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ABSTRACT

The thermonuclear runaway (TNR) theory for the cause of the
common novae is reviewed., Numerical simulations of this theory
were performed using an implicit hydrodynamic Lagranglan ~omputer
code, Relevant pnysical phenomena are explained with the simpler
envelope-in-place calculations. Next the models that include
accretion are discussed. The calculations agree very well with
observations of common novae. The observational differences be-
tween common novae and recurrent novae arc examined. We propose
input parameters to the TNR model which can give the outburst
characteristics o1 RS Ophiuchi and discuss the implications. This
review i{s concluded with a brief discuesion of two current topics
in novae research: shear mixing on the white dwarf and Neon novae.

1. INTRODUCTION

In this review we present and discuss theoretical calculations of
the thermonuclear runaway (TNR) model for a nova outburst. We
start with the canonical model of u cataclysmic binary (see figure
1) consiusting of a hot white dwarf and a cooler companion (Kraft
1964). The conl companion overflows its Roche lobe and supplies
hydrogen-rich material to an accretion disk around the whit= dwarf,
This material eventunlly accretes ontu the white dwarf, forming a
hydrogen-rich envelope whose base is electron-degenerate. As the
accrevion proceeds, the temperature at the base of this envelope
{ncreases, which increases the thermonucledar energy generation. The
thermonuclear energy, in turn, increases the temperature. However,

because the material is degenerate it does not expand and so the
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CATACLYSMIC BINARY

Figure 1. Canonical plclure of a cataclysmic binary.

temperature continues to rise. This positive feedback loop leads
to a TNR, which Kraft (1963) proposed as the cause of the nova
outburstl. Under the proper conditinns the released energy will be
sufficient to eject part or all of the accreted envelope,

2., HYDRODYNAMIC CALCULATIONS

We have used the i{mplicit hydrodynamic Lagrangian computer code
developed by Kutter and Sparks (1972). This code solves the con-
servation of mass, momentum and energy equations and the energy
transport equation, simultaneously, An implicit solution {3 neces-
sary because the Courant time fcr a zone in the degenerate iegion
{s less than 1 second, while the required evolution time to the
runaway {s thousands of years. The necesasity of a hydrodynamir
treatment i{s obvious. The addition of an artificial v 'cosity

pressure is necessary to handle shock waven,

2.1, Evolution of envelopr-in-place modeln

In our earlier model calculations (Starrfleld ot al. 1978, ana
references therein) the hydrogen-rich envelope wns initially on the
white dwarf {n hydrostatic and thermial equilibrium. Becuuse theae
models are somewhat simpler than the accreting modela, we will unse
them to discuss some of the physiesa lnvolved in the evolution,
Calculations by Prialnik et al. (1978) and MacDonald (1979) showed
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similar results.

Figure 2 shows the behavior of the temperature of

the envelope as a function of mass at significant times in its

evolution,
bution of the envelope. Curve
the CNO reactions first become
between these first two curves

and {s very strongly dependent

Curve 1 on the graph {3 the initial temperature distri-

2 represents the distribution when
dominant at - 2x107 K. The time
is usually many thousands of years

on the white dwarf's intrinsic

luminosity and to a lesser extent on tne CNO abundance o. the
envelope's matter and the white dwarf's mass. The next significant
event as the temperature continues to rise i{s at -~ 3x107 K when
convection begins in the region above the maximum temperature
(curve 3). This convective region will continus to extend outward
until it reaches the surface layers near peak temperature. When
the maximum temperature (#4) reaches 108 K two significant circum-
First, the temperature exceeds the Ferml tempera-

At this point a

stances occur,
ture and the electron degeneracy is lifted.
hydrodynamic treatment becomes necesasary, and mass motions on a
dynamical time scale must be {ncluded.

Second, the proton capture

rates on the CNO nuclei become shorter than the g* decay rates,
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Figure 2. Log temperature of a Hydrogen-rich envelope vs. mass
during fts evolution on a white dwarf, Sece text for a description
of the various curves,
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Thus, the g*-unstable nuclei and their rates must be included both
in the nuclear reaction network and iIn the energy generation calcu-
lation (Starrfield et al. 1972). As the temperature increases, the
CNO reactions are controlled by the 8 decay rates, and the energy
generation rate briefly becomes independent of temperature and
density and dependent only on the CNO abundances.

