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ABSTRACT

A featureless blue continuum (with constant f,) is a defining feature of declining classical novae. The fact
that £, is constant into the infrared, and the absence of a Balmer jump, suggests that this continuum originates
in hot tenuous gas. The electron temperature and density of the hot gas phase of classical nova QU Vul 1984
are estimated from ground-based optical and IUE ultraviolet observations. This region has a temperature of
10°-10° K, and a density in the range of 2 x 10* to 3 x 105 cm 3. In addition, a colder, denser shell com-
posed of many “clumps” or condensations is present, and it is responsible for most of the optical-to-ultra-
violet emission lines. The hot gas, however, may be much more massive and could dominate the energetics of
the ejecta. The total returned mass could be as high as 10™* and 4 x 1073 M, depending on conditions in

the hot gas.

The large mass of the shell, in combination with the high metallicity found in this nova, supports the idea
that novae may be an important contributor to the chemical enrichment of the interstellar medium.
Subject headings: circumstellar matter — ISM: abundances — novae, cataclysmic variables —
stars: individual (QU Vulpeculae) — ultraviolet: stars

1. INTRODUCTION

The violence of a classical nova outburst invariably leads to
the ejection of matter into the surrounding interstellar space.
According to the accepted model for classical nova outbursts
(see, e.g., Starrfield 1989, and references therein), the ejected
shell’s chemical composition is enriched in part via nucleo-
synthesis during the outburst and also by chemical mixing with
the underlying white dwarf. Thus, studies of the mass content
and chemical abundances in nova ejecta can be of importance
to studies of chemical evolution of the Galaxy as well as to the
physics of nova outbursts.

Unfortunately, astronomers can rarely resolve nova shells,
as they tend to occur at great distances and cannot rival super-
novae in extent and luminosity. The structure of most nova
shells must, therefore, be deduced from the observed emission.
In this sense, much effort has been invested in studying the
emission line spectra that are observed during the postoutburst
decay. A major comparative optical study has been recently
published by Williams et al. (1991), while a review of ultraviolet
observations of novae can be found in Starrfield (1990).

Postoutburst optical spectra are usually dominated by for-
bidden transitions from low and medium ionization stages of
common elements. This “nebular” phase of ionization is
believed to be produced in a warm (T, ~ 10* K), clumpy shell.
However, in their study of the infrared spectrum of nova V1500
Cygni, Grasdalen & Joyce (1976) identified several emission
lines as being produced by highly ionized species, such as those
observed in the solar corona. They then put forward the novel
concept that this emission could be produced in a physically
distinct region within the nova shell, at a much higher tem-
perature than the region producing all the other low- and
medium-ionization species. Ferland, Lambert, & Woodman
(1977), and Shields & Ferland (1978), showed that the coronal
emission was also present in the optical spectra, in transitions

such as [Fe x] 16374. These lines are often hidden in the wings
of much brighter lines, which are broadened by the relatively
large expansion velocities of the shell.

The concept of a “coronal line region” was challenged by
Williams et al. (1991), who argued that a very hot remnant
could produce the observed ionization levels by means of
simple photoionization. Indeed, there is considerable evidence
that postoutburst novae undergo a period of relatively con-
stant bolometric luminosity, usually near the Eddington limit
(Starrfield 1989 described the processes leading to and follow-
ing a nova outburst). During this time, the underlying white
dwarf decreases in radius back to its preoutburst size, and thus
its temperature may increase up to several hundred thousand
degrees. Additional evidence on the production of coronal
emission via photoionization was provided by Saizar et al.
(1991), for the case of Nova PW Vulpeculae 1984. Attending
the fact that the coronal emission was only transient, Williams
et al. (1991) proposed a model that included a “coronal line”
stage for the evolution of nova shells. Here, the high ionization
lines are produced at the illuminated face of the dense clumps
which also produce the “nebular” emission lines (i.e., O 1],
etc.).

There is, however, additional evidence suggesting the pres-
ence of gas at very high temperature in nova shells. Gallagher
& Ney (1976) showed that the optical-to-IR continuum of a
declining nova was dominated by free-free emission. The
absence of a Balmer jump shows that the gas producing the
free-free emission must be hot. Following this, Ferland,
Lambert, & Woodman (1986) showed that the continuum
spectrum of Nova V1500 Cygni could not be explained by a
gas at a temperature that is derived from lower ionization lines.
Nebular diagnostic techniques, using emission lines such as the
well-known optical [O mi] transitions, would yield electron
temperatures of the order of 10,000 K. The continuum produc-
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FiG. 1.—Composite model of a nova shell. The ejecta consists of warm
(T ~ 10* K), dense clouds embedded in a hot (T ~ 10° K), tenuous gas. Both
phases are photoionized by the hard white dwarf continuum. The warm phase
is further photoionized by the free-free continuum generated in the hot gas.

ed by gas at this temperature was too weak compared to the
observed continuum. Saizar et al. (1992, hereafter $92), reached
the same conclusion for Nova QU Vul 1984 and pointed out
that, in addition to a strong continuum level, a very weak
hydrogen Balmer jump also indicates a high temperature. An
estimate of the relative intensities of the hot and warm con-
tinua revealed that the hot continuum may dominate both the
mass content and the energetics of the ejected shell.

In this paper, we propose a model for the ejecta that
attempts to explain both the line and continuum emission.
This two-phase model consists of a “warm” (T, ~ 10* K),
high-density clumpy shell which is photoionized by a back-
ground composed of both the continuum of the remnant as
well as from the “hot” (~ 10°-10° K), tenuous gas (Fig. 1). In
this picture, high-energy photons from the underlying white
dwarf are partially reprocessed into ultraviolet photons via
interactions in the hot gas. This reprocessed radiation is then
capable of producing the observed transitions in the warm
condensations via photoionization. A refinement of this idea,
including shadowing effects due to the high-density clumps,
has been recently given by Williams (1992).

In § 2, we present the methods used to constrain the physical
conditions of the hot gas. We then proceed to examine in detail
Nova QU Vul 1984. Section 3 describes some of the previous
results on this object. In §§ 4 and 5 we compare theoretical
predictions from nebular physics with the observations in
order to derive parameters such as the electron temperature
and density, mass, geometry, and energetics of the ejecta. A
summary and a discussion on the implication of these findings
for galactic nucleosynthesis studies closes this paper.

2. PHYSICAL CONDITIONS IN THE HOT GAS

In this section we discuss the methods that will allow us to
set limits to the electron temperature and density of the hot
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gas. To this end, we will derive some expressions which will be
useful in comparing the observed continuous spectrum with
the theoretical predictions. In what follows, we will consider a
two-phase gas which is photoionized by a blackbody, the
emergent continuum from the remnant. We will assume that
the physical conditions in the warm “nebular” phase have
been determined from nebular line diagnostics, so that this
contribution can. be easily removed from the observed spec-
trum (as mentioned in § 3, the uncertainty in the warm tem-
perature is usually much smaller than any other errors
involved). The remaining fluxes, then, correspond to the hot
gas emission. The theoretical emissivities from hydrogen and
helium have been calculated by Ferland (1980, hereafter F80),
for a wide range of temperatures.

