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ABSTRACT

An emission mechanism is presented for the observed oxygen-rich plasma emission in young, oxygen-rich
supernova remnants (OSNRs). The mechanism involves the interaction of a fast moving “blob” of oxygen-
rich material with the SNR medium, forming a bow-shock/cloud-shock structure. The shock emission is then
determined to drive a weak R-type ionization front through the oxygen-rich material. The combined shock
and ionization front emission reproduces the major features of the observed optical and UV spectrum.

Dynamical constraints based on the observed motions, lifetimes, and estimated densities of the oxygen-rich
knots are used to determine model parameters. The plasma composition, predominantly [Ne/O] ~ —0.34,
used is consistent with massive stellar evolution and explosive synthesis models. Significantly, the unusually
high [O 1] temperature-sensitive ratio is reproduced simultaneously with the low ionization, optical, [O 1],
and [O 1] lines. The UV emission is predicted, and a good comparison is made with the UV spectrum of
SNR E102.2—7219 from observations of Blair et al. (1989). Specific abundance variations were not used to
make detailed fits to the observations, detailed abundance determination will require further observations.

This forms the second paper in a short series; in the first paper observations for three southern OSNRs

were presented. Those observations are used here along with other observations from the literature.
Subject headings: radiation mechanisms: nonthermal — shock waves — supernova remnants

1. BACKGROUND

In the vast majority of cases, astrophysical plasma emission
is dominated by emission from ions and molecules of hydro-
gen. The other elements can generally be considered to be
“contamination ” in the hydrogen plasma, although some ele-
ments such as carbon and oxygen can have a significant impact
on the plasma properties, even at the low relative abundance
levels observed. A small class of young supernova remnants
(SNRs) exists in which emission has been detected from plasma
with a very different composition, providing the exception to
the hydrogen domination seen elsewhere. The archetypical
example is the northern Cas A remnant (cf. Chevalier & Kirsh-
ner 1979, and references therein), where emission in some small
knots is apparently devoid of hydrogen emission altogether.
Some knots show emission from sulfur, argon, and calcium,
and others show forbidden line emission, of purely oxygen or
oxygen and neon lines. This has been generally interpreted as
the excitation of, and emission by, material from the deep
layers of a massive star, laid bare by the supernova explosion.

The fragments of oxygen-rich material themselves may have
been formed during expected phases of Rayleigh-Taylor (R-T)
instability in the interface regions, between layers of different
composition, during the early stages (less than 20,000 s) of the
supernova explosion. The detailed multidimensional hydrody-
namical models by Fryxell, Miiller, & Arnett (1991), in particu-
lar, suggest that the interface between the oxygen-rich layers
and the overlying helium-rich layer will suffer strong R-T
instabilities with only small initial perturbations. The resulting
“fingers” of core material that penetrate the outer layers also
exhibit surface Kelvin-Helmholtz instabilities, which have been
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assumed will eventually lead to the fragmentation of the fingers
into clumps of material. These may then mix with the outer
helium and hydrogen layers of the star. With the large oxygen-
neon layers expected in the massive star models, it seems rea-
sonable to assume that some of the resulting clumps would be
oxygen-neon material, although the details of subsequent
mixing and dissipation of the material is still very uncertain.
There is also more direct observational evidence of the forma-
tion of a “clumpy” distribution of oxygen material in SN
1987A by Stathakis et al. (1991) and Li & McCray (1992).
These studies together suggest that the formation of oxygen-
rich clouds are a natural consequence of the physics of a
massive star supernova explosion.

In Wolf-Rayet (W-R) progenitors, sometimes proposed for
the oxygen-rich supernova remnants (OSNRs), the massive
outer hydrogen layers of a red giant will not be present. This
might help to make the eventual exposure of the oxygen-rich
knots more likely to occur before they are dissipated.

At present there are seven OSNRs known: Cas A, SNR
G292.0+1.8, Pup A, SNR 0540—69.3, N132D, SNR
E102.2—7219, and an anonymous SNR in NGC 4449 (cf.
Chevalier 1975; Chevalier & Kirshner 1978; Goss et al. 1979;
Murdin & Clark 1979; Winkler & Kirshner 1985; Mathewson
et al. 1980; Danzinger & Dennefeld 1976a, b; Lasker 1978;
Dopita, Tuohy, & Mathewson 1981; Balick & Heckman 1978;
Blair, Kirshner, & Winkler 1983). A summary of observed
properties of the OSNR is given in § 2, Tables 1-2.

Despite the small sample, with a range of sizes and ages, a
number of consistent features are apparent in the observed
emission. With the exception of SNR 0540 — 69.3, which shows
no neon, all display some material with both oxygen and neon
line emission. This oxygen-rich material is always present in
small, fast-moving knots of material. The limited plasma diag-
nostics available from the optical line ratios show remarkably
similar values for the apparent electron temperature, and to a
lesser extent, similar densities. Without a detailed model,
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however, the interpretations of the measured properties are not
particularly well constrained. Unfortunately, when constraints
are sought in UV observations, in the hope of detecting more
emission lines to constrain the plasma diagnostics, the heavy
reddening of the galactic remnants makes them undetectable.
Only the relatively unreddened Magellanic remnant SNR
E102.2—7219 has had UV spectroscopy published to date
(Blair et al 1989). In that case it was clear that a simple photo-
ionization or shock model is inappropriate, again leaving the
interpretation of the spectra uncertain.

Our ability to take advantage of these observations and gain
an insight into massive star, and supernova nucleosynthetic
and explosion processes, therefore depends on our ability to
model the emission process in the oxygen-rich clouds. In the
past, attempts at modeling the oxygen-rich emission have con-
centrated largely on the consideration of the passage of fully
radiative shocks through these fragments of stellar material.
The shocks are assumed to be formed as the fragments, trav-
eling on ballistic trajectories through the SNR, collide with
reflected shock waves that are generated as the main SN blast
interacts with the circumstellar medium. The pioneering shock
modeling investigations cast light upon a number. of intrinsic
difficulties caused by the unusually extreme composition of the
model plasmas.

' 1.1. Radiative Shock Models

In the literature of OSNRs, a natural assumption has been
made that the emission is due to slow, fully radiative shocks
traveling through the emission knot material. Interestingly, the
composition of the oxygen-rich material gives rise to some
unusual structures in the shock models, that differ considerably
from those of normal radiative shock models. The main feature
is the enormous emissivity of the oxygen-rich material,
resulting in extremely rapid cooling.

The highly efficient cooling of oxygen and neon ions can give
rise to cooling timescales that are much shorter than the
recombination timescales of the plasma. This results in the
cooler plasma remaining far more highly ionized that expected
(Itoh 1981a, b; Dopita, Binette, & Tuohy 1984). The actual
ionization state that is frozen into the cooling phase is deter-
mined by the competition of postshock ionization and cooling
rates, which are of comparable magnitude. The plasma is
usually far from equilibrium, even when compared to shock
structures of similar temperatures in normal plasmas.

Shocks in oxygen plasma display very low temperatures in
the recombination zone, even when the initial shock tem-
perature is very high. For example, the 100 km s~ ! shock
computed here (see § 4) has a postshock temperature of
—1.5 x 10% K, but a temperature in the cooled zone of less
than 300 K. This large ratio gives rise to very great compres-
sion factors, even when moderate magnetic fields are present.
High compression causes collisional quenching in sensitive
lines, such as [O 1] 443726 +29. The very low temperatures in
the zones where O 11 and O 1 ions are formed means that the
cooled zone does not radiate the [O 11] 4143727 or [O 1] 16300
lines that are normally associated with radiative shock models.
Dopita et al. (1984) noted that, in their models, most of the
[O 1] emission actually came from the head of the shock where
the gas was being ionized, rather than in the downstream
recombination zone.

In pure oxygen plasmas, when the electron temperature
drops below a critical level, further cooling may be prevented
due to the lack of efficient fine-structure cooling transitions in
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the p* O 11 ion. This might help produce optical [O 11] emission
in the recombination zone by maintaining the electron tem-
perature. Unfortunately, when “impurities” such as silicon,
carbon, and neon are introduced, many fine-structure channels
for cooling exist, and the plasma cools rapidly to temperatures
as low as 100 K, cutting off any optical forbidden emission,
although recombination emission may possibly still occur.

The simple shock models published to date (such as Dopita
et al. 1984) have suffered from these problems and exhibit a
number of critical failures when compared to observations.

1. The [O 1] 46300 emission predicted in the models is too
weak by orders of magnitude.

2. The predicted value of the [O m] I,363/(Is007 + I4950)
temperature-sensitive ratio is not consistent with the observa-
tions.

3. In order to accommodate both the observed [O 1]:
[O n1] I34,4/15007 and the [Ne V]:[Ne 1] I3,,¢6/I3569 ratios,
the range of model shock velocities is restricted to 120—130 km
s™! in all cases (Dopita et al. 1984). This is implausibly
restrictive.

The work by Dopita et al. (1984) served to summarize the
failings with the simple radiative shock models.

1.2. Alternative Models

Various alternatives to the simple radiative shock model
have been proposed, having various degrees of success,
namely:

1. The oxygen fragments experience “cosmic-ray” heating
from ~10* km s~ ! ions from the upstream medium. This will
occur when the clouds are small compared to the ion Larmor
radius or the magnetic field is not transverse, allowing ions to
penetrate the oxygen-rich material, depositing energy by
Coulomb interactions (Dopita et al. 1984).

2. A bow shock, consisting of high-temperature plasma,
builds up at the head of the oxygen cloud, creating a soft X-ray
radiation field that produces ionization fronts, and shock
waves, moving back into the body of the cloud (Dopita 1987,
hereafter D87). This requires the cloud to be large enough to
permit the formation of the bow-shock/cloud-shock structure.

