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ABSTRACT 

We present ultraviolet and optical spectral data for the oxygen-rich supernova remnant IE 0102-7219 in 
the Small Magellanic Cloud. The ultraviolet data were obtained with the IUE satellite and are the first data 
to seriously constrain the ultraviolet emission from an oxygen-rich remnant. Emission lines of O i, [O n], 
O m], O iv], C m], C iv, [Ne iv], and Mg n have been unambiguously detected in the UV. The presence of 
O i recombination lines in the UV and optical permits a scaling of relative line intensities for comparison with 
models. We have calculated shock models for material with abundances appropriate to massive stellar ejecta 
and find a number of differences between these models and the observations. The UV lines are observed to be 
weaker relative to optical lines than expected from the models, and values of certain ratios, such as C iv 
21550/C in 21909, are difficult to explain. We have also calculated models of photoionization by the remnant’s 
X-ray emission, and these provide a better qualitative match to the observed spectra, although a combination 
of shock heating and photoionization may be necessary to explain all of the relative line intensities. We derive 
approximate abundances in the ejecta and discuss the implications these have for the precursor star. 
Subject headings: galaxies: Magellanic Clouds — nebulae: abundances — 

nebulae: individual (IE 0102-7219) — nebulae: supernova remnants — ultraviolet: spectra 

I. INTRODUCTION 

The supernova remnant (SNR) IE 0102.2 — 7219 was first 
identified in the Einstein X-ray survey of the Small Magellanic 
Cloud (SMC) by Seward and Mitchell (1981). Measurements 
with the Imaging Proportional Counter on Einstein show the 
object to be the second brightest X-ray source in the SMC and 
to have a relatively soft X-ray spectrum, similar to SNRs in our 
Galaxy and the Large Magellanic Cloud (LMC). However, it 
was clear even from the survey results that this object was not 
“ typical.” The IPC count rate was > 10 times that of the next 
brightest SMC remnant. 

Optical emission from IE 0102.2 — 7219 was discovered by 
Dopita, Tuohy, and Mathewson (1981) using narrow band 
imaging. The SNR was identified with a faint ring of filaments 
~24" in diameter visible only in the light of [O m] 25007, 
adjacent to the N67A. Comparison to existing radio data indi- 
cated that confusion with thermal emission had prevented the 
source from being identified as nonthermal, but that a radio 
source was present at the position of the SNR. The calibrated 
images revealed a ratio of [O m] 25007/H/? > 60 for the ring of 
filaments. At a distance of 59 kpc for the SMC, the diameter of 
the [O m] ring is 6.9 pc. 

The spectroscopic peculiarities of the SNR were demon- 
strated by Tuohy and Dopita (1983): spectra of individual 
knots showed strong lines of oxygen and neon, but nothing 

1 Guest Observer with the International Ultraviolet Explorer satellite, which 
is jointly operated by the U.S. National Aeronautics and Space Adminis- 
tration, the Science Research Council of the UK, and the European Space 
Agency. 

else. Velocity mapping indicated an overall expansion velocity 
of ~6500 km s_1, perhaps distributed in a twisted ring mor- 
phology. Although Tuohy and Dopita claim an age of 
~1000 yr, undecelerated expansion at ~3250 km s"1 implies 
an expansion age of 2150 yr. These characteristics clearly 
establish this remnant as a member of the class of oxygen-rich 
SNRs, which includes such objects as N132D and 0540 — 69.3 
in the LMC (Lasker 1980; Mathewson et al 1980), Cas A and 
G292.0+1.8 in our Galaxy (Chevalier and Kirshner 1978, 
1979; Goss et al 1979; Murdin and Clark 1979), and the 
powerful young SNR in the irregular galaxy NGC 4449 (Blair, 
Kirshner, and Winkler 1983). More recently, some knots domi- 
nated by oxygen emission have been identified in the Galactic 
remnant Puppis A (Winkler and Kirshner 1985), although this 
SNR is thought to be considerably older than the other 
members of the class. 

Objects with inferred large overabundances of such elements 
as oxygen, neon, sulfur, etc., are thought to represent the explo- 
sions of massive (Population I) stars. Nuclear burning in the 
progenitor stars had progressed to or perhaps even beyond the 
oxygen-burning stage when the SN explosion took place. With 
the exception of Puppis A, the SNRs are all young ( < 2500 yr), 
show high-velocity material (At; > 2000 km s_1), and contain 
some optical knots or filaments whose spectra are dominated 
by oxygen emission lines (hence, the class name “ oxygen-rich ” 
remnants). Since the X-ray emissivity depends on ne

2 and is 
also a function of heavy element abundances (cf. Raymond and 
Smith 1977; Long, Dopita, and Tuohy 1982), these young, 
metal-rich SNRs also tend to be strong soft X-ray sources. 
IE 0101.2-7219 meets all of these criteria. A summary of the 
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TABLE 1 
Characteristics of IE 0102.2—7219 

Characteristic Value References 
Distance  
Position (1950)  
SNR diameter: 

Ring   
Annulus   

Velocities: 
Range  
Total  

SNR age  
X-ray luminosity (0.2-2 keV) ... 
UO in]   
N„     

59 kpc 1 
01h02m25!2, — 72o18'04"6 2, 3 

24" = 6.9 pc 2 
40" = 11.5 pc 4 

— 2500 to +4000 km s-1 4 
-6500 km s“1 4 

-2150 yr 2,3 
1.5 x 1037 ergs s-1 5 

-27000 K 6 
^100 cm-3: 7 

References.—(1) McNamara and Feltz 1980; (2) Dopita, Tuohy, and 
Mathewson 1981; (3) Revised, this paper; (4) Tuohy and Dopita 1983; (5) 
Seward and Mitchell 1981, corrected to D = 59 kpc; (6) Using global spectrum 
of Dopita and Tuohy 1984 with [O m] atomic parameters from Osterbrock 
1974; (7) Dopita and Tuohy 1984. 

measured or inferred characteristics of this SNR is given in 
Table 1. 

One of the difficulties in interpreting optical spectra of 
oxygen-rich SNRs is that there simply are not very many emis- 
sion lines with which to constrain the physical conditions in 
the emitting material. Some elements such as carbon, silicon, 
and magnesium have no strong lines in the optical and their 
abundances are unconstrained by optical spectra. The ultra- 
violet region contains strong lines of these elements as well as 
oxygen and can be used to determine the relative abundances 
for comparison with nucleosynthesis models. 

However, the oxygen-rich remnants have proven to be very 
difficult ultraviolet targets (cf. Blair and Panagia 1987). Some 
objects are hopelessly too faint or reddened to be detectable by 
IUE (Cas A: ~ 4.3). Others, such as 0540-69.3 in the 
LMC, have been attempted without success although the 
reason for failure is not entirely clear: with no Balmer line 
emission, the reddening is not well known and could be the 
problem. The LMC remnant N132D was recently detected 
with IUE after an earlier unsuccessful attempt (Blair et al 
1988). The SNR in NGC 4449 was observed by Blair et al. 
(1984), but only the O m] 21664 line was seen against the 
bright H ii region background. Even so, the upper limits on 
other lines in the ultraviolet were used to constrain some char- 
acteristics of the precursor star. 

