C ÏÏ),
like several others around the edges of the remnant, was
formed by tenuous clumps of intermediate velocity (4700È
6500 km s~1) debris puncturing a decelerated shell with
v \ 2300È3900 km s~1 created by formerly higher speed
di†use ejecta.

Radio Feature ““ C ÏÏ can be seen in the 20 cm VLA image
shown in Figure 14 (upper right panel). It appears as a faint,
bow-shaped cone of outlying emission with a bright knot at
its northern apex. A Mach number of 2.3 was suggested
based on a opening half-angle of 26¡ for the faint trailing
emission (Braun et al. 1987). Anderson & Rudnick (1995)
noted that such a low Mach value is inconsistent with
passage through unshocked circumstellar medium, thereby
suggesting formation within a high-velocity, post-blastwave
Ñuid as in the Braun et al. (1987) scenario. They estimated a
proper motion velocity for this feature of 4300 km s~1,
which in turn suggested a post-blastwave Ñuid velocity of
D1670 km s~1 for c \ 5/3.

There are several problems, however, with a bow-shock
scenario for this radio feature. First, the physical meaning of
its radio-derived proper motion velocity of 4300 km s~1 is
unclear since radio derived expansion ages for this ^320 yr
old remnant span 550 to 900 yr for outer and inner features,
respectively (Anderson & Rudnick 1995). Second, much of
Feature CÏs emission structure lies out beyond the
remnantÏs blast wave as seen in the most recent X-ray maps
of the remnant (Gotthelf et al. 1999 ; Hughes et al. 2000).
This makes passage of ejecta through a ““ post-blastwave
Ñuid ÏÏ problematic. If there were a decelerated shell of
di†use ejecta farther out and ahead of Feature C, there is no
hint of it in radio, X-ray, optical, or infrared emission maps.
Third, the northern tip of Feature C lies at a greater radial
distance (^180A) than any ““ intermediate velocity ÏÏ ejecta
could possibly reach at the present time. In the lower left
panel of Figure 14 we have marked the observed positions
of NKs 15 and 15A (small white circles). These optical knots
have radial distances from the Kamper & van den Bergh
(1976) center of expansion of 168A and 178A, implying trans-
verse velocities of 8600 and 9100 km s~1, respectively. The
fact that these high-velocity ejecta appear behind in projec-
tion the position of the radio bow-shock means that
Feature C must have a space velocity exceeding 9000 km

s~1. This inconsistency with the radio derived 4300 km s~1
proper motion grows larger if Feature C has any signiÐcant
motion out of the sky plane (e.g., the nearby knot NK 15
has a radial velocity of ]4500 km s~1).

Strong decelerations of northern limb NKs could, in
principle, help explain their discordant radial placements
relative to Feature C. However, proper motion data suggest
that NK-type knots in this northern region have experi-
enced very little deceleration (see Fig. 9a). For example,
Knot NK 15 has a proper motion of yr~10A.525 ^ 0A.005
(van den Bergh & Kamper 1983), implying an explosion
date of A.D. 1677 ^ 4 and thus an average deceleration of
2% or less if A.D. 1680 is taken as the date of the Cas A SN.

An alternative model is that the bow-shock feature is due
to a small cluster of NK-type knots passing through the
northern portion of the di†use local CSM/ISM cloud dis-
cussed above. This cluster could produce a shock wave
structure that could resemble a low Mach cone o† a single
high-speed knot. There are several points favoring this
interpretation. First, an association of outlying optical
knots with this bow shock is suggested by the similarity of
radial positions from the remnantÏs center. In Figure 14
(lower left panel) we show the projected space velocity dis-
placements for NKs 15 and 15A by the white arrows on the
open circles. One sees that these NKs would have displaced
radial positions equal to that for the bright apex of the
radio bow-shock feature assuming its motion is largely in
the sky plane. Second, an extension of this CSM/ISM cloud
farther to the north than depicted by its radio or infrared
emission is suggested by the absence of stars in this region
(Figs. 5 and 14). Last, examination of the VLA radio image
indicates the presence of a fainter, companion knot B5A o†
to the southwest of the bright apex knot. A small grouping
of small ejecta knots would be consistent with that found
elsewhere in the remnant (see ° 3.1).

In summary we propose : (1) The di†use radio, infrared
and now optical emission seen along the north limb region
originates in an CSM/ISM cloud located just outside of
Cas AÏs main shell. (2) Clumps of high-velocity ejecta, like
that seen in the optical elsewhere in the remnant, have par-
tially transversed this cloud and are currently located along
its northern edge. (3) The collective e†ects of several high-
speed knots through this cloud could produce the bow-
shockÈlike structure observed in the radio.

