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ON THE CAUSE OF THE NOVA OUTBURST 

Sumner Starrfield 
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SUMMARY 

The observational studies of the old novae have shown that they are close 
binaries with one of the components a white dwarf accreting hydrogen-rich 
material from the other component. To determine if the nova outburst could be 
caused by a thermal runaway in the envelope of the white dwarf, a computer 
code designed to take short time steps has been used to compute evolutionary 
sequences for helium-rich white dwarfs with hydrogen-rich envelopes. None of 
those computed using initial conditions derived from the observations of DQ 
Her had significant thermal runaways or produced the 1045 erg observed in the 
outburst of DQ Her. An evolutionary sequence was then computed which used 
initial conditions that included the effects of an accretion shock (Starrfield 
1970). A thermal runaway resulted which produced the energy observed in the 
outburst of DQ Her. 

Two evolutionary sequences were computed with a mass of o#5 Af G* A 
thermal runaway occurred in each sequence and produced more than 1045 erg. 
In these models as the peak of the runaway was reached, the shell source 
compressed and heated the outer layers of the helium core until helium burning 
was initiated. 

I. INTRODUCTION 

Over the last few years intensive observational studies of the old novae have 
shown that an old nova is a close binary consisting of a large, cool star filling its 
Lagrangian lobe and a smaller hotter star which is most likely a bright white dwarf. 

In addition, these studies (Kraft 1963, 1964; Paczynski 1965b; Mumford 1967) 
suggest that the larger, cooler star is losing hydrogen-rich material and that a 
fraction of this material is being accreted by the hotter star. As the accretion 
continues, a layer of hydrogen-rich material will be built up on the surface of the 
hot star and the bottom of this layer will be gradually compressed and heated until 

it reaches the ignition temperature for the hydrogen-burning reactions. If the nova 
outburst actually occurs on the hotter star (hereafter assumed to be a white dwarf) 
it must be determined if such a process will result in a thermal runaway that can 
produce the 1045 erg observed in an outburst. 

Of major concern to this explanation of the nova outburst is the determination 
that the outbursts of the common novae actually occur on the white dwarf. 
Krzeminski (1965) has shown that in U Gem, a dwarf nova, the outburst occurs on 
the cooler star. However, Walker & Chincarini (1968) have observed SS Cyg, also a 
dwarf nova, and find that the outbursts occur on the white dwarf. Smak (1969) has 
re-analysed their data and finds that it is quite likely that the outbursts occur, 
instead, on the cooler star in this system. Paczynski (1965a) and Bath (1969) have 
studied close binaries and find that a star with a convective envelope filling its 
Lagrangian lobe is unstable to expansion on a dynamical time scale. Their results 
can explain the outburst in a dwarf nova but the energy liberated by their models is 
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a factor of 104 to 106 smaller than what is observed in a common nova outburst. It 
must be assumed that another process is acting in the common novae. 

Accretion of hydrogen-rich material onto a white dwarf was first considered by 
Mestel (1952) who was trying to explain the supernovae. He used a model where 

2*5 x 1029 g had been accreted by a star whose internal temperature was very high 
(T> io8°K). A thermal runaway occurred and produced about 1049 erg. However, 
he neglected accretion heating which would raise the hydrogen-rich layers to 
thermonuclear temperatures long before this much material had been accreted. In 
addition, Schatzman (1965) argued that since the material at the bottom of the 
envelope was completely degenerate, the electron conductivity would circulate the 
energy throughout the interior and the reactions would die out. Saslaw (1968) 
reconsidered MesteFs work and included the heating due to accretion. His thermal 
runaways were not as violent as MesteFs and did not produce the total energy 
observed in the nova outburst. In addition, his zero boundary assumptions break 
down near the peak of the outburst when convection is important. Convection will 
cause more of the envelope to be included in the energy producing region and 
increase the amount of energy produced by nuclear reactions. 

More detailed models of white dwarfs accreting hydrogen have been computed 
by Giannone & Weigert (1967) and Rose (1968). Rose studied the onset of pulsa- 
tional instability in a 075 Mö white dwarf accreting hydrogen-rich material. He 
showed that a thermal runaway would occur but his chosen luminosity was much 
too high and the thermal runaway occurred before enough material had been 
accreted to produce the observed energy. Giannone & Weigert (1967, hereafter 
GW) studied the evolution of two o-$ Mö white dwarfs of much lower luminosity 
than Rose. They also produced a thermal runaway but were forced to stop their 
integrations long before the peak because of numerical difficulties. 