3. Knots are heated directly by thermal conduction from the
surrounding hot material (Chevalier 1975; Dopita et al. 1984).

4. “Normal ” radiative shocks pass through the oxygen-rich
fragment, with the modification that the effects of electron
thermal conduction have a significant effect on the thermal
structure of the shock (Borkowski & Shull 1990).

These proposals share the common aim of trying to increase
the electron temperature in the zones where O 1 and O 1
emission occurs, either the shock recombination tails or in
photoionized ionization front zones. The present work is
aimed specifically that taking the initial study by D87 of the
R-type ionization front mechanism (see § 5) and determining
whether the model holds up under a set of more consistent
physical conditions. The other models are not considered in
the present work and will not be discussed further except when
they have direct implications for the present models.

1.2.1. Ionization Front Models
In the model of D87, ionization fronts were formed in the
oxygen-rich material when this was illuminated by the ionizing

field produced by relatively fast (=500 km s ~!) shocks passing
through the oxygen-rich material. In that work, the H- and
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He-like line emission of a fast oxygen-rich shock was approx-
imated by an appropriate truncated power-law spectrum.
Although the equilibrium photoionization temperatures of the
irradiated plasmas were around 200-300 K, the initial deposi-
tion of energy by hard photons, through direct and Auger
ionizations in the neutral plasma, produced a “super-heating”
effect. The peak temperature reached several tens of thousands
of kelvin in that study. The resulting spectra of the integrated
ionization fronts were a significant improvement on the earlier
radiative shock models. The low densities inferred for the
resulting [O 1]-emitting regions is one of the more encour-
aging aspects of that model.

The present study tests whether a bow-shock/cloud-shock
structure in an oxygen-rich medium can, in practice, achieve
the conditions necessary to produce such ionization fronts.
The formation of a suitable ionizing radiation field is critical to
the model, and this role is filled by the shock waves formed in
the dynamical interaction. The emission from any resulting
ionization fronts will be calculated, and the final spectra will be
a sum of the shock and front spectra. The D87 work only
considered the optical emission from the ionization front, since
the very fast shocks considered there as the source of soft
X-rays were unlikely to become radiative at optical wave-
lengths.

As was shown in Paper I, the observed optical spectral data
do not provide strong constraints on the plasma properties
when considered as a homogeneous plasma slab. However,
some general assumptions about temperatures and densities
can be made to begin the modeling; then other global proper-
ties, particularly size and observed lifetimes, can be used to
constrain the models.

Therefore in the present work we shall proceed:

1. To use the observation data to determine what physi-
cal constraints on spatial scales, temperatures, and densities
of the oxygen-rich emission material can be made;

2. To use these to describe a bow-shock/cloud-shock
model in semiqualitative terms;

3. To investigate the details of the expected shock struc-
tures, with particular reference to their cooling timescales
and suitability as an ionizing source capable of driving an
ionization front;

4. To provide constraints on the structure and properties
of the ionization front models;
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5. Based on these properties, to examine the parameter
space of the modeling problem, to determine the parameters
for the final modeling procedure;

6. Finally, to generate models, applicable to the chosen
parameter space, and to compare these with the observa-
tions.

2. OBSERVATIONAL SUMMARY

The literature of observations of the OSNRs covers multiple
wavelengths. The optical spectra provide means to clearly dif-
ferentiate the oxygen-rich material from other material and
give limited temperature and density information. Imaging,
photographic and CCD, provides information on morphology.
Proper-motion studies, combined with radial velocities from
spectroscopy, give space velocity information. UV spectros-
copy, when it has been possible, has detected other species
(notably carbon, magnesium, and possibly silicon) that do not
radiate in the optical in any strength. X-ray observations have
been made of some of the OSNRs, and this gives information
about the hot phase that fills the SNRs. Information on the
SNR plasma pressure and some composition information has
been determined. Finally, IR and radio 21 cm observations
have proved useful in determining line-of-sight absorption and
inferred distances for the galactic remnants, in particular.
More recently, the IR emission from dust within the hot X-ray
plasma has been modeled (i.e., Dwek 1987; Arendt, Dwek, &
Petre 1991), which appreciably augments the X-ray diagnos-
tics. Some selected observations of the OSNRs, concentrating
on the global SNR properties and the hot X-ray SNR medium,
are summarized in Table 1.

The optical emission from oxygen-rich material has been
summarized in Table 2. This table includes observations from
the literature (fop) and the highest quality observations of
Paper I (bottom). The literature observations have been taken
from the published raw observations, and all the spectra have
been dereddened using the same reddening curve method of
Kaler (1976), for consistency. The normal logarithmic
reddening constant formalism is used, where I = I, 10°/»_ The
observed intensity for a given line is given by I, the original
intensity is I,, f(4) is the reddening curve, and c¢ is the
reddening constant. The curve of Kaler (1976) is based on the
Whitford (1958) curve. When reddening has been expressed in
other works in terms of 4, extinction of E(B— V) color excess,

TABLE 1
OxYGEN-RICH SNR DIMENSIONS

Distance ~ Diameter® Ty nd Age

SNR (kpc) (po) (x10%%ergss™!) (x10°K) (cm™3)  (x10'05s) References
CasA....coovvvieinnnnnn. 29 1.3-1.7 7.5/33 10-60 1.3 1,2
Pup A ... 1.8-2 12-14 1-15 0.3--1 11.0 3,4,5
SNR G292.0+1.8 ....... 3.6 3(6) . 6/46 1 4.7 6,7,8
NI32D ..o, 50 6/32(80) 45-83 6.6/46 1.6 4.1 9, 10, 11
SNR 0540—69.3......... 50 2 E 24 7, 10, 12
SNR E102.2-7219...... 60 7(12) 15-20 6/46 3.6 6.8 13, 14

* A range is given for noncircular shapes. Parentheses enclose values for outer structures such as diffuse halos. Slashes separate radii

for structures in the main SNR.

® These are fairly uncertain. These refer to various bands in the 1-20 keV range, mostly 0.2-4.5 keV from Einstein observations.
¢ These are fairly uncertain. Slashes separate temperatures for two-component fits.
4 The older references often make assumptions about collisional ionization equilibrium (CIE) ionization and may overestimate the

densities, as a result.

REFERENCES—(1) Fabian et al. 1980; (2) Jansen et al. 1988; (3) Winkler et al. 1981; (4) Winkler et al. 1983; (5) Arendt et al. 1991; (6)
Clark, Tuohy, & Becker 1980; (7) Clark et al. 1982; (8) Tuohy, Clark, & Burton 1982; (9) Lasker 1978; (10) Long, Helfand, &
Grabelsky 1981; (11) Hughes 1987; (12) Seward & Harnden 1984; (13) Seward & Mitchell 1981;(14) Dopita & Tuohy 1984.
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TABLE 2

OXYGEN-RICH REMNANT OBSERVATIONS: DEREDDENED OPTICAL AND NEON SPECTRA (I 5007 = 1.000)

SNR 0540—69.3
TRANSITION Cas A? G292.+1.8° E102.2—-7219® N132D® D& T84 K89°¢ Pur A¢
Estimated Reddening (c)...... 2.06° 1.3 0.048 0.28 0.2k 0.3 0.7
[O ] 247320+ 30............. 0.17 0.03 0.09 0.02 0.05 0.07
[O1]46300 .........cenvtnnnen 0.04 0.02 0.03 0.10 0.03 0.05 0.06
[O m] A5007......cvvnnenn.. 1.00 1.00 1.00 1.00 ©1.00 1.00 1.00
[Om] A4959.....c..coneein. 0.26 0.33 0.34 0.34 0.30 ... 0.28
[Om] A4363................... 0.03 0.05 0.04 0.05 0.03 0.07 0.04
[Ne mr] 13869 0.30 0.16 0.14 0.10 .. 0.02 0.16
[O ] 443727 0.58 2.12 1.34 2.39 0.63 0.39 1.69
[Ne v] 43426 0.04
108 (I7325/13727) covenveneenennn —0.54 —1.84 —1.44 —1.58 —0.86 —1.36
108 (Isgo7/I3727) «+vvveneenenns 0.23 —-0.33 —0.13 —0.38 0.20 0.40 -0.23
10g (I3757/16300) «+vcvevenenenen 1.18 1.95 1.67 1.39 1.39 0.89 1.46
log (F4363/I5007) ovcvvevereene- —1.52 —1.26 —-1.36 —-1.32 —1.46 —1.18 —1.35
108 (I3426/I3860) «-vcvveveneenen —0.60
Pup A! N132D
G292.0+1.8
TRANSITION Q O3 04 T1A 8A 11 GLOBAL
Estimated Reddening (c)...... 0.7¢ 0 0.7¢ 0.2 0.2! 0.2f 1.3f
[O 1] 247320+ 30............. 0.15 0.16 0.14 0.07 0.09 s .
[O 1] 46300 ..... e 0.10 ... .. 0.01 0.04 0.04 0.03
(O m] 5007 .....cevninnnnnn 1.00 1.00 1.00 1.00 1.00 1.00 1.00
[Omr] 24959...ccvnvnnnn... 0.35 0.36 0.35 0.38 0.35 0.33 0.35
[Omr] A4363.......c.cenen.... 0.05 . s 0.04 0.04 0.03 0.08
[Ne ] 43869 ................. 0.19 .. ... 0.14 0.05 0.08 0.26
[O ] AA3727 ..ol g 2.03 .. 093. 2.87 1.94 2.03 1.66 3.54
[Ne v] 43426 ..................
log (I7355/I3727) veeveevenennn. —-1.13 -0.77 —-1.32 —141 —-1.33
108 (I5007/I3727) «vevvvvenennnn -0.31 0.03 —0.46 —-0.29 —-0.31 —-0.22 —0.55
108 (I3757/I6300) «-cvcrvenenee- 1.32 2.13 1.67 1.57 2.10
108 (I4363/15007) «vcveevenennen —-1.29 —1.38

108 (I3326/T3565) <+evvevverern

—136  —155 ~1.10

* Chevalier & Kirshner 1979.