2.1. Temperature of the Hot Gas

The temperature of the gas can be measured from the depth
of the observed Balmer jump, which is an inverse function of
this parameter.

The shape of the observed continuum can be expressed as
the sum of the contributions by the warm and the hot phases.
There is also an additional contribution from the white dwarf,
which we will neglect for now, since little of its emission is
expected to appear in the region near the Balmer jump (see
$92). Therefore, the total flux of the observed UV-optical-IR
continuum, vf,, relative to the line flux of HB, is given by

va ~ VYy Ehot v))v(hOt)
Juplovs  47jnp E yarm 4Tjyg(warm) ’

where vy, and 4rjy, are the emission coefficients of the contin-
uum and Hp, respectively, in ergs cm® s !, and E= N,N. V,
is the emission measure for each gas phase, where V is the
volume. In this equation, we have assumed that all of the Hp
flux is produced in the warm phase, which may introduce
errors as large as 50%. We further discuss this assumption
below.

If the electron temperature in the warm phase can be found
from the emission-line diagnostics, then the above equation
can be used to subtract the warm phase from the observed
spectrum, and then the hot spectrum can be examined.

The Balmer continuum in nebular shells, produced by
hydrogen recombination, weakens relative to Hf as the tem-
perature increases. The Balmer jump itself is difficult to
measure as it is out of range of the IUE spectra and often of the
optical spectra. In addition, there are relatively few portions of
any spectra free from line contamination. Thus, we chose to
measure the strength of the Balmer jump as the ratio vf,(3500
A)/vf,(4100 A). This ratio is shown in Figure 2, from data given
by F80. The observed ratio, once the warm phase has been
substracted, can be used to set a lower limit to the temperature
of the hot gas. This is only a lower limit, since the gas may be
hotter and the observed “jump ” mostly noise.

An independent lower limit to the temperature of the hot gas
can be obtained from the observed emission from Hp. The
strength of the Balmer lines is a decreasing function of tem-
perature for a given emission measure (Osterbrock 1989).
Thus, although some Hp flux can be produced by the hot
phase, most of it is expected to come from the warm gas. At its
lowest temperature, the hot gas cannot produce more than half
of the line emission (equivalently, for the warm gas at its
highest temperature).

In order to eliminate the density dependence on the fluxes,
we need to find a suitable additional flux. The continuous
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F1G. 2—Depth of the Balmer jump, vy,(43500)/vy,(44100), as a function of
temperature (data from Ferland 1980).

emission in the far-UV continuum is also sensitive to tem-
perature, but it has the opposite dependence to HB. The ratio
can therefore be expected to be a sensitive temperature indica-
tor. In addition, the far UV continuum from the warm gas can
be safely neglected. Thus, choosing a continuum point at 1500
A, we obtain

v1,(1500 A)
Amjyp

_ (1500, hot) + vf,(1500, warm)
obs Jup(hot) + fyz(warm)

_ vf,(1500) fu (warm))“ 1
7 (1 oy ) - O

In Figure 3 we show the emissivity of the 11500 continuum
relative to Hp as predicted by F80. The minimum temperature
of the hot gas corresponds to fyg(hot) = fyz(warm) =
1/2fyg(0bs). So, a lower limit to the temperature can be
obtained by just comparing the predictions to twice the
observed ratio.

An upper limit to the temperature can also be obtained. In
our model (cf. § 1), the hot gas is assumed to be a tenuous shell
in photoionization equilibrium with the white dwarf. Under
this condition, the maximum temperature of the gas is the
Compton temperature of the radiation field, which is roughly
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F1G. 3.—Continuum emissivity at 411500 relative to the line flux of HB, as a
function of temperature. Data from Ferland (1980).
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the photospheric temperature of the white dwarf. The WD’s
temperature is known to vary as the outburst progresses. Bath
& Shaviv (1976) and Gallagher & Starrfield (1976) showed that
the white dwarf decreases in radius at constant luminosity,
roughly equal to the Eddington luminosity, for several months
to years after the outburst. The maximum temperature that the
star reaches will be given by its preoutburst radius, as

L 1/4
T =612 x 10° K<—32§) , @)
Rs
where Lyg = 107384, Ry = 107 °Ryp, Lgaq and Ry, are the
Eddington luminosity and the white dwarf radius, which are
taken as 1038 ergs s~ and 10° cm. These are given as a func-
tion of white dwarf mass by Starrfield (1989). For masses above
1 Mg, L;g varies between 1.6 and 2.3, and R,, between 0.2 and

2.2. The Density of the Hot Gas

As indicated in § 1, we propose that the hot phase is in
photoionization equilibrium with the stellar radiation field. In
most instances, the postoutburst white dwarf can be represent-
ed as a hot blackbody whose continuum peaks in the extreme
UV to X-ray bands (Fig. 1). Therefore, the observed UV con-
tinuum should contain a contribution from the underlying
blackbody in the form of a Rayleigh-Jeans spectrum. This
would be undetected if the white dwarf is hot and the nebula is
optically thick to the ionizing radiation. Then the shell would
reprocess the majority of the WD luminosity into the UV. In
this case, the incident radiation beyond the Lyman-continuum
is mostly absorbed via photoelectric absorption and Compton
scattering, and reprocessed into an UV/optical free-free spec-
trum. However, as the electron density decreases, the nebula
eventually becomes optically thin to the ionizing photons. The
free-free continuum becomes fainter, and the observed UV
continuum will resemble that of the white dwarf (see Fig. 4).

One can think of this in terms of the ionization parameter U,
which is defined here as the ratio between the photon density
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F1G. 4—The continuous spectrum of QU Vul normalized to the contin-
uum flux at HB. Closed circles: observed fluxes in regions assumed free of
emission lines; open circles: fits to the continuum around emission lines. The
errors are assumed to be similar for all points. Lines are calculated emergent
continua, with densities as indicated. The model parameters are described in
the text.
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of the ionizing radiation and the electron density (see, e.g.,
Davidson 1977), i.e.,

__9H)
U= 4nr*Nyc’

where Q(H) is the number of ionizing photons per second
emitted by the white dwarf, and Ny is the hydrogen density at a
distance r from the source. For a given continuum shape and
chemical composition, the equations of ionization equilibrium
uniquely determine the temperature of the gas and the ioniza-
tion structure. Conversely, if the electron temperature and the
ionic concentrations can be estimated from emission-line diag-
nostics, the electron density can be constrained by setting
limits on the possible ionizing continua.

In order to carry out these calculations we constructed a
series of photoionization models using the radiative-collisional
equilibrium code CLOUDY (Ferland 1993). Basically, this
code solves the ionization and heating-cooling equilibrium
equations for a shell of a specified geometry. The other input
parameters relate to the shape and luminosity of the ionizing
spectrum, the chemical composition of the gas, and the radius
of the shell. The code then predicts the emergent spectrum for
both lines and continuum.

We chose the fluxes at 4111500 and 4800, since they are rela-
tively free from line contamination. The observed ratio
f,(1500)/£,(4800) is then predicted by CLOUDY for a wide
range of gas densities and stellar temperatures (in essence, for a
range of U’s). An upper limit for the stellar temperature of
~10% K has been obtained in the previous section. For the
observed continuum to contain a contribution from a hot
white dwarf, the free-free emission should be faint, and there-
fore, the gas should be tenuous. This procedure, then, gives us a
lower limit to the density. This is illustrated in Figure 4, for the
case of nova QU Vul 1984. The solid curves represent emer-
gent continua for three different densities, and the dots are the
observed continuum fluxes. The actual calculations are pre-
sented in § 2.

An upper limit to the density can be obtained from the
observed flux of HB. As mentioned in the previous subsection,
this line may be produced in different amounts by both phases.
But, even if a single phase was present, the predicted flux can
never be larger than the observed one, thus effectively yielding
an upper limit for the electron density for a given temperature
of the radiation field.

Before analyzing the multiwavelength spectra of QU Vul, let
us briefly review some of the work previously done on this
object.

&)

3. OVERVIEW OF PREVIOUS WORK

In S92, we used ground-based optical and satellite ultravio-
let spectra to study the physical conditions in the expanding
shell of Nova QU Vul. A few useful numbers concerning this
object are summarized in Table 1, taken from S92.

The reddening toward the nova has been obtained by com-
paring the observed and the theoretical ratio He n 14686/He 1
A1640 (Seaton 1978). The results indicate that E(B—V) =
0.61 + 0.10. This is also confirmed by one observation of the
2200 A feature due to interstellar reddening. The distance was
then deduced from the luminosity—*“speed class ” relationship
(Warner 1989) to be 3.0 + 1.0 kpc.

Using various optical and UV emission-line fluxes, we
derived temperatures in the warm gas phase of T, = (1.0
+ 0.08) x 10* K. The electron density maintained a remark-
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TABLE 1
QU VULPECULAE: SOME USEFUL NUMBERS

Parameter Value

Date of maximum................ 1984 Dec 25

my, (maximum) (mag) ............ +5.6

t3(days) cooooeiiiiiiiiii 40

EB=V) ceeeeeeeeiiiaeaeeeeeiin 0.61 + 0.10

b (galactic latitude) ............... —6°

Distance (kpc) ........ooevvenennn. 30
—8.0+09

ably constant level of N, ~ 107 cm ™3, for the period 126-500
days, and declined at later dates. Since nova shells are expected
to show declining densities as they expand, we have suggested
(S92) that this constancy is evidence for continuous mass loss,
although other mechanisms, such as magnetic confinement,
might play a role. There is no evidence, however, that QU Vul
has a magnetic white dwarf.

Abundances were also obtained from diagnostic line ratios
by selecting pairs of lines with similar ionization potential
ranges in order to minimize fluctuations due to inhomoge-
neities in the shell. The average abundances by number in
terms of the solar composition are [He/H] = 5, [C/H] = 0.8,
[N/H] = 44, [O/H] = 10, [Ne/H] = 60, [Mg/H] = 6, [Al/
H] =90, [Si/H] = 2, and [Ar/H] = 0.7. These abundances are
averages from the ones obtained by various methods by us
(S92) and Greenhouse et al. (1988). These results are in quali-
tative agreement with hydrodynamic models of slow ONeMg
white dwarfs (Starrfield, Sparks, & Truran 1986). The high
abundance of helium might support the idea of continuous
hydrogen burning past the peak of the outburst. The second-
ary star, normally an unevolved red dwarf, is expected to have
a helium abundance close to accepted cosmic values.

The continuous spectrum was measured by substracting the
emission-line fluxes, and also by looking at the few regions
with no lines present. Although weak, continuous fluxes were
observed up to about 2 years after the outburst. Ultraviolet,
optical and infrared data (as described in S92), were joined to
give the broadest possible picture. The continuum has a flat
(i.e., f, ~ constant) featureless appearance at most observed
days, which strongly suggests that the shell contains gas at a
high temperature (Gallagher & Ney 1976).

4. THE SHELL OF QU VULPECULAE

4.1. Electron Temperature and Density

First, let us apply equation (1) in order to constrain the
temperature from the depth of the Balmer jump. In order to
subtract the warm phase from the observed spectrum, we have
averaged portions of the data at day 554 about the wave-
lengths listed by F80. In Table 2, we list these average fluxes
relative to HB, in dimensionless units. In the third column, we
include the predicted relative continuum emission coefficient
for a mixture of 50% hydrogen and 50% helium, at T = 10* K
(cf. § 3). The subtracted spectrum, shown in the last column,
indicates that the Balmer jump is virtually absent. The depth
of the Balmer jump, which we measure as the ratio
vf,(3500)/vf,(4100), is shown as a function of temperature in
Figure 2. Theoretical values for the Balmer jump are given in
Table 3, based on F80. From this figure and the observed
depth inferred from Table 2, we estimate a lower limit for
T, ~ 1.7 x 10°K.
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TABLE 2
CONTINUOUS SPECTRUM OF QU VULPECULAE
VL,/Lyg

A Observed Cold Hot

(1 ()] 3) @
1500............ 30.0 0.3 29.7
1800............ 19.1 1.5 17.6
2500............ 214 33 18.1
3300............ 19.1 12.6 6.5
3500............ 18.8 12.6 6.2
4100............ 109 55 54
4700............ 7.6 29 4.7
5400............ 4.6 43 ~0
6800............ 4.9 6.1 ~0

The second method is based on the relative contributions of
Hp to each phase (cf. eq. [3].) From Table 3, we see that the
observed continuum-to-line ratio, vf,(1500)/fys ~ 30. At its
minimum temperature, half of the Hf emission 1s produced by
the hot gas, and therefore, the above ratio produced by the hot
gas alone is equal to 60. In Figure 3, we show this continuum-
to-line ratio, as predicted by F80, for a mixture of hydrogen
and helium at various temperatures. A ratio of 60 implies that
the minimum temperature of the hot phase is near 10° K,
which is in good agreement with our previous estimate.

Finally, we can find the maximum gas temperature from
equation (4). For a 1 M, star, the temperature is of the order of
9 x 10° K, and it increases by about a factor of 2 for a 1.4 M
white dwarf.

In order to set limits on the density, as explained in § 2, we
need to construct a grid of photoionization models for various
ionization parameters and an assumed chemical composition.
Fortunately, thanks to previous work done on this nova, we
can avoid simple but probably unrealistic models, such as
parallel-plane geometries. '

The radiation field incident on the inner face of the shell can
be approximated as a blackbody of less than 10° K. In fact,
X-ray observations suggest that the white dwarf is at a tem-
perature of about 3 x 10° K (Ogelman, Krautter, & Beuer-
mann 1987). The authors caution, however, that the error may
be large, so we will use this only as a guide for our study.

The luminosity of a postoutburst white dwarf is expected to
be close to the Eddington limit until the so-called turnoff time
of the nova, so we will adopt a luminosity of Lgyy = 2 x 10%®
ergss™ L.

The chemical composition has been obtained by S92 for the
warm phase. We will assume the same chemical composition
for the hot phase, since it is reasonable to expect that the
chemically rich ejecta from the white dwarf is involved. We
also adopted a spherical geometry for the hot gas, with an

TABLE 3
EMisSION FROM THE HOT PHASE
T(x 10* K) (3646 +)/9(3646 —) vy (1500)/ 15y

18.10 1.00
4.57 5.30
1.79 23.2

1.30 523

1.11 144,

1.04 288.

1.02 589.
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TABLE 4
OBSERVED FLUXES FOR CONTINUUM DIAGNOSTICS

t—ty  IHP)  f(1500)  f,4861)  vf(1500)/Iys* vf,(4861)/1y"
158.... 6.75(—11) 7.56(—14) 9.36(—14) 39.13 6.76
182.... 640(—11) 1.11(—13) 8.86(—14) 60.63 6.71
191.... 627(—11) 6.72(—14) 8.67(—14) 37.50 6.71
204.... 608(—11) 5.18(—14) 8.40(—14) 29.75 6.71
309.... 341(—11) 1.04(—14) 539(—14) 10.66 7.68
340.... 299(—11) 209(—14) 4.69(—14) 24.50 7.63
462.... 161(—11) 1.12(—14) 2.08(—14) 24.38 627
554.... 112(—11) 634(—15) 1.51(—14) 19.75 6.56
627.... 198(—12) 300(—15) 1.34(—14) 13.13 8.17

2 Corrected for reddening.

outer radius given by the expansion velocities listed in Table 1,
R ~ 7 x 10'3 cm. A radio study by Taylor et al. (1987) shows
that the shell is not spherical, but since we are attempting only
to set limits, we will neglect for now this deviation.

In Figure 4, we show the predicted emergent spectrum for
various hydrogen densities, and for a blackbody temperature
Tss = 5 x 10° K. Note that the scale is normalized to the con-
tinuum near HB. We can see that the density must lie in the
range 2 x 10*-10° cm ™3 to fit the continuum. At higher den-
sities, the gas becomes too cool because of the decreasing ion-
ization parameter. This produces a UV continuum which is
too weak and a Balmer jump which is too strong.

Another indication of the point at which the warm gas
becomes too warm due to a high electron density is given by
the luminosity of Hf predicted by our models. The observed
luminosity for day 554 is Lyz ~ 8 x 103 ergs s™'. In the
example discussed above, with Ty ~ 5 x 10° K, models with
electron densities larger than ~4 x 10° cm ™3 predict HB lumi-
nosities larger than observed, because a larger fraction of
cooler gas produces recombination lines rather than free-free
emission.

Next, we repeat this procedure for a number of models,
varying both the blackbody temperature and the hydrogen
density of the gas. In Table 4, we list the observed line intensity
of Hp, and the continuum fluxes at 1500 and 4861 A, respec-
tively. In the last two columns, we list the continuum fluxes
relative to HpP, in dimensionless units and corrected for
reddening. Before using them, however, we need to substract
the warm gas phase. From F80's tables, we obtain
vy (1500)/4mjy, = 0.30, and vy (4861)/4njy, = 1.80, for gas at
T = 10* K. The resulting fluxes are listed in Table 5. The last
column shows the continuum flux ratio, which we will use to
constrain the density.

The photoionization code CLOUDY has been used with the
parameters described above in order to find the relationship

TABLE 5
EmissioN FROM THE HOT GAS PHASE
t—t, vf(1500)/Iy,5 v,(4861)/1,, vf,(1500)/vf,(4861)
158......... 39.0 4.96 79
182......... 60.4 491 12.3
191......... 373 491 7.6
204......... 29.6 491 6.0
309......... 10.5 5.88 1.8
340......... 243 5.83 42
462......... 24.1 4.47 54
554......... 19.6 4.76 4.1
627......... 13.0 6.37 20
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between our continuum flux ratio and the electron density.
This is plotted in Figure 3. The dotted lines are the model
predictions for various temperatures of the white dwarf as indi-
cated. Note that as the density decreases, the ionization param-
eter increases, and as the temperature increases, the slope of the
continuum raises, as expected. The vertical solid lines delimit
the area for which the line luminosity of Hf is greater than the
value shown. To the right of the isoluminosity curve labeled
“34,” the HB luminosity is greater than observed, and, there-
fore, these densities are considered to unlikely represent the
actual conditions in the gas. In order to evaluate the errors due
to the poorly determined distance, an additional boundary line
has been added which corresponds to an order of magnitude
increase in the luminosity of HB. Note also that this still corre-
sponds to lower densities than the warm gas phase. Finally, the
middle horizontal solid line indicates the observed ratio for
day 554, and the remaining solid lines are the upper and lower
limits given by the observational errors. They have been
obtained by setting limits to the noise in a spectral region
assumed to be free from line contamination. From the graph,
we obtain a range of densities of 2 x 10* to 3 x 10° cm ™3, This
is substantially lower than the density of the warm gas phase,
and even if the distance was underestimated by as much as a
factor of 3, the hot gas would still be one order of magnitude
less dense than the warm gas.

To summarize, the shape of the continuum spectrum sug-
gests that the gas has a temperature Ty, ~ 10°-10° K. The
photoionization simulations show that this is produced if the
gas is in equilibrium with the radiation field of the white dwarf,
and has a density in the neighborhood of N, yo ~ 2 x 10*-3
x 10% cm™3. These results can now be used to set limits on
other parameters.
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TABLE 6
MODEL PARAMETERS AND PREDICTIONS
EJECTA
STAR
Tgs Ny T, Ny T My/M. €cold
Hot Gas Phase
1.0(6)......... - 2.04) 3.8(5) 8(9) 920 2.2(—6)
3.04) 3.0(5) 99) 548 5.5(—6)
5.0(4) 2.5(5) 1(10) 300 1.7(-5)
50(5).cnennn. 6.0(4) 7.0(4) 409) 132 4.5(—5)
8.5(4) 6.3(4) 509) 89 9.6(—5)
1.4(5) 5.4(4) 8(9) 50 2.8(—4)
25)ceieinnnn. 2.0(5) 2.2(4) 409) 22 9.0(—4)
3.0(5 3.14) 99) 18 1.7(-3)
Cold Gas Phase
.............. 1.0(7) 1.0(4) 1(11) 1

5. THE OVERALL SHELL STRUCTURE

In this section, we combine the results obtained for the den-
sity and temperature, in order to derive additional properties
of the shell, such as the mass, geometry, and energetics.