The present investigation is a study of the development of the thermal runaway 
in the hydrogen-rich envelope of a helium-rich white dwarf, coming as close as 
possible to the peak of the outburst using a hydrostatic stellar evolution program. 
This program was designed to take time steps as short as minutes. Two masses were 
considered: 0*12 Af0, to study the evolution of DQ Her; and 0-5 M0, to compare 

the present work with GW and also determine the effect of mass on the develop- 
ment of the thermal runaway. 

2. MODEL CONSTRUCTION 

(a) Basic equations 

The evolutionary sequences were calculated by means of a hydrostatic, semi- 
implicit, time-dependent computer code that included both convective and radiative 
energy transport. Because of the need to take extremely short time steps, the entropy 
was considered to be the fundamental variable. The change in entropy was obtained 
from the energy conservation equation written in the form 

"-(fHl;)'*'- <■> 

The luminosity gradient was obtained by a numerical differentiation of the tem- 
perature gradient. The hydrostatic structure was then calculated by using the 
stepwise method (Schwarzschild 1958). The inner boundary was treated as a hard 
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core at qxo-g$ with constant radius and luminosity. The outer boundary condition 
was obtained from a grid of envelopes using the triangle procedure as described by 
Kippenhahn, Weigart & Hofmeister (1967). The intermediate region was divided 
into 50 to 60 mass zones containing from 1023 g at the surface to 1030 g at the inner 
boundary. The small mass shells at the surface limited the time step to 5 x 104 s. 
This was because round-off and truncation error in the computer produced a 
spurious luminosity gradient in the outermost shells. The resulting entropy changes 
had to be kept small or the iterations would not converge. A secant procedure was 
used to accelerate the convergence of the iterations in each time step. 

The radiative opacity is obtained from Cox & Stewart (1965); the Kippenhahn 
II (x = 0-900, y = 0-099, z = o-ooi) composition was used for the hydrogen-rich 
envelope; and the Weigert IV (x = o-ooo, y = 0-999, z = o-ooi) composition was 
used for the helium-rich core. The degenerate electron conductivity was obtained 
from Lee (1950) as described in Schatzman (1958). These conductivities are larger 
than the more accurate values of Hubbard & Lampe (1969) by about a factor of two. 
This implies that the importance of electron conduction in shutting off the thermal 
runaway by carrying heat into the interior has been overestimated. However, in 
none of the models does electron conduction become important. 

The gas is assumed to be completely ionized (partial ionization is included near 
the surface) and the pressure due to the partially degenerate electrons is included by 
means of a table of P/p5/3 as a function of F^i/z), where 

Vrj(ll2) 
i f00 #1/2 dx 

Jo e^+i 
(2) 

(Tolman 1938). The envelope does not extend down to depths where relativistic 
degeneracy is important and it is not included. 

The hydrogen burning reactions have been included in the form given by Iben 
(1965). Since the carbon cycle predominates during the important stages of the 
evolution, recent corrections to the proton-proton cycle have not been included. 
Helium burning reaction rates were obtained from Reeves (1965). The change in 
hydrogen abundance during the evolution was calculated and included in the 
computations. In addition, all convective regions in the interior were assumed to be 
in adiabatic equilibrium. 

(b) Initial model 

The program used to compute the initial model for each evolutionary sequence 
is a standard, step-wise, stellar envelope code which computes a stellar envelope 
model for a given mass, luminosity, and effective temperature. The program 
includes the mixing-length theory (Böhm-Vitense 1958) in the form described by 
Kippenhahn, et al. (1967). The thermodynamic parameters needed for the calcula- 
tion are obtained from the procedure described in Baker & Kippenhahn (1962). The 
opacity and equation of state subroutines are identical to those in the time-dependent 
code. This program is also used to compute the envelope grid used as the outer 
boundary condition in the time-dependent program. 

The initial model of each evolutionary sequence is computed by integrating a 
model envelope with the hydrogen-rich composition from the surface to a given 
depth and then changing to the helium-rich composition and integrating inwards to 
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the hard core. Hydrogen burning reactions are neglected in the first model even 
though the hydrogen-rich material may extend to depths where the temperature is 
more than 20 million degrees. 