® Dopita & Tuohy 1984.

¢ Kirshner et al. 1989.

4 Winkler & Kirshner 1985.

¢ Chevalier & Kirshner 1979.

f Goss et al. 1979; Braun et al. 1986.
¢ Blair et al. 1989.

" Danzinger & Leibowitz 1985.

i Paper I.

these have been related approximately by
c~ 144E(B — V) ~ 0.4644, . 1)

The reddening constants themselves have been collated from
the literature and observations in Paper I.

3. THE BOW-SHOCK/CLOUD-SHOCK MODEL

The proposed model structure is that of an individual knot,
or cloud, of oxygen-rich material which is traveling on the
ballistic trajectory in a low-density medium. The cloud
encounters a density discontinuity at a relative velocity of
several thousand km s~ !. The discontinuity may be the reverse
shock of the main SN blast wave, or some other local density
contrast. The collision is highly supersonic in all the media. If a
nominal density contrast of 1:100 is assumed between the
ambient material and the cloud itself, cloud shocks of hundreds
of km s~ ! result.

The cloud in this model is classed as “ small ” by the criterion
of McKee (1988), but not so small that the hydrodynamic

treatment is invalid. A characteristic size of about 10*7 cm has
been taken on the basis of the long-term, collected works of
Kamper & van den Bergh (1976) and van den Bergh &
Kamper (1983, 1985) on Cas A, and Winkler et al. (1988) on
Pup A, the two most spatially resolved remnants.

To permit a hydrodynamic treatment, the ballistic penetra-
tion of upstream ions should be small. The presence of a mag-
netic field B, results in a Larmor radius r;, for ions of mass m,
velocity v, and charge Z of

r. = vmc/(ZeB) cm . 2

With a relatively small field of 1.0 uG, penetration of ions into
the cloud is of the order r, = 3.1 x 10'? c¢m for 5000 km s~ !
O vl ions, and less for lighter ions. This is much less than the
10'7 cm clouds considered here, so that we may assume that
ion penetration is not important, and bow-shock structures
can form. The shock models in subsequent modeling include a
1.0 uG transverse magnetic field to remain consistent with this
assumption.
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F1G. 1.—Schematic structure of the bow-shock/cloud-shock model. The
cloud encounters a density contrast (A) (i.e., a reverse shock) at a relative
velocity of several thousand km s~ *. The collision results in an approximately
isobaric bow shock and internal shock structure (B and C), and a supersonic,
isochoric ionization front (D) that precedes the internal shock into the cloud
(E). The present simplified model is limited to these components, evolving over
a cloud-crushing timescale. Other shock structures formed in the ablation and
compression of the knot in the hydrodynamic crushing process are not con-
sidered.

The model structure is shown in schematic form in Figure 1.
The present modeling assumes supersonic flow v, of the
ambient medium relative to the cloud, producing a stand-off
bowshock (B). In such a bow-shock/cloud-shock model, a
number of characteristic pressure ratios, velocities, and time-
scales are applicable and may be formulated following McKee
& Cowie (1975).

When the March number of the collision is large, M, > 1,
the ratio of the ambient pressure and the pressure at the stag-
nation point, at the leading edge of the cloud, is given by

Da y + 1\o+DIG-1) 5 y — 1
F="2=|— M3ly— ,
n-(5) T - m). o

where M, is the Mach number of the shock at A, p, and p are
the pressures at A and C, and y is the usual ratio of specific
heats (y = 5/3 for the monatomic plasmas here). An approx-
imation for the pressure ratio is

F ~3.15—4.78x + 2.63x?, @)

where x = vc/v,. This is a maximum when the internal cloud
shock is slow compared to the flow velocity into the bow
shock. Equations (3) and (4) assume spherical geometry near
the stagnation point.

The stagnation pressure at (B) drives a shock into the cloud
(C), called the cloud shock, at a velocity vc. In this structure,
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the dynamic ram pressure of A and C can be related approx-
imately by

pCUészAvi’ (5)

This expression may be used to make order-of-magnitude esti-
mates of the cloud density p. from the observed X-ray-
emitting plasma pressure, if the X-ray pressure can be equated
to p, and the velocities can be assumed. In the model here, as
opposed to main blast-wave—cloud interaction of the McKee
& Cowie model description, the velocity of interaction is taken
to be of the order of the cloud space velocity, as it collides with
a standing discontinuity. The discontinuity is either another
bow shock around a slow-moving dense cloud of normal com-
position, or else is the reverse shock of the main blast wave.

As seen above, the relationship between the cloud velocity
and the internal shock velocity will be proportional to the
square root of the cloud/medium density contrast, y. The stag-
nation pressure ratio, F, will in practice be geometry depen-
dent, and usually somewhat less than 3. In plane-parallel
geometry F = 1.0, so that v,/vc = x'/2. The modeling present-
ed in the following sections assumes that if the range of cloud-
shock velocities is 50-250 km s~ !, then the density contrast
should be of order ~100. Therefore, models with cloud
number densities from 10 to 1000 cm ™2 will be considered.
With y = 100, this range is both consistent with the observed
ambient densities in the range of 0.1-10 cm ™! (cf. Table 1) and
will produce only minor line-quenching complications. Models
outside this range are both difficult to model, and harder to
justify observationally. The exceptional densities in the Cas A
remnant shown in Table 1 suggest that these models may have
difficulty matching the observed spectra of the Cas A knots.

For a cloud of radius a and a density contrast y > 1, the
relevant timescales of the interaction are (McKee 1988)

T, = 2_zr ¢ (cloud-crushing time) , (6)
Up Ua
and
2a . .
= (cloud-crossing time) . W)
A

With a typical knot velocity of 2000 km s~ ! and knot
dimensions of order 10!7 cm, a crossing timescale is about
5 x 10® s. With y between 10 and 100, a crushing timescale of
~1-2.5 x 10° s is appropriate. These timescales are small
compared to the SNR evolution timescales (cf. Table 1). The
recent three-dimensional numerical hydrodynamic of Stone &
Norman (1992), with a density contrast of y = 10, lends
support to this estimate of the crushing timescale and indicates
that the cloud might expect to survive in a relatively complete
state for about two crossing timescales (eq. [7]). Therefore, the
value of order 10° s will be adopted as the hydrodynamic
timescale. This is in very encouraging correspondence with the
individual knot lifetime measurements for both the quasi-
stationary flocculi (QSFs) and fast-moving knots in Cas A, by
the combined efforts of Kamper & van den Burgh (1976; van
den Burgh & Kamper 1983, 1985).

For the present work, the details of the cloud ablation, com-
pression, and disruption are not taken into consideration in
their effects on the spectral modeling, other than to place an
upper limit on the timescale of the problem. The geometry is
assumed to be constant up to the crushing time, and after 10° s
the cloud is assumed to be dispersed and destroyed, termina-
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ting the calculations. The simple shock and photoionization
modeling here is based on a plane-parallel geometry. The ion-
ization fronts travel at velocity vp, which is supersonic in the
cloud medium. This is therefore modeled as an isochoric, time-
dependent photoionization problem, since the crossing, ioniza-
tion heating, and cooling timescales are all much faster than
the sound-crossing time.

The model of D87 assumed that nonradiative shocks (i.e., B
in Fig. 1) in front of the cloud of oxygen-rich material produc-
ed the local X-ray field in the cloud which drove the ionization
front. This locally generated field relieves the problem of trying
to provide the intense field needed to drive an ionization front,
using only the ambient radiation from the diffuse hot gas in the
remnant as a whole (cf. Blair et al. 1989). The radiation from
nonequilibrium models by Hamilton, Sarazin, & Chevalier
(1983) was approximated by power-law radiation fields, with
different spectral indices and cutoff frequencies. Furthermore,
it was assumed that the ionizing field was constant throughout
the evolution of the ionization front. This approximation
means that the field generated by the shocks must turn on, and
become steady, very rapidly compared to the evolution time-
scale of the ionization front. .

The model of D87 used an “instant illumination” approx-
imation, where the full radiation field was applied from the
start. Here, the new, extended, MAPPINGS II code can con-
sistently model both the shock emission and the ionization
from models within the one-model framework, and this
approximation can be tested by studying the emission evolu-
tion of the shocks in detail. This allows us to achieve a much
greater degree of self-consistency. The modeling code, MAP-
PINGS 11, used here, is described in more detail in Sutherland
& Dopita (1993) and Sutherland (1993). It has accommodation
for up to 16 atoms, although only a subset will be used here. All
stages of ionization are allowed for.

The initial set of abundances for the preliminary models
used to determine the parameters of the cloud collision model
are given in Table 3. These abundances are loosely based on
the oxygen-neon layers from the 25 M evolutionary and
explosive models of Weaver, Zimmerman, & Woosley (1978),
Woosley, Axelrod, & Weaver (1984), and Johnston & Yahil
(1984) and were measured manually from the plots of the com-
position structure.

The observations presented here of N132D, Pup A, and
SNR G292.0+1.8 consistently failed to display any sulfur
emission, so a set is used that does not include a contribution
from the deepest heavy elements, using only carbon, oxygen,
neon, magnesium, and silicon. This composition is probably
applicable to the majority of the remnants, except SNR
0540 — 69.3 and some knots in Cas A.

TABLE 3

INITIAL ABUNDANCES

Element Abundance
H..... —6.00
He ...... —6.00
C........ —1.05
O..... 0.00
Ne ...... —0.34
Mg...... —1.34
Si....... —-272

Note—Log numbers
relative to O = 0.00.
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The hydrogen and helium abundances are set to insignifi-
cant levels, but were explicitly included in the modeling
because some aspects of the original MAPPINGS code design
(cf. Binette 1982) require at least a token presence of these ions.
Their presence had no effect on the models.