Since the hot gas has been poorly constrained, we need to
derive the additional parameters for a grid of possible hot gas
phases, and then examine which models offer more reasonable
solutions.

In Table 6, we list the parameters adopted for our grid of
photoionization models. Each entry, under “hot gas phase,”
corresponds to one point within the gray area in Figure 5, so
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FiG. 5—Density diagnostics. Dotted lines: model predictions of the UV/optical continuum slope for various stellar temperatures. The large filled dots are the
models actually run. Solid lines: observed flux ratio, and its upper and lower limits. The shaded area delimits the range of densities which are consistent with the

observations. Dot-dashed lines: Hp isoluminosity curves. The “ 34 label corresponds to log L(HB) = 103 ergss™*.
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these are our acceptable models for the hot gas. The last entry
shows the values for the warm gas phase. The first two columns
show the white dwarf temperature and the gas density adopted
as input data for the photoionization models. The next column
lists the predicted average electron temperature in the shell.
The mass ratio of both gas phases and the filling factors,
listed in the remaining columns, are discussed in the following
sections.

The model parameters used for these calculations are as
follows: inner shell radius, R; = 10'% cm; outer radius, R, = 7
x 10'® cm; white dwarf luminosity, Lgy = 2 x 1038 ergs s™!;
and spherical geometry for the hot gas. The abundances are the
same as discussed in § 3. The remaining input parameters, the
white dwarf temperature, and the shell’s hydrogen density, are
to be varied in our grid, and are those listed in the first two
columns of Table 6.

5.1. The Mass of the Ejecta

The procedure to estimate the mass from the level of the
continuum was discussed in our earlier paper on QU Vul (S92).
With these new estimates of the electron density, we can now
reevaluate the ejected masses in both gas phases.

In that paper, an expression for the nebular-to-coronal mass
ratio was derived from the ratios of emission measures.
Assuming that E ~ N2V ~ N, M, where V and M are the
volume and the mass of the emitting region, we obtained

Mcor _ h 0.5
.= 3 x N, tosl . ©6)
From the temperatures and densities derived in the previous
sections it follows that the coronal line region has a mass
between 18 and 900 times the nebular mass, as shown in Table
6. In S92, we also found the individual masses from the lumi-
nosity of Hp, by assuming that all of this line is produced in the
nebular region, which again introduces an error not larger
than a factor of 2. The constraints on the density and tem-
perature in the ejecta imply that the total mass of the ejecta lies
in the range 1.0 x 10”* to 4.5 x 1073 M. Based on an
analysis of high-ionization infrared lines, Greenhouse et al.
(1988) obtained a lower limit to the coronal mass of
M>9x10"*M,.

neb

5.2. Evidence for Pressure Equilibrium

The fact that the densities of the hot and warm phases are
different suggests that they might be in pressure equilibrium,
ie.,

(Ne k'I;)hol = (Ne kT;)warm . (7)

In § 4, we showed that the hot gas density has a range of values
between 2 x 10* and 3 x 10° cm™3. These values were
obtained from Figure 5 for a variety of stellar temperatures
and for a specific geometry and chemical composition in the
gas. The photoionization models used to predict the relation-
ship between the continuum color and density also give us the
average temperature in the gas, which we need to evaluate the
pressure.

In Table 6 we show the gas pressure for several models that
lie within the shadowed area in Figure 5. The pressure of the
hot gas is roughly one order of magnitude lower than the
pressure of the warm gas, shown in the last line of Table 6. This
suggests that the two phases are not in pressure equilibrium.
Given the large uncertainties, this may not be a conclusive
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indication that the gas is not in pressure equilibrium. It is
possible that pressure equilibrium occurs at some point within
the shell, since the electron temperature varies with radius and
we have also made the simplifying assumption of constant
density for both phases. Naturally, there is no compelling
reason to demand pressure equilibrium as both phases may be
only loosely associated.

5.3. Evidence for a “ Clumpy” Structure

The assumption of spherical geometry for the hot gas is in
part inspired from the appearance of supernova shells. The
Crab Nebula, for instance, shows bright filaments of gas
embedded in a diffuse shell. In the model we envision, the hot
intercloud medium fully fills its volume, and covers the contin-
uum source. Williams (1992) discusses the effect on the ioniza-
tion structure of clumps embedded in a hotter intercloud
medium, including the effect of shadowing by the clumps.

The ratio of emission measures of both phases is given by

E(hot)  NZ(hot)V(hot) 1 NZ(hot) g
E(warm) N%(warm)V(warm) € N3(warm) @®)
= 3tpe; )

where € is the filling factor of the warm gas, and the second
equation is the same as equation (6), where t,,, = T;,,/10° K, is
the temperature of the hot gas. Both equations can be solved
for the filling factor e, using the temperatures that correspond
to our grid of hot gas models. The resulting filling factors range
from 2 x 1076 to 2 x 1073, and they are listed in the sixth
column of Table 6.

Because of our assumption of spherical geometry for the hot
phase, these estimates represent upper limits on the warm
phase filling factors. Despite the large uncertainties the results
suggest that the warm gas phase has a “clumpy” structure
with many cool, dense cloudets.

5.4. Where Does the Emission Spectrum Originate ?

Now that most of the relevant physical parameters have
been constrained by the observed properties of the continuum,
we need to check that they are also consistent with the
emission-line spectrum. Unfortunately, this task is very diffi-
cult, as both gas phases might emit emission-line radiation. In
particular, Williams et al. (1991) showed that gas at tem-
peratures typical of the warm gas phase can emit high-
ionization lines, which may also be found in a very hot gas.
This, as a matter of fact, has been the main argument to ques-
tion the presence of a “coronal line region” in novae in favor
of a “coronal line stage.” According to Williams, as the
remnant’s photosphere shrinks after the outburst, its tem-
perature increases up to ~10° K, and the hardening of the
radiation field would be capable of photoionizing the ejected
gas to produce the observed coronal lines, while still having a
low (~10* K) temperature. This was confirmed by the model
predictions for PW Vul’s nebular shell given in Saizar et al.
(1991). These showed that [Fe x] 16374 was predicted to be
strong in the nebular gas, although the warm gas did not
produce the observed continuum.

To examine the relative contributions of each phase, we use
our grid of models, to look at the predicted strengths of various
emission lines. We have chosen some lines which can be
expected to be strong in the hot gas. The infrared fluxes have
been interpolated from the data given by Greenhouse et al.
(1988). Using CLOUDY with the model parameters described
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TABLE 7
EmissioN-LINE FLUXES IN THE HoT GaAs

I/1y, (day 554)

Model Predictions

T (x 106 K) = 1O 1.0 1.0 0.5 0.5 0.5 0.2 0.3
Ny(x10°em™3)=02 03 05 06 08 14 20 3.0
LINE Observed
He 1 24686 ............... 0.5 0.1 0.2 0.7 30 5.1
NvA1240 ................ 104 14 34 14.6 5.2 70.
Nevi7.6um ............. 2.8 ... . 0.1 120. 150.
Mgvii 42629 ............. 1.1 e 29 1.6
Mgvm3pm ............. 14 0.1 04 94
Sivi2pm................. 0.2 . 09 0.3
Sivi2.5um .............. 04 e 04 1.5
Six39um............... 0.8 0.1 03 . 1.0

in the last section, we obtain the line intensities listed in Table
7. All lines have been normalized with respect to the observed
intensity of Hp for day 554.