{c) Comparison with Giannone & Weigert (1967) 

Table I shows a comparison at two different depths of two computations of pure 
helium envelopes using the same luminosity and effective temperature. The largest 
difference occurs at the surface where GW assumed the zero boundary conditions. 
In fact, a significant super-adiabatic convective region exists near the surface of the 
model and is caused by the partial ionization of He I and He 11. As the depth 
increases this region becomes adiabatic and convection extends to depths of 
5 x io5°K and a mass of 4 x 1022 g. The existence of a convective region probably 
invalidates the time scale of the 0-5 MQ evolutionary sequence that GW computed 
without mass accretion. The agreement at the deeper point is good, the small 
difference is due in part to a difference in composition. GW used x — o-ooo, 
y = 0*956, z = 0*444 f°r their model. 

Table I 

Comparisons of two helium-rich model envelopes at two depths 

Depth 
i GW+ 

P.W.J 

GW 
P.W. 

log r 
9*051 
9-050 

9*018 
9*020 

logP 
14*097 
13*878 

18*627 
18*620 

logp 
-0*045 
-0*045 

3-548 
3-530 

log T 

6*354 
6*124 

7*107 
7-133 

* Mass in grams overlying this depth, 
f Giannone & Weigert (1967). 
X Present Work. 

log M* 
28*0 
25*0 

30*0 
3o*o 

GW 
P.W. 

Table II 

Comparison of two evolutionary sequences 

log ptr* 
3* 088 
3*133 

Time ä o 
log Ttr 
7*124 
7* 108 

log Mir 
29*776 
29*795 

Time ä 3 x 105 years 
log ptr log Ttr log Mtr 

2*793 7-73 30*104 
2*40 7*74 29*795 

★ < tr 5 stands for the hydrogen-helium composition interface. 

It is more important to compare the results of our two different evolutionary 
sequences. Table II shows the density and temperature at the beginning of the 
nuclear burning phase and again 3 x1o5 years later. The second point is the last one 
given by GW. The much larger decrease in density in the present work is caused by 
our neglect of accretion. Part of the intent in the construction of this model was a 
minimum outburst, so it had only half the mass in the envelope as the corresponding 
model of GW. This model continued to evolve for another 62 days. At this time the 
temperature and density at the hydrogen-helium interface (the peak of the shell 
source) are log Ttr = 8*o8 and log ptr = i*37- The rate of energy generation has 
increased to 2 x 1011 erg g_1 s_1, io46 erg have been produced from nuclear 
reactions, 5 x io38 erg s-1 are flowing out of the shell source, and helium burning 
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has begun in the helium-rich layer just below the hydrogen-helium interface (a 
more detailed discussion of the evolution of this model can be found in Section 4). 

{d) Including the effects of accretion 

While the effect of the accretion is not explicitly included in the program, it is 
still possible to make an order-of-magnitude estimate of its relative importance to 
the evolutionary models. Kippenhahn, Thomas & Weigert (1965) have shown that 
the Second Law of Thermodynamics can be written in the form : 

To arrive at expressions for the change in temperature and pressure at the hydrogen- 
helium interface produced by the accretion of more mass onto the star, one integrates 
the equations of stellar structure and assumes the zero-boundary conditions and 
Kramer’s opacity (Schwarzschild 1958): 

(4) 

(5) 

Taking the logarithmic derivative of these two equations and substituting the result 
into (3), one finds that with VAD = 0*4 

where 

(6) 

(7) 

The calculations of GW show that for a 0*5 M0 star: ft/Rx ioooM/M, flrxfl/llMy 

and L/L is a very strongly varying function of M/M. A rough mean of their results is 

L/Lä 1500 MjM. Therefore, rj has the value of about 5 x 102 s-1. For an assumed 
value of M of io~8M0yr_1 (Starrfield 1970), dStr/dthas the value: — 6x io~6. 
Since Str is 2 x 109 erg g-1 0K~1, it will take # 108 years for accretion to affect the 
entropy at the hydrogen-helium interface. The value of dS^/dt for 0*12 Mö is not 
as certain since evolutionary calculations similar to GW are not available, but dS/dt 
is probably of the same order of magnitude. The foregoing result agrees with the 
evolutionary calculations of GW who obtained a strong peak in the temperature at 
the hydrogen-helium interface. Until hydrogen burning was initiated, the tempera- 
ture and density increased nearly adiabatically. Therefore, by integrating the initial 
model to a greater depth and higher temperature and density, it is possible to 
partially compensate for not including accretion. The rise in the temperature of the 
transition zone caused by the accretion is a very strong function of the rate of 
accretion. In fact, at 0*5 M0, Ïtr/Ttr# SooM/M. 
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3. THE PRE-OUTBURST EVOLUTION OF DQ HER 