For IE 0102.2 — 7219, some direct information on the 
extinction is available. Tuohy and Dopita (1983) observed a 
faint halo of emission directly adjacent to the SNR and found 
Ha/H/? = 2.9, which is nearly the recombination ratio. Hence, 
the reddening must be quite small. Also, the optical filaments 
have reasonably high surface brightness in [O m] 25007, 

which led us to believe it should be detectable with IUE. In 
§11, we discuss our IUE and optical observations of 
IE 0102.2 —7219. Section III follows with a discussion and 
comparison with model calculations. 

II. OBSERVATIONS AND DATA REDUCTION 

a) Ultraviolet 
The IUE Observatory has been described by Boggess et al. 

(1978), with much updated information available in the IUE 
Newsletter series. A log of the IUE exposures in and around 
IE 0102.2 — 7219 is given in Table 2. The SNR was first 
observed during the seventh round of IUE on program 
NSGWB. The exposure for SWP 23925 was intended to be 
much longer, but the combination of a difficult blind offset 
maneuver and unexpected high background in the US1 shift 
limited the integration to just under 5 hr. The resulting spec- 
trum was very noisy. Also, a faint star contaminated part of 
spectrum: this star was anticipated to be just outside the aper- 
ture, so a slight error in the blind offset maneuver or the 
astrometry is indicated. Even so, careful inspection of the pho- 
towrite image and the line-by-line file convinced us that some 
faint, extended emission due to the SNR was present at 1550 Â, 
1909 Â, and possibly several other wavelengths. The 
smoothed, extracted spectrum for lines 30-34 (55 line format) 
of SWP 23925 is shown in Figure 1. While the quality of this 
spectrum is poor, the experience gained from the set-up and 
analysis of the resulting spectrum was crucial to the ultimate 
success of our eighth round program. 

For the eighth round, we combined pairs of back to back 
ESA and US1 shifts to obtain long SWP and LWP exposures 
of the SNR. The observations were scheduled to permit the 
long dimension of the large aperture to be roughly aligned 
along the bright southeastern rim of the [O m] ring visible in 
Tuohy and Dopita’s (1983) photograph, while also being 
mindful of the spacecraft ß angle requirements. The position 
angle for the long dimension of the large aperture during each 
exposure (degrees east of north) is given in Table 2. During 
each of the long SNR exposures, long serendipitous exposures 
were obtained with the other camera at positions ~L1 away. 
The aperture orientations and relative positions are shown 
schematically in Figure 2. 

In retrospect, the SNR slit position was not as ideal as it 
might have been—a position a few arcsec to the south and west 
would have incorporated more SNR emission in the large 
aperture. This slight misplacement is due to two factors: (1) We 
wanted to avoid the star that had contaminated our seventh 
round spectrum (believed to be the star on the southwest edge 
of the [O in] ring), and probably moved further east than 
absolutely necessary. (2) Dopita, Tuohy, and Mathewson 
(1981) give an astrometric position for the center of the [O m] 
ring measured from a fit to nearby SAO stars. (This adopted 

TABLE 2 
IUE Exposure Log for IE 0102.2-7219 Region 

Image Exposure LGAP 
Number Date (minutes) Position Angle Comments 

SWP 23925  1984 Sep 10 295 —137° Seventh round trial exposure 
SWP 27926  1986 Mar 16 865 52 SNR position 
LWP 7803 —... 1986 Mar 16 852 52 Serendipitous exposure NE of SNR 
SWP 27971   1986 Mar 21 790 59 Serendipitous exposure SW of SNR 

(in N76A H n Region) 
LWP 7845  1986 Mar 21 840 59 SNR position 
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Fig. 1.—Extraction of lines 30-34 from SWP 23925, smoothed over 5 pixels. Although the spectrum is very noisy, all of the emission lines identified in our longer 
SWP exposure are also visible here. 

FIG. 2.—Schematic diagram of Tuohy and Dopita’s (1983) [O m] photograph of the region surrounding IE 0102-7219 (their Fig. 6), showing the aperture 
positions for the IUE exposures listed in Table 2. The cross-hatched regions denote emission due to the SNR. The aperture positions to the northeast and southwest 
show the locations of the serendipitous exposures. 

814 
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center is shown in Mathewson et al 1983.) Although Dopita, 
Tuohy, and Mathewson (1981) do not quote an accuracy, such 
fits are usually good to < 2" rms. This was the best coordinate 
available at the time of our observation and the IUE slit posi- 
tion was measured relative to their assumed center. The 
resulting spectra only showed emission over part of the large 
aperture (see below). A subsequent evaluation of our pointing 
using our own astrometry (rms = K'25) and information on the 
observing log has led to the aperture position shown in Figure 
2. Our position for the ring center as indicated by Mathewson 
et al (1983) is a = 01h02m25s0, <5 = -72o18'04?6 (1950), differ- 
ent from Dopita et a/.’s position by about 5". Our best estimate 
of the actual coordinate of the center of the IUE large aperture 
for the SNR exposures is a = 01h02m27s3, ô = -72o18'06"8 
(1950), which is centered on the high surface brightness south- 
eastern rim of the [O m] ring. 

The positions for the serendipitous exposures were fixed by 
the aperture orientation and the known separation of the long- 
wavelength and short-wavelength camera’s large apertures. 
LWP 7803 was obtained at a position northeast of the SNR, as 
shown in Figure 2. This is essentially a blank sky position, 
although the outermost portions of the “halo” discussed by 
Tuohy and Dopita (1983) are visible in this region. The spec- 
trum shows no emission lines, but very faint, diffuse continuum 
can be seen for À > 2500 Â. SWP 27971 was taken to the 
southwest of the SNR, in the outer portion of the bright SMC 
H ii region N76A. This spectrum shows faint, diffuse contin- 
uum nearly filling the aperture over the entire SWP wave- 
length range, presumably due to dust scattered light from blue 
stars in the H n region. The only emission line present is C m] 
21909, which shows as a slight enhancement over the diffuse 
background. 

Based on the experience gained from our seventh round 
exposure, the set-up for the SNR exposures was straightfor- 
ward and integrations of > 14 hr were obtained with both the 
SWP and LWP cameras. Because of the long exposures, the 
background levels are fairly high (-160 DN for SWP 27926 
and —185 DN for LWP 7845), but emission lines from the 
SNR are clearly visible on the photo writes as diffuse patches of 
emission extending over roughly half of the spatial dimension 
of the large aperture. A faint, diffuse continuum is also appar- 
ent on the photowrites. Given that diffuse continuum was seen 
filling the large aperture in both serendipitous exposures, it is 
tempting to attribute this continuum to dust-scattered star- 
light. However, there are two differences between the contin- 
uum seen in the SNR exposures and that seen in the 
serendipitous exposures. First, the continuum in the SNR 
exposures shows a noticeable variation in spatial dimension of 
the large aperture, being brighter on the side closest to the 
small aperture. (Using information from the IUE Observer’s 
Guide, this is the end of the aperture toward the southwest— 
see Fig. 2.) Second, the continuum emission does not appear to 
fill the large aperture, but only extends over the same portion 
of the aperture as the emission lines. This is especially clear in 
the LWP spectrum, for which the focus seems somewhat 
crisper. In this spectrum, the brightening of the continuum 
toward the small aperture side appears almost stellar. Com- 
parison of the aperture position to the Ha image of Dopita, 
Tuohy, and Mathewson (1981) (which shows mainly stars) 
does not show a star at or near this position, but a better 
continuum image is necessary for clarification. Nonetheless, a 
diffuse continuum is clearly present, and we believe that at least 
this component is attributable to the SNR. 

815 

Most of the emission lines are visible in the standard 
IUESIPS reduction, but we have re-extracted the spectra from 
the line-by-line data file on the guest observer tapes in order to 
optimize the signal-to-noise ratio of the resulting spectra. 
These reductions were performed at the RDAF facility at 
NASA/GSFC. Using cross cuts in the spatial dimension at the 
positions of apparent emission lines, the extent of the SNR 
emission was measured and line numbers for the extraction 
chosen. With the change in IUE data format to 110 lines, the 
SWP and LWP large apertures are centered at line 55 and 
extend for +15 lines. In SWP 27926, SNR emission was identi- 
fied in lines 51-65, while for LWP 7845 the emission lines 
extend from line 46 to line 60. In both cases, the emission 
extends over roughly half of the large aperture, and the rela- 
tively clean edges of the emission in the spatial direction are 
not due to the edge of the aperture. 

The extracted short-wavelength spectrum is shown in Figure 
3 after removal of hits and reseau marks and after smoothing 
over three pixels. The strongest line is C iv 21550, and C m] 
21909 and the Si iv/O iv] features at 21400 are also seen pro- 
truding from a noisy continuum. The most surprising feature 
in this spectrum is the strong line at -1354 Â which we iden- 
tify as a recombination line of O i (see next section). Conspicu- 
ous by its weakness or near absence is the O m] 21664 line, 
which was the only line detected in the ultraviolet spectrum of 
the SNR in NGC 4449 (Blair et al 1984). The apparent weak- 
ness of this line is partly an artifact of the reduction process. 
The O in] line is nearly always affected by some “ hot pixels ” 
that are well documented and often are seen in long SWP 
exposures at 1664 Â. These hot pixels were removed manually 
from the line-by-line data before the spectrum was reextracted. 
However, because the continuum is very noisy in each individ- 
ual line spectrum, it is very difficult to subtract these hot pixels 
accurately. Careful inspection of the photo write image indi- 
cates that 21664 is probably present at about the same inten- 
sity as 21909, although this is not reflected in Figure 3. This is 
consistent with the spectrum shown in Figure 1 which was not 
as affected by hot pixel contamination. 

The extracted long-wavelength spectrum of the SNR is 
shown in Figure 4. Again, hits and reseaux have been removed, 
and smoothing over 3 pixels has been applied. Three lines 
belonging to the SNR have been detected: [Ne iv] 22420, 
Mg ii 22800, and [O n] 22470. The spectrum is very noisy 
below -2400 Â, but there is no evidence of C n] 22325. The 
faint continuum is also apparent in Figure 4. 

The short-wavelength and long-wavelength spectra are 
shown merged together in Figure 5. Additional smoothing has 
been applied and the “features” in the 2100-2400 Â range 
arise from blended noise and are not believable. However, this 
figure demonstrates that a slight dip is present in the contin- 
uum over the 2000-2300 Â range; this corresponds to the posi- 
tion of the “ 2200 Â bump ” seen in extinction curves and 
probably indicates a small amount of reddening is present. The 
source of the extinction could be Galactic, internal to the 
SMC, or a combination of both. 

Tuohy and Dopita (1983) found Ha/Hß = 2.9 and 
Te(0 m) > 15,600 K for the halo adjacent to the SNR. Using 
data from Osterbrock (1974, Table 4.4), the intrinsic ratio for 
case B recombination would be 2.78, which implies a color 
excess of at least E(B- V) = 0.04). A number of stars in the 
SMC have been observed with IUE for purposes of studying 
extinction (Rocca-Volmer ange et al 1981; Nandy et al 1982; 
Hutchings 1982; Prévôt et al 1984), and the smallest color 
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Fig. 3.—Extraction of lines 51-65 from SWP 27926, smoothed over 3 pixels. SNR emission lines are indicated. The O m A1663 line may be underestimated (see 
text). Note the faint continuum emission. 

excesses are 0.04-0.06; this is presumably due to our Galaxy. 
Four stars within 15' of the SNR have been observed with 
IUE, and for these stars the mean color excess is 
(E(B— F))uv = 0.06. The optical reddening estimates for these 
same stars are systematically higher, with (E(B—V)yOPT = 
0.14. For the discussion that follows, we will adopt 
E(B— V) = 0.08 and assume that half of the reddening is from 
our Galaxy (Seaton 1979) and half is internal to the SMC 
(Prévôt et al 1984). This is a small amount of extinction, but 

the differential extinction between ultraviolet and optical is 
large enough that relative line intensities can be affected. 

The observed integrated ultraviolet line intensities are 
shown in Table 3, scaled relative to F(1909) = 100. Because the 
continuum is so noisy and the integrated fluxes are sensitive to 
the placement of the continuum, the ultraviolet line intensities 
are accurate only to 30%-50%. Conservative upper limits for 
additional lines of interest are also given, as well as reddening 
corrected line intensities, /(A), scaled to 7(1909) = 100. 
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FIG. 4.—Extraction of lines 46-60 from LWP 7845, smoothed over 3 pixels. SNR emission lines are indicated. A bad “ hit ” has been removed just longward of 
2600 À. 
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b) Optical 
A long-slit spectrum of the object was obtained in 1984 

November using a CCD spectrograph on the CTIO 4 m tele- 
scope. The slit width of 300 pm (corresponding to -2") and 
the 158 line mm 1 grating produced a spectrum of the 
6700-10000 Â region with about 5 Â resolution. The integra- 
tion time was 2700 s. The long east-west slit cut through the 
south central part of the optical emission, essentially passing 

TABLE 3 
UV Line Intensities for IE 0102.2-7219 

Ion 
Laboratory Measured Measured 
Wavelength Centroid Width m /(A) 

Nv  
Si hi  
Oi   
C ii   
Oi   
Si iv/O iv] 
N iv]  
Civ ....... 
Hen   
O in]  
N in]   
Si in]   
C in]   
C ii]  
[Ne iv]  
[Oh]   
Mg ii  
Ci]    

1240 
1262 
1304 
1335 
1356 
1398/1403 
1486 
1549 
1640 
1664 
1748 
1892 
1909 
2326 
2425 
2470 
2798 
2966 

1352.7 
1402.1 

1547.3 

1661.0 

1905.9 

2426.2 
2471.6 
2797.9 

4.0 
5.8 

7.0 

4.0 

4.3 

5.6 
3.7 
6.1 

<30 
<30 
<30 
<30 
153 
247 

<50 
449 

<20 
75 

<20 
<10 
100 

<50 
191 
62 
74 

<20 

<42 
<41 
<39 
<38 
191 
297 

<57 
490 

<21 
79 

<20 
<10 
100 

<47 
172 
55 
60 

<16 
Note.—F(1909) = 3.4 E-14 ergs cm-2 s-1; 7(1909) = 5.9 E-14 ergs 

cm 2 s *. Reddening correction assumes E(B-V) - 0.04 
(Galactic) + E(B— V) = 0.04 (SMC); see text. 

just south of the center of the IUE LGAP position shown in 
Figure 2. 

These data have been reduced using IRAF on a microVax at 
the Center for Astrophysics. The data were flat-fielded and 
bias-subtracted following standard procedures, and calibrated 
using spectra of Stone and Baldwin (1983) standard stars 
observed the same night. Standard extinction values for CTIO 
were assumed. 

Although the object is faint and the sky contamination gets 
worse as one goes into the red, these long slit data permit good 
sky subtraction. We have extracted the region of the long slit 
corresponding to the SE portion of the remnant (roughly 
where the long slit intersects the IUE aperture), and show this 
spectrum in Figure 6. The sky subtraction is reasonably good 
out to ~9200 A. In addition to the [O n] /17325 blend, the O i 
recombination line at 111 A Â is clearly seen and a correspond- 
ing O i line at 8446 Â is also present. No other features are 
clearly seen above the level of the noise, although another O i 
line at 9262 Â may be present. 

The presence of permitted O i lines is quite interesting. The 
O i 28446 line has been seen in some novae and AGNs and is 
attributed to Ly/? pumping of this transition (Strittmatter et al 
1977; Grandi 1980). However, the only SNR known to show 
permitted O i is Puppis A: Winkler and Kirshner (1985) 
detected the lines in their spectra of an oxygen-rich knot, with 
a ratio of 27774/28446 « 2. This cannot be due to Ly/? 
pumping, and since the ratio is consistent with the statistical 
weights of these lines ( = 5/3), optically thick recombination 
was implicated. 

In our case, the ratio of the O i lines is even more extreme, 
with 27774/28446 > 3.5. This can be understood if the recom- 
bining gas is at least partially optically thin to O i resonance 
lines. Julienne, Davis, and Oran (1974) have calculated effective 
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FIG. 6.—Optical/near-IR spectrum of IE 0102-7219 obtained with a long-slit CCD spectrograph on the CTIO 4 m telescope. Note the O i recombination lines. 

recombination coefficients for these lines for a temperature of 
1160 K both optically thick and optically thin situations. 
Winkler and Kirshner (1985) scale these coefficients to 104 K 
using a T-0*9 law (Gould 1978; note however that Gould uses 
T~0’5), choosing 104 K because of the observed ratio of [O n] 
A7325/G i 27774 = 7.2. In our case, this ratio is much lower 
(2.8), implying a lower temperature. Hence, we will use the 
coefficients of Julienne, Davis, and Oran (1974) directly. For 
the optically thick case, the ratio of recombination coefficients 
is a(7774)/a(8446) = 1.85, consistent with Winkler and Kirsh- 
ner’s (1985) observation in Puppis A. For the optically thin 
case, this ratio is 10.7. The observed ratio for IE 0102 — 7219 
thus implies partially thin conditions. 

c) Optical to Ultraviolet Scaling 
Interestingly, partially thin O i recombination provides a 

natural explanation for an apparent peculiarity of the ultra- 
violet spectrum, and also permits a reasonable relative scaling 
of the ultraviolet and optical line intensities. The most reason- 
able identification for the strong line at 1354 Â in the IUE 
spectrum is the O i recombination line at 1356 Â. However, in 
many situations where O i recombination is seen, the O i 
21304 line is seen to be stronger than 21356, and no 21304 line 
is detected in our spectrum. (Note that this contrasts sharply 
with a spectrum of N132D we recently obtained, in which the 
21356 line could not be detected.) In the recombination 
cascade, the 27774 line feeds 21356 while 28446 feeds 21304 (cf. 
Julienne and Davis 1976). Since the 28446/27774 ratio 
decreases for the optically thin case, so does the 21304/21356 

ratio. Using the recombination coefficients of Julienne, Davis, 
and Oran (1974) again, the optically thick case gives a(1356)/ 
a(1304) = 1.75, implying that 21304 should have been detected 
in our spectrum. However, in the optically thin case, the ratio 
of coefficients is 10, which can more than account for the 
absence of 21304. 

Since 27774 is the main line feeding 21356, the relative inten- 
sities of these lines can be used to scale the optical and ultra- 
violet line intensities. The differences between the aperture 
sizes and orientations cause some concern in this procedure, 
since variations in relative line intensities may occur from one 
position to another. However, the ultraviolet spectrum covers 
a substantial portion of the SE region of the SNR and both our 
own optical data and that presented by Dopita and Tuohy 
(1984) indicate that the optical line variations are present but 
not extreme on observable spatial scales ( ~ 2"). We thus have 
confidence that this procedure should produce a reasonable 
comparison of global line intensities. 

The ultraviolet to optical scaling has been accomplished 
assuming a theoretical ratio of 

/(1356) _ arcc(1356) Eph(1356) 
7(7774) arec(7774) £ph(7774) * ’ 

where arec are the effective recombination rate coefficients from 
Julienne, Davis, and Oran (1974) and £ph is the energy per 
photon. Since both transitions are quintets, they are unaffected 
by the degree to which the gas is optically thin. (Note that the 
other quintet line at 9264 Â may also be present in Fig. 6 
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TABLE 4 
Relative UV to Optical Line Intensities for IE 0102.2-7219 

Ion A F(A5007 = 100) I(A5007 = 100) 

Nv  1240 <2.4 <4.4 
Si in    1262 <2.4 <4.3 
Oi   1304 <2.4 <4.2 
Cu   1335 <2.4 <4.0 
O i   1356 12.1 20.2 
Siiv/Oiv]   1400 19.6 31.5 
Niv]   i486 <4.0 <6.0 
Civ  1549 35.7 52.0 
He ii  1640 <1.6 <2.2 
Om]   1664 6.0 8.4 
N m]   1748 <1.6 <2.2 
Sim]   1892 <0.8 <1.1 
Cm]   1909 8.0 10.6 
Cii]   2326 <4.0 <5.0 
[Ne iv]  2425 15.2 18.3 
[On]  2470 4.9 5.8 
Mg ii   2798 5.9 6.4 
Ci]   2966 <1.6 <1.7 
[Ne m], [Ne v]   3345 6.3 7.2 
[Ne v]  3426 9.5 10.8 
[On]  3727 150 164 
[Ne m]   3869 19.0 20.7 
[Ne m]   3968 5.5 5.9 
[Om]   4363 4.6 4.8 
Mg i    4571 1.0: 1.0: 
[Ne iv]   4725 1.4: 1.4: 
[Om]   4959 32.2 32.3 
[Om]   5007 100 100 
[Oi]   6300 5.0 4.7 
[Oi]  6363 1.6: 1.5: 
[On]  7320,30 10.0 9.0 
O i  7774 3.6 3.2 
0 i  8446 <0.9 <0.8 
01   9246 <2.2 <2.0 
[Sm]  9532 <2.3 <2.0 