4.5. Outer Ejecta Chemical Compositions

Spectra for 68 of the 75 outer knots listed in Tables 2È4
show that these outer knots possess distinct chemical
makeups. A detailed quantitative analysis of the chemical
composition of these outer knots using customized, metal-
rich shock models is beyond the scope of this paper.
However, several qualitative statements can be made from
the available data using published shock models.

Whereas no high-velocity, main shell knots have been
observed to show a spectrum dominated by nitrogen line
emission, there are now four dozen knots (NKs) located
outside the shell that do. As noted in ° 3.1, Ha emission it is
usually too weak to detect or measure accurately in these
knots. In the few cases where Ha is seen, it is usually con-
siderably weaker than the weak [N II] j6548 line. From
data on 10 NKs, FBG88 estimated N/H levels at least 10
times solar. Our much larger sample suggests that such
large N/H abundances ratios are the rule rather than the
exception.
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The presence of Ha emission in a few NKs with strengths
like that of the pre-SN QSF mass-loss material has been
cited as evidence for photospheric hydrogen at the moment
the progenitor star exploded (FBG88). If true, this would set
important constraints on the progenitorÏs mass-loss devel-
opment phase. Also, subsequent detections of N and H lines
in mixed jet knots was given as supporting evidence that a
H-rich outer layer might have permitted the Cas A SN to
brieÑy exhibit a Type II spectrum near maximum light
(FB91 ; FG96). However, from our sample of 44 NK spectra,
we Ðnd QSF-like Ha/[N II] line strengths in only three
knots, namely NKs 1È3 in the SW region. In addition, none
of the three new western or the two jet MEKs (Knots 82a,b)
show any detectable Ha emission (e.g., I([N II]j6583)/
I(Ha) º 10 for Knot 19). Since signiÐcant mass accretion of
circumstellar or interstellar material onto these high-speed
knots seems unlikely, the H ] N rich photospheric layers
must either have been of very low mass or did not form into
many observable optical knots.

Regarding outlying FMKs, there appears to be signiÐ-
cant chemical di†erences between them and the FMKs in
Cas AÏs bright main shell. SpeciÐcally, we Ðnd evidence for
a correlation of S/O abundance with expansion velocity.
The [O III] jj4959,5007 and [O II] jj7319,7330 emissions,
which are among the strongest lines seen in the spectra of
main shell FMKs, appear strong only in the slowest outly-

ing FMKs (Knots 16, 19I, and 19K; km s~1).v
space

¹ 10,000
Also, [S II] jj6716,6731 is rarely dominant in main shell
knots, with just 8% of knots exhibiting a spectrum showing
only [S II] emission present (Reed et al. 1995). However,
[S II] dominant spectra appear common in outer FMK
ejecta, with O0]O`2 line emissions either weak or below
our detection limits when km s~1.v

space
º 11,000

A correlation of increasing [S II] dominated emission
knots with high space velocity was also observed in the jetÏs
FMKs (van den Bergh 1971 ; Fesen & Gunderson 1996)
where paradoxically the high ionization lines of [O III]
jj4959,5007 virtually disappear above a knot velocity of
10,000 km s~1. From just the small number of FMKs exam-
ined here, a [S II] versus expansion velocity correlation for
outer FMKs is uncertain. However, when combined with
the 80] knots studied in the jet (FG96), the e†ect gains
credibility.

Decreasing [O II]/[S II] with velocity is unlikely to be due
to decreasing knot density and hence less collisional de-
excitation of the [S II] lines as proposed by Reed et al.
(1995) for main shell FMKs. They argued that systematic-
ally lower electron densities (and hence lower gas pressures)
along with increasing expansion velocity could result in less
[S II] collisional de-excitation and hence stronger [S II]
jj6716,6731 emission relative to less de-excited lines such as
those of [O II] j7325. Despite other evidence supporting
abundance changes with ejection velocity, collisional de-
excitation of the [S II] lines could not be ruled out in the jet
FMKs where cm~3 (FG96).N

e
¹ 2 ] 103

From our estimates of the electron density sensitive [S II]
j6716/j6731 line ratio, we have determined electron density
values for 15 of the 19 new FMKs (Table 3). If we exclude
the suspiciously low value for knot 19H, then N

e
^ 1.5È10

] 103 cm~3 (I[6716]/I[6731] \ 0.5È0.8) with an average
value around 4000 cm~3 for Knots with kmv

space
º 10,000

s~1. Such densities are similar to those measured for FMKs
located in the remnantÏs bright optical shell and generally
are higher than those seen in the jet. Thus, the new FMKs

show higher densities than those found in jet FMKs, yet
exhibit similarly [S II] dominated spectra for the fastest
knots. This means that increased S/O abundance ratios and
not density di†erences account for the observed [S II]
dominance in the highest velocity FMKs.