The results suggest that the coldest models in our grid
predict fluxes which are much stronger than observed, and
thus, we can discard them as unlikely to be representative of
the conditions in the hot gas phase. The other models show
weaker lines as the temperature increases. However, as the
warm gas might emit coronal emission, the fact that these lines
are weak in some models does not rule them out.

The next step is to obtain a model of the shell that is consis-
tent with both the high and low ionization lines. We will also
compare our model with a simple one-phase “warm” shell,
and the observed fluxes.

The models were obtained from the photoionization code

CLOUDY, attached to an optimization routine that makes a
non-parametric search for a best solution. The model param-
eters are listed in Table 8 and are defined as follows:

Model 1—This is a one-phase high-density model which is
photoionized by the white dwarf. The filling factor and the
inner radius of the shell were varied to find a best solution. No
significant improvement was found by varying the density with
respect to the observed value.

Model 2—The one-phase hot model. This solution is some-
what intermediate to the ones found in the grid above, and
represents the best model found. Parameters were varied as
before, but only the higher ionization lines were tried to fit.

Model 3—This is also a warm-phase model, but this time
the source of ionization is reprocessed (free-free and free-

TABLE 8
MODEL PARAMETERS
A.

Parameter Model 1 Model 2 Model 3 Model 4
Ionizing Continuum ....... 2 2 ® =b
T,10*K) ...ooovniiiinnnnn 30 30 N/A 30
L (10%%ergss™) ........... 20 20 20 20
Ny(10°em™3) .......oooeee. 100 1.0 100 1.0, 100
Ripne(10*4cm) ...c.ce... 7.0 10 10 10
Ry (10*cm) ..ooeenneenne. 110 62 104 62,104
Filling factor ................ 6.6 x 1073 1.0 1.0 x 1072 1.0,1.0 x 1072

B.
ADOPTED ABUNDANCES®

Ratio Value
He/H ..oovvviiniiiiinnnn, 50
CH ..o 0.8
N/H .o 440
OMH ..o 10.0
NeH .oooviiiiiiiiiinennns 60.0
MgH ...cocoviiiinan... 6.0
AlH ....ooovviiiiiiiin 90.0
Si/H oiiiiiiiiiiiiiiiiieianns 20
Others........covvvvnennen 1.0
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bound) radiation from the hot phase. The search was identical
to Model 1, changing the input spectrum only.

Model 4—A composite model. The predicted fluxes are
simply the sums of Models 2 and 3.

We should stress here the fact that these are not necessarily
the best possible models for QU Vul, as we have not explored
the whole parameter space. In addition, other effects, such as
the presence of dust, have also been neglected. These models,
however, agree in general terms with the physical parameters
obtained throughout this paper.

The predicted and observed intensities relative to Hf are
listed in Table 9. Each column is labeled after one of the
models listed above. Note that Hf is predicted to be signifi-
cantly brighter than observed. Since observational errors can
greatly affect individual lines, we have not attempted to also fit
this particular line, which we only give as a reference.

The low- and intermediate-ionization lines are best
explained by the single-phase warm model, although the com-
posite model’s predictions are not too far off, considering the
uncertainties in the conditions of the hot gas. Let us define the

quantity
_ v ((0-M)\?
x’—z( i ) : (10)

where O and M represent the observed and predicted fluxes
relative to Hp, respectively. For the low and intermediate ion-
ization, Model 1 yields y2 = 6.9, and Model 4, % = 45. For the
high-ionization lines, the values are 7,400 and 27, respectively.
Including all lines, they are 7,400 and 72, respectively.

In conclusion, a model in which warm clumps are embedded
in a hot tenuous environment can account reasonably well for
the general characteristics of the observed ultraviolet/optical/
infrared spectrum. However, more research needs to be done to
investigate the effects of radial density variations, dust, and
other ingredients, as well as to determine the chemical com-
position of the hot phase.

5.5. Energy Budget

In the previous sections we have assumed that QU Vul
maintained a luminosity equal to the Eddington level for a
1 M, star. Is this a reasonable assumption? From the visual
light curve discussed in § 3, we found that the time to decline 2
mag was 25 days. From the luminosity—“ speed class ” relation-
ship given by Warner (1989) we obtain an absolute magnitude
at maximum, M, = —8.0 + 0.9, which corresponds to a peak
luminosity of 5.3 x 1038 ergs s~!. This super-Eddington level
has been observed in other novae (see, e.g., Starrfield 1989), and
it is expected to be short-lived quickly reaching levels at or
near the Eddington limit. The slow decline of the ultraviolet
and optical light curves until day ~ 500 (cf. S92) suggests that
the integrated luminosity may have maintained a constant
level during that period. ,

Let us assume that the white dwarf maintained a luminosity
level equal to the Eddington limit for its mass, Lggq ~ 2 x 1038
ergs s~ 1. At day 554, the total radiated energy was ~ 10*® ergs.
From the arguments above, this is clearly a lower limit to the
emitted energy.

On the other hand, the kinetic energy of the shell (hot plus
warm phases), is 1/2 M. 02 ~ 5.6 x 10** and 2.5 x 10*6 ergs,
for the lowest and highest mass estimates just derived.
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TABLE 9
MODELS FOR DAY 554*

Line Model 1° Model 3° Model 4 Observed

5 1 35.66 3595 3595 33.89
He1A5876 ................ 0.53 0.48 0.48 0.24
Hen 41640 ............... 8.0 5.6 10.2 3.60
Hen 14686 ............... 0.85 0.60 1.1 0.51
Cm]A1909 ............... 0.97 0.49 0.49 0.90
Civil549 ................ 5.1 2.8 35 1.90
[Nu] AS755 «cvvnennnnnn 0.38 0.54 0.54 0.20
Nm]A1750............... 313 1.5 1.5 1.80
Niv] 11486............... 6.3 33 33 5.40
Nvil240 ................ 14.1 8.3 11.7 10.30
[01] 46300 ............... 0.12 0.02 0.02 0.10
[Ou]A7325 ..cecuennnnene 0.23 0.65 0.65 0.20
[O m] 41660+ 1666 ..... 2.16 093 093 1.40
[Our] 44363 ............. 2.29 1.2 12 1.50
[O m] 24959 + 5007 ..... 7.83 54 5.4 6.50
O1v]A1402............... 23 13 13 Blend
Siv]A1398............... 0.68 0.42 0.42 Blend

Total 1400 ............. 30 1.7 1.7 4.33
[Nem] A3869+ 3968 .... 26.4 17.4 174 14.8
[Nev] 21602 ............ 438 3.1 3.1 7.02
[Ne1v] 24720 ............ 12 0.75 0.75 1.60
[Ne V] 41575 «oonvnn.... 11 0.66 0.66 1.20
[Nev] 43346 ............. 8.1 52 52 Blend
NemA3343............... 0.18 0.1 0.1 Blend

Total 3346 ............. 8.3 53 53 11.89
Mgui2798 ............... 39 24 24 9.78
Alm 21860 ............... 24 14 14 1.60
Sim]A1892........ceuenn. 045 0.27 0.27 1.00
[Fe vi] 46087 ............ 0.07 0.05 0.05 0.10

High Ionization Lines

[Nevi]A7.6 ym .......... 0.66 039 233 28
[Mgvn] 42629 ........... 0.31 0.18 0.54 1.1
Mgvm]A3m .......... 0.04 002 1.08 1.4
[SiVI] A2 gttt e 0.14 0.09 0.1 02
[Sivn] A2.5um........... 0.07 0.04 0.07 04
[Six]A39um ........... 0.00 0.00 0.28 08

* Entries give line fluxes with respect to observed H(p).
b Photoionization by a blackbody.

¢ Photoionization by free-free emission from a hot gas.
4 Sum of warm (2) and hot (3) models.

¢ Entry is log L(Hp).

For a 1 M, white dwarf, and the ejected masses listed above,
the liftoff energies required lie in the range 1.0 x 10%¢ to
5 x 10*7 ergs. These numbers suggest that a significant frac-
tion of the energy of the outburst is being carried by the hot gas
phase.

6. SUMMARY AND DISCUSSION

The continuous spectrum of Nova QU Vul 1984 shows the
signatures of a gas at high temperature: a nearly constant
continuous flux (f,), extending from the ultraviolet into the
infrared, and a nearly absent Balmer jump. The emission-line
spectrum consisting of low- and medium-ionization species, on
the other hand, indicates that they are originated in a much
colder region. A model was then proposed in which the nova
shell is composed of two distinct regions. The hot phase is
photoionized by the postoutburst remnant, and the warm
phase is photoionized by both the remnant and the hot phase.

These observations allowed us to constrain the electron tem-
perature within the range ~105-10° K. These temperatures
are well above the temperature of the warm phase (~ 10* K),
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derived in an earlier paper (S92), from nebular line diagnostics.
We also set limits to the electron density, N, ~ 2 x 10* to
3 x 10° cm~3. The hot gas is, therefore, two or three orders of
magnitude more tenuous than the warm phase.

Using these results, we also found that the warm gas must be
very clumpy, consisting of many cloudets only loosely associ-
ated to the hot gas (we do not find clear evidence of pressure
equilibrium between the phases). The hot gas, however, is
much more massive than its counterpart, and, although the
exact geometry is not known, it seems reasonable to assume
that it will not be as clumpy.

The high temperature in the hot shell makes it difficult for us
to study its properties in detail. This difficulty is exacerbated
by the fact that the warm phase can easily produce high-
ionization lines, given the hard radiation field in which it is
immersed. Photoionization modeling of this phase can,
however, help us to examine its relative contribution to the
high ionization emission. We then constructed a grid of models
with parameters listed in Table 6. The results, shown in Table
7, lead us to believe that models with low ionization param-
eters (i.e., low T, and high N,), tend to overproduce the line
fluxes as compared to observations. Not much can be said on
the higher end of the temperature range, since little or no line
emission is produced. However, our suspicion is that the best
models lie about the center of our grid.

Next, we searched for a photoionization model of the shell
that would be able to fit both the high and low ionization
spectrum. We constructed two basic models: a simple one-
phase, warm and clumpy shell, and a composite model in
which the warm gas is embedded in a hotter, tenuous shell. In
the first case, the warm gas is directly photoionized by radi-
ation from the white dwarf, while in the second case, the star
keeps the hot gas ionized, and reprocessed radiation from the
latter, photoionizes the warm phase. In both cases, the param-
eters of the best models are consistent with those derived from
the observations. However, we find that the composite model
can fit reasonably well a larger range of ionization than the
single-phase model.

The models seem to suggest that the white dwarf has a tem-
perature of the order of 300,000 K, which is consistent with a
study of QU Vul and other novae by Ogelman et al. (1987).

Finally, we also found that most of the ejected mass is con-
tained within the hot phase, with a most likely ratio of hot to
warm masses between 50 and 130 (see Table 6), which implies
that the total ejected mass was in the range of 3 to 7 x 1074
M. This is also consistent with an infrared study by Green-
house et al. (1988).

The relatively large amount of gas returned to the inter-
stellar medium by novae, in combination with their enhanced
abundances, may have important implications for studies of
galactic chemical enrichment. In S92, we estimated the contri-
bution of QU Vul to the observed galactic aluminum, with the
result that QU Vul, containing a low ONeMg white dwarf,
should not be a very common kind of object. To our knowl-
edge, only one other nova seems to resemble QU Vul: Nova
Puppis 1991 (Saizar et al. 1994).

‘How do the returned mass of novae compare to super-
novae? According to Weiler & Sramek (1988), the supernova
rate is 2 + 1 per century. This rate, however, includes all three
accepted types of supernovae. Type Ia and Ib supernovae are
estimated to lose 1 M each in the explosion, while 5 M, are
lost by Type II supernovae. The relative frequencies of Types
Ia, Ib, and II are 3:4:11, respectively (Weiler & Sramek 1988).
These figures imply that about 6.9 + 3.5 M are returned by
galactic supernovae per century.

The return mass by novae is more difficult to calculate as
very few mass determinations are available. For simplicity, we
assume that each type of nova, C-O and O-Ne-Mg, have equal
rate of occurrence, and ejected masses. Warner (1989) indicates
that the rate of galactic novae of 100 per year may be an
overestimate, and thus, his quote of 26 + 4 per year corre-
sponding to M31 may be a more realistic figure. In order to
make an order-of-magnitude estimate, let us assume that the
return mass by novae ranges between 10”* Mg and 4 x 1073
M per nova. Therefore, the total mass ejected by all novae
ranges between 0.3 and 10 M, per century. This is comparable
to the supernova rate, and, thus, novae should be taken into
account in studies of chemical evolution.

We would like to thank the referee, M. Greenhouse, for sev-
eral comments and suggestions that improved this paper. The
support of NASA and NSF is also gratefully acknowledged.

APPENDIX

In § 5, we discussed and compared the results of different photoionization models of QU Vul’s shell, using different assumptions
concerning the nature of the ionizing source and physical state of the gas. In this appendix, we present additional results from our

best models.

As before, we define our models as follows: “ warm,” a shell consisting of a single dense, warm phase, which is photoionized by the
white dwarf; “ hot,” a single tenuous, hot gas, also photoionized by the white dwarf; and “composite,” a composite model in which
the white dwarf photoionizes the hot phase, and then processed radiation from the hot phase photoionizes the warm phase.