Notes.—(1) A colon (:) denotes especially uncertain values. (2) UV to 
optical scaling assumes a theoretical ratio of /(1356)//(7774) = 5.9. 
(3) Reddening correction assumes E(B—V) = 0.04 (galactic) plus 
E(B— V) = 0.04 (SMC). 

although the noise in this part of the spectrum makes it diffi- 
cult to say for certain.) This theoretical ratio was reddened 
assuming extinction as discussed in § lia above. The observed 
line strengths were then scaled to this reddened value, and the 
other optical data was tied to this using relative intensities of 
lines in overlapping regions of spectra. Using Dopita and 
Tuohy’s (1984) global spectrum of IE 0102 — 7219 (especially 
below 3700 Â) in conjunction with our optical and ultraviolet 
data yields the total line list presented in Table 4, scaled rela- 
tive to 7(5007) = 100. These line intensities form the basis for 
the discussion that follows. 

III. ANALYSIS AND MODELS 
There are two apparent sources for the energy which the 

supernova ejecta is radiating—shock heating or photoioniza- 
tion. Neither is entirely satisfactory to explain the observed line 
intensities, so a combination may be needed, but we consider 
each in turn. 

a) Shock Waves 
Shocks are a natural explanation for the observed emission 

in that the ejecta encounter a “ reverse ” shock when they over- 
take the decelerating high pressure shell of swept-up inter- 
stellar material (McKee 1974; Gull 1975). While most of the 
material passing through the reverse shock becomes so hot it 

emits at X-ray, rather than optical, wavelengths, the slower 
shocks in dense clumps of ejected gas can produce optical 
emission. Chevalier and Kirshner (1978) interpreted the fast- 
moving knots in Cas A as such shocks, and this picture is 
supported by the sudden appearance and disappearance of 
many of these knots (van den Bergh and Kamper 1983). 

Itoh (1981) has constructed models of radiative shock waves 
in pure oxygen and extended them to include the O i 27774 
recombination line (Itoh 1986). Dopita, Binette, and Tuohy 
(1984, hereafter DBT) computed models for the mixture of 
carbon, oxygen, and oxygen-burning products expected for a 
25 Mq precursor. A major uncertainty in the models is 
electron-ion equilibration. One can assume (1) instant equili- 
bration of electron and ion temperatures throughout the 
shocked gas, (2) energy exchange between electrons and ions 
by Coulomb collisions alone, or (3) complete equilibration in 
the shock front itself, but only Coulomb equilibration in the 
cooling zone. The pure Coulomb models are especially 
remarkable in having an extensive region of nearly constant 
electron temperature, with heating by collisions with ions bal- 
ancing radiative cooling. We have used a modified version of 
the radiative shock code described in Cox and Raymond (1985) 
to compute a few models with higher or lower shock velocity 
than those of Itoh or DBT, models with different abundance 
sets, and models which include the observed X-ray emission of 
IE 0102.2 — 7219. The X-ray radiation leads to strong Auger 
ionization. (The X-ray spectrum assumed is discussed in the 
next section.) All these models assumed instant electron-ion 
equilibration. Aside from confirming the published models, we 
find that the X-ray emission alone can completely ionize any 
gas less dense than about 1.0 cm-3, so that even precursors of 
very slow shocks can be ionized. 

One model of the DBT set, the 42.5 km s-1 complete equili- 
bration model S2B, provides a reasonable match to the 
observed optical lines. The [O n] 23727 doublet is 3 times the 
[Om] 25007 strength (somewhat stronger than observed, 
while [O i] 26300 is a few percent as strong as [O m]. The 
temperature sensitive [O n] and [O m] line ratios also agree 
quite well with those observed. We ran a similar model which 
included X-ray ionization and assumed a preshock density of 
10 cm 3, rather than 0.1 cm-3 used by DBT. This model gave 
a far less satisfactory fit, probably because the preshock gas 
was more highly ionized, and the [O ii] and [O i] intensities 
relative to [O m] were reduced by one and two orders of 
magnitude, respectively. For the same reason, the O i 27774 
recombination line in our model was far too weak, but an 
arbitrarily large amount of cold, compressed, nearly neutral 
gas could trail the shock, and X-ray ionization of this gas could 
provide the necessary recombinations. 

Further problems arise in attempting to match the observed 
high ionization species Ne iv and Ne v, and in matching the 
ratios of ultraviolet lines to the optical. Models which produce 
[O n]/[0 m] and [O i]/[0 m] comparable to the observed 
values predict no emission at all in [Ne iv] or [Ne v], because 
the gas never reaches high ionization states. Models which 
collisionally ionize oxygen to 0++ have high enough tem- 
peratures to excite strong UV emission, but the observed UV 
lines are rather weak. The cleanest example is the O m] 21664/ 
[O m] 25007 ratio. While the shock models typically predict a 
value of 0.6, the observed value is 0.08. The [Ne iv] and 
[Ne v] problem could be explained by assuming a wide range 
of shock velocities within the observed volume, as in the curved 
shocks of Herbig-Haro objects (Hartigan, Raymond, and 
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Hartmann 1987). However, any shocks which produce these 
lines would give a C iv A1550/C m] A1909 ratio far larger than 
observed, and a mixture of different shock velocities would not 
alleviate the problem with the O m A1664/A5007 line ratio. 