Last, there is the question about the true nature of the
hybrid MEK-type knots. Without higher spatial resolution,
it is unclear if these knots represent microscopically mixed
N ] O, S, Ar ejecta or are simply small clusters of chemi-
cally distinct debris knots. The bright western MEK Knot
19 is just barely resolved in subarcsec seeing, suggestive of a
largely singular, thoroughly mixed NK/FMK knot. On the
other hand, the extended appearances of some MEKs like
the original Knot 82 in the jet (see FB91) and Knot 20 along
the western limb (Fig. 2j) suggest we might be observing
merely closely spaced NK and FMK knots. Although iden-
tical radial velocities for NK and FMK-type emission lines
do support the mixed knot model, it does not prove it. If
neighboring NK/FMK cluster knots were separated by 0A.5
at a radial distance of 180A, emission line radial velocities
would di†er by less than 0.3%. This would produce an
easily unnoticed ¹25 km s~1 velocity di†erence in low-
dispersion spectra.

4.6. Asymmetrical Expansion and Turbulent Mixing

It has long been suspected that the Cas A supernova may
have undergone an asymmetrical expansion which lead to
substantial mixing of the emerging ejecta. One obvious
feature suggesting this is the ““ jet ÏÏ of FMK-type ejecta o†
the remnantÏs northeastern limb. More than 30 years ago,
Minkowski (1968) puzzled over its nature which he could
detect out to a radial distance nearly twice that of the main
shell. Derived proper motions combined with radial veloc-
ity data led van den Bergh & Dodd (1970) to conclude that
di†erent fragments must have left the Cas A supernova with
widely di†ering space velocities. Later, due to the domin-
ance of [S II] emission in a majority of jet knots, van den
Bergh & Kamper (1983) speculated that S-rich knots, and
not the expected overlying O-rich material, had been
somehow ejected with the highest velocities in this area.
More recently, Fesen & Gunderson (1996) found further
indications for higher sulfur and argon abundances with
increased jet ejecta velocity. They also detected jet emission
knots out to a radial distance of ^290A implying a velocity
of 15,000 km s~1. This is 2.5 times the expansion velocity
observed in the main shell and is strong evidence that the
Cas A supernova did not experience a uniform spherical
expansion.

Our survey of the remnantÏs outermost ejecta provides
further clariÐcation on how the Cas A supernova exploded.
After allowing for knot decelerations along the eastern limb,
the similarities of space velocities for the outer N-rich knots
point to a nearly uniform ejection velocity of around 10,000
km s~1. This suggests a fairly smooth, spherical expansion
of the starÏs outermost layers. The fact that we see this
velocity pattern in knots moving up to 30¡ into and out of
the plane of the sky (° 4.1) means that this expansion uni-
formity applies to at least one-third of the remnant.

A near spherical expansion, however, was apparently not
shared by the progenitorÏs inner S and Ar-rich material.
First, there is the northeast jet of ejecta which extends out to
15,000 km s~1. Discovery of 7500È12,500 km s~1 velocity
FMKs in the west, southwest, and southeast means that the
jetÏs high-velocity FMKs can no longer be considered pecu-



182 FESEN Vol. 133

liar. Second, the presence of both western and eastern FMK
ejecta with space velocities above 11,000 km s~1 rich in the
products of explosive O-burning indicates an asymmetrical
expansion in more that one direction. Sulfur-rich material
from the progenitorÏs innermost layers was ejected up
through overlying layers at sufficient energies that their
Ðnal velocities surpass even those of the usually fastest, less
dense photospheric layers. What is unknown, however, is
what process led to this asymmetrical expansion.

The presence of FMKs on opposite sides of Cas A raises
the possibility of some sort of axisymmetric, bipolar expan-
sion. The highest ejecta velocities (º12,000 km s~1) lie in
the northeastern jet (position angles D45¡È70¡) while the
fastest western NKs and FMKs are found nearly 180¡
around (position angles D230¡È260¡ ; Fig. 9d). Although we
found outlying O, S, Ar knots occupying a fairly broad
azimuth distribution in the east and west, they subtend
about the same D40¡ angular spread in both directions.
Additional support of this picture comes from recent deep
Chandra images of Cas A (Hwang, Holt, & Petre 2000)
which reveal a few radially aligned, X-ray emission
““ streamers ÏÏ along the western limb, opposite of the jet.