4. SHOCK MODELS

It is proposed that the radiation that drives the cloud ioniza-
tion fronts comes from the shock waves in the model structure
(A and B in Fig. 1). The evolution of these shocks, especially
the slower, oxygen-rich cloud shock, is an important factor in
the feasibility of the ionization front model. The complete self-
consistent time-dependent solution to the evolution of such a
shock wave entering a neutral oxygen plasma presents con-
siderable computational difficulty. Accordingly, a number of
simplifying assumptions have been made and are presented in
the following sections.

The bow shock is formed by material from the ambient SNR
medium and is likely to be composed of the fairly normal
composition material detected in X-ray observations (ie.,
Clark et al. 1982). In contrast, the cloud shock is in the oxygen-
rich material that gives rise to the unusual optical emission
that characterizes the OSNRs. Shocks that form in such
plasmas are extreme in many ways. The high molecular weight
of these super—metal-rich plasmas results in high postshock
temperatures. This is apparent from the relationship between
the temperature jump (T;), the shock velocity (v), and the mean
molecular weight (u), where T, = 3uv?/16k K. Thus, a shock
moving into atomic oxygen at 200 km s~! may achieve
~1.5 x 107 K. In practice, the preshock plasma is often fairly
highly preionized and ratios of 5 or more electrons per ion are
common. This has a strong effect on the mean molecular
weight (1), and hence the preionization has a strong effect on
the shock thermal structure. This is in contrast to normal com-
position shocks where the electron-to-ion ratio is always
around 1.2 once ionization has occurred. To simplify the sub-
sequent calculations, a steady preionization will be assumed
for the shock-wave models. It remains to be shown that the
preionization can be set up on a rapid enough timescale that
this assumption has some validity.

Finally, due to the simplified radiative transfer treatment
used, we require a steady ionizing source. To meet this require-
ment, it needs to be shown that, with some reasonable param-
eters, shocks can form rapidly and become radiative in a
timescale short compared to the cloud-crushing timescale 7,
(eq. [6]). This implies both a rapid cooling timescale and a
steady preionization of the gas entering the shock so that the
thermal structure is constant.

4.1. Thermal Stability of Oxygen-rich Shocks

The question arises of the stability of the shocks involved in
the present oxygen-rich models. Without a hydrodynamic code
with radiative cooling, it is difficult to predict the detailed
stability properties of these oxygen-neon mixtures. The cri-
terion of Schwartz, McCray, & Stein (1972),

dIn(Ay) S

dIn(T) ’
is not strictly satisfied by the oxygen-rich cooling functions,
shown by the curves in Figure 2. Nevertheless, while the

overall cooling rates are many orders of magnitude greater
than typical cosmic abundance cooling curves, the slopes of the

®
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Fi1G. 2—Cooling functions of oxygen-rich self-consistent shock models
with velocities of 50-500 km s ~!. Below 300 km s ! the curves are monotoni-
cally decreasing, and it is likely that the shocks will be thermally stable. The
300, 400, and 500 km s~ ! models may not be stable. A full-field nonequilibrium
curve from Sutherland & Dopita (1993) for log T, = 7.5 is shown on the same
scale by the dashed line.

cooling functions are at least monotonically decreasing, and
the slopes are as great as two in some regions, with an average
slope of about unity. The slopes are comparable to the slope of
the nonequilibrium cooling function below 10° K of Suther-
land & Dopita (1993), shown as a dashed curve, which corre-
sponds to the range of temperatures reached in stable normal
composition shock models. A line of slope two is included on
the plot for comparison. The plot suggests that the oxygen-rich
shocks are probably thermally stable up to 250 km s~ !. Above
250 km s~ !, the 300-500 km s~ ! models show regions of nega-
tive slope and are thermally unstable.

Fortunately, the stability or otherwise of the ionizing shocks
may turn out to be unimportant to the emitted optical spectra.
In normal cosmic abundance, radiative shock models, the
cooled recombination zone is several thousand degrees, and
the optical emission is strongly affected by photoionization due
to the downstream field of the shock. The [O 1], [S 1], and
other low-ionization emission lines are particularly affected
and hence are sensitive to the radiative transfer effects resulting
from any shock flow instability. In the oxygen-rich case, the
cooled recombined zone is so cold that no collisional emission
occurs, even in the full diffuse field models. Thus the down-
stream radiative transfer has little effect on the emitted spec-
trum. Since instabilities will form on a cooling timescale, the
hotter emitting regions will not be affected either. In this sense
then, the instability of the shocks will not greatly affect the
ionizing radiation, or the optical spectra of the models.

One effect of the shock stability that may still be important
is the transfer of the bow-shock radiation which will have to
penetrate the cloud shock to reach the interior of the cloud and
any ionization fronts. If the cloud shock is unstable, or other-
wise disrupted, then the hard bow-shock radiation can reach
the interior. Whether this is important or not will be deter-
mined in the subsequent bow-shock and photoionization mod-
eling. If significant, the bow-shock spectrum can simply be
added to the ionizing source vectors.

The ionizing radiation field of the cloud shock will be calcu-
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lated with normal, smooth shock models which are terminated
at a temperature of 300 K, defining the cooling length in these
models.

4.2. The Cloud Shock

Cloud-shock models were computed with a preshock
density of 10-1000 cm 3 and a velocity range of 50-500 km
s~1. A transverse magnetic field of 1.0 uG was assumed for all
models. A self-consistent equilibrium preionization of the pre-
cursor gas entering the shock front was assumed. The oxygen-
neon abundance mixture used is that of Table 3.

The model structure and its properties are summarized in
Table 4. The cooling timescales and lengths are given in a
normalized form, since they scale as the inverse of the plasma
density over the density range considered. This table shows
that, for shock velocities less than 300 km s ~! (models OS050—
08S250), the cooling timescale will be short compared to the
cloud-crushing time of 10° s, even with the lowest density of 10
cm ™3, If the faster shock velocities must be used (models
08300, OS400, and OS500), then the density would have to be
increased to 100 cm ™2 or more, to shorten the cooling time-
scales. The upstream ionization parameter (Q, defined below) is
very great. All the models, even the 50 km s~! OS050 model,
are capable of producing significant preionization.

The thermal and ionization structure of the 200 km s~
shock is shown in Figure 3. This figure clearly demonstrates
the unusual features of the oxygen-rich shock models. The
initial ionization is very rapid, due to the large number of free
electrons entering the shock, and the cooling is similarly rapid.
Once ionized, the highly ionized species like O v and O vi
remain at virtually constant levels throughout the model,
down to 300 K, due to their slow recombination rates. By the
time the plasma has cooled, it is still dominated by O 11 and
O v. The [O 1] emission is very weak, and the [O 11] lines are
considerably weaker than the [O 1] lines in the final spectrum,
in contrast to models of normal composition material. The
suppression of the [O 1] and [O 1] emission, caused by the
very low temperature in the recombination zone, is the main
reason that simple radiative shock models fail-to reproduce the
observed spectra.

1

4.3. Preionization

The degree of plasma preionization critically affects the
molecular weight, and hence the shock jump conditions. Even
one ionization per atom effectively halves the molecular weight
of plasma, and hence the shock temperature. To determine the
extent of the effects of the preionization, limiting cases are
considered. Test models were run where the gas entering a 200

km s~ ! shock was held to be artificially neutral or singly or
TABLE 4
OXYGEN-RICH SHOCK MODELS

Model log(v,) log(7,) log(dsno) log(rsng) log(Q)

(ems™!)  (K) (em?) (sem™®) (cms™!)
0S050 6.70 5.68 12.93 7.47 7.27
0S075 6.88 5.96 13.18 7.40 7.76
05100 7.00 6.16 13.45 7.48 8.17
0S150 7.18 6.44 13.93 7.67 8.61
05200 7.30 6.64 14.38 7.99 8.93
05250 7.40 6.77 15.00 8.58 9.33
0S300 7.48 6.89 16.09 9.62 9.49
05400 7.60 7.08 17.69 10.08 9.65
05500 7.70 7.27 17.23 10.45 9.70

NOTE—n,, = precursor oxygen atoms per cm>.
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FiG. 3—Thermal structure of the 200 km s~ ! cloud shock. The lower panel
shows the oxygen ionization structure for the model. The principal variable
used here is T, the temperature. This allows the structure to be resolved in the
plots, whereas if a time or distance coordinate were used, the structure changes
would be too spatially rapid to be clearly seen. The flow time variable is shown
as a function of temperature, showing how most time is spent at a high tem-
perature followed by very rapid cooling.

fully self-consistently ionized, to measure limits on the build-up
of the upstream radiation field, and thence the timescales over
which preionization may occur.

The shock without preionization has a much higher tem-
perature initially, but the lack of electrons limits the emission
process. In the models with preionization, the initial tem-
perature is lower, a factor that is compensated by the imme-
diate availability of electrons. The question of how soon the
field can build up in the precursor zone will then be a matter of
the competing factors of electron availability and the range of
electron energies.

The radiation field build-up is given in Figure 4, where the
potential ionization front velocity is plotted as a function of the
shock development. The ionization front velocity is approx-
imated by

W:%cms“, )

i

where v is the nominal front velocity, N; is the mean number
of ionizations per particle, and Q is the ionizing photon flux
per particle density (cm s~ !). The velocity estimates in the test
sequence used N; = 2.54 stages per ion, as achieved in the
steady-flow equilibrium preionization model; thus the veloc-
ities will be underestimates of the spread of the early ionization
fronts when less ionization has occurred. The model thermal
structures are given in Figure 5, and the effect on the shock
temperature can be seen clearly.