A model in which gas photoionized by X-rays is heated by 
very slow shocks to temperatures of 20,000-30,000 K might 
work, but then one has to consider whether the shock is neces- 
sary at all. Therefore, we turn now to photoionization models. 

b) X-Ray Photoionized Gas 
The 1.5 x 1037 ergs s-1 X-ray luminosity of 

IE 0102.2 — 7219 (Hughes 1987) implies an X-ray flux of order 
0.02 ergs cm-2 s”1 within the [O m] emitting ring (assuming a 
ring geometry with a height about 10% the radius). The ratio 
of X-ray flux to density is far higher in IE 0102.2 — 7219 than 
in other known oxygen-rich SNRs, and photoionization is cor- 
respondingly more important. Detailed measurements of the 
X-ray spectrum are not available, so we have used the X-ray 
emission code of Raymond and Smith (1977), with updated 
atomic data summarized by Cox and Raymond (1985) to gen- 
erate model spectra covering the 5-1000 eV energy range at 
2.1 eV resolution. The X-ray-emitting gas is likely to be far 
from ionization equilibrium (e.g., Itoh 1977; Gronenschild and 
Mewe 1982), since the observed X-ray luminosity requires a 
density of only ~ 1 atom cm-3. Models of young SNRs gener- 
ally show very strong emission from the helium-like ions of the 
elements present (e.g., Hamilton, Sarazin, and Chevalier 1983; 
Hughes and Helfand 1985), so we have added the emission of 
carbon in a 106 K plasma, oxygen at 1.6 x 106 K, and neon at 
3 x 106 K to give a spectrum resembling those predicted by 
models. The adopted flux was 0.01 ergs cm-2 s_1 in the O vu 
and O vin lines, 0.013 ergs cm-2 s-1 in the Ne ix and Ne x 
lines, and 0.008 ergs cm-2 s-1 in the two-photon, recombi- 
nation, and bremsstrahlung continua of these elements. The 
emission in the C v and C vi lines is not included in the mea- 
sured fluxes because both the Einstein IPC and HRI are insen- 
sitive just above the carbon edge. Lacking any good constraint 
on the carbon line flux, we scaled the carbon line flux to 0.007 
ergs cm-2 s-1, so that it is comparable to the fluxes of the 
observed lines, but not dominant. Several variants on this 
X-ray spectrum were used to examine the sensitivity of the 
results to the assumed X-ray spectrum. In particular, we tried 
much stronger carbon line emission, strong EUV emission in 
lines such as O v A630, and attenuated EUV emission to simu- 
late the effects of absorption by the optically bright gas. These 
alternatives changed the equilibrium temperatures of the 
photoionized gas by <30% and some of the line ratios by 
factors of 2, but they do not alter the general conclusions 
below. 

The X-ray spectrum was used to compute the equilibrium 
ionization state and heating rate of gas at various densities, 
and the temperature was iterated until radiative cooling bal- 
anced the heating. The abundances assumed by number were 
(following DBT) C : O : Ne : Mg : Si : S = 0.2:1.0:0.63:0.08:0.025 : 
0.0063. K shell photoionization followed by Auger ionization 
dominates the heating because of the large photon energy 
involved. Most of the atomic processes included are sum- 
marized in Cox and Raymond (1985). Of particular importance 
here are K shell photoionization leading to Auger ionization 
(Daltabuit and Cox 1972; Reilman and Manson 1979), low- 
temperature dielectronic recombination (Nussbaumer and 
Storey 1983, 1984), and cooling by electron impact excitation. 
The recombination contributions to the line emissivities must 

also be included. At very low temperatures free electrons tend 
to recombine into excited levels and cascade down. Therefore, 
with the exception of the O i lines discussed above, we split up 
the total recombination rate among the accessible levels by 
statistical weight. For example, recombination to O m is 
assumed to go f to the triplet states and £ to the singlets, while 
the quintuplets cannot be reached by adding one electron to 
the 2P ground level of O iv. It should be noted that the O m] 
A1664 and O iv] A1400 lines cannot be formed by recombi- 
nation, and their presence provides direct evidence that recom- 
bination in cold, ionized gas does not account for all the 
emission, as it does in some nova shells (Ferland et al 1984). 

We also include the charge transfer process 

O + 0++ ->20 + 

at the rate given by Fox and Victor (1981). Other charge trans- 
fer reactions not usually important in astrophysical plasmas 
could be significant in the carbon-oxygen-neon plasma, but the 
rates are not known. 

Some typical results are shown in Table 5. The gas in the 
remnant probably spans a wide range in density. Regions 
denser than about 10 cm-3 produce the O i recombination 
lines, but they are too cold to produce any line excitation 
except in the far-infrared. Regions near 1 cm-3 are warm 
enough to produce the observed ultraviolet lines, but the tem- 
peratures are low enough that the UV-to-optical line ratios are 
modest. Gas spanning a wide density range can qualitatively 
account for the observed spectrum. A fraction on the order of 
10% of the apparent volume of a torus 3.5 pc in radius with a 
minor radius one-tenth as large containing gas at a density 
n0 ~ 1 cm-3 can account for the observed [O m] optical 

TABLE 5 
Photoionization Equilibrium Supernova Ejecta Emissivity“ 

Model 

Ion 

A 
ne = 59. 
no = 30- 
T = 1590 

nen0 = 2.7 
A ne n0 = 2.7 x 105 

B 
19. 
6.0 

6250 
44000 

C 
5.1 
1.0 

12400 
5500 

D 
3.5 
0.6 

15600 
3000 

E 
2.2 
0.3 

22000 
1400 

C ii  
Oi   
Si iv  
O iv]  
C iv   
0 hi]  
Si in]  
C in]   
C ii]  
[Neiv] ... 
Mg ii  
[Nev] .... 
[On] ..... 
[Nem] ... 
[Om]  
[Neiv] ... 
[Om]  
[Oi]   
[Su]   
[Om]  
01   
[Sm]   

1335 
1356 
1400 
1400 
1550 
1664 
1890 
1909 
2325 
2425 
2800 
3426 
3727 
3969 
4363 
4725 
5007 
6300 
6723 
7325 
7774 
9532 

870. 
27. 

8.7 

54. 
140. 

2.6 
200. 

120. 
18. 

1.6 
0.8 
8.5 

130. 
1.6 

22. 
170. 

0.30 
19 
11 
0.02 
6.9 
0.60 
7.4 

34. 
6.9 
8.1 

120. 
3.0 

3000. 
970. 

50.3 
1.1 

3900. 
13. 
2.0 

26. 
3.9 

69. 

19. 
0.5 
2.0 

12. 
110. 
27. 

4.6 
90. 

120. 
110. 

53. 
330. 
470. 

19. 
1.4 

1900. 
2.1 
0.03 
8.6 
0.1 
0.30 

24. 

1.3 
31. 

180. 
34. 

1.7 
100. 
68. 

150. 

89. 
120. 
250. 

16. 
1.6 

660. 
0.12 

4.2 

0.03 

18. 

0.27 
46. 

160. 
22. 
0.22 

67. 
24. 

120. 

99. 
19. 
66. 

6.6 
1.2 

220. 

0.86 

1 Emissivity in units of 10 23 ergs cm 3 s 
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luminosity, and similar volumes at higher densities can 
produce the oxygen recombination radiation and the UV lines. 

It is not clear whether the full range of densities is present, or 
whether, by analogy with other X-ray ionized astrophysical 
plasmas, a thermal instability might occur (e.g., Krolik and 
Kallman 1984). The gas is expanding supersonically, so no 
large-scale thermal instability can occur, but on scales smaller 
than 10 6 cm the gas might separate into cold and warm 
phases. Such a separation might stop, or at least slow down, as 
the gas becomes ionized. The resonance line of helium-like 
oxygen can K shell ionize the first three oxygen ions, but it lies 
just below the K shell threshold of Ö iv. Carbon and neon 
behave in a similar manner. Therefore, when the gas becomes 
more than twice ionized, the heating rate is significantly 
reduced if the X-ray spectrum is indeed dominated by emission 
from helium-like ions. 

