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Received 1997 September 11 ; accepted 1997 October 30

ABSTRACT
Matter of solar system composition has been added to the surfaces of two initially cool carbon-oxygen

(CO) white dwarfs of masses 0.5 and 0.8 at rates in the range 10~8 to 10~6 yr~1. FourM
_

M
_

M
_di†erent regimes are encountered. (1) At the highest accretion rates, models become red giants after the

accretion of only a very small amount of mass. As the accretion rate is decreased, models are encoun-
tered that (2) burn hydrogen at the same rate at which it is accreted, (3) experience a series of non-
dynamical hydrogen shell Ñashes followed eventually by a powerful helium shell Ñash, and, Ðnally, (4)
experience nova-like hydrogen shell Ñashes.

Although all of the regimes have been explored, special attention has been given to models that expe-
rience recurrent mild hydrogen-burning pulses or burn hydrogen at a stationary rate. For lower accre-
tion rates, the helium Ñash is so powerful that the convective layer forced by helium burning penetrates
deeply into the hydrogen-rich envelope ; this penetration may lead to the ejection of external layers even
if the helium Ñash would not of itself have become dynamical. For higher accretion rates, even when
convection does not penetrate into hydrogen-rich layers, the helium layer expands, and much, if not
most, of the accreted matter is lost during the event because of the interaction of the expanded envelope
with the companion star.

Analysis of the results suggests that it is unlikely that, in the real world, a hydrogen-accreting CO
white dwarf with a typical initial mass will attain the Chandrasekhar mass. Dynamical helium-burning
Ñashes are probable.
Subject headings : accretion, accretion disks È novae, cataclysmic variables È

nuclear reactions, nucleosynthesis, abundances È stars : interiors È
supernovae : general È white dwarfs

1. INTRODUCTION

The accretion of hydrogen-rich matter onto white dwarfs,
apart from being responsible for classical and symbiotic
nova outbursts, has been suggested as being responsible for
Type Ia supernovae (SNe Ia ; & Iben TheWhelan 1973).
apparent absence of hydrogen lines in spectra of SNe Ia,
which does not necessarily imply the complete absence of
hydrogen in the presupernova system, has, nevertheless,
motivated the search for progenitor systems in which
hydrogen has been lost during prior evolution.

One scenario that has emerged from this search consists
of a primordial system of two intermediate mass stars that
evolve through a series of common envelope episodes into a
Ðnal system of two very close carbon-oxygen (CO) white
dwarfs of combined mass larger than the Chandrasekhar
mass & Tutukov Angular(Iben 1984 ; Webbink 1984).
momentum loss by gravitational wave radiation leads to a
merger of the white dwarfs and to a possible star-disrupting
explosion.

Although there are several theoretical difficulties at
various steps of the process (e.g., the need for a free param-
eter to deÐne the separation of the two stars after a common
envelope episode, and the possibility that carbon burns
quiescently in the merger product that then experiences
core collapse instead of explosion ; see the discussion in

& Livio it has been the lack of observedMochkovich 1990),
appropriately massive close white dwarf pairs that has
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caused the most widespread doubts about the merger
scenario & Shafter et al.(Robinson 1987 ; Bragaglia 1990).
The discovery by Marsh and his collaborators (Marsh

Dhillon, & Duck of Ðve close helium1995 ; Marsh, 1995)
white dwarf pairs, several of which are close enough to
merge in less than a Hubble time, removes the doubt that
close white dwarf pairs occur in nature, and scenario model-
ing shows that the number of observed close white dwarf
pairs (now eight) must be at least quadrupled before the
supposition that suitably massive close CO white dwarf
pairs occur in nature is seriously challenged Tutukov,(Iben,
& Yungelson 1997).

Nevertheless, in recent years, the search for possible pro-
genitors of SNe Ia has focused on CO white dwarfs accret-
ing hydrogen from a companion with a hydrogen-rich
envelope. Two popular candidate systems are long period
cataclysmic variables (CVs) and supersoft X-ray binaries

den Heuvel et al. in which accretion rates are(van 1992)
large enough that hydrogen burning proceeds through a
series of mild Ñashes or burns at a steady rate equal to the
accretion rate.