The radiation build-up timescale, to the point where an ion-
ization front velocity could exceed the shock velocity, is very
short. This result holds irrespective of the actual preionization
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F1G. 4—Preionization timescales. The times required to generate an ion-
ization front that travels faster than the generating 200 km s™* shock. The

curves represent initial front velocities for artificially neutral (A), singly (B), and
fully (C) preionized shock models. Once the curves exceed 2 x 107 cm s™%,

preionization can occur. The field build-up is very rapid, irrespective of the
preionization.

state in the precursor material. The model where the precursor
is held artificially neutral provides an upper limit and gives a
value of 2 x 108 s cm ™3, or ~20 times the cooling timescales
of the model. The limiting factor is the electron availability,
causing the neutral model (A in Fig. 5) to lag until some ioniza-
tion has occurred. At this point the ionizing flux effectively
switches on to nearly full power. This timescale, along with the
overall shock-cooling timescale, will scale inversely with
density, so that the ionization front will always form on a
timescale that is rapid compared with the other cloud time-
scales, at all reasonable cloud densities.
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F1G. 5—Preionization thermal structures. The effect of the preionization
on the shock thermal structures may be seen here. The models labeled A, B,
and C correspond to the curves of the same labels in Fig. 4. The oxygen-rich
composition models are particularly sensitive to the preionization.
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This result allows the simplification that the shock is trav-
eling into a full equilibrium preionization balance determined
for each shock velocity. The preionization is limited only by
the response time of the ionizing plasma in the precursor zone,
and not by the build-up timescale of the ionizing radiation.
Once a complete ionization front structure is established, the
shock structure, and hence the exciting radiation source, will
be steady. It merely remains to show that the ionization front
structures can complete, producing equilibrium ionization,
well within the cloud-crushing timescale. This will permit the
formation of the steady state model where the ionization front
has completely detached from the shock front, allowing the
two components to be calculated independently.

4.4. Radiation from the Bow Shock

The very fast bow-shock structure may be an important
X-ray ionizing source, in addition to any internal cloud shocks.
In the present model, the cloud is assumed to be encountering
the reverse shock reflected from behind the main SN blast
wave as it sweeps up interstellar material and begins to slow
down. There is some evidence for such a structure in the Cas A
remnant in radio observations of Fabian et al. (1980). In the
case of N132D, the SNR may be expanding into a low-density
cavity, and the evolutionary status of the main reverse shock is
uncertain. In that remnant there is some evidence that the
oxygen-rich material is spatially associated with the remains of
some dense circumstellar material of more normal composi-
tion (cf. Paper I). In this case, the encounter may be between
the oxygen-rich cloud and a reflected shock from the slow-
moving material, or the slow-moving material itself.

To determine the importance of the bow shock to the total
radiation field in the ionization front modeling, fast shock
models have been constructed. A bow-shock spectrum for a
2000 km s~ ! plane-parallel shock was evolved for a length of
10'7 cm. The length was estimated for the typical standoff
distance of a bow shock of about one cloud diameter, guided
by the three-dimensional models of Stone & Norman (1992).
This should be good to an order of magnitude. The preioniza-
tion was estimated for a 107 K plasma in collisional equi-
librium at a density of 0.1 cm ™3, in broad agreement with the
observed global X-ray spectra of the remnants (Table 1), at the
density implied by a 100:1 density contrast. The composition
was taken to be normal cosmic abundances in one model, and
a comparison model of oxygen-rich composition was also
made.

In both models, cooling over this length is negligible, AT <
1%. The shock jump conditions predict a postshock tem-
perature of 1.8 x 10® K in the oxygen-rich material, near the
upper limits of the modeling code, and of 6.5 x 107 K for the
normal material. The difference between these is not very great
because the very large number of free electrons in the oxygen-
rich plasma greatly reduce the mean molecular weight. As the
precursor gas entering the bow shock is already highly col-
lisionally ionized, photoionization precursors do not exist for
these models. ,

The bow-shock model is truncated at 10!7 cm, on a time-
scale that is very short compared to other timescales in the
shock models, and the emitted spectrum is produced essen-
tially by a homogeneous slab of underionized hot plasma,
which grows linearly with time for a cloud-crossing time and
would then remain roughly constant until the cloud is
destroyed in another crossing time. The two spectra, from the
normal and oxygen-rich models, are therefore very similar in
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shape, but the intensity of the oxygen-rich model is very much
greater than that of the normal composition model. The flux
incident on the cloud itself, in terms of the ionization param-
eter, Q, is 1.9 x 10'° cm ™2 s~ ! for the oxygen-rich model, and
only 2.8 x 10° cm? s™! for the normal model. The ionizing
bow-shock spectra are shown in Figure 6 along with the cloud-
shock spectra.

The case where the bow shock occurs in oxygen-rich
material presents a serious difficulty for the subsequent model-
ing, as it generates a photon source that is very strong com-
pared to those generated by the cloud shocks and is capable of
modifying both the cloud shock and the ionization front. The
intensity will increase linearly throughout the evolution of the
cloud shock and its ionization front. The radiative transfer
problem this presents may not be modeled with the present
code. However, the X-ray observations of the OSNR suggest
that this type of oxygen-rich bow shock probably does not
occur. The surface brightness of such a bow shock, of order 100
ergs cm~2 s~ ! over an area of ~ma® x 3 x 103 cm? would
imply that a single knot would provide ~3 x 1036 ergss™!, or
roughly the total measured X-ray luminosity of Cas A (see
Table 1). This is not observed. For this reason, the normal
composition bow shock has been chosen. In this case, the ion-
ization parameter is much lower than the cloud-shock emis-
sion by a factor of 10-100, a factor that would be further
reduced by geometrical dilution, so it has therefore been
neglected in the subsequent modeling.

This indication that the intercloud medium has a normal
composition, whereas the clouds are oxygen-rich, clearly is an
important constraint of theoretical models of the stellar explo-
sion itself.

5. R-TYPE IONIZATION FRONT MODELS

At an ionization front, an incident photon radiation field is
absorbed in a thin layer. The velocity is limited by the ratio of
the number of available photons and the number of absorbing
particles. When the particles can be multiply ionized, as in the
oxygen-rich plasmas the effective number of absorbing par-
ticles, N;, is increased and the ionization front velocity is
slower (eq. [9]). The theory of ionization fronts is due to Kahn
(1954), Goldsworthy (1961), and Axford (1961). This area was
further expanded on by Mendis (1968a, b, 1969). In the nomen-
clature developed by those authors, the current ionization
front models represent weak R-type ionization fronts.

In order to approximate this situation within the framework
of the present modeling code, the procedure of D87 is adopted.
The improvement afforded by the new developments of MAP-
PINGS II lies in the detailed shock models of the previous
section. The photoionization model computed here benefits
from more recent atomic data and a broader ionization range,
but otherwise the models are very similar.

5.1. Ionization Front Model Structure

The ionization front model consists of a thin slab of plasma
that is subject to the radiation field of the shocks calculated
previously. The radiation field is assumed to be not attenuated
by material between the front and the shock. This assumption
is justified as long as the distance remains significantly shorter
than the Stromgren column of the ionizing radiation. For the
present modeling of a 10'7 cloud, this optically thin assump-
tion will place an upper limit on the cloud density that may be
modeled. This limit is determined in § 6.
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F1G. 6.—Ilonizing radiation. The radiation fields of the cloud-shock models and the bow-shock models are shown. These form the sources for the subsequent

ionization front models.

The most serious restriction of the model is that the slab
element is assumed to be optically thin. In this sense, the results
calculated are the response of a volume element to the total
incident field, but the internal absorption across a real ioniza-
tion front is not taken into account. This approximation will
produce a higher average ionization in the models than in
reality. These ionization front models are analogous to the
Lagrangian shock flow models, where a single parcel of
material is followed through the shock structure and the final
spectrum of the whole is the averaged sum of emission of the
parcel traveling through the structure. The ionization front
spectrum is taken as the time-weighted sum of the slab element
over the course of the model evolution.

As an alternative to setting up a large grid of points and
solving the radiative transfer differential equations simulta-

neously, this method provides a very easy approximation. The
deficiencies will lie in the computation of the emission from the
low-ionization species, such as O 1, which may be underesti-
mated. The calculation of the more highly ionized stages
should be a more reasonable approximation, since these
species will occur in the optically thin regions of the ionizing
front. In addition, the heating effect of the radiation field will
be overestimated, and an actual front may not reach the high
temperatures achieved here.

The thermal structure of an oxygen-rich ionization front is
shown schematically in Figure 7. The parameters used to
describe the ionization front models in subsequent sections are
shown on the diagram. The peak temperature is denoted T,.
The timescale to reach this peak is 7,, and in those models that
achieve a cold equilibrium, a cooling timescale 7, is also
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F1G. 7—Thermal structure of an ionization front model. The parameters

T3, T Tp, and 7., used to describe the front models are shown.

defined. Integration of the emission over this time defines the
long-term steady emission of the front structure. Some of the
faster ionization fronts result in such strong ionization that the
efficient coolants such as O 11, C 1v, and O 1v are depleted and
cooling is reduced to the point where a hot equilibrium
becomes possible, The integrated spectrum of these models is a
continuing function of time, and no 75 exists. A general equi-
librium timescale 7., is defined, in these cases, by the time
required to reach thermal photoionization equilibrium.

The ionization front models (OP050-OP500) for the range
of shock velocities considered in § 4 displayed the thermal
structures shown in Figure 8. The models are also summarized
in Table 5.

Generally the front models achieve quite high temperatures.
However, the OP050 model (the 50 km s~ ! shock source) only
barely achieves 10* K, and as the radiation flux should vary as
03, this model represents the lower limit of cloud-shock veloc-
ities that will produce this type of ionization front structure.