Electron Temperature—The models predict that the average temperature in the O** zone is 10,400 and 9520 K, for the
warm and composite models. No O* * zone exists in the hot model. Both are in well agreement with the observed temperature of

10,000 + 800 K.

Ion Abundances—In Tables 10, 11, and 12 we list the average number density of each ionic species present in the model nebulae
relative to hydrogen. The average is taken over the volume of the shell in each model.
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TABLE 10
WARM-PHASE IoN ABUNDANCES (MODEL 1)

IONIZATION STAGE®

ToN I 11 il v v VI vII VIII IX X XI XII X111
H..... 5.16(—1) 1.00

He...... STI(—1) 697(—1) 248(—1)

C..... 141(=3) 708(—1) 497(—1) 207(—1) 104—1) 1.09(—4)

Noooo. 478(—1) 244(—1) 470(—1) 168(—1) 721(=2) 8.57(—2) 396(—8)

O....... 520(—1) 201(—1) 568(—1) 791(=2) 721(—=2) 5.15(—2) 2.61(—2)

Ne...... 310(—1) 3.18(—1) 637%(—1) 743(—2) 118(—1) 5.46(—2) 4.39(—3) 7.96(—4) 1.36(—4)

Mg..... 299(=3) 667(—1) 578(—1) 7.87(=2) 593(—2) 8.75(—2) 375(—2) 643(=3) 449(—4) 589(—6)

Al ... 133(=3) 7.53(—1) 394(—1) 179(—1) 646(—2) 780(—2) 403(—2) 644(—3) 326(—4) 4.14(—6)

Si....... 585(—4) 726(—1) 347(—1) 240(—1) 8.04(—2) 7.80(—2) 3.69(—2) 822(—3) 4.74(—4) 585—6)

Seeeenn. 787(=5) 631(=1) S5.13(=1) 181(—1) 376(—2) 748(—2) 7.41(=2) 659(—3) 2.68(—4) 2.47(—6)

Ar...... 293(—1) 337(—1) 489(—1) 2.16(—1) 7.62(—2) 309(~2) 4.13(—2) 225-2) 1.09(~2) 1.28(—5)

Ca..... 385(—3) 146(—1) 106(+0) 9.02(—2) 207(—2) 545—2) 7.14(~2) 444(—2) 195(—2) 342(—3) 4.19(—4)

Fe ... L71(~2) 589(—1) 175(—1) 478(—1) 222(—2) 524(—2) 871(—2) 729(—2) 199(—2) 3.52(—3) 440(—4) 3.01(=5) 520(—7)

® Entries are number abundances relative to H*.

TABLE 11
HoT-PHASE IoN ABUNDANCES (MODEL 2)

IONIZATION STAGE?

ToN 1 It I v v VI VII vIII IX X XI XII XIII XIV
H ... 524(—8) 100

He ... 0.00 7.8%—5) 1.00

C..... 000 0.00 125(—5) 6.64(~3) 9.20(—1) 7.26(~2) 9.62(—5)

N .... 0.00 0.00 0.00 1.09(—5) 4.00(—3) 995—1) 9.59(—5)

Ne ... 0.00 0.00 0.00 8.13(—8) 4.60(—4) 4.67(—2) 190(—1) 3.64(—1) 3.99(—1)

Mg... 0.00 0.00 0.00 0.00 1.60(—6) 1.06(—3) 6.53(—2) 4.52—1) 428(—1) 5.32(—2) 1.44(—3)

Al .... 000 0.00 0.00 0.00 205(—6) 116(—3) 8.59(—2) 5.05(—1) 3.60(—1) 4.80(—2) 7.87(—4) 3.18(—6)

Si ... 0.00 0.00 0,00 0.00 1.53(—6) 8.83(—4) 5.61(—2) 4.78(—1) 410(—1) 541(—2) 130(=3) 2.52(—6)

S ... 0.00 0.00 0.00 0.00 459(—6) 7.60(—4) 117(—1) 508(—1) 3.38(—1) 3.61(—=2) 7.06(—4) 1.38(—6)
Ar.... 0.00 0.00 0.00 0.00 0.00 409(—6) 8.30(—4) 390(—2) 9.35(—1) 239(—2) 2.04(—4) 1.69(—7)
Ca ... 0.00 0.00 0.00 0.00 0.00 0.00 144(—5) 236(—3) 791(—2) 3.79(—1) 540(—1) 1.88(—5)
Fe.... 0.00 0.00 0.00 0.00 0.00 0.00 1.15(—5) 352(—3) 883(—2) 332(—1) 380(—1) L66(—1) 2.78(—2) 2.27(—3)

® Entries are number abundances relative to H™.

TABLE 12
EMBEDDED WARM-PHASE ION ABUNDANCES (MODEL 3)

IONIZATION STAGE?

ToN 1 I 11 v v A4 viI v IX X X1 X1 XIII
H.... 1.52(—2) 1.00

He...... 217(=1) 622(—1) 177(=1)

C.u. 6.76(—4) 281(—1) 5.10(—1) 143(—1) 8.13(—2) 695—5)

N 115(—2) 3.08(—1) 466(—2) 1.15(—1) 546(—2) 6.22(—2)

O...... 152(—2) 324(—1) 5.10(—1) 5.62(—2) 547(—2) 385(—2) 176(—2)

Ne...... 261(—2) 3.02(—1) S5.14(—1) 536(—2) 834(—2) 340(—2) 2.69(—3) 4.09(—4)

Mg..... 1.82(—4) 143(—1) 690(—1) 586(—2) 4.43(—2) 542(—2) 226(—2) 401(—3) 221(—4) 1.63(—6)

Al ... 8.11(—1) 270(—1) 453(—=1) 171(—1) 475(—2) 4.68(—2) 241(—2) 4.03(=3) 1.57(—4) 1.10(—6)

Si....... 237(=5) 177(=1) 470(=1) 224(—1) 682(—2) 484(—2) 224(—2) 520(—3) 242(—4) 1.71(—6)

Seiin. 348(—6) 192(—1) 5.19(—1) 1.63(—1) 272(—2) 536(—2) 568(—2) 449(—3) 131(—4) 625—7)

Ar ... 6.15(—3) 247(—1) 446(—1) 1.82(—1) 5.58(—2) 229(—2) 336(—2) 1.56(—2) 7.33(—3) 6.58(—6)

Ca.... 1.30(—4) 3.52(—3) 803(—1) 570(—2) 1.58(—2) 4.35—2) 509(—2) 2.74(—2) 129(—2) 211(=3) 1.85—4)

Fe ...... 8.61(—4) 745(—2) 3.04(—1) 457(—1) 140(—2) 430(—2) 640(—2) 437(=2) 132—2) 224(—3) 206(—4) 7.08(—6) 6.05—8)

* Entries are number abundances relative to H*.
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