It is possible to obtain a thermonuclear explosion that
delivers some 1051 ergs without the requirement that the
mass of the exploding system exceed the Chandrasekhar
mass. This is the case, for example, when the total mass of a
white dwarf accreting helium at an appropriate rate exceeds
D0.65È0.8 & Sugimoto If helium isM

_
(Nomoto 1977).

accreted onto a very cold CO white dwarf at the rate
D3 ] 10~8 yr~1, a violent explosion occurs after theM

_accretion of nearly independent of the*MHeD 0.15 M
_

,
initial mass of the underlying white dwarf & Tutukov(Iben

The critical amount of accreted helium depends1991).
strongly on the accretion rate, with for an*MHe[ 0.4 M

_
376
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accretion rate of D5 ] 10~9 yr~1 & Tor-M
_

(Limongi
nambè If the white dwarf is initially cold enough and1991).
massive enough, helium burning can evolve into a detona-
tion, and an inward moving compression wave can then
lead to the detonation of carbon in the core &(Tutukov
Khokhlov & Weaver1992 ; Woosley 1994).

The development of a critical helium layer above a CO
core can be a consequence of the burning of accreted
hydrogen-rich matter, as well as of the direct accretion of
helium from a helium companion star. In this paper, we
focus on the Ðrst of these two possibilities. The mass of the
critical helium layer and the violence of the explosion di†er
in the two cases because of the injection of energy from
hydrogen burning into the accreted layer.

In the case of hydrogen-accretion rates near to or larger
than the Eddington limit, it is well known that the accreted
matter will form an expanded conÐguration, typical of a red
giant star (e.g., Nariai, & SugimotoNomoto, 1979 ; Iben

As the accretion rate is lowered, a range of accretion1988).
rates is encountered where hydrogen is burned at the base
of the accreted layer at the same rate as it is accreted.
Lowering the accretion rate still further, a zone is encoun-
tered where recurrent hydrogen shell Ñashes take place. The
accretion rate at the borderline between steady state
burning and Ñashing behavior decreases as the mass of the
white dwarf is decreased (see, e.g., Fig. 2 in AsIben 1982).
the accretion rate is lowered below the borderline, Ñashes
become stronger and stronger, changing from mild, non-
dynamical, events to strong, nova-like outbursts. The
precise values of the accretion rate that separate the various
zones and the long-term evolution of the accreting dwarf
have yet to be worked out in adequate detail.

The pioneering works of & WeigertGiannone (1967),
StarrÐeld, Sparks, & Truran and others fol-(1974a, 1974b),
lowed only one cycle prior to a thermonuclear outburst.
Detailed computations that followed several recurrent and
mild hydrogen shell Ñashes were Ðrst conducted, we believe,
by & who studied behavior as aPaczyn� ski Z0 ytkow (1978),
function of accretion rate, including rates that lead to steady
state hydrogen burning. In the Paczyn� ski & work,Z0 ytkow
and in similar work by others (e.g., Acierno, &Sion,
Tomczyk & StarrÐeld and Prialnik,1979 ; Sion 1986 ; Livio,
& Regev no particular attention was paid to the1989),
consequences of building up a helium layer. Iben (1982)
carried the evolution of one model to the ignition of a
helium shell Ñash, but a systematic study of the long-term
evolution of hydrogen-accreting white dwarfs as a function
of accretion rate did not appear until the work of Jose� ,
Hernanz, & Isern who used a semianalytical code in(1993)
plane-parallel geometry to study evolution through a large
number of hydrogen shell Ñashes and also some consequent
helium shell Ñashes. Their choice of geometry considerably
simpliÐes the analysis of long-term behavior, but results in
the loss of some important details.

In the present work, the long-term evolution of
hydrogen-accreting white dwarfs is followed with a spher-
ically symmetric quasi-static code. Input physics, numerical
techniques, and assumptions are given in where the° 2,
results of the evolutionary sequences are also presented. In °

the mass of the helium layer when a helium shell Ñash is3
initiated is shown to be smaller, all other things being equal,
in a helium-accreting model than in a hydrogen-accreting
model. A discussion of the results is given in and conclu-° 4,
sions are given in ° 5.

2. INPUT PHYSICS AND NUMERICAL TECHNIQUES

An updated version of the FRANEC code &(Chie†i
Straniero has been employed both to produce initial1989)
cold white dwarf models and to conduct the hydrogen-
accretion experiments. Most of the departures from the
original code are in the reaction rates, which have been
taken from & Fowler except for the C12(a,Caughlan (1988),
c)O16 reaction rate, which is taken from et al.Caughlan

The method for solving the nuclear reaction network(1985).
is the same as that used by Limongi, & StranieroChie†i,

see also et al. and the method of(1998; Limongi 1994),
computing accretion is the same as that used by &Limongi
Tornambè (1991).