In one group of models, for shock velocities of 250 km s ™! or
less, the temperature rises and then falls to a very cold state,
which is nevertheless highly ionized. For these cold models, 7,

OP500
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F1G. 8.—Thermal structure of the ionization front models
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TABLE 5
OXYGEN-RICH PRECURSOR MODELS

Model N; log(vy)
(em=3) (cms71)

log(T,) log(mpn) log(msn) log(teqn)
(K (sem™@) (sem™2) (sem™?)

OP050 1.04 7.26 3.94 9.44 10.17

OP075 1.42 7.61 4.09 8.98 9.83

OP100 1.69 7.94 4.15 8.68 9.73

OP150 2.25 8.26 4.33 8.35 9.77

OP200 2.54 8.52 4.43 8.09 9.84

OP250 3.02 8.85 4.47 7.97 10.08 e
OP300 3.80 8.91 4.56 7.91 e 9.62
OP400 4.56 8.99 4.69 7.81 e 10.08
OP500 5.03 9.00 4.77 7.74 .. 10.45

NOTE—n = oxygen atoms per cm>.

is clearly defined. The equilibrium timescale 7, in these models
is essentially the same as the cooling timescale. The second
group of models (OP300, OP400, and OP500) stays hot, as the
plasma becomes so ionized that the efficient coolants of O 11
and O 1v are only present in small amounts. For these models
only the equilibrium timescale, 7, is appropriate.

The ionization structure of the OP200 model is shown in
Figure 9. This shows the rapid ionization, and eventual equi-
librium in a highly ionized state, when the temperature is much
less than 1000 K, as can be seen by comparison with Figure 8.
This figure agrees in general with Figure 2 of D87.

5.2. General Features of Ionization Front Spectra

The detailed integrated spectra of the ionization front
models are discussed in § 7, when the final models are present-
ed.

The time-dependent optical emission of the model OP200
(200 km s~ ! shock) is shown in Figure 10. The timescale here is
normalized to density. The figure shows the integrated emis-
sion of the optical forbidden oxygen lines of O 1, O 11, and O 111,
normalized to [O m1] A5007 = 1.00, as a function of time, as the
gas element traverses the ionization front. The spectrum is
dominated initially by [O 1] 46300, and then [O 1] A43727 and
[O 1] 25007 together become the main emission. In this model
the final [O 1] 243727 and [O 1] A5007 lines are of compara-
ble intensity, the [O 1] lines being slightly brighter (as

log( ion fraction )
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log(tn) s cm”

F1G. 9.—Oxygen ionization structure of the OP200 ionization front model
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F1G. 10.—Time dependence of the OP200 ionization front model optical
oxygen emission.

observed). The [O 1] 16300 line diminishes until it is reduced to
about 1 times [O 1] A5007 and is comparable to the [O 1]
44363 line. This is one of the distinguishing features of these
ionization front models, which produce much more [O 1] emis-
sion than any equilibrium models with the same radiation
fields, even though the [O 1] emission may still be underesti-
mated in these models. The [O nr] 14363 line rises rapidly with
the temperature and peaks with the temperature peak before
slowly dropping to about 1 times [O 1] A5007. This final value
is somewhat low compared to the observed ratio of 2-8 (cf.
Table 2). It must be stressed that this figure represents the
ionization front emission in isolation and does not include the
important contribution from the shock emission. As will be
seen, the shocks contribute strongly to the [O 11] emission and
little to the [O 1] and [O 11] emission.

5.3. Ionization Front Summary

The present ionization front model thermal structures
display the high temperature peaks, predicted by D87. The
peak temperatures achieved in these models are higher, alle-
viating the need for separate electron and ion temperatures
suggested in the earlier work as a means of increasing the
excitation temperature.

It has been shown that the cloud-shock models can drive
rapid ionization fronts that will precede the cloud shock. Pro-
vided that the bow shock of the cloud occurs in normal com-
position material, the radiation field due to the bow shock has
been shown to be overwhelmed by the cloud shock emission.
The cloud shocks may be thermally stable and optically thick
to any bow-shock radiation. This represents a departure from
the original D87 model, and it arises because the bow shock
can only radiate a small fraction of the incident energy flux
during the time available, while the cloud shock is fully radi-
ative and highly efficient at converting mechanical energy into
ionizing radiation.

The ionization fronts can achieve photoionization equi-
librium (either cold or hot) in a short timescale given a high
enough density, justifying the equilibrium preionization
assumption used in the shock modeling. The final modeling
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will have to balance the inverse density effects on the front
evolution timescale, to meet the requirement of shock preioni-
zation, with the direct density effect on the total cloud optical
depth.

For the present work, the models are separated into the cold
and hot equilibrium models. Detailed modeling of the hot
equilibrium models is deferred to possible future work. This is
due mainly to the problem presented by the continuing inte-
gration of the hot models throughout the cloud-crushing time-
scale. Cloud crushing will affect the radiative transfer in the
models throughout the emission evolution, and the simple
plane-parallel formalism is inadequate. On this basis, then, we
proceed to the final model selection, taking models OP050—
OP250 as being appropriate to the present modeling tech-
nique.

6. SELECTION OF MODEL PARAMETERS

Given the properties of the shock and ionization front
models in the preceding sections, it remains to select a set of
modeling parameters with which the models retain a degree of
validity. The problem here is not to determine the conditions
that need to be modeled, but rather to choose the conditions
that may be modeled.

The structure envisaged is of a steady-flow, nonequilibrium
model, where the cloud-shock structure is fully radiative and
where the ionization front has detached and is traversing the
main body of the cloud. This is depicted in Figure 1 in the
lower panel. This detached, steady state is necessary if the
preionization assumptions of the shock modeling are to be
satisfied. By requiring that the front be detached and fully
evolved, the Lagrangian modeling procedure of integrating the
emission of a small “parcel” of material as it traverses the
structure may be used. This method cannot be used for early
stages of the evolution, where the shock and front structure are
closely coupled, or when the front evolves slowly compared to
the hydrodynamic evolution of the cloud.

The selection of model parameters will be made on the basis
of the model structure results of the previous sections, in com-
bination with the characteristic timescales of the problem as
outlined in § 3. The main selection criteria will be to remain
within the limitations of the present simplified modeling pro-
cedure as well as remaining within physically reasonable limits.
The final models will not be selected on the basis of the detailed
fit to the observed spectra.

6.1. Characteristic Timescales

The cloud-crushing timescale, 7, (eq. [6]), is the fundamental
timescale in the problem. The other characteristic timescales,
those of the front evolution, t5 (cf. Fig. 7), and shock cooling,
T.00» Will determine a range of parameters where the modeling
is valid.

For a given composition (Table 3), we need to choose a
range of velocities and densities where the front evolves much
faster than the cloud-crushing timescale and the shock evolves
much more rapidly than the ionization front. Therefore, we
require that 7, is more than about 3 times 75, which is in turn
more than 3 times 7,,;. This gives each structure, both ioniza-
tion front and cloud shock, ample time to form and achieve a
steady state within the overall problem timescale. Figure 11
plots the normalized timescales 75/7, (or 7.,/7.) for the ioniza-
tion fronts against the normalized cooling timescale 7./t for
the shock models. The curves are plotted for cloud densities of
10 and 100 cm ~3. The faster shock models (300-500 km s~ )
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F1G. 11.—Characteristic timescales. The photoionization (r;) and shock
(Te00p) timescales are compared with the cloud-crushing timescale. Models that
fall in quadrant C satisfy the modeling restrictions. See text for details.

have been included for comparison, although they have
already been eliminated from the range of validity in the pre-
vious sections. These fast shock models produce a hot precur-
sor photoionization equilibrium, and the integrated spectrum
will continue to grow throughout the cloud crushing time. This
is indicated by the dashed horizontal lines.

The figure is divided into four quadrants, A. B. C. and D.
Points that fall within quadrant A are models where the shock
structure evolves slowly compared to the crushing time of the
cloud. This makes the radiation source variable throughout
the emission process, thereby invalidating the modeling pro-
cedure adopted here. Quadrant B contains models where both
the shock and ionization models evolve too slowly. In quad-
rant D the ionization front models evolve too slowly. Finally,
the points that fall within quadrant C represent models where
the ionization fronts have time to form and evolve much more
quickly than the dynamic lifetime of the cloud. At the same
time, the shock models evolve more quickly still, reaching a
steady emission state very rapidly, thus allowing the steady
source approximation. As can be seen, the models with a cloud
density of 10 cm ™3 fall in quadrant D and cannot be modeled
with the present methods, although this density regime is of
course not excluded in actual clouds. Some of the 100 cm ™3
models fall in the desired quadrant A. From this diagram, it is
clear that if these models are to be used, then the cloud density
must be 100 cm ~ 3 or greater.

6.2. Cloud Optical Depth

Another limitation in the modeling lies in the steady,
constant-source approximation of the ionization fronts. This
requires that the material between the hot ionization front and
the source, the cloud shock, remains optically thin. The Strom-
gren length for the shock radiation to be absorbed in a plane-
parallel geometry has been modeled explicitly for n, = 100
cm ™3, and the results for the radiation from the range of shock
velocities are shown in Figure 12. Scaled curves for 10, 100, and
1000 cm ™3 are also shown. All the models remain optically
thin in the low-density, 10 cm ™3, case, marginally thin in the
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F1G. 12.—Cloud optical depths. The middle curve (B) shows the estimated
length of an optical depth of the oxygen-rich material to the ionizing fields for
model densities of 100 cm 3. The outer curves represent 10 (A) and 1000 (C)
cm ™3 densities. Only the models larger than, or similar to, the cloud length
(dashed line) have validity.

100 cm 3 case, and largely optically thick in the 1000 cm ™3
case. For this reason, the final models will be made with a
cloud density of 100 cm 3. This density is happily consistent
with the observations. From Table 1, it is apparent that, except
for Cas A, the hot X-ray—emitting plasma has a density in the
range 0.1-10 cm 3. By taking a cloud density of 100 cm~3, a
reasonable density contrast of y &~ 100 is achieved. This type of
density contrast also lends validity to the hydrodynamic argu-
ments in § 3.