A broad axial asymmetry with narrow and opposing
areas of high-speed ejecta bears similarities with core-
collapse explosions recently modeled using collimated polar
jets (Blackman & Yi 1998 ; Khokhlov et al. 1999 ; Ho� Ñich,
Wheeler, & Wang 1999 ; MacFadyen & Woosley 1999). The
fact that the highest velocity ejecta show S, Ar dominated
spectra is consistent with these models where the innermost
layers are ejected with the highest velocities. Moreover,
these models suggest a fairly uniform expansion away from
the jets, much like that implied by the NKs. Unfortunately,
the current Cas A outer knot data set does not allow deter-
mining if the asymmetry here is truly axisymmetric and
in which directions since, as discussed above (° 4.1), opti-
cal knot visibility appears enhanced near the plane of the
sky.

Jet-induced explosions, however, are not the only way to
create highly asymmetrical expansions, and available kine-
matic data on the remnantÏs main shell do not point to a
simple bipolar expansion. Cas AÏs bright optical shell
exhibits a pronounced, multiring like three-dimensional
structure (Reed et al. 1991 ; Lawrence et al. 1995 ; J. E. Reed
1998, private communication). The nature of these large
rings is unknown but could be related to expanding 56Ni
bubbles (Chevalier 2000). Such a highly asymmetric struc-
ture of the remnantÏs 4000È6000 km s~1 ejecta along with
an even more complex bubble-like texture seen in the radio
(Braun, Gull, & Perley 1987) implies a complex explosion
asymmetry resembling multiple high-speed Ðngers of
emerging mantle ejecta (Burrows, Hayes, & Fryxell 1995 ;
Janka & 1996). Nonetheless, there are hints thatMu� ller
some of these main shell rings could still be related to jetlike
streams of higher velocity debris since one of them lies at
the base of the northeastern jet.

An asymmetrical explosion of the Cas A SN might help
explain the stronger than expected 44Ti gamma-ray line
detection at 1.157 MeV from COMPTEL and OSSE
aboard the Compton Gamma Ray Observatory (GRO)
(Iyudin et al. 1994 ; Iyudin et al. 1997 ; The et al. 1996 ;
Dupraz et al. 1997). These observations indicate a gamma-
ray line Ñux around 3.5 ] 10~5 photons cm~2 s~1 indicat-
ing a 44Ti mass ^1 ] 10~4 This mass is larger thanM

_
.

the 0.6È8.0 ] 10~5 predicted by high-mass supernovaM
_

models (Woosley & Weaver 1995 ; Thielemann, Nomoto, &
Hashimoto 1996).

If accompanied by a predicted º0.05 of 56Ni, theM
_

Cas A supernova should have had a peak visual brightness
of around [4 mag assuming no visual extinction. To
explain FlamsteedÏs 6 mag observation of 3 Cassiopeia
requires then D10 mag of extinction (Timmes et al. 1996)
which is much greater than the 4È8 mag estimated for the
remnant (Troland, Crutcher, & Helies 1985 ; Hurford &
Fesen 1996). However, Nagataki et al. (1998) has shown
that axisymmetric collapse-driven explosions can produce
an enhancement of the 44Ti/56Ni ratio needed to explain
the 44Ti mass implied by the GRO observations without
creating more 56Ni making the SN too bright to be consis-
tent with the lack of more historical sightings. Although
other solutions have been suggested (Mochizuki et al. 1999)
and there well could be increased extinction toward Cas AÏs
explosion point due to small molecular cloud clumps (Goss,
Kalberla, & Dickel 1984 ; Troland, Crutcher, & Helies
1985), the expansion asymmetry indicated by the NE jet
and other outlying S, O, Ar debris is consistent with the
Nagataki et al. (1998) explanation.

An asymmetrical explosion is also likely to induce sub-
stantial interlayer turbulence and, indeed, the remnantÏs
bright main shell exhibits several properties indicating
strong internal mixing. Chevalier & Kirshner (1979) argued
that some nonspherical motions must have occurred in the
Cas A SN due to the lack of correlated knot abundances
and expansion velocity. Similarly, Winkler, Roberts, &
Kirshner (1991) reported Ðnding a wide range of main shell
O and S abundances spanning more than an order of mag-
nitude. From their data, Winkler et al. concluded that the
““ inner core of the progenitor was mixed by the supernova
with overlying material, at least as far out as the oxygen
zone.ÏÏ

Cas A exhibits unusual abundances relative to other so-
called oxygen-rich remnants (van den Bergh 1988) particu-
larly in showing an apparent lack of neon and magnesium
(see Fesen 1990 ; Vink, Kaastra, & Bleeker 1996). This has
been used to argue against mixing (Johnson & Yahil 1984).
However, Ðlaments with strong neon emission have now
been detected in the mid-infrared (Douvion et al. 1999), and
the analysis of Chandra X-ray data by Hughes et al. (2000)
lends strong supporting evidence for a turbulent explosion
of the Cas A SN. Hughes et al. found bright X-ray knots to
be composed of explosive O-burning products mixed
together with less metal-rich material from H, He, N-rich
layers farther out in radius. Di†use Fe-rich X-ray emitting
material, presumably from explosive S-rich innermost
layers, was found lying outside the S-rich material suggest-
ing a spatial inversion of signiÐcant portions of the SN
during the explosion.