An initial white dwarf model of mass 0.516 has beenM
_generated by Ðrst evolving a horizontal-branch model of

solar metallicity until it reaches the early asymptotic giant
branch (EAGB) phase, whereupon modest mass loss is
employed and evolution is continued until the model
departs from the EAGB and evolves into a white dwarf

Limongi, & Tornambè Thus, the dimen-(Castellani, 1992).
sions and chemical proÐle of the helium layer and of the
hydrogen envelope, as well as those of the CO core, are
realistic. An initial white dwarf model of mass 0.8 hasM

_been produced by evolving without mass loss a helium star
constructed by & TornambèLimongi (1991).

When the white dwarf models reach a luminosity
L D 10~3 matter of composition X \ 0.70, Y \ 0.28L

_
,

and solar metallicity (in the & Aller distribution)Ross 1976
is accreted onto the models at the rate yr~1.M0 \ 10~8 M

_The Ðrst hydrogen shell Ñash is very strong, and the models
are evolved through the Ñash with extremely short time
steps and infrequent rezoning. Once through the Ðrst Ñash,
computations proceed smoothly and the only remaining
problem is the requirement for large quantities of computer
time. Subsequent accretion experiments begin with the
white dwarf models whose outer layers have been heated by
the Ðrst Ñash.

2.1. Accretion of Hydrogen-rich Matter onto a CO W hite
Dwarf of Initial Mass 0.516 M

_
After the Ðrst Ñash, accretion onto the CO white dwarf of

mass 0.516 is taken at the rates 2 ] 10~8, 4 ] 10~8,M
_6 ] 10~8, 10~7, and 10~6 yr~1. Since many modelsM

_experience recurrent hydrogen shell Ñashes, it is worth sum-
marizing brieÑy the main features of a typical Ñash before
describing in detail the long-term e†ect of mass accretion.

As shown in a model describes a loop in theFigure 1,
Hertzsprung-Russell (H-R) diagram during each pulse cycle.
Between points A and B, the efficiency of hydrogen burning
drops steadily from to a minimum value ofL H/L totD 1
D0.1. During this portion of the cycle, the evolutionary
timescale is rather long, and the model accretes a substan-
tial fraction (around half) of the matter that is accreted
between the onset of two successive hydrogen shell Ñashes.
As decreases, helium-burning reactions (mostly theL H/L tot3a process) try to support the structure, and reaches aL Herelative maximum (which is usually a small fraction of the
total luminosity). The main contribution to the surface
luminosity comes from the release of gravothermal energy.

After point B, the hydrogen-burning rate increases and
burning evolves very soon into a rather powerful Ñash
(point C). The maximum hydrogen-burning luminosity is
reached at point D. The evolutionary timescale becomes
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FIG. 1.ÈEvolution in the Hertzprung-Russell (H-R) diagram of a white
dwarf accreting hydrogen-rich matter during a typical hydrogen-burning
Ñash. The various letters mark selected evolutionary points (see text).

very small, as external layers expand rapidly in an attempt
to return to a quiescent burning regime. This is achieved at
point E where, Ðnally, again becomes of the order ofL H/L totunity. As evolution progresses, the mass above the center of
the hydrogen-burning shell decreases and, in consequence,
the model evolves to the blue in the H-R diagram. Over the
interval EÈA, as the model accretes the otherL H/L tot D 1,
approximately half of the matter accreted over the entire
cycle. The exact location of the various reference points, as
well as the shape of the cycle in the H-R diagram, depends,
of course, on both the accretion rate and the mass of the
underlying white dwarf. For a given white dwarf mass, the
higher the accretion rate, the smaller is the excursion to the
red at high luminosity in the H-R diagram.

FIG. 2.ÈTime dependence of several characteristics of a model of initial
mass accreting hydrogen-rich matter at the rateMWD,0 \ 0.516 M

_
M0 \ 2

] 10~8 yr~1. The origin of the temporal scale is arbitrarily Ðxed. (T opM
_panel) The total mass and the location in mass of the outer edgeMtot MHeof the helium layer. (Bottom panel) The hydrogen-burning luminosity L H.