The laat curve (#5) shows the time of peak temperature, which is
reached only a few seconds after curve 4, The dynamic time scale
is now of the order of one second while the nuclear burning time
scale is given by cpT’Cnuc' If the CNO abundance is solar then the
nuclear burning time scale is also of the order of one second. This
allows the envelope to expand before a strong TNR can develop.
Under these conditions little or no material is ejedted by the
expansion. The now rekincdled hydrogen burning shell source may
eject the envelope by radiation presasure and produce a slow nova
(Sparks et _al. 1978). If the initial CNO abundances are {ncreased
above solar, the nuclear burning time scale becomes shorter than
the dynamic time scale., For large CNO overabundances the TNR
becomes strong enough to eject a portion of the hydrogen-rich
envelope and produce a fast nova (Starrfield et al. 1978). The
peak temperature is also strongly dependent on the CNO abundances,
At peak temperature the convective time scale is of the order ol
100 sec. This is also the decay timec scale of the B*-unstable
nuclei. Therefore, a sizeable fraction of the B*~unstable nuclel
wi)1l be counvected to the outer layers before they decay. When they
decay in the outer layers, they provide an additional energy source
for ejection at a relatively low gravity. This complexity of physi-
cal phenomena shows wry it is necessary to uSe an {mpiicii. hydrody-
namics ccde with time-dependent convection and a nuclear reaction
network which includes the p*-unstable nuclel.

Because of the strong dependence of the outburst on the abun-
dances of the CNO nuclei, we will digress at this point to discusn
their observed abundances. Table 1 shows the elcment abundances of
various novae. [n general there 1ls an {ncrease in the speed of the
nova as the CNO abundances Increase which {s predicted by the

calculationa. DQ Her and U Sco are the two notable exceptionsa to
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Table 1. Nova Ejecta Abundance Data

Speed

Glass H  He c N 0 Ne "zt Ref
Solar 0.76 0.22 0.0034 0.0013 0.0083 0.0015 0.018
RR Ple Slow 0.53 0.43 0.022 0.0058 0.01 0.039 a
HR Del Slow 0.45 0.48 0.027 0.047 0.003 0.077 b
T Aur Med 0.47 0,40 0.079 0.051 0.13 [
V1500 Cyg Fast 0.55 0.15 0.064 0.095 0.12 0.022 0.30 d
Cyg 1978  Med Fast 0,47 ©0.22 0,04 0.4 0.13 0.3 .
DQ Hepr Slow 0.34 0.095 0.045 0.23 0.29 0.56 r
V Sco Very Fast 0.32 0.64 0.03 (]
a. W{lliams and Gallagher 1979
b. Tylenda 1978
¢. Callagher et al. 1980
d. Ferland and Shiald 1978
e. Stickland et al. 1981
f. William et al. 1978
g. Willfam et al. 1981

this pattern. DQ Her has a very high overabundance of CNO elements
but is classified as "slow", while U Sco has nearly solar CNO abun~
dances but is "very fast". While various observers have quoted a
wide range of mass for the white dwarf component of DQ Her, it may
be anomalously low, ~ 0.5 M, (Smak 1980). This might allow us to
understani its slow evolution in spite of its high CNO concentra-
tion. From numerical calculations (Starrfield et al. 1974), it is
known that such a low white dwarf mass will produce a weak TNR.
Conversely a high white dwarf mass (1.38MO) produces a strong
runaway and a rapld development of a light curve, even without CNO
enhancement. This model has beer. proposed for the recurrent nova U
Sc~ (. tarrfield et al. 1985) and will be Jdiscussed later.

Now we return to the calculations with the in-place envelopes.
Figure 3 shows 1 comparison of the observed light curve of HR Del
with the calculated visual light curve (les) of a 1.25 M, white
dwarf' with a hydrogen-rich envelope (Sparks et a). 1978) where we
have assumed a distance of 750 kpc. The agreement i{s excellcat.,
The nearly constant calculated bolometric luminosity (MBOL) is a
reasult of the rekindled hydrogen-burning shell source (Ma)° This
she!l source nroduces a surface luminosity close to the Eddington
limit. Sparks et al. (1976) have predicted that constant bolo-

metric luminosity will occur af'ter the outburst while the visual
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luminosity declines because the peak of the radiation is shifting

into the ultraviolet. The multifrequency observation of FH Ser
(Geisel et al. 1970, Gallagher and Code 1974) and V1500 "ygni (Wu
and Kester 1977) »onfirm this behavior. The theoretical models

also predict that part of the hydrogen-r':>h envelopes will be
ejected with velncities oi 100~-2000 km s~ ', which agree with gen-

eral ouservation of novae.

2.2. Evolution of accroting models

Our comjputer code hes now been modified to include the accretion

of the hydrogen—-rich material onto the white dwarf (Kutter and
Sparks 1980).
parameter jinstead of envelope masn. Calculationsa by Narial et al.
(1980), Prialnlk et _al. (1987) and Starrfield et al. (1985, 1986b)

show that the accreted envelope mass and the accroetion Lime scale

Therefore, the mars accretion rate 13 an {nput

requireu for a TNR decrease an the white dwarf mana, accretion



NOVA OUTBURST MODELING

rate, white dwarf's intrinsic luminosity or CNO abundances in-
crease. An increase in the mass accretion rate, the intrinsic
luminosity or the CNO abundances all cause the temperature of the
runaway region to increase, leading to a shorter runaway time and a
lower accreted envelope mass. A larger white dwarf mass and the
corresnonding smaller white dwarf radius both cause the gravity to
be larger. A larger gravity leads to a higher pressure at a given
Lagrangian mass depth. Theoretical hydrodynamic calculations
typically show that the runaway starts wher che pressure reaches -
2x1019 d, em™2 in the hydrogen~rich envelore. Thus the envelope
mass is smaller for a more ms :sive white dwarf,

Numerical studies have also shown that the strength of the out-
burst increases as the white dwarf mass or the CNO abundance in-
creases and as the mass accretinon rate or the white dwarf's
intrinsic 1luminosity decreeses. Generally speaking, the strength
of a nova is caken to mean its peak luminosity and its rate of
development and decline. For the case of a lower mass accretion
rate or a lower white dwarf's intrinsic luminosity, the accreted
envelope mass is large and the strength of the outburst stronger. A
more massive white dwarf has a higher degree of degeneracy and,
thus, a stronger outburst. The role of the CNO abundances on the
outburst strength has been explained above.

With sccretion rates of 10710 - 1078 M_ yr™!, the theoretical
calculatioc.s fit the observed characteristics of a nova.

3. APPLICATION OF TNR MODEL TO THE RECURRENT NOVAE

Let us now apply the TNR model to the recurrent novae. First ve
must examine the differences between the common novae and the
recurrent novae as given in Table 2. The most difficult constraint
recurrent novae impose on the TNR model is the short recurrence
time. The recurrence time scale of a nova is equal to the accretion
time scale plum the time for the remnant hydrogen envelope to be
converted into helium. This means that an envelope massive enough
Lo undergo a TNt musl be accreted on a very short time soale,
Starrfield et al. (1985) have demonstrated that a TNR model can

occur on time scales as short as 33 years and applied this model
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to U Sco. The model investigated was a 1.38 M white dwarf with an
intrinsic luminosity of 0.1 L and an accretion rate of 1.7x10_8 Mo
yr". This white dwarf model accreted 5x10'7 Me in 32.7 yr before
the runaway. It ejected 3):10"8 My (6% of the accreted mass) with
velocities ranging from 300 to 3000 km s”1. The light curve, shown
in figure 4, rises and falls very rapidly consistent with U Sco.

It takes an additional 2 years to convert the remnant hydrogen

envelope to helium.

Table 2. Common and Recurrent Nova Characteristics

Common Recurrent
Novae . ovae
Ejected Mass 1074 M 1078 - 1075 ¥,
Active Perliod 1 year 1 month
Jeloclty of Ejection 1088 km s~! 5088 km 8”1
Kinet.ic Energy 10 erg 10 erg
Radiated Energy 10"5 erg 1043 erg
He/H ~ 0.3 2
Range > 14 nag < 10 mag
Recurrence Time 107 -~ 107 yr 30 year

A very similar model, with a higher accretion rate, can be ap-
plied to RS Ophiuchi. Such a model will have a rapidly rising and
falling light curve, high velocity and short recurrence time scale
characteristic of RS Ophiuchi. The observed X-rays (Mason et al.
1985) early in the outburst could possibly be due to the high
velocity ejecta colliding with the slower wind-ejected material
from the giant. E. M. Jones (1985, private communication) is
currently modeling this mechanism to see if it can account for the
X-rays. If the radiation observed in the X-rays - 8 months after
the outburat is assumed to have a blackbody distribution on a 109
cm radius white dwarf at a distance of 1.6 kpc, tnen it represents

1 (Mason

a temperature of 3.5x102 K and a luminos’ty of 1037 erg s~
et al. 1985). These values are consistent with the constant lumi-
nosity from the rekindled hyd.ogen-burning shell source after the
TNR.

I one accretes 1.7x1078 Mo yr-"1

onto a 1.38 M@ white dwarf then

w: expect a quiescent luminosity of several hundred solar
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luminosities radiated mostly in the unobservable extreme ultravio-
let. The wind material arovnd this binary may shift most of the
luminosity to longer wavelengths. The detection of this luminosity
during quiescence would be a strong support for this model. Thia
and related constraints on any TNR model for PS Ophiuchl have been
discussed by Livio et al. (1985) who have proposed an episodic
accretion event from the glant onto a bloated main sequence star as

a means of producing the outburst.
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Figure 4. The visual and bclometric light curve of a rapidly
accreting 1.38 My white dvarf. This model compares favorably with
the recurrent nova U Sco.
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4. OTHER CURRENT NOVA RESEARCH

We conclude with a short discussion of our other nova research
projects. Spherical accretion 1s only an approximation to the true
physical prccesses. The hydrogen-rich materizl arrives at the
equator of the white dwarf from the accretion disk with nearly
Keplerian angular momentum. Kippenhahn and Thomas (1978) have shown
that by conserving angular momentum, assuming marginal stability
and aetting the Richardson nmumber to 1/4, shear instabilities mix
the accreted material inward and toward the poles. The bulk of the
accreted material remains in a wide belt at the equator. The large
overabundances of He, C, N and O nuclei in nova ejecta (Table 1)
must be caused by some type of mixing on the white dwarf. Shear
mixing offers a natural mechanism for this and, indeed, because of
the conservation of angular momentum is difficult to avoid. Thus,
shear mixing opens up a wide range of situations depending on the
type of white dwarf (e.g., He, C/N/O, 0/Mg/Ne). Sparks and Kutter
(1986) have recently calculated evolutionary models with shear
mixing.

Another recent development are novae found to have large over-
abundanccs of Ne, Mg, Al and O, in their ejecta. These include
Nova CrA 1981 (Williams et al. 1985), Nova Aqu 1982 (Snijders et
al. 1984), Nova Vul II 1984 (Starrfield et al. 19866c) and possibly
Nova Cyg 1975 (Ferland and Shields 1978). The implication is that
the outburst occures on an 0/Ne/Mg white dwarf. Although the
expected ratio of 0/Ne/Mg white dwarfs to C/N/O white dwarfs is
only 1/34 to 1/47 (Iben and Tutukov 1985), the more massive O/Ne/Mg
white dwarfs will have more outbursts and the expected outburst
ratio is 1/4 (Truran and Livio 1985). This is comparable with the
observationsa. Starrfield et al. (1986a) have recently evclved
models o simulate these outbursts and found that these models are
the most violent of any calculated models. We are currently ex-
panding our nuclear reaction network to include the reactions on
Ne, Al and Mg.
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