(a) The initial model 

It has recently been proposed that the high luminosity of the white dwarf 
component of DQ Her is due to an accretion shock front at the stellar surface 
(Starrfield 1970). In the first part of this section further evidence for this proposal 
will be presented. This evidence consists of the results of a series of evolutionary 
sequences computed for DQ Her that used observationally-determined luminosities 
and effective temperatures. Fig. 1 shows the luminosities and effective temperatures 

Fig. i. The location of the initial models of the evolutionary sequences for DQ Her, The 
values of luminosity and effective temperature were chosen from the observations and the 
origin of each value is described in the text. The dashed line is the constant radius line for a 
zero-temperature, pure helium, white dwarf with a mass of o'izM0, The mass-radius 
relation is from Hamada & Salpeter {1961). 

of the various initial models plotted in the HR diagram. The characteristics of each 
model can be found in Table III. In some cases only the luminosity, effective 
temperature, or radius was obtained from the literature ; the other parameters were 
chosen arbitrarily to provide a reasonable spread of the models over the white dwarf 
region of the HR diagram. 

Models i and 2 use the electron temperature and Mv from Kraft (1959) and 
bolometric corrections for white dwarfs from Matsushima & Terashita (1969). 
Models 3, 4 and 5 use the 80 000 °K effective temperature from Kraft (1959); and in 
addition, models 3 and 4 use radii given in his paper, while model 5 uses the value 
of Mboi given by Mumford (1967). Models 6, 7, 8 and 9 use Mboi from Mumford 
(1967) and an arbitrary series of effective temperatures. Model 10 uses the Hamada 
& Salpeter (1961) mass-radius relation for pure helium white dwarfs and the 
effective temperature was chosen to be 25 ooo°K. Model 11 was chosen as a 
comparison with the 0-5 MQ Model of GW. 

The results of the evolution of these models can be found also in Table III. 
They are quite conclusive in that none of these models produced the energy 
observed in a common nova outburst. The evolution of these models was carried 
past the peak of the thermal runaway to where it was clear that the runaway has 
levelled off and was declining. In addition, many of these models are physically 
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unrealistic since they lie below the line of constant radius for a zero-temperature 
white dwarf with a mass of o,i2 M0. 

The luminosities and eifective temperatures chosen for the initial models are 
those characteristic of the flow of energy from the interior. If those parameters 
chosen from the observations do not provide us with realistic models, then criteria 

must be developed that will result in realistic models. Therefore, a grid of model 
envelopes (the initial model code was used) was constructed for o-izM 0, 0-3 Me, 

and 0-5 M0 using the hydrogen-rich composition. Each envelope was integrated in 
depth until a constant temperature of 12-6 million degrees was reached. At this depth 
the physical parameters describing the model were tabulated: the density, pressure, 
radius, mass of the material overlying this depth (Mu), and V^i/z) the degree of 
degeneracy. Lines of constant Aftr in the HR diagram have been plotted in Fig. 2 

Fig. 2. Lines of constant mass (g) overlying the depth where the temperature reaches 
12*6 x io° QK. The total mass used to compute each plot is indicated in the upper right-hand 
corner. The dashed line is the constant radius line for a white dwarf of the given mass. 
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for the three masses. The dashed line in each plot is the constant radius line for a 
white dwarf of the given mass computed by means of the Hamada & Salpeter (1961) 
mass-radius relation for pure helium, zero-temperature, white dwarfs. The region 
of the HR diagram below this line is forbidden to any white dwarf with a mass of 
0-12 Mq or less. 

The radiative energy liberated during the outburst of DQ Her amounted to 
1045 erg and more than 2 x io28 g were ejected with a kinetic energy of 2 x 1043 erg 
(Payne-Gaposchkin & Gaposchkin 1942). Hazelhurst (1962) has calculated that 
only one per cent of the energy liberated in the interior will appear as kinetic energy 
of the expanding gas. This result has been confirmed by the numerical study of 
Sparks (1969). This means that at least 2 x io45 erg must have been produced in the 
interior of DQ Her. If all this energy comes from the conversion of hydrogen to 
helium, then io27 g of hydrogen are needed to produce the energy released during 

the outburst. The results of the evolutionary calculations show that less than 
o-i per cent of the available hydrogen is burnt during the outburst, and therefore, 
io30 g of hydrogen-rich material are needed in the envelope. Referring to Fig. 2 (a), 
a 0-12 M0 white dwarf with io30 g of hydrogen-rich material in its envelope has to 
have a luminosity less than o-oi X0 and an effective temperature less than 15 000 °K. 

Although the shell source in the final models is thin enough to satisfy the 
Schwarzschild & Härm (1965) conditions for a non-degenerate thermal runaway 
and the layer is initially unstable, the layers above the shell source will be able to 
expand fast enough to quickly cool the runaway if the shell source is not partially 
degenerate. This phenomenon is what occurred in the models discussed previously. 
Table IV shows the run of log Vrj(i/z)tr tabulated at a constant depth of 12*6 million 

Table IV 

Variation of log Vr]{ilz)tT as a function of log LjL 0 for 
o • izMo, o• 3Mo, and o • $M© 

log LjL o 
+1 -o 
+ 0-5 
+ 0*0 
-o*5 
— i -o 
-i*5 
— 2*0 

o'izM o 
-1-66 
— 1- 26 
— 0*90 
“0-55 
— 0*22 

0*09 
0*42 

log Vv)(ll2)tr 
o-sMo 

-1*34 
— 0*98 
-0*63 
-0-30 

0*02 
0*34 
o*75 

o-sMq 
— I *20 
— 0*84 
-0*49 
— 0*17 

O’ IS 
0*50 
i *07 

Note: log ^(1/2) is not a function of Ten (see text). The 
degenerate electron pressure and perfect-gas electron pres- 
sure are equal at log Vr¡{ilz) — 0*473. 

degrees. It is obtained from the envelope grid mentioned previously. F^(i/2)tr is 
independent of effective temperature since it varies as Ptr/Ttr

5/2 and equation (5) 
shows that for a constant mass and temperature Ptr varies only as the luminosity. 
The value of log Vrj^ijz) at which the pressure of the degenerate electrons is equal 
to the perfect gas electron pressure is 0*473. If one requires that the bottom of the 
hydrogen envelope be at least this degenerate, then Table IV shows that the models 
are again limited to low luminosities and effective temperatures. 

Recent studies of DQ Her suggest that the radius of the white dwarf may be 
smaller, and hence the mass larger, than predicted from the 71-second pulsation 
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period (Nather & Warner 1969). This is not surprising since the calculations (Skill- 
ing 1968) assumed a zero-temperature white dwarf. A thick non-degenerate envelope 
will lengthen the period for a given mass. Therefore, Fig. 2 also shows plots of 
constant Mtr for and 0-5 M0. These graphs show that one is still forced to 
pick lower luminosities and effective temperatures for the initial models than one 
would predict from the observations. 

(b) Realistic models for DQ Her culis 

The criteria of the preceding section were used to choose an initial model with a 
luminosity of log L]L0 = —1-9 and an effective temperature of log Te = 4*05. The 
compressional heating of the envelope was included by moving the luminosity and 
effective temperature along a line in the HR diagram parallel to the evolutionary 
track of GW and then integrating in depth to higher temperatures. This procedure 
resulted in a model with logL/L0 = —1*25, log Te = 4*25. This model had a 
hydrogen rich shell with 2*84 x 1030 g extending to depths where the temperature 
was 24 million degrees and the density was 3-2 x 103 g cm-3.* 

Table V 

The evolution of the shell source 

at o*izM © logL/Z,0= —1‘25 log Te = 4*25 

Time 
(days) 

138 (yr) 
-2*72 (yr) 
34*3 
57*3 
80 *4 
92*9 

138 (yr) 
-2*72 (yr) 
34*3 
57*3 
80 *4 
92*9 

log T 

7*38i 
7*655 
7*682 
7*688 
7*696 
7*715 

7*245 
7*273 
7*470 
7*507 
7*572 
7*696 

Shell 39 

logp 
3*5o6 
2*678 
2*594 
2*593 
2*597 
2*617 

4* 086 
4*126 
4*422 
4*478 
4*575 
4*761 

log €nuc 

5-640 
8*276 
8*499 
8*558 
8*670 
8 • 908 

log L 
32*270 
34*473 
35*050 
35*106 
35*188 
35*384 

o*o 
o-o 
o-o 
o-o 
O'O 
o-o 

Shell 40 

-31-597 
-31-696 
-32-943 
-33-370 
-33-972 
-35-032 

log R 
8-796 
8-834 
8-833 
8-831 
8-825 
8-8n 

8-728 
8-724 
8-693 
8-686 
8-674 
8-650 

logS 

9-438 
9-496 
9-502 
9-503 
9-503 
9-504 

8-997 
8-997 
8-997 
8-997 
8-997 
8-997 

Xh 
0*900 
0-893 
0-893 
0-893 
0-893 
0-893 

0*00 
0*0 
0*0 
0*0 
0*0 
0*0 

AHe4 
0*099 
o* 106 
o* 106 
o* 106 
o*io6 
o* 106 

o*999 
0*999 
o*999 
0*999 
0*999 
o*999 

The evolution of the shell source is presented in Table V. After 135 years of 
evolution, the radius of the model increased from 8*8 x 103 km to 26 x 103 km. Very 
soon after the initiation of nuclear burning, a convective region formed at the shell 
source and slowly worked its way outwards extending from a radius of 6*4 x 103 km 
to 15*8 x 103 km. The formation and growth of a convective region agrees with the 
calculations of GW, Rose (1968), and Sparks (1969). 

After another 80 days of evolution, the total radius is 34X io3km while the 
convective region has grown to 32 x 103 km. For about the last 70 days, the gradually 
increasing strength of the shell source has caused the outer layers of the helium core 

* At a mass accretion rate of io-8 M 0 yr-1 (Starrfield 1970), it would take DQ Her about 
140 000 years to accrete this much material and this would raise the temperatures to 
24 x io6°K. So a time step of about 105 years has been implicitly assumed. 
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to be compressed. This is shown in Fig. 3. This core compression occurred in all the 
realistic models in this study as they approached the peak of the outburst. Although 
the velocity of the helium core just below the shell source has only reached 
— 100 cm s-1, at the last time step the model tries to rebound dynamically and the 
evolution is ended. This evolutionary sequence has produced 2xio45erg from 
nuclear reactions and the shell source is currently producing io40 erg s_1. 

Days 

Fig. 3. Radius as a function of time for three shells from the o*izM ©, log L/L 0 = — 1*25, 
log Te= 4*25, evolutionary sequence. Note that the time of evolution is much longer than 
that of the om$M Q evolutionary sequences. 

4. EVOLUTION AT 0-$MQ 

(a) The initial models 

A grid of model envelopes extending to 12*6 million degrees was also constructed 
for 0*5 M0. Fig. 2 (c) shows the curves of constant Mtr for this mass. Comparing 
Figs 2 (a) and 2 (c), it can be seen that a o-$MQ equilibrium model can have a larger 
luminosity and effective temperature than the 0-12 M0 model with the same value 

of Mtr. Moreover, the 0*5 M0 evolutionary sequences show that one per cent of the 
available hydrogen, rather than the tenth of a per cent at 0*12 M0, is burned during 
the evolution, lowering the mass cut-off to io29 g. The degeneracy cut-off also 
occurs at a higher luminosity {cf. Table IV). 

Two evolutionary sequences were computed for 0*5 M0. The first one was 
characterized by log L/L G = —1-507, log Te = 4-281 and has already been 
mentioned in a previous section. It was chosen to have the minimal conditions for a 
nova outburst. The second sequence, characterized by log L/L 0= —1-210, 
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log Te = 4-343, represents a more evolved white dwarf that has accreted a factor of 
three more hydrogen-rich material than the other 0-5 M0 model. It represents the 
other extreme of the nova and should have a more violent outburst. 

(b) log LjL0 = -1*507, log Te = 4*281 

Heating by accretion is not included and the model took 3 x1o5 years to reach 
the time of the outburst. The evolution of the shell source is presented in Table VI. 
A convective region formed just above the shell source after about 105 years of 
evolution and gradually moved outwards as the strength of the shell source increased. 
Five days before the peak of the outburst was reached, the entire hydrogen-rich 
envelope became convective. 

Table VI 

Evolution of the shell source at 

o*sM o log L/L 1-507 log Te = 4-281 

Time 
(days) 

— 2 • 8E5 (yr) 
+ 4*25 
3i*S 
38*1 
44-8 
5i*5 
55’7 
59‘5 
62*0 
62*1 

— 2 * 8E5 (yr) 
+ 4*25 
31-5 
38*1 
44-8 
5i*5 
55*7 
59*5 
62*0 
62-1 

Shell 37 

log T 
7 • 108 
7-816 
7*873 
7-899 
7*933 
7- 976 
8- OOI 
8-020 
8-060 
8-079 

7*i45 
7-085 
7*073 
7-068 
7-063 
7-072 
7*123 
7- 280 
7*930 
8- 054 

log p 

3*133 
2-264 
2-125 
2-05I 
1-936 
I * 746 
1-580 
I *426 
i*347 
1*368 

3-609 
3*520 
3*502 
3*494 
3*486 
3*5oo 
3*577 
3*811 
4*636 
5*048 

log €nuc 

2-l62 
9*656 

IO-II4 
10-299 
IO-52I 
10- 733 
10•800 
10•816 
11- 098 
ii-288 

log L 
32-072 
36-242 
36*556 
36-701 
36- 903 
37- 176 
37*349 
37*777 
38*593 
38*715 

o-o 
o-o 
o-o 
0-0 
o-o 

o 
o 
o 
615 

5*319 

Shell 38 
32-101 

-32*675 
-32*598 
“32*549 
-32-462 
-32-280 
-31-768 
-33*040 
-39*024 
+ 38*054 

log r 

8*979 
9-002 
9-010 
9*015 
9-024 
9-041 
9-060 
9-078 
9-072 
9 059 

8-974 
8-976 
8-977 
8-977 
8-977 
8-977 
8-975 
8-968 
8-928 

log S 

9-433 
9-527 
9-538 
9-543 
9-55° 
9-561 
9-570 
9-577 
9-583 
9-583 

•012 
•012 
•012 
•012 
•012 
•012 
•012 
•012 
•OI9 

8-908 9-008 

Ah 
o•9000 
o•8900 

8900 
8899 
8898 
8895 
8893 
8890 
8889 
8889 

o-o 
o-o 
o-o 
o-o 
o-o 
o-o 
o-o 
o-o 
0-0 
0-0 

Ane4 
o•0990 
0-1090 
0-1090 
0-1091 
0-1092 
0-1095 
0-1097 
o-1100 
o-IIOI 
O-IIOI 

0-999 
0-999 
0-999 
0-999 
0-999 
0-999 
0-999 
0-999 
0-999 
0-999 

During its evolution, this model liberated 2-7 x io46 erg from nuclear reactions. 
Most of the energy is produced in the last ten days of the evolution. This sequence 
also exhibits the core compression found in the 0-12 M0 evolution (see Fig. 4). 
However, the inward velocity of the outermost shell of the helium core is more than 
a factor of to greater than in the ot2Mq model; it reached a maximum of 
— 2 x io3 cm s-1. A few hours before the peak is reached, core compression reached 
the point where the temperature and density was high enough to initiate helium 
burning in the outer edges of the core. As the strength of the helium burning shell 
increased, it slowed down and halted the core compression. At this point the 
evolution is ended. During the last few hours before the peak is reached, the model 
is producing about io44 erg hr-1 from nuclear reactions. 
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Fig. 4. Radius as a function of time for three shells from the o*$M Q, log LjL 0 = —1#507» 
log Te = 4*281, evolutionary sequence. 

Time 
(day) 

-6-4E3 (yr) 
— i • 6E2 
+ 7*9 
14-6 
i8-3 
22*0 

-6-4E3 (yr) 
— i • 6E2 
+ 7*9 
14*6 
i8‘3 
22*0 

Table VII 

Evolution of the shell source at 

o-$M o log L/L o = -1*210 log Te = 4*343 

Shell 40 

log T 
7*253 
7*672 
7*829 
7*892 
7 965 
8* 086 

7*274 
7*246 
7*219 
7*204 
7*191 
8*072 

logp 

3*453 
3*040 
2*761 
2 * 607 
2*356 
1*855 

3*927 
3*885 
3*844 
3*821 
3* 802 
5*098 

log €nuc 
3* 800 
8* 860 

10*308 
10*795 
11*253 
11*833 

log L 
32*28 
34*827 
35*742 
36*100 
36*560 
38*201 

Shell 41 
o*o 
o *o 
0*0 
0*0 
0*0 
6*o 

•32*977 
•32*933 
•32*854 
•32*674 
39*200 

log r 
8*972 
8*981 
8-992 
9*002 
9*021 
9*053 

log S 

9*427 
9*480 
9*505 
9*5i7 
9*534 
9*563 

8*965 
8*967 
8*968 
8*968 
8*901 

9* 006 
9 • 006 
9* 006 
9* 006 
o*oo6 

Xh 
o•9000 
0-8997 
0-8997 
o•8996 
0*8993 
0*8983 

32*136 8*964 9*006 00 
o*o 
o*o 
o*o 
o*o 
o*o 

Äe 
o•0990 
0*0993 
0*0993 
o•0994 
o•0997 
0*1007 

0*999 
0*999 
0*999 
0*999 
0*999 
0*999 
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(c) log L/L0 = - i-210, log Te = 4-343 

The evolution of this model is presented in Table VII and Fig. 5. It is similar to 
the previous model but more violent. Since heating by accretion was included in the 
model, the evolution time was reduced to 6400 years. A convective region was formed 
and gradually extended itself towards the surface. Core compression and helium 
burning also occurred in this model. However, the inward velocity of the core 
reached 104 cm s-1—a factor of 10 higher than in the last model. Helium burning 
reached 106 erg g_1 s-1 and slowed down core compression and ended the evolution. 
As this model approached the peak of the outburst, it was producing 1045 erg hr-1, 
and the total energy produced was 1047 erg. If one per cent of the 1047 erg can 
appear in the kinetic energy of the expanding shell, then this model has produced 
the energy released in the most energetic nova. 

Fig. 5. Radius as a function of time for three shells from the 0, log L/L 0 = — 1 *210, 
log Te = 4*343 evolutionary sequence. 

5. SUMMARY AND DISCUSSION 

These calculations show that a thermal runaway can occur in the envelope of a 
white dwarf and produce the energy observed in the outburst of a common nova. 

Schatzman’s (1965) objections to this process are not correct because he neglected 
convection and the existence of an extensive non-degenerate region in the envelope 
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of a white dwarf. The conductivity of the degenerate electrons is unimportant in the 
region of the shell source and does not transport a significant amount of energy into 
the interior. In fact, the total amount of energy carried into the interior during the 
evolution of the 0-12 M0 model for DQ Her was sufficient to raise the temperature 
by only 1 °K. The heating observed in the layers of the core just below the shell 
source was caused by the adiabatic compression of these layers as the shell source 
expanded. 

The results of the evolution of 0-12 M0 provide additional evidence for the 
existence of a shock-front at the surface of the white dwarf component of DQ Her. 
The luminosity and effective temperature derived for the star by Kraft (1959) 
resulted in evolutionary sequences that did not produce the energy observed during 
the nova outburst. When the existence of the shock-front was assumed, it was then 
possible to obtain a luminosity and effective temperature that resulted in a thermal 
runaway which liberated the same amount of energy as observed in the outburst of 
DQ Her. 

An interesting feature of the evolution of these models is the compression of the 
layers of the core just beneath the shell source which occurs as the peak of the 
outburst is reached. The velocity of the compression (note the variation in time 
scale in Figs 3, 4 and 5) varies from model to model and appears to be dependent on 
the mass. The compression velocity in the sequence with M = 0*5 M0, 
L¡L o = — i *210, log Te = 4*343, is a factor of a hundred greater than in the o-izM0 

sequence. In addition, the core compression reaches the point in both the 0-5 Mö 

sequences where helium burning is initiated at the edge of the core. Sparks (1969) 
has shown that two different kinds of ejections (shock and pressure) occur in the 
outburst of the common novae. Because the present calculations are hydrostatic, it 
is preliminary to associate the differences in the rates of core compression at 
different masses with his results. Calculations of the hydrodynamic evolution of 
these models is now in progress. It is also planned to carry the evolution to higher 
masses. 

One last comment is to be made on the possible relationship between the 
common novae and recurrent novae. At 0-5 M0, ítr/Ttr~5ooilí/M. If instead of 
the mass accretion rate of io-8 Mö yr_1, as proposed for DQ Her (Starrfield 1970), 
we assume that a 0-5 M0 white dwarf with log L/Z,0= — i-o is accreting 
io-6 M0 yr-1, in 50 years it will accrete 1029 g. The temperature rise, due to 
accretion, will be nearly a million degrees over the 12*6 million expected at a depth 
of 1029 g. While no 0-5 M0 model was evolved at this luminosity, comparison with 
the 0*5 M0 evolutionary sequences imply that it would have a thermal runaway but 
would not liberate as much energy. Models with larger mass should certainly have a 
thermal runaway at a luminosity of log L/L Q = — 1 -o. 
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