A model accreting at the rate yr~1M0 \ 2 ] 10~8 M
_enters very quickly into a recurrent mild Ñash regime. In 10

cycles the model acquires asymptotic pulse characteristics
(light curve, minimum and maximum values of total lumi-
nosity, nuclear and gravothermal energy-production rates,
e†ective temperature, density and temperature in the
hydrogen-burning shell, etc.). In all, 19 complete pulses have
been followed. In the total mass and the mass ofFigure 2,
the hydrogen-exhausted core, as well as the hydrogen-
burning luminosity, are plotted as functions of time. The

TABLE 1

QUANTITIES FOR STELLAR MODELS EXPERIENCING HYDROGEN-BURNING PULSES

M0 a Periodb log (L max/L _
)c log (L min/L _

)d L Hmax/L
_
e L Hmin/L

_
f

(M
_

yr~1) (yr) (L
_
) (L

_
) (L

_
) (L

_
)

MWD,0 \ 0.516 M
_

2 ] 10~8 . . . . . . 5.375] 103 3.960 1.137 6.5] 105 2.45
4 ] 10~8 . . . . . . 1.812] 103 4.158 1.597 7.0] 105 6.22

MWD,0 \ 0.80M
_

10~8 g . . . . . . . . . 3.111] 103 4.397 0.960 1.4] 107 0.19
4 ] 10~8 . . . . . . 4.825] 102 4.389 1.657 2.6] 106 2.77
10~7 . . . . . . . . . . 2.042] 102 4.341 2.188 4.4] 105 25.1

NOTE.ÈSelected theoretical evolutionary quantities for stellar models experiencing hydrogen-
burning pulses (see text) for two di†erent values of the initial mass of the accreting white dwarf and
for various accretion rates.

a Accretion rate.
b Time between successive hydrogen pulses after an asymptotic regime has been achieved.
c Maximum logarithmic luminosity of the star during the hydrogen-pulse cycle.
d Minimum logarithmic luminosity of the star during the hydrogen-pulse cycle.
e Maximum value of the hydrogen-burning luminosity during a pulse.
f Minimum value of the hydrogen-burning luminosity during a pulse.
g Quantities are estimated from results for two pulses.
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FIG. 3.ÈEvolution in the H-R diagram for the model with MWD,0 \
0.516 and yr~1.M

_
M0 \ 2 ] 10~8 M

_

evolutionary track of the model is shown in TheFigure 3.
computations have been terminated well before any appre-
ciable e†ect occasioned by the growing mass of the helium
layer appears. The possible long-term evolution of this
model will be discussed in Tables and report some° 3. 1 2
major physical quantities once the asymptotic pulsing
regime has been attained.

When yr~1, the evolution is quiteM0 \ 4 ] 10~8 M
_di†erent. In fact, the model soon enters a steady state con-

Ðguration in which the accreted matter is burned at the
same rate as it is deposited on the surface of the white dwarf.
The existence of this steady state conÐguration follows also
from the behavior of models that experience hydrogen shell

Ñashes. That is, when the accretion rate is such that hydro-
gen shell Ñashes occur, there is a portion of the pulse cycle
during which the only active energy source is hydrogen
burning The rate at which hydrogen(L H/L tot\ 1, L grav D 0).
is consumed is precisely proportional to so, if at anyL H,
point along the portion of the cycle, hydrogen isL H/L tot\ 1
added at the same rate as it is consumed, the model will not
change its physical characteristics except on the long time-
scale associated with the change in mass of the hydrogen-
exhausted core. In the case at hand, the initial steady state
model is characterized by log L D 3.5, log TheT

e
D 5.35.

main physical characteristics of the model remain almost
unchanged until a total mass of 0.594 has beenM

_achieved. At this point, in order to maintain a steady state, a
higher accretion rate would have to be chosen. At the Ðxed
accretion rate of yr~1, recurrent mildM0 \ 4 ] 10~8 M

_hydrogen shell Ñashes (pulses) commence. After about 19
pulse cycles, the pulse characteristics approach asymptotic
values. Some of the major physical characteristics of the
pulses, once the asymptotic regime has been attained, are
reported in Tables and The evolution of the model in1 2.
the HR diagram is shown in where the very smallFigure 4,
region traversed by the steady state models is the nearly
horizontal line pointed to by an arrow. The time-dependent
behavior of the hydrogen- and helium-burning luminosities
during the hydrogen-pulse evolutionary phase is plotted in

When making comparisons to other models, it isFigure 5.
important to keep in mind that the model mass is now Z0.6

signiÐcantly larger than the initial mass ofM
_

,
0.516 M

_
.

The evolution of the pulsating model has been followed
for an additional 49 pulses during the asymptotic regime
until helium burning becomes important. During the entire
evolution (steady state burning plus the hydrogen-pulse
phase), the mass of the helium layer (deÐned as the region
within which the abundance by mass of helium is º0.5)
increases from an original value of 4.3] 10~4 to a ÐnalM

_value of 0.0934 M
_

.
At the end of the 68th hydrogen pulse, near where L H/L totattains its minimum value (D0.1), a powerful helium shell

TABLE 2

QUANTITIES FOR STELLAR MODELS EXPERIENCING A HELIUM SHELL FLASH

M0 a MWDfin b L Hemax/L
_
c MHenv d log T shellHe e log oshellHe f

(M
_

yr~1) (M
_

) (L
_

) (M
_

) (K) (g cm~3) H Mixingg

MWD \ 0.516 M
_

4 ] 10~8 h . . . . . . 0.6094 5.48] 1011 9 ] 10~5 8.490 5.008 Yes
6 ] 10~8 . . . . . . . . 0.5975 2.29] 1011 6 ] 10~5 8.537 4.625 Yes
10~7 h . . . . . . . . . . 0.5778 1.56] 1010 14 ] 10~5 8.457 4.642 Yes

MWD,0 \ 0.80 M
_

10~7 . . . . . . . . . . . . 0.8105 4.17] 1010 2 ] 10~5 8.601 4.390 No
1.6] 10~7 . . . . . . 0.8106 4.33] 1010 1 ] 10~5 8.608 4.371 No

NOTE.ÈSelected theoretical evolutionary quantities for stellar models experiencing a helium shell Ñash
after the mass-accretion episode for two di†erent values for the initial mass of the accreting white dwarf

a Accretion rate.
b Final mass of the accreting white dwarf.
c Helium-burning luminosity at the end of the computation.
d Mass of the hydrogen-rich envelope.
e Logarithmic temperature at the base of the He shell at the peak of the helium shell Ñash.
f Logarithmic density at the base of the helium shell at the peak of the helium-burning shell Ñash.
g Information about the occurrence of mixing between the hydrogen-rich envelope and the helium

convective shell.
h Quantities pertain to the last computed model.
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FIG. 4.ÈEvolution in the H-R diagram for the model with MWD,0 \
0.516 and yr~1.M

_
M0 \ 4 ] 10~8 M

_

Ñash develops (see the far right portion of Convec-Fig. 5b).
tion spreads quickly over the entire helium layer. Most of
the energy produced by the helium-burning reactions is
used up locally in removing electron degeneracy. External
layers expand slightly, and the surface luminosity drops
slightly (log L decreases from 1.6 to 1.2). The Ñash has been

FIG. 5.ÈTime-dependence of the hydrogen-burning luminosity L Hduring the steady state burning and pulsing phases (top panel) and of L Hand the helium-burning luminosity during the last part of the pulsingL Hephase up to the helium-burning thermonuclear runaway for the model
described in Fig. 4.

followed until Computations haveL He D 5.44] 106 L
_

.
been terminated at this point because the outer edge of the
helium convective layer reaches the inner edge of the
hydrogen-rich envelope, necessitating the use of a time-
dependent mixing algorithm.

A comparison to the models of & WeaverWoosley (1994,
in particular, models 5 and 9 in their Table 1) suggest that
our model will escape becoming a sub-Chandrasekhar
supernova. It should be noted, however, that their models 5
and 9 ignite helium well above the base of the helium layer
while, in our model, helium ignition occurs at the bottom of
the helium layer. In addition, their model 9 attains a
maximum temperature of D0.85] 108 K, whereas ours is
already at 3] 108 K when computations have been termin-
ated, and there is no indication that the temperature is near
a maximum. An added complication is that, in our case,
protons will di†use into the helium convective layer until
they reach temperatures high enough for hydrogen to burn.
The calculations of Iben, & Fujimoto andHollowell, (1990)
of & MacDonald show that the entropy addedIben (1995),
by hydrogen burning forces the formation of a new convec-
tive shell that is detached from the Ðrst one and mixes to the
surface matter that has experienced partial helium burning
followed by hydrogen burning. Were it not for the presence
of a close companion, the real analog of the model would
expand to giant dimensions. The presence of a close com-
panion leads to common envelope action with the loss of
the hydrogen-rich envelope and probably most of the
helium layer.

The evolution of a model of initial mass 0.516 thatM
_accretes at the rate 6 ] 10~8 yr~1 di†ers from that ofM

_the previous two models in that a regime of mild hydrogen
shell Ñashing is not encountered before a strong helium
shell Ñash occurs. The phase of steady state hydrogen
burning takes place at constant luminosity (log L /L

_
D

3.71) and nearly constant e†ective temperature (log T
e
D

5.37). When a total mass of about 0.597 has beenM
_achieved, the helium-burning reactions are ignited at the

base of the helium layer, and the burning develops rapidly
into a Ñash that supports a growing convective layer. The
helium-burning luminosity reaches a maximum of L He D
2.28] 106 and thereafter declines. The convective layerL

_continues to grow in mass as decreases, and its outerL Heedge eventually enters into hydrogen-rich layers. At this
point calculations have been terminated, but, once again,
one may anticipate di†usion of hydrogen into the helium-
rich convective layer until hydrogen ignites and forms a
detached convective shell that extends to the surface. And,
once again, the model envelope will expand to giant dimen-
sions, leading in the real world to the loss of the hydrogen-
rich envelope and most of the helium layer.

A model of initial mass 0.516 that accretes at the rateM
_yr~1 reaches the steady state hydrogen-M0 \ 10~7 M

_burning phase when log and logL /L
_

D 3.86 T
e
D 5.0.

Although the luminosity remains almost constant during
further accretion, the model at Ðrst expands and evolves
slowly to the red, but, when the mass of accreted matter
reaches D0.01 the model evolves back to the blueM

_
,

toward a nearly Ðxed accumulation point (log T
e
D 5.04).

When the total mass of the model reaches 0.578 aM
_

,
helium shell Ñash develops. This time, the maximum
helium-burning luminosity is Again,L HeD 1.58] 105 L

_
.

the convective layer continues to grow in mass until its
outer edge reaches and ingests hydrogen-rich matter.
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It interesting that, in the two models of largest accretion
rate, the maximum temperature inside the helium layer is
not initially located at the base of the layer itself. In the

yr~1 case, it moves to the base afterM0 \ 8 ] 10~8 M
_about 90% of the total evolutionary time has elapsed, while

in the yr~1 case, it moves to the base justM0 \ 10~7 M
_prior to the full development of the helium shell Ñash.

The model with yr~1 is initially at theM0 \ 10~7 M
_borderline between models that can burn at a steady rate at

Ðxed luminosity and nearly Ðxed surface temperature and
those that evolve into red giants. To illustrate the phenome-
non of evolution into a red giant, we have computed a
model of initial mass 0.516 that accretes at the rateM

_yr~1. In only 100 yr, the model reaches theM0 \ 10~6 M
_Hayashi track (log Accretion is continued forT

e
D 3.5).

another 1.64 ] 105 yr until a model mass of D0.68 andM
_radius D750 have been achieved. During this time,R

_hydrogen continues to burn at a nearly constant rate deter-
mined by the mass of the hydrogen-exhausted core, which
has increased by only D0.016 over the period studied.M

_

2.2. Accretion of Hydrogen-rich Matter onto a CO W hite
Dwarf of Initial Mass 0.8 M

_
The preheated CO white dwarf model of mass 0.8 M

_has been subjected to accretion of hydrogen-rich matter at
the rates 10~8, 4 ] 10~8, 10~7, 1.6] 10~7 and 4 ] 10~7

yr~1. For yr~1, hydrogen burns viaM
_

M0 \ 10~8 M
_recurrent pulses, but numerical difficulties during the

second hydrogen shell Ñash have prevented us from explor-
ing the asymptotic properties of the pulses. Indeed, this
model is very near the borderline for the occurrence of
strong pulses as deÐned by The large radiiIben (1982).
attained by the model during its evolution (as far as we have
followed it) suggests that, in a close binary, mass loss from
the system due to Roche-lobe overÑow and common
envelope action would be extensive and make the accretion
process very inefficient (in the sense that a large fraction of
the matter accreted between hydrogen shell Ñashes is lost
during the large radius portion of the pulse cycle).

For yr~1, the model settles into aM0 \ 4 ] 10~8 M
_mild recurrent hydrogen-Ñash regime, behaving in a fashion

similar to that of models of the same class described in ° 2.1.
Computations are followed until pulse characteristics
achieve the asymptotic values given in Tables and1 2.

Recurrent mild hydrogen shell Ñashes occur also when
yr~1. This time, evolution has been followedM0 \ 10~7 M

_through several hundred hydrogen-burning pulse episodes,
until helium burning accelerates into a thermonuclear
runaway. Actually, the rate of helium burning oscillates
with steadily increasing amplitude during the entire experi-
ment, as illustrated in which shows the timeFigure 6,
dependence of the hydrogen- and helium-burning lumi-
nosities over a small time interval. As shown in aFigure 7,
true helium shell Ñash, modiÐed as it is Ðrst getting under-
way by the occurrence of a hydrogen shell Ñash, begins after
D6.46] 104 yr of accretion.

A small convective layer supported by helium burning
appears before, and survives the interruption by the hydro-
gen shell Ñash. However, the outer edge of the convective
layer never reaches hydrogen-rich matter before it recedes.
On the other hand, the entire helium envelope expands to
red giant dimensions. Thus, in the real analog in a close
binary system, a large fraction of the helium envelope is lost
from the system when the accretor Ðlls its Roche lobe, thus

FIG. 6.ÈEvolution with time of (top panel) and of (bottom panel)L H L Heduring the recurrent shell hydrogen-pulsing phase when MWD,0 \ 0.8 M
_and yr~1.M0 \ 10~7 M

_

considerably lowering the efficiency at which the CO core
can grow secularly in mass.

For yr~1, an initial rapid excursionM0 \ 1.6] 10~7 M
_of the model toward the region of red giants shows that the

model is at the borderline of the stationary burning and the
red giant regimes of accretion. After only a very small
amount of mass (D6.8] 10~4 has been accreted, theM

_
)

model evolves back to the blue and settles at log L /L
_

D
4.06 and log where it remains until its total massT

e
D 5.6,

reaches D0.8106 At this point, a helium shell ÑashM
_

.
develops, but, as in the yr~1 case, the outerM0 \ 10~7 M

_edge of the convective shell does not reach the base of the
hydrogen-rich envelope. Following the initial helium Ñash,
helium burning continues quiescently, and the model
envelope expands until the model radius reaches D560 R

_
.

FIG. 7.ÈEvolution with time of and during the last computedL H L Heportion of the evolution of the model described in Fig. 6.
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Once again, one can anticipate that, in a close binary, mass
loss from the system dramatically lowers the efficiency with
which the CO core increases secularly in mass.

For yr~1, the model becomes anM0 \ 4 ] 10~7 M
_AGB star with a hydrogen-rich envelope that increases

steadily in mass, exactly as in the case of the model of initial
mass 0.516 accreting at the rate yr~1M

_
M0 \ 10~6 M

_(° 2.1).

3. COMPARISON TO HELIUM-ACCRETING MODELS

As noted earlier by et al. the occurrence ofJose� (1993),
hydrogen burning reduces the amount of matter that must
be accreted before a helium shell Ñash is initiated relative to
the amount needed when pure helium is accreted. Simply
put, the energy released by hydrogen burning is much larger
than that released by the gravothermal source in the
absence of hydrogen burning ; thus, the helium layer is
maintained at a higher temperature and helium ignition
occurs sooner when hydrogen is contained in the accreted
matter (see also the discussion of Fig. 15 in & TutukovIben

As a corollary, all other things being equal, the1996).
strength of the helium shell Ñash is smaller when hydrogen-
rich material is accreted.

To show this property in more detail, we have performed
an additional experiment in which hydrogen-free matter
consisting of helium (abundance by mass Y \ 0.98) and
elements heavier than helium (abundance by mass
Z\ 0.02) is accreted at the rate yr~1M0 \ 4 ] 10~8 M

_onto the original cool model of mass MWD,0 \ 0.516 M
_

.
In the structure of the helium-accreting model isFigure 8,
compared in the o-T plane to the structure of the hydrogen-
accreting model of the same initial mass and accretion rate

at a time when both models are of mass 0.6045 a(° 2.1) M
_

;
helium shell Ñash is about to begin in the hydrogen-
accreting model. It is evident that the helium layer is main-
tained at a higher temperature in the hydrogen-accreting
model than in the helium-accreting model, with the conse-
quence that the helium-accreting model must develop a sig-
niÐcantly more massive helium layer before experiencing a
helium shell Ñash.

This is demonstrated explicitly in where theFigure 9,
maximum temperature in the interior during the inter-Tmax

FIG. 8.ÈStructure in the o-T plane of a model accreting helium at the
rate 4 ] 10~8 yr~1 and of a model accreting hydrogen-rich matter atM

_the same rate. Both models have the same mass, 0.6045 and bothM
_

,
derive from the same initial CO white dwarf model of mass 0.516 M

_
.

FIG. 9.ÈBehavior of the maximum internal temperature and ofTmaxthe temperature in the helium-burning shell (at the point where the rate of
helium burning is at a maximum) as a function of model mass for the
hydrogen- and helium-accreting models described in Fig. 9.

pulse phase, and the temperature where the rate ofTHeshell,energy generation by helium burning is at a maximum, are
shown for the two models as functions of model mass (or,
equivalently, as functions of time). The occurrence of a
helium shell Ñash is marked by the nearly vertical rise in
temperature after the convergence of the andTmax THeshellcurves. Prior to the helium shell Ñash, the relevant tem-
peratures in the hydrogen-accreting model are always larger
than those of the helium-accreting model. When the Ñash
begins, the mass of the helium layer in the helium-accreting
model is which is D0.035 or 37%*MHe D 0.128 M

_
, M

_larger than for the hydrogen-accreting model.*MHeComputations of the helium-accreting model have been
terminated when the outer edge of the convective shell sus-
tained by helium-burning Ñuxes reaches the photosphere.
At this point, the time step needed to obtain model con-
vergence has dropped below 1 s, and the timescale for
nuclear energy release is less than the mixing time in the
convective shell.

In the hydrogen-accreting model during the steady state
burning regime, both and are larger than theTmax THeshelltemperature at the center of the hydrogen-burningTHshellshell, which remains almost constant. During the hydrogen-
pulsing phase, the energy released in a shell Ñash heats
matter for several density scale heights in either direction
beyond the center of the burning shell, but expansion of
matter below the burning region leads to cooling. As the
hydrogen-burning luminosity dies down, thermal energy
continues to Ñow inward (as well as outward, of course)
from the hydrogen-burning shell, but most of the reheating
of the helium layer is due to the release of gravothermal
energy as the helium layer recontracts. That is, during the
Ñash, the rapid injection of nuclear energy leads to over-
pressures and expansion against gravity ; energy is stored in
the form of gravitational potential energy. After the Ñash
dies down, the stored energy is released with interest to
reheat the helium layer. In any case, the net result during
both the steady state burning and pulsing phases is that the
mean temperature in the helium layer is maintained at a
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higher value in the hydrogen-accreting model than in the
helium-accreting model of the same mass and accretion
rate.

A comparison of the model with andMWD\ 0.8 M
_yr~1 discussed in and a helium-M0 \ 10~7 M

_
° 2.2

accreting model of the same initial mass and accretion rate
computed by & Tornambè discloses anLimongi (1991)
additional property : the di†erence in at helium igni-*MHetion between a helium-accreting model and a hydrogen-
accreting model increases with increasing TheMWD,0.reason for this is that the larger the core mass, the larger is
the mean hydrogen-burning luminosity, and the more e†ec-
tive is hydrogen burning in keeping the helium layer hot ;
the hotter the helium layer, the smaller is the mass of the
helium layer when the helium shell Ñash occurs.

4. DISCUSSION OF THE RESULTS

summarizes the results and describes schemati-Figure 10
cally the outcomes encountered for the various models dis-
cussed in The abscissa gives the initial mass of the° 2.
accreting white dwarf, and the ordinate gives the logarithm
of the accretion rate in yr~1. A regime involving recur-M

_rent hydrogen-burning pulses is represented by a saw-tooth
symbol. A regime in which hydrogen is burned as rapidly as
it is accreted (giving rise to a helium layer of steadily
increasing mass) is represented by a continuous line. The
occurrence of a helium shