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Multiwavelength observations have shown that, after optical decline, the stellar remnants of 
classical nova outbursts evolve at constant, near-Eddington, bolometric luminosity to high ef
fective temperature (> 2 105 K), before turning off. Here we briefly review the observations of 
classical novae in this phase of evolution and show that, in principle, EUV and soft X-ray ob
servations can be used to determine the mass of the underlying white dwarf and place limits on 
the rate of mass loss by stellar winds and the rate of mass gain due to accretion from the stellar 
companion. We also describe our model atmosphere calculations of EUV/Soft X-ray emission 
from hot, high gravity stars and their application to the EUVE all-sky survey detection of Nova 
Cygni 1992 (V1974 Cyg). 

1. Introduction 
A classical nova outburst occurs when a white dwarf in a close binary system ac

cretes sufficient hydrogen-rich material from a non-degenerate companion to trigger a 
thermonuclear runaway (Starrfield et al. 1974). The ensuing rapid release of nuclear en
ergy causes the photospheric luminosity to increase to greater than the Eddington limit, 
LEdd> and the white dwarf envelope, of mass Menv) to expand to red giant dimensions 
on a dynamical timescale, ejecting a mass, Mej, of between 10 - 6 and 10 - 4 M@. Early 
hydrodynamic simulations found that only a fraction of the envelope is ejected in the 
initial explosion. The remaining envelope quickly returns to hydrostatic equilibrium and 
enters a steady nuclear burning phase with a constant bolometric luminosity close to 

LEdd-
Observationally the recognition that a constant bolometric luminosity phase is a com

mon characteristic of classical novae followed upon a combination of ultraviolet and 
infrared observations of Nova FH Serpentis 1970 (Hyland k Neugebauer 1970; Geisel, 
Kleinmann k Low 1970; Gallagher k Code 1974; Gallagher k Starrfield 1976). For 
this moderately fast nova, the visual luminosity fell quite rapidly, with the dominance 
of the UV luminosity after the first week reflecting the rapidly increasing photospheric 
temperature. The fall in the UV after approximately 60-80 days and the simultaneous 
emergence of the infrared is due to absorption and re-emission by dust grains in the 
ejecta. During the first 100 days, the sum of UV, visual and IR luminosities are roughly 
constant (Gallagher k Starrfield 1978). The subsequent non-detection of FH Ser in the 
UV by Gallagher k Holm (1974) can be interpreted as a hardening of the spectra to 
wavelengths shorter than 912 A. 

Although estimates of the time to turn-off of the nuclear burning were uncertain, it 
was immediately clear that evolution of the stellar remnant on a purely nuclear time scale 
was too slow to be consistent with the observations. Turn-off requires some mechanism of 
mass loss (Starrfield 1979; MacDonald, Fujimoto &; Truran 1985, hereafter MFT). In the 
next section, we briefly review the theory of the turn-off of classical novae. In particular, 
the stellar remnants are expected to evolve to high effective temperatures (Teff > 2 105 

K) and be copious emitters of EUV/soft X-ray photons. We argue that measurement of 
the maximum Tes, attained at turn-off, can be used to determine the mass of the white 
dwarf, and that the time to reach maximum Teff constrains the rate of mass loss from 
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the stellar remnant and also the rate of any accretion from the companion star. This is 
followed by discussion and interpretation of the EU V/soft X-ray observations of classical 
novae, including analysis of the EUVE all-sky survey detection of Nova Cyg 1992 (V1974 
Cyg). 

2. The Evolution to Turn-Off 
In discussing the evolution of the stellar remnant, it is useful to divide the nova outburst 

into three phases: A) Envelope expansion in response to the thermonuclear runaway, 
B) Common envelope evolution and C) Steady nuclear burning at constant bolometric 
luminosity, with possible wind mass loss or accretion from an irradiated companion. 

Of crucial importance to the life-time of phase B is the amount of envelope material 
remaining on the stellar remnant after phase A. Recent hydrodynamic calculations of 
phase A differ significantly in the fraction of envelope material that is ejected. For 
example, Starrfield et al. (1992) in simulations of Nova Her 1991 find Mej/Menv in the 
range 0.09-0.67 whereas Prialnik k Shara (1995) find Mej/Menv between 0.92 and 1.00. 
We suspect that this significant disagreement is due in part to Prialnik & Shara (1995) 
completely suppressing convective energy transport in hydrodynamic phases of evolution 
and to their method of removal of mass zones that are escaping from the star (Prialnik 
& Kovetz 1995). Both these effects work in the direction of increasing the amount of 
ejected material. 

If, as the calculations of Starrfield and collaborators suggest, a significant fraction of 
the envelope remains after phase A, then the stellar remnant is larger than the orbital 
separation and phase B is entered. As shown by MacDonald (1980) and MFT, dynamical 
friction quickly ejects almost all of the material lying outside the orbit at about the escape 
speed in the vicinity of the orbit. For this phase to occur, MA, the envelope mass at the 
end of phase A, must satisfy (MFT) 

^>2w^y47^_V'3 

MQ ~ \ MQ J \lQ"cm) 
where MWD is the white dwarf mass and S is the orbital separation. For a typical S of 1011 

cm, this is satisfied for all the simulations of Starrfield et al. (1992). Indirect observational 
support for the existence of phase B in classical novae comes from comparison with very 
slow novae such as RR Tel and RT Ser in which the companion is a giant star (Feast & 
Glass 1974) and the orbital separation too large for a significant common envelope phase. 
The very slow novae have long turn-off times and more importantly very low expansion 
velocities of order < 100 km s - 1 whereas classical novae have expansion velocities of 
order the orbital velocity of the companion star or greater (MacDonald 1980). 

As shown by MFT, the life times of phases A and B are much shorter than that of 
phase C and hence it is the lifetime of phase C that determines trem, the time for turnoff 
of classical nova remnant. In the absence of wind mass loss, the only process to consume 
envelope material is nuclear burning. On the basis of polytropic models for the envelope, 
MFT then estimate, for a composition representative of novae ejecta, that 

•—""(TSfr*-
which has a very strong dependence on white dwarf mass. However it is unrealistic to 
assume that the hot remnant with a luminosity close to the Eddington limit will not 
have a wind, whether optically thick (Bath 1978; Kato 1983; Kato & Hachisu 1994) or 
line-driven (MacDonald 1984; MFT). Furthermore for systems with small orbital periods, 
irradiation of the companion by the hot remnant may induce accretion onto the white 
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dwarf prolonging phase C (Ogelman et al. 1993). If an independent estimate of MWD can 
be obtained then comparison of trem with the nuclear burning time scale in principle gives 
the rate of mass loss or mass gain, which can be compared to the theoretical prediction for 
e.g., optically winds. Determinations of MWD by standard spectroscopic techniques have 
large errors, primarily because the radial velocity of the white dwarf cannot be directly 
measured and must instead be inferred from accretion disk emission lines (see Warner 
1990 for a review) Attempts to obtain MWD from a mass-luminosity relation similar to 
that for AGB stars are hampered by uncertainties in the distance. However, MFT argue 
that Tm a x , the maximum effective temperature reached by the remnant before turning-off 
mainly depends on MWD and their polytropic model gives a dependence 

*—"6-6 1° ,(^)1'8 j C 

Hence determination of T m a x from fitting stellar atmosphere models to the results of a 
campaign of monitoring classical novae at soft X-ray/EUV energies has the potential of 
determining MWD • To achieve accurate estimates, it is expected that the simple poly
tropic model of MFT will need to be replaced by detailed stellar evolution calculations 
of phase C and beyond. 

3. The EUV/Soft X-ray Observations 

The detection of soft X-rays from three classical novae, Nova GQ Muscae 1983, Nova 
PW Vulpeculae 1984 and Nova QU Vulpeculae 1984, at times ranging from 100 to 1000 
days after optical maximum with the EXOSATsatellite (Ogelman, Beuermann, k, Kraut-
ter 1984; Ogelman, Krautter & Beuermann 1987, hereafter OKB) has provided obser
vational verification that the constant bolometric luminosity phase does extend to high 
effective temperatures (> 2 105 K), as originally suggested by MFT. 

Since the majority of the EXOSAT observations were made with only the thin Lexan 
filter on the low energy telescope, there is, in general, insufficient data in the X-ray 
measurements alone to discriminate between emission from a hot photosphere and emis
sion from shocked circum-stellar gas. OKB also find that the single observation of Nova 
Vulpeculae 1984 # 2 with the Boron filter, 307 days after optical maximum, is not signif
icant enough to exclude or support a thermal bremsstrahlung spectrum. However, they 
favor emission from a hot photosphere on the basis of consideration of plasma cooling 
times and the absence of coronal [Fe XIV] A 5303 lines that should be emitted from 
shocked gas (Kurtz et al. 1972). Krautter & Williams (1989) rule out shocked circum-
stellar gas by considering the degree and temporal evolution of the ionization of the ejecta 
of GQ Muscae and argue that it is consistent with photo-ionization from a hot radiation 
source. 

EXOSAT observations made two months after the January 1985 outburst of the recur
rent nova RS Ophiuchi (Mason et al. 1987) have been interpreted as due to X-rays from 
a shock front moving into a circumstellar envelope formed by the pre-outburst wind of 
the red giant companion (O'Brien, Kahn k. Bode 1987). Even so, the X-ray emission 200 
days after outburst is consistent with an origin on the surface of a white dwarf (Mason 
et al. 1987). 

The greater energy resolution of the ROSAT PSPC permits a clearer distinction be
tween a hot photosphere and shocked gas. The X-ray emission from GQ Mus in February 
1992, nine years after optical maximum, has a very soft spectrum and is consistent with 
a photospheric origin, at near \JEA6. (Ogelman et al. 1993). ROSAT spectra of Nova 
Hercules 1991 (Lloyd et al. 1992), and Nova Cygni 1992 (Krautter, Ogelman & Star-
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rfield 1992), 5 and 60 days after optical maximum respectively are hard and the implied 
luminosities are below 10 - 2 Lgda, perhaps indicating an origin in shocked gas. 

GQ Mus was observed twice again with the ROSAT PSPC in 1993 (Shanley et al. 
1995). The count rates fell sharply from February 1992 to January 1993 and GQ Mus 
was not detected in August/September 1993, indicating that GQ Mus had turned-off 
10 years after optical maximum. Nova Cygni 1992 (V1974 Cyg) was monitored with 
ROSAT throughout its active phase in X-rays and was found to turn off 18 months after 
optical maximum (Starrfield et al. 1995). 

In anticipation of these ROSAT detections of classical novae, MacDonald & Vennes 
(1991, hereafter MV) performed model atmosphere calculations of the X-ray emission 
from the photospheres of hot, high gravity stars, using representative values for the 
white dwarf mass and luminosity of MWD = 1-2 M© and LWD = 4.2 104 L©. Stellar 
atmospheres in local thermodynamic equilibrium were calculated for a range of effective 
temperatures from 105 to 106 K (the corresponding range in log g is from 4.85 to 8.85) 
and two compositions representative of the ejecta of CNO novae and ONe novae. The 
code used was developed for LTE modeling of the atmospheres of hot white dwarfs, and 
is based on that described by Mihalas, Auer, & Heasley (1975). It uses a complete 
linearization method coupled to a Feautrier elimination scheme. This powerful method 
allows successful convergence of model atmospheres very close to the Eddington limit, 
as are needed for classical nova stellar remnants. In addition to free-free and electron 
scattering opacity, all the important photoionization edges of H, He and the ions of C, 
N, O, and Ne that are present for Te between 105 and 106 K (i.e., C IV-C VI, N IV-N 
VII, O IV-0 VIII, and Ne IV-Ne X) were included. 

An important result of this study is that black body fits to the X-ray spectra can grossly 
underestimate, by as much as a factor of 2, the true effective temperature. Indeed for 
GQ Mus, Ogelman et al. (1993) found the best black body fit temperature of 2.5 105 

K gave a bolometric flux that was about a factor 100 too high to be consistent with 
the Eddington limit. However, within the 2 and 3 a error limits, they could find a 
black body fit with higher temperature (~ 3.5 105 K) and lower bolometric flux. We 
estimate that use of MV model atmospheres (see Fig. 3 of MV) would give Tefj = 4 105 

K. Furthermore, Starrfield et al. (1995) find that blackbody fits to the V1974 Cyg data 
give super-Eddington fluxes, and that this problem is cured by use of the MV fluxes. 

V1974 Cyg was also detected 280 days after visual maximum by EUVE in the all-sky 
survey. The count rates were 0.108 ± 0.010 s - 1 and 0.091 ± 0.010 s _ 1 in the Lexan/Boron 
and Al/C/Ti filters respectively (Bowyer et al. 1994). A preliminary analysis of this 
data was given by MacDonald k. Vennes (1994). Shown in Figure 1 are contours of Teff 
(labelled in units of 103 K) and log column density (in cm - 2 ) plotted as functions of the 
predicted MV count rates for an assumed distance of 2 kpc. Also shown are the data for 
V1974 Cyg taken at face value (diamonds, full line) and corrected for a possible Al/C/Ti 
X-ray leak (diamonds, dashed line). Teff was found to be between 3 105 and 3.5 105 K and 
the column density about 1.8 1021 cm - 2 . Stringfellow & Bowyer (1994) have performed 
a similar analysis using better calibrated effective area curves for the two filters. They 
find Teff = 4.0± 0.5 105 K and NJJ ~ 31021 cm - 2 . We note that the temperatures found 
for these two objects and also for QU Vul from analysis of the EXOSAT &aX& by MV are 
remarkably similar. 

Using the above values for Tmax, our estimate for MWD is 0.75 M© for both stars. 
Furthermore, to get the short turnoff times requires mass loss at rates of 8 10~6 M© y r - 1 

for GQ Mus and 5 10~5 M© y r - 1 for V1974 Cyg. The estimated mass is much lower 
than thermonuclear runaway theory requires for classical nova outbursts (MacDonald 
1983). A possible resolution of this discrepancy is that there is an optically thick outflow 
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FIGURE 1. Analysis of the V1974 Cyg EUVE date. 
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from the surface which results in a more extended envelope and lower Teff than for a 
hydrostat ic envelope. Alternatively, the simple polytropic model of M F T may be too 
crude to accurately predict the effective temperature . 
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