7. FINAL MODELS

Models were constructed from the shock models OS050-
08250 and the corresponding ionization front models OP050—
OP250, scaled to a preshock density of 100 cm ~ 3, The spectra
of the shocks and the ionization front models were integrated
and co-added. First, the isolated optical shock spectra are
compared with the observations, and then the combined
models (designated OSP050-OSP250) are compared. In addi-
tion, the UV spectra are compared with the UV observations
of Blair et al. (1989) of the remnant SNR E102.2 —7219.

7.1. Shock Spectra

The optical spectra of the shock models in Table 6 display
some unusual features. The principal optical emission in these
models is the [O 1] 45007 line. The cooling in the oxygen-
neon mixtures, with contributions from carbon, magnesium,
and silicon is very strong. The other species provide fine-
structure cooling mechanisms when the oxygen is at the O 11
stage, so the mixture is cooler even than the pure oxygen
plasmas of Itoh (1981a, b) and [O 1] emission is suppressed.
The principal contribution of the shock to the overall optical
spectra will come from the [O m] 45007, [O m] 14959, and
[O 1] 14363 lines.

As already mentioned, the shock spectra are not in good
agreement with the observations. The I4363/(Iso07 + I4959)
ratio in the models of Table 6 is very high, considerably higher
than those observed. This clearly indicates that shocks cannot
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FI1G. 13.—(a) Dereddened line ratios of [O m] 44363, [O m] A5007, and
[O n] A43726+29, for combined shock and ionization front models. The
OSP150 and OSP200 models bracket the observations of the temperature-
sensitive [O m1] ratio. Overall the [O 1] emission is weak in the models.
Observation identifications are given in Table 2. (b) As for (a), but for [O 1]
263000, [O 1] A43726+29,, and [O m] A5007. (c) As for (a), but for [O 1]
AA7320+ 30, [O 1] AA3726+ 29, and [O 1] A5007.

be solely responsible for the observed emission. The [O 1] and
[O 1] emission is far too weak in the shock models as well.

7.2. Combined Spectra

The optical forbidden oxygen line ratios from the combined
shock and ionization front models (models OSP050-OSP250)
are compared with observations in Figure 13. The observa-
tions are from Table 2, and the model spectra are given in
Table 7. Analogously to the diagnostic plots of Paper I, dered-
dening vectors for the correction due to ¢ = 0.5 are shown, to
indicate in this case, the direction along which errors in the
reddening estimates would have moved the observations.

model structure presented here, even with the modeling simpli-
fications adopted. Care should still be taken in the interpreta-
tion, as the outliers, Cas A and SNR 0540 — 69.3, are nearer to
the OSP100 model, rather than the faster OSP250 model in the
previous plot. In these cases, the observed points are displaced
along the direction that might be expected from an increase in
density sufficient to quench the [O 1] 143727 emission. This
trend happens to lie along the direction of the velocity progres-

TABLE 6
OXYGEN-RICH SHOCK MODEL SPECTRA (I 50, = 1.000, ny = 100.0 cm™3)
Models

Transiti 08050 0OS075 O0S100 OS150 0S200 0S250
[o11]) AA7320+30 0.045 0.003 0.001 0.000 0.000 0.003
[o1] A6300 0.000 0.000 0.000 0.000 0.000 0.000
(o1 A5007 1.000 1.000 1.000 1.000 1.000 1.000
[omn) A4363  0.098 0.128 0.151 0.167 0.177 0.177
[Nelln) A3869  0.026  0.051 0.063 0.023 0.071  0.294
[o11) AA3727  0.132 0.008 0.002 0.001 0.000 0.000
[Nev] A3426  0.000 0.001 0.043 0.414 0.621 1.738
log(Isses /Tsoor ) -1.007 -0.894 -0.822 -0.777 -0.751 -0.752
log(Is7ar /Tsoor ) 0.881  2.079  2.629 3.056 3.531 3.479
log(I7sas /Is7ar ) -0.469 -0.397 -0.591 -0.530 0.017  1.007
log(Ign'] /Tes00 ) 2.479 2.552 2.488 2.128 1.394 0.692
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TABLE 7
FINAL OPTICAL EMISSION SPECTRA (I 5097 = 1.000, ngy = 100.0 cm ™ 3)

Models
Transition OSP050 OSP075 OSP100 OSP150 OSP200 OSP250
[OH] AA7320+30 0.046 0.007 0.014 0.047 0.041 0.024

[o1] A6300 0.047 0.026 0.029 0.020 0.008 0.002
[o11] A5007 1.000 1.000 1.000 1.000 1.000 1.000
[o11] 4363 0.098 0.125 0.140 0.063 0.022 0.026
[NelIlI} A3869 0.026 0.050 0.062 0.091 0.144 0.142
[o11) AA3T27 0.315 0.257 0.625 1.617 1.148 0.540
[NeV] A3426 0.000 0.001 0.040 0.144 0.052 0.182

log(Iuses /Tsoor)  -1.010  -0.903  -0.852  -1.203  -1.656  -1.585
log(Iszar /Tseor)  0.501  0.589  0.204  -0.209  -0.060  0.267
log(Irsas /Is7ar)  -0.835  -1.538  -1.663  -1.536  -1.452  -1.348
log(Israr /Isson )  0.823  1.003 1333 1911 2162  2.551

sion and the reddening vector. This combines to make the
interpretation of these points uncertain, especially given the
limitations on the density regime that may be modeled with the
present method. This plot is a weak diagnostic tool.

Finally, in Figure 13c¢ these same OSP150 and OSP200
models are once again near the main clump of observations,
although there is considerable scatter of the observed points
along the reddening vector. In addition, the locus of the model
points is quite nonlinear, covering a wide range of the
I,3,5/134,7 ratio. This highlights the perils of a homogeneous
model interpretation of the density diagnostics. On the positive
side, the majority of the models do lie in the region where the
emission is largely from the homogeneous low-density ioniza-
tion front zone, as the simple models of Paper I predicted, but
the variable density shock contribution can cause strong devi-
ations. The Cas A observation remains an exceptional point, as
it lies in a region where at least some high-density material
must be contributing to the spectra, and hence may not be
modeled accurately here. The SNR 0540 — 69.3 measurements
of Dopita & Tuohy (1984) and Kirshner et al. (1989; which
uses spectra from 1982) are in disagreement over the [O 11]
AA7320+ 30 flux, making the interpretation of this remnant
difficult as well. The Dopita & Tuohy (1984) value puts the
remnant closer to the other OSNR observations, but this may
be coincidental. More observations of this remnant are needed.

The correspondence of the observations with the locus of the
OSP150-0OSP200 models is very encouraging. A general lack
of [O 1] 443727 radiation is predicted, but this may be the
result of the optically thin ionization front model assumptions.
Otherwise, the fit is very reasonable. The fact that the model
parameters were selected by global dimensional consider-
ations, albeit additionally limited by modeling assumptions,
and yet points for the resulting models lie in the same general
regions of the diagnostic plots as the observational points, is
taken as strong support for the emission mechanism outlined
here.

One final, general prediction of the models is that, when the
emission lines of a species are produced in both the shock and
the ionization front, line splitting or broadening up to the
shock velocity may be observed, depending on the projection.
Other lines that come from only one component, such as [O 1]
emission from the front or [Ne v] from the shock, should have
different velocities. Details of the line splitting are not modeled
here and will be the subject of future work.

7.3. UV Spectrum of SNR E102.2—7219

The UV observations of Blair et al. (1989) are an important
observational data set. A number of points arose from the Blair

work. They found that the UV emission is relatively weaker
than might have been expected from a simple shock model and
that a simple photoionization model is inadequate as well. In
addition, the UV resonance lines of carbon and oxygen appear
to have strong recombination components. While the MAP-
PINGS II code does not compute the details of the recombi-
nation contribution to the UV carbon and oxygen spectra it
still serves to make a comparison of the ionization front
mechanism models presented here with the SNR E102.2—7219
data. Table 8 compares the OSP150 and OSP200 models,
which were most successful in modeling the optical spectra,
with the SNR E102.2—7219 spectra in both the optical and
near UV.

The overall fit to the specific SNR E102.2 —7219 spectra is
quite good in the optical. The modeled UV line spectrum is
also generally weak, as observed. Given the observational
error of up to 50 times in the UV fluxes by Blair and
coworkers, only limited detailed conclusions should be drawn
from the models; namely:

1. The modeled Mg 11 12799 emission is brighter than the
observed flux, by a factor of 7 or so. Barring a strong contribu-
tion from recombination, this suggests that the magnesium
level in the initial abundance set was too high, and a [Mg/O]
ratio of —2.2 may be more appropriate. This measurement is

TABLE 8
OPTICAL-UV SPECTRUM COMPARISON (I 500, = 1.000, n, = 100.0 cm ™)
Observed® Models
Transition E102.2-7219. OSP150 OSP200
[o11] AA7320+30 0.090 0.047 0.041
[or] 6300 0.047 0.020 0.008
[o11) A5007 1.000 1.000 1.000
(o] 2363 0.048 0.063  0.022
[NelII) A3869 0.207 0.091 0.144
[o1n] AA3727 1.640 1.617 1.148
[NeV] A3426 0.108 0.144 0.052
cI A2967 v 0.006 0.001
MglI A2799 0.064 0.421 0.431
[Ne IV) 2423 0.183 0.020  0.030
cI) A2326 .. 0.037 0.015
CII1| A1909 0.106 0.019 0.039
[Mg V1) AA1806 e 0.011 0.004
o111} A1664 0.084 0.006 0.007
CIv AA1549 0.520 0.514 0.080
olv) A1401 0.315 0.071 0.012
SiIv AA1397  (incl. above) 0.003 0.001
o1) A1357 0.202 0.018 0.016
()1 A1335 ves 0.053 0.044
ovV] A1218 0.694 0.088

* Dopita & Tuohy 1984, Blair et al. 1989.
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highly uncertain, being based on a single measurement, and
should not be taken as definitive.