Finally, the notion that Cas A exploded asymmetrically is
in-line with increasing observational evidence for asym-
metrical explosions in core-collapse SNe. The early detec-
tion of radioactive products in SN 1987A (Kumagai et al.
1989 ; Tueller et al. 1991 ; McCray 1993), asymmetrical line
proÐles in SN 1993J (Spyromilio 1994 ; Wang & Hu 1994),
and signiÐcant polarizations in Type II SNe et al.(Mèndez
1988 ; Je†rey 1991) have often been cited as evidence for
mixing of the ejected material. Our detections now of mixed
emission knots (MEKs) along Cas AÏs east and west limbs
with velocities greater than most NKs lend support for
some degree of turbulent mixing possibly due to mass
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entrainment. This statement is true regardless of whether
the MEKs are micro- or macroscopically mixed.

5. CONCLUSIONS

Our survey of faint, optical emission around the outer
periphery of the Cas A remnant has revealed over two
dozen new [N II] emission knots as well as the Ðrst detec-
tions of outlying O ] S bright ejecta (FMKs) outside of the
NE jet. Combined with previous studies, there are now
some 75 optical knots outside the remnantÏs main shell,
excluding the 100] FMKs located in the NE jet. These new
detections make it clear that outer knots, albeit faint, consti-
tute a signiÐcant population of SN debris representing the
highest velocity ejecta. Moreover, these knots appear both
chemically and kinematically distinct from the remnantÏs
bright, optical emission shell.

SpeciÐc results and conclusions are as follows :

1. Twenty-Ðve new outlying knots have been detected
which show a 4500È7500 spectrum dominated by [N II]A�
jj6583,6548 line emission (NKs). This brings to 50 the
number of this type of ejecta now known. Most lie within an
expansion velocity band of 8000 and 10,000 km s~1. Several
knots along the remnantÏs eastern limb appear to be inter-
acting with a local H II region and thus may have experi-
enced signiÐcant decelerations. When deceleration e†ects
are taken into account, a nearly isotropic ejection velocity
^10,000 km s~1 is suggested. A handful of knots located in
the southwest are striking exceptions, possessing velocities
up to 12,000 km s~1. N-rich ejecta fragments are presum-
ably shrapnel from the He, N-rich outer layers of the Cas A
progenitor. The presence of appreciable hydrogen emission
in just three out of 50 knots suggests a hydrogen poor
photosphere at the time of supernova outburst.

2. Nearly 20 new outlying O ] S rich fast moving knots
are discovered, mostly along the remnantÏs western limb.
These are the Ðrst to be found outside of the main shell not
associated with the northeast jet and indicate a much wider
distribution of high-velocity O ] S debris than previously
realized. The new ejecta knots possess space velocities
between 7600 and 12,600 km s~1. Ejecta showing strong
sulfur emissions but weak or absent oxygen lines dominate
the highest velocity debris (º11,000 km s~1). This suggests
an expansion in which the innermost S-rich layers were
somehow ejected up through overlying material, with Ðnal
outward velocities even higher than debris from the N-rich
photosphere. The detection of such sulfur dominated ejecta
only along the northeast and southwest limbs suggests a
highly asymmetrical expansion, possibly bipolar. Such an
asymmetrical expansion might have led to some of the
strong mixing observed in the main shell.

3. Three new ““ mixed ÏÏ N ] O, S, Ar type knots (MEKs)
have been found along the remnantÏs western limb. These lie
near the newly discovered western O, S, Ar emission knots
(FMKs) and nearly opposite of the NE jet, the only pre-
viously known region having MEK type knots. Although
all line emissions in each knot exhibit the same radial
velocities, the true nature of these ““ mixed ÏÏ ejecta is uncer-
tain. Higher spatial resolution images along with follow-up
spectra are needed to determine whether these knots are
really homogeneously mixed ejecta or simply closely
packed clusters of chemically distinct NK/FMK debris.

Nonetheless, the presence of N-rich material with S, Ar-rich
ejecta along both east and west limbs having velocities
º10,000 km s~1 suggests signiÐcant turbulent layer mixing,
possibly as a result of high-speed mass entrainment.

4. All 75 outer knots discussed lie ahead of the remnantÏs
forward shock front, meaning they are moving through
local undisturbed, unshocked CSM or ISM. Detection of
NKs and FMKs in groups or small clusters in particular
regions suggests the presence of extended CSM and/or ISM
of sufficient density is required for creating strong internal
shocks thereby making them optically visible. The majority
of all outlying knots lie within ^20¡ of the plane of the sky,
suggesting a near tangent viewing angle is an important
additional factor in determining optical visibility.

5. A few optical/radio/X-ray emission coincidences are
identiÐed along the southeastern limb at the locations of
some outlying optical knots. A bright, radio Ðlamentary arc
located just outside the remnantÏs northern shell shows
faint, di†use optical emission. This optical emission may be
a reÑection nebula associated with a IR detected CSM/ISM
cloud whose dust is scattering the bright [S II], [O I], and
[O II] line emissions of Cas AÏs bright northern optical
ejecta.

6. A compact, neighboring radio feature farther to the
north may be related to some of the newly discovered high-
velocity, outlying optical knots. A faint, bow-shaped cone of
outermost emission with a bright knot at its northern apex
has been attributed to clumps of intermediate velocity
debris puncturing a decelerated shell created by formerly
higher speed ejecta (Braun, Gull, & Perley 1987). We
suggest, instead, it is a cluster of outlying ejecta knots like
that seen elsewhere around the remnant but made more
visible in the radio due to their passage through the north-
ern edge of the local CSM/ISM cloud. The projected space
velocity displacements for several nearby NK type knots
are equal to that of the featureÏs bright apex.

Future studies of the remnantÏs highest velocity debris
promise further kinematic and chemical information.
Besides a detailed quantitative chemical analysis of the
various types of outer ejecta using metal-rich shock models,
future work might include a much deeper search for high-
speed debris using the near infrared lines of He I 10830 A�
and [S II] jj10,300È10,500 for NK and FMK ejecta, respec-
tively. Uncovering many more emission knots, particularly
along the high-extinction west limb region, will help better
deÐne this young remnantÏs global kinematics and struc-
ture.
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APPENDIX A

NOTES ON INDIVIDUAL KNOTS

2.ÈImages taken in 1998 taken using a 6510 Ðlter show a ^2A long emission knot extended in the radial direction awayA�
from the center of expansion (see Fig. 2b).

3.ÈThis knot appears to have faded considerably over the last decade, being easily detectable in broad Ha images taken in
1985 (see FBB) but was only barely visible in 1996 (Fig. 2a). Knot does not show up in 1998 Ha minus 6510 di†erence imageA�
(Fig. 2b) despite its similar radial velocity to Knot 2 which was easily detected.

3A.ÈHigh proper motion conÐrmed through comparison of 1996 Ha image and several 1985 images published by FBB
covering the Knot 1È3 region (see Figs. 3 and 4 in FBB).

3B.ÈHigh proper motion conÐrmed through comparison of 1996 Ha image and the 1992 Ha image of Fesen & Gunderson
(1996).

6A.ÈHigh proper motion conÐrmed through comparison of 1996 Ha image and the 1985 image published by FBB
covering the Knot 4È6 region (see their Fig. 7).

9A,B.ÈBest resolution images show at least two closely spaced knots about apart. We have designated the1AÈ1A.5
outermost one 9A, with 9B following. Spectroscopic data refer to the blend of both knots. These knots are visible on archival
Palomar plates.

10.ÈVisible on archival Palomar plates. Deep 1996 Ha images hints at some faint trailing emission.
10A.ÈKnot was not detected by FBG due to coincident position with nearby faint star in 1986.
12.ÈHigh proper motion conÐrmed through comparison of 1996 Ha image and the 1986 image published by FBG

covering the Knot 12 region (see their Fig. 2).
12A, 12B.ÈHigh proper motions suspected through comparison of 1996 Ha image and the 1985 and 1986 images of FBB

and FBG. Complex emission structure in earlier frames prevents a clear knot identiÐcation.
13.ÈThis emission knot described by FBG could not be conÐdently identiÐed on the 1996 images/spectra or connected to

Knots 13AÈD. A faint patch of Ha emission appears coincident with Knots 13AÈD (Fesen & Gunderson 1996 ; their Fig. 11).
14A.ÈA streak of emission about 3A long with a bright end facing the remnantÏs center. Detected in 1998 via 6510 A�

imaging along with Knots 15B and 15C.
15.ÈAlso known as KB 91 (Kamper & van den Bergh 1976). Easily visible on a 1958 Palomar 5 m plate (see van den Bergh

& Dodd 1970). Brightness does not appear to have signiÐcantly changed over past ^40 years.
15A.ÈHigh proper motion conÐrmed through comparison of our 1996 broad [S II] image and the 1992 [S II] image of

Fesen & Gunderson. May have brightened signiÐcantly during the past year since the measured 1997.8 Ñux is more than twice
that estimated in 1996.7.

16, 16A, 17, 17A, 17B.ÈNo proper motion information due to a lack of reliable knot detection/identiÐcation on archival
published images. Knot 17B appears extended and shows up strongly on [S II] images.(^2A.5)

19.ÈDiscovered by Kamper & van den Bergh (1991), this mixed emission type knot exhibits a starlike appearance and is
one of the remnantÏs brighter outlying knots. Analysis of 1996 [S II] frames indicates a knot size of suggesting a true¹0A.9
dimension of ¹0.015 (d/3.4 kpc) pc. This knot is easily seen on deep 1976 and 1983 R-band images (van den Bergh & Kamper
1985) but is not visible on MinkowskiÏs 1958 103aF ] RG2 plate (see van den Bergh & Dodd 1970 ; Fig. 1).

21A and 21D.ÈCollectively called by Fesen & Gunderson (1996) (see their Fig. 2).““ FMF
2

ÏÏ
24 and 24A.ÈOnly the [N II] j6583 line detected well with only hint of the j6548 line. Weak Ha emission (v D 0 km s~1)

detected spatially coincident with emission from these knots.
25.ÈRelatively bright SW emission patch visible in [S II]. High proper motion conÐrmed through comparison of 1996

[S II] and the 1992 [S II] image of Fesen & Gunderson.
27.ÈWeakly visible on 1958 broadband red plate (see van den Bergh & Dodd 1970) as a short Ðlament. Its 216@@ ^ 1A.5

distance from the remnantÏs kinematic center of expansion (Kamper & van den Bergh 1976) on this plate suggests a proper
motion of per year and a Cas A explosion date no earlier than 1674 ^ 15.0A.76 ^ 0A.04

61È63, 65, and 65.ÈNK knots located in the NE jet region (Fesen & Gunderson 1996). Quoted distances from remnant
center are remeasured values o† 1996 image data.

66A.ÈCalled by Fesen & Gunderson (1996) (see their Fig. 2).““ FMF
1

ÏÏ
82A and 82B.ÈCalled and by Fesen & Gunderson (1996) (see their Fig. 2).““ MEK

1
ÏÏ ““ MEK

2
ÏÏ

APPENDIX B

In their study of FMKs and MEKs in Cas AÏs northeast jet, Fesen & Gunderson (1996) listed 1988 epoch radial distances
along with the implied space velocities assuming a remnant distance of 3 kpc. In order to update these values, as well as
correct a few tabulation errors in listed radial distances (e.g., Knots 40È45) we remeasured the radial distances and recalculat-
ed the implied space velocities for these jet knots.

Listed below is a retabulation of radial distances and inferred space velocity values for all 87 knots in Cas AÏs northeast jet
discussed by Fesen & Gunderson (1996). Table 5 lists 1996.7 epoch radial displacements from van den Bergh and KamperÏs
quoted center of expansion along with revised space velocities adopting Reed et al.Ïs derived 3.4 kpc distance and a 316 yr
expansion age 1680). These updated values for jet FMKs were those used in Figure 9d.(t

o
\ A.D.



No. 1, 2001 OUTLYING EJECTA IN CAS A 185

TABLE 5

EMISSION KNOTS IN THE NORTHEASTERN JETa

Knot Rb V
T
c V

R
V
Space

Knot Rb V
T
c V

R
V

Space
Knot ID Type (arcsec) (km s~1) (km s~1) (km s~1) Knot ID Type (arcsec) (km s~1) (km s~1) (km s~1)

1 . . . . . . . . FMK 283 14400 ]280 14400 41 . . . . . . . FMK 99 5000 [2300 5500

2 . . . . . . . . FMK 262 13400 [160 13400 42 . . . . . . . FMK 83 4200 ]1520 4500

3 . . . . . . . . FMK 254 13000 [110 13000 43 . . . . . . . FMK 80 4100 ]1110 4300

4 . . . . . . . . FMK 241 12300 [120 12300 44 . . . . . . . FMK 80 4100 [2780 4900

5 . . . . . . . . MEK 236 12000 [20 12000 45 . . . . . . . FMK 75 3800 ]20 3800

6 . . . . . . . . MEK 229 11700 ]370 11700 46 . . . . . . . FMK 249 12600 [1110 12700

7 . . . . . . . . FMK 227 11600 ]350 11600 47 . . . . . . . FMK 249 12600 [950 12700

8 . . . . . . . . FMK 220 11200 ]420 11200 48 . . . . . . . FMK 221 11300 [2290 11500

9 . . . . . . . . MEK 213 10900 ]400 10900 49 . . . . . . . MEK 220 11200 [1380 11300

10 . . . . . . . MEK 212 10800 ]450 10800 50 . . . . . . . FMK 214 10900 [1360 11000

11 . . . . . . . FMK 204 10400 ]300 10400 51 . . . . . . . FMK 208 10600 [1800 10800

12 . . . . . . . FMK 196 10000 ]420 10000 52 . . . . . . . FMK 205 10500 [710 10500

13 . . . . . . . FMK 188 9500 [380 9500 53 . . . . . . . FMK 205 10500 [2330 10700

14 . . . . . . . FMK 187 9500 ]1040 9600 54 . . . . . . . FMK 202 10300 [470 10300

15 . . . . . . . FMK 171 8700 ]2870 9200 55 . . . . . . . FMK 190 9700 [700 9700

16 . . . . . . . FMK 168 8500 ]2800 9000 56 . . . . . . . FMK 185 9400 [850 9500

17 . . . . . . . FMK 97 4900 [1900 5300 57 . . . . . . . FMK 185 9400 [2670 9800

18 . . . . . . . FMK 93 4800 ]2300 5300 58 . . . . . . . FMK 181 9200 [800 9200

19 . . . . . . . FMK 90 4600 ]1400 4800 59 . . . . . . . FMK 178 9100 [890 9100

20 . . . . . . . FMK 88 4500 [2350 5100 64 . . . . . . . FMK 95 4800 ]2310 5300

21 . . . . . . . FMK 83 4300 ]1100 4400 67 . . . . . . . FMK 100 5100 ]2360 5600

22 . . . . . . . FMK 83 4300 [2380 4900 68 . . . . . . . FMK 98 5000 ]940 5100

23 . . . . . . . FMK 242 12400 [530 12400 69 . . . . . . . FMK 92 4700 [2090 5100

24 . . . . . . . FMK 238 12100 [530 12100 70 . . . . . . . FMK 92 4700 ]1120 4800

25 . . . . . . . FMK 209 10600 [570 10600 71 . . . . . . . FMK 84 4300 ]3280 5400

26 . . . . . . . MEK 199 10200 [2090 10400 72 . . . . . . . MEK 217 11100 [420 11100

27 . . . . . . . FMK 198 10100 [510 10100 73 . . . . . . . MEK 229 11700 ]210 11700

28 . . . . . . . FMK 196 10000 [700 10000 74 . . . . . . . FMK 240 12200 [420 12200

29 . . . . . . . FMK 191 9700 [650 9800 75 . . . . . . . FMK 218 11100 [110 11100

30 . . . . . . . FMK 180 9200 [2150 9400 76 . . . . . . . FMK 224 11400 [110 11400

31 . . . . . . . FMK 174 8900 [2200 9200 77 . . . . . . . FMK 226 11500 ]290 11500

32 . . . . . . . MEK 169 8600 [3250 9200 78 . . . . . . . FMK 225 11500 [200 11500

33 . . . . . . . FMK 168 8600 [2130 8800 79 . . . . . . . FMK 230 11700 ]110 11700

34 . . . . . . . MEK 159 8100 [3200 8700 80 . . . . . . . FMK 241 12300 [1340 12400

35 . . . . . . . FMK 159 8100 [2400 8400 81 . . . . . . . FMK 182 9300 ]220 9300

36 . . . . . . . MEK 149 7600 [3750 8500 83 . . . . . . . FMK 183 9300 [300 9300

37 . . . . . . . FMK 149 7600 [3100 8200 84 . . . . . . . FMK 185 9500 [2450 9800

38 . . . . . . . FMK 129 6600 [3200 7300 85 . . . . . . . FMK 186 9500 [2210 9700

39 . . . . . . . FMK 115 5900 [2450 6400 86 . . . . . . . FMK 235 12000 ]720 12000

40 . . . . . . . FMK 109 5600 [2400 6100 87 . . . . . . . FMK 275 14000 ]190 14000

NOTE.ÈTable 5 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
a Knot ID numbers and radial velocities taken from Fesen & Gunderson 1996.
b Estimated 1996.7 radial distance from d[2000] \ 58¡48@47@@.a[2000] \ 23h23m27s.7,
c Transverse velocities calculated assuming d \ 3.4 kpc and a 316 yr expansion age.
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