There are two major difficulties with the equilibrium photo- 
ionization models. First, the [O n] i3727/[0 m] ¿5007 ratio is 
predicted to be less than about 0.3, while the observed ratio 
varies between 1.3 and 2. This reflects the fact that oxygen is 
mostly doubly ionized in models warm enough to effectively 
excite the ¿3727 transition. Second, the [O m] emission comes 
mostly from 10,000-15,000 K gas in the model, but the 7(4363)/ 
7(5007) ratio suggests a temperature of 25,000 K. A recombi- 
nation contribution to the ¿4363 intensity helps to explain this 
discrepancy, but the amount predicted by the models is inade- 
quate. 

Both difficulties may be related to an unwarranted assump- 
tion of ionization equilibrium. While the heating and cooling 
time scales are a few years, so that thermal balance is a valid 
approximation, the ionization time scales are -2000 yr, which 
is close to the expansion age of the remnant. The difference in 
time scale arises because a single K shell photoionization 

TABLE 6 
Photoionized Supernova Ejecta Emissivity: 

Time-Dependent Ionization3 

Model 

Ion 

AA 
ne = 22. 
n0 = 9.4 
T = 630. 

BB 
9.4 
3.1 

755. 

CC 
4.2 

0.94 
8940. 

DD 
1.8 

0.31 
15100. 

EE 
0.66 

0.094 
23900. 

Cii .... 
Oi  
Si iv ... 
Oiv] .. 
C iv .... 
Om] .. 
Sim] .. 
Cm]... 
Cii] ... 
[Ne iv] 
Mg ii .. 
[Nev] . 
[On] .. 
[Nem] , 
[Om] .. 
[Neiv] . 
[Om] .. 
[Oi].... 
[Sn].... 
[On] ... 
Oi  
[Sm] ... 

1335 
1356 
1400 
1400 
1550 
1664 
1890 
1909 
2325 
2425 
2800 
3426 
3727 
3969 
4363 
4725 
5007 
6300 
6723 
7325 
7774 
9532 

14. 
0.04 

0.13 

0.11 
1.00 

1.9 
42. 

0.26 
77. 

5.5 
0.81 
0.58 
4.3 
2.6 
0.16 

14. 
2.8 

10. 
0.04 

0.14 

0.05 
0.52 

2.2 
6.7 
0.34 

26. 
2.7 
0.62 
0.68 
3.3 
2.6 
0.04 
4.7 
2.1 

1.6 
1.3 
0.02 
0.26 
0.36 
1.7 
2.7 
4.4 

40. 
9.2 
8.8 
5.5 

250. 
140. 

2.5 
0.02 

500. 
2.2 

14. 
3.4 
0.25 
9.2 

2.0 
0.35 
0.23 
4.7 
5.6 
7.8 
9.5 

22. 
64. 
27. 
0.12 

15. 
59. 
68. 

3.8 
0.26 

170. 
0.30 
2.9 
1.9 
0.07 
2.7 

21. 

0.29 
5.1 
7.5 
3.4 
5.0 

16. 
21. 
11. 

6.2 
5.8 
9.8 
0.95 
0.21 

20. 

0.35 
0.29 

2.4 
' Emissivity in units of 10“23 ergs cm~ 3 s~ ^ 

deposits 1000 times the typical thermal energy of the particles 
in the plasma. Hence, time-dependent models should give a 
lower ionization state than predicted by the equilibrium model 
and also be somewhat warmer, since the thermal energy is 
shared among fewer particles. 

We have run a series of time-dependent photoionization 
models using the atomic rates described above. Gas having the 
DBT abundances was allowed to expand freely at 3900 km s"1 

for 2400 yr while exposed to the X-ray flux described above. 
The gas was initially taken to be cold and neutral. The initial 
conditions turned out to be irrelevant, however, since the gas 
always cooled quickly to the minimum temperature allowed by 
the code (630 K to avoid overflows in evaluating atomic rates), 
then slowly warmed and ionized late in the evolution. 

Some model results are shown in Table 6. Again, a mixture 
of densities is needed to produce both the high ionization lines 
and the O i recombination lines. These particular models 
improve the [O n]/[0 m] ratio, but still fall short of the 
observed value. They also predict a larger C iii]/C iv ratio 
than observed and far too much C n] ¿2325. These problems 
could be alleviated by increasing the carbon line intensities and 
decreasing the oxygen lines in the ionizing X-ray spectrum. 
However, considering the large number of free parameters, the 
possibility that the gas is optically thick at some wavelengths, 
and the likelihood that the X-ray flux changed with time 
during the evolution, we are loath to adjust the model param- 
eters to try to “fit” the observed spectrum. A global model 
similar to Hamilton and Fesen’s (1988) model for the absorp- 
tion lines of SN 1006 would be more appropriate. However, 
the uncertain age, composition and geometrical structure of 
IE 0102 — 7219 provide a large number of free parameters. 

In summary, time-dependent photoionization by the EUV 
and X-ray radiation from the SNR can qualitatively explain 
the UV and optical line emission, but the density and ioniza- 
tion structures are complex and prevent a unique model from 
being specified. Many model parameters are poorly con- 
strained, including the time dependence and shape of the ion- 
izing spectrum. The incorrect prediction of such ratios as 
[O n]/[0 m] and C n]/C m] can be attributed to incorrect 
parameter choices, missing atomic physics (e.g., novel charge 
transfer processes), or a significant role by shock waves in 
compressing and heating the gas. Moreover, the models pre- 
sented here are not self-consistent in that the volumes and 
densities of the optically emitting gas imply optical depths of 
order unity in the EUV, but absorption of the ionizing radi- 
ation was ignored. 

However, it is at least as likely that the shortcomings of the 
models in matching observations reflect a more fundamental 
limitation of the model assumptions. We have assumed 
throughout that the electron velocity distribution is Maxwel- 
lian and that the energy deposited by photoionization heats 
the electrons directly. In fact, the —500 eV electrons produced 
by the Auger process may excite or ionize other ions before 
they slow down enough to share their energy with other elec- 
trons. Based on the excitation and ionization cross sections of 
the first four ionization stages of oxygen, and on the Coulomb 
collision time scales (Spitzer 1978), we expect that most of the 
energy of the Auger electrons, especially in the low-ionization 
zones, would go into excitation and ionization rather than 
thermal heating. Many of the excitations would produce 
photons that could ionize lower ionization stages. 

Monte Carlo calculations similar to those that have been 
performed for fast electrons in hydrogen and helium (Shull and 
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Van Steenberg 1985) are in progress (G. S. Victor and J. C. 
Raymond 1989, in preparation). Preliminary estimates based 
on calculations by G. Victor indicate the following: (1) The 
ionization rate in nearly neutral gas is much larger. In 1% 
ionized gas, ~50% of the energy goes into ionizing O i. The 
effect of this should be to make time-dependent ionization 
much less of a problem. (2) The observed [O n]/[0 in] ratio 
should be much easier to obtain with the models that incorpo- 
rate ionization. (3) A much lower mass of cold, neutral gas will 
be needed to make the O i recombination. 

c) Abundances 

In spite of the difficulties in arriving at a unique model for 
the optical and UV emission, we can derive some abundance 
estimates which are not seriously model dependent by choos- 
ing line ratios which are not too sensitive to temperature. We 
will use the equilibrium photoionization models, as they 
predict C n:C m:C iv and Ne m:Ne iv:Ne v ratios closer to 
the observations than do the shock wave or time-dependent 
photoionization models. The abundance estimates are sum- 
marized in Table 7. 

The observed relative strengths of the neon lines agree 
reasonably well with the model, though the [Ne v] line is 
somewhat stronger than expected. Comparison of the [Ne ni]/ 
[O in] ratio with the models shows that a neon abundance 
slightly below that adopted would give a better fit. Therefore, 
we estimate Ne : O = 0.5. 

The C in] and C iv lines are predicted to be 2.5-3 times 
stronger relative to the O m] and O iv] lines than observed, so 
the carbon abundance is lower than the DBT value assumed, 
and we will adopt C : O = 0.12. 

The only other element detected is magnesium. Both the 
Mg i] and Mg n lines can be formed very effectively by recom- 
bination, or they can be collisionally excited at modest tem- 
peratures. Conveniently, the ratio of Mg n A2800 to [O i] 
26300 is about the same in either case (models A and B), and 
we find that Mg'.O = 0.1 (1.25 times the value assumed in the 
models) will match the observations. 

Trace amounts of the elements not observed were included 
in the model calculations, and the predicted fluxes can be 
scaled to the observed upper limits. An upper limit to the 
hydrogen abundance is gotten from the failure to detect Ha. 
From the ratio of Ha to O i 27774 predicted by model A, 
O.Swh/ho, we find H:0 < 0.6 for case B hydrogen recombi- 
nation. Similarly, the observation that /(1640)//(1356) < 0.1 
can be compared with the model A prediction (0.09nHe/no) 1° 

TABLE 7 
Derived Abundances 
Relative to Oxygen 

(by Number) 

Element Abundance 

H .. 
He . 
C .. 
N .. 
O .. 
Ne . 
Mg 
Si .. 
S ... 
Ar . 
Fe . 

<0.6 
<1 

0.12 
<0.01 

1.0 
0.5 
0.1 

<0.03 
<0.006 
<0.017 
<0.15: 

give an upper limit He:0 < 1, again for case B recombination. 
If the recombination in hydrogen and helium is optically thin 
in the Lyman lines due to large velocity gradients, the case A 
recombination coefficients would give upper limits one-third 
larger. 

The strongest upper limit to the nitrogen abundance comes 
from the lack of [N n] 26584 emission. Assuming that Model 
B dominates the [O n] and [N n] emission, NiO < 0.001. 
However, the temperature indicated by the /(7325)//(3727) 
ratio is substantially higher, and N:0 < 0.01 is a more realistic 
upper limit. 

The ratio of Si m] 21892 to C m] 21909 is observed to be 
less than 0.1, while the models give 0AnSi/nc. Thus Si:C < 0.25 
and Si:O <0.03. 

The [O m] emission is dominated by models B and C, and 
these should dominate the [Ar m] 27136 emission as well. 
From the upper limit of 0.01 observed and the predicted value 
0.6nAr/wo, we derive Ar : O < 0.017. 

The strongest upper limit on the sulfur abundance comes 
from the failure to detect the [S m] line at 9532 Â. Assuming 
that about half the [O m] intensity arises in gas near the con- 
dition of model B, an observed upper limit for 7(9532)/ 
7(5007) < 0.02 translates into an upper limit S : O < 0.006. 

It is also interesting to consider the emission of iron. In the 
photoionization models, it is not possible to hide arbitrary 
amounts of iron by assuming that they have not reached the 
reverse shock yet. The ionization state of iron is less well deter- 
mined than those of the other elements, but comparison of 
the predicted [Fe m] lines with [O m] 25007 suggests 
Fe:0 < 0.15, but we consider this estimate highly uncertain. 

d) Mass 
The photoionization models also provide an estimate of the 

density at which a particular line is emitted, and therefore the 
amount of gas involved. The density derived depends on the 
X-ray flux assumed, and this is uncertain by a factor of 2 in 
either direction, but at least it provides a reasonable estimate. 
The [O m] emission is dominated by models B and C [though 
as mentioned above, the 7(4363)/7(5007) ratio suggests a higher 
temperature]. The [Ö m] 25007 luminosity of 3 x 1035 ergs 
s_1 requires a volume of 8 x 1054 cm3 at these temperatures. 
If we assume the [O m] radiation to arise in a ring 6.9 pc in 
diameter with height and thickness about one-tenth the radius, 
the [O m] emission comes from 8% of the volume of the ring. 
Its mass is about 1 M0. The O i recombination radiation may 
trace a larger fraction of the mass. If it arises in gas like that in 
model A, it requires a volume of 6 x 1054 cm3, or 6% of the 
volume of the ring. Its mass would then be 15 M0. However, 
the cold gas probably produces O i recombination radiation 
much more efficiently than shown by the models. In weakly 
ionized plasmas, the electrons ejected by K shell photoioniza- 
tion lose most of their energy by secondary ionizations and 
excitations, rather than by sharing it with electrons (e.g., Victor 
and Fox 1988; Shull and Van Steenberg 1985). Assuming 
30 eV per ionization about 1 M© of cold, weakly ionized 
oxygen is sufficient. 

e) Implications for Precursor Star 
The relative abundances in Table 7 may be compared to 

stellar evolution models such as those of Weaver and Woosley 
(1980), who calculate models of 15 and 25 M© stars at the 
point of collapse. The 15 M© model predicts an Ne:G ratio 
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close to that observed, a C.O ratio about one-half the 
observed value, and Mg and Si abundances too large by 
factors of 3. The 25 M0 model predicts the observed MgrO 
ratio, but Ne:0 and SirO are too low and too high, respec- 
tively, by factors of 2 and C:0 is too small by a factor of 4. The 
C:0 problem is likely to be aggravated by recent revisions of 
the 12C(a, y)160 rate (cf. Arnettt and Thielemann 1985), so a 
value closer to the smaller mass is preferable. However, the 
mass of heavy (Z > 6) elements ejected in the explosion of a 
15 M0 star is only 1.24 M0 (Woosley and Weaver 1986), 
which is only marginally consistent with our estimates of the 
mass of optically emitting gas. This suggests a higher precursor 
mass. We cannot say at present whether the uncertainties in 
our mass and abundance determinations or limitations of the 
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supernova models (i.e., spherically symmetric models vs. 
strongly asymmetric observed ejecta) is the cause of this dis- 
crepancy. 
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