2. The correspondence between the observed and modeled
strengths of the C 1v resonance line is good for the OSP150
model, but the line is too weak in the OSP200 model. The
agreement for OSP150 may be fortuitous, as recombination
contributions have not been included, and the OSP200 model
may be a better overall fit.

3. The other strong carbon line, C 1] 11909, which should
not have a recombination component, is within a factor of
2.5-5 of the observed flux. The ratio of the line with the C 1v
resonance line in the two models brackets the observed ratio.

4. Finally, the [Ne m]:[Ne 1v]:[Ne v] ratios are not too
dissimilar to the observed ratios, given the measurement uncer-
tainties. This gives some confidence in the ionization structures
developed here. Neither the optical nor the UV neon emission
flux conflicts significantly with the chosen abundance levels of
[Ne/O] = —0.34.

8. CONCLUSIONS

The simple ionization front model of D87 has been shown to
be feasible in the case where the front is driven by the detailed
upstream radiation of a radiative shock traversing a knot of
oxygen-rich material. The model structure can form and
produce the observed spectra within the global constraints of a
bow-shock/cloud-shock model, with reasonable cloud den-
sities, sizes, and velocities. In particular, the problematic
I,363/15007 ratio has been reproduced, as a result of the com-
bination of shock and photoionization components in the
model. This relatively high [O 1] ratio has been maintained,
while still retaining some levels of [O 1] and [O 1] emission, as
is observed.

Present modeling still suffers from a number of difficulties,
due as to the simplified radiative transfer used as to the uncer-
tain atomic physics. However, it seems reasonable that the
proposed structure is possible, and the development of more
sophisticated models should be undertaken.

8.1. Abundances

The primary aim of this work was to test the feasibility of an
emission mechanism. It is clear that the model is indeed feas-
ible, but that a more rigorous radiative transfer method is still
needed before really reliable quantitative models become pos-
sible. In this context, the details of the composition, beyond
some qualitative conclusions, are probably not justified yet.

The abundances of the element with respect to oxygen are
not very well constrained by the observations. The optical
spectra do not place strong constraints on even the neon abun-
dance because of the sensitivity to the excitation conditions
and uncertainties in the models. Nevertheless, the initial abun-
dances of Table 3 do give a good overall fit to the observed
spectra and result in a reasonable model structure. The model
shock structures depend somewhat on the additional cooling
provided by the carbon, magnesium, and silicon ions. The
same applies to the photoionization models, where the addi-
tional absorption cross sections of these ions is important to
the heating achieved. The abundances used, chosen on the
basis of massive star evolution models, are therefore generally
consistent with the observations.

The [Ne/O] ratio is estimated to be —0.34; the observations
do not suggest that this is significantly in error (except for SNR
0540 —69.3, of course). Furthermore, the UV spectrum of SNR
E102.2—7219 does not give strong indications that the initial

SUTHERLAND & DOPITA

Vol. 439

ratio of [C/O] of —1.05 is greatly in error, either. The magne-
sium abundance chosen initially may be too high for the case
of SNR E102.2—7219, based on the single Mg 11 12799 mea-
surement. A ratio of [Mg/O] = —2.2 is estimated, with large
uncertainty. Nothing in the observations places any reliable
limitations on the silicon levels, except on the basis of nonde-
tection in the difficult observations of SNR E102.2—7219. In
the present models, the silicon levels would have to be raised a
100-fold, or have a strong recombination contribution in the
Si1v 141397 emission line, to come into conflict with the (lack
of) observed emission. The uncerrtainties here are too great to
warrant any conclusions on Si abundances.

8.2. Remaining Difficulties

This examination of the ionization front model supports the
view that this mechanism is a reasonable model for the oxygen-
rich emission in OSNRs. Having said this, a number of areas in
the modeling have, perforce, been simplified or even neglected
for lack of data and/or theoretical understanding. Before this
model may be used for detailed quantitative measurements,
these areas will need to be addressed further.

The total cooling function calculations used here are
expected to be reasonably accurate, and the cooling timescales
of the shocks should be reliable. The main weaknesses in the
computation of the atomic processes lie in the details of the
emission-line spectra. The recombination spectra of the heavier
ions are not calculated at all. This should not affect the cooling
rates very much, as discussed in Sutherland & Dopita (1993),
where recombination is shown to not be a cooling process in
the first approximation. Recombination may only affect the
temperature indirectly, by removing selective ranges of elec-
tron energies from the existing thermal distribution. The
recombination zones of the shock models are already very
cool, and any recombination cooling will have little effect in
any case. However, the observed resonance lines, particularly
the UV resonance lines of carbon, oxygen, and magnesium, can
have significant recombination components under the condi-
tions modeled here, and this aspect of spectrum synthesis
should be addressed.

Electron conduction was not considered, due to the compu-
tational complexity of incorporating such effects into the
explicit one-dimensional Lagrangian structures used. Model-
ing by Borkowski & Shull (1990) of the effects of electron
conduction showed that, while there is some effect in the hot
zones, in the cooled recombination zones of the shock struc-
tures conduction was only significant when the plasma was
pure oxygen, and fine-structure cooling was less important.
When significant levels of neon, silicon, magnesium, and
carbon are introduced, the subsequent fine-structure cooling
completely dominates any effects of electron conduction
heating. So, electron conduction may not be a serious omission
in the oxygen-neon-carbon mixtures used here.

Another important assumption used is the strong coupling
of the electron and ion temperatures in the model structures.
The present modeling assumes that the electron and ion tem-
peratures are equal for both the shock and ionization front
models. Some justification for this may be made for the shock
models. There is some observational evidence for rapid elec-
tron heating in collisionless shocks (i.e., Pravdo & Smith 1979),
possibly due the plasma turbulence in the shock front itself.
Therefore, in the face of the general theoretical ignorance of the
detailed processes in collisionless shocks (see the review by
McKee & Hollenbach 1980), it seemed that the construction of
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a two-fluid shock model (electrons and ions) was an unneces-
sary complication in the already highly simplified model being
considered here, especially since electron conduction had been
ignored. The earlier work of Dopita & Tuohy (1984) compared
results of the equilibrated electron-ion models and separated
two-fluid models and found that the shock spectra were very
similar when a somewhat higher shock velocity was used for
the two-fluid models. It should also be mentioned that the
more recent observational test of collisionless shock heating of
electrons in Cas A and Pup A, by Jerius & Teske (1988), proved
inconclusive so the matter remains an open question.

The effects of molecules and dust are not included in the
MAPPINGS II code, as yet, and so could not be included in
the modeling. Fortunately, the cool plasmas considered here
are unlikely to be molecular, as they are highly ionized by the
strong radiation fields present. The effect of dust grains is
uncertain, even more so as the dust composition is likely to be
abnormal. Dust, if present, might be expected to affect the hot
ambient OSNR medium (Dwek 1987; Arendt et al. 1991), but
the ambient plasma was taken as an observable and not
modeled here.

The last major omission from the atomic processes is
charge-exchange reactions involving only heavy atoms. While
in normal calculations MAPPINGS II incorporates many
exchange reactions, these are all with neutral and ionized
hydrogen or helium. The direct reaction rates between ions of
oxygen, neon, and carbon are not known , and the complexity
of the reaction mechanism rate calculations makes even rough
estimations impossible. Dopita et al. (1984) argue that this
omission may not be too serious in the shock models con-
sidered, since in the zones where charge exchange may be
expected, the temperatures are so low that their effect on the
emission spectra would be minimal. The effect on the ioniza-
tion fronts is not so clear however, and the omission of charge
exchange in the absence of available data is a caveat that
simply has to be borne in mind for the present models, until the
atomic data becomes available.

As has been discussed earlier, the simplified modeling
neglected the internal photon absorption near the ionization
front. This is expected to suppress the low-ionization [O 1] and
[O 1] emission, compared to an actual ionization front.
Whether internal absorption will, in practice, maintain higher

levels of [O 1] 16300 and [O 1] 443727 over a wider range of
velocities is not certain and will require more sophisticated
modeling. The present models therefore overestimate the exci-
tation and temperatures achieved for a given shock velocity. It
is hoped that a fuller radiative transfer treatment will result in
the same effects being achieved at a higher velocity than the
corresponding models here. The infinite plane-parallel treat-
ment will also tend to overestimate the radiation field, and
two- or three-dimensional treatment may be necessary.

8.3. Future Work

Overall, the current model is an oversimplification of the
physics of the situation. Nonetheless, given the lack of success
of previous models, the results obtained here are very encour-
aging and give confidence that the elements of the correct
physics have been identified. In the light of this, the added
effort required to address some of the problems outlined above
should prove worthwhile. The need for more complete atomic
data is apparent, notably charge exchange reactions and
recombination data. The effect of the charge exchange reac-
tion, if any, may prove particularly important in the ionization
front models because of the density and temperature regimes
involved.

Clearly more constraints can be obtained by further obser-
vations. In particular, more UV observations of the Magellanic
remnants need to be undertaken. The galactic remnants are
hopelessly reddened for UV observations, and the Magellanic
remnants provide the best chance for this type of observation.

The present modeling then, while producing a good fit to the
observations for a given velocity, continues to suffer from only
fitting the observations with a relatively narrow range of
cloud-shock velocities (130 < v, < 230 km s~ ). Nevertheless
this represents a significant improvement over previous
models.

The authors would like to acknowledge use of the UNIX
Sun Sparcstation network at Mount Stromlo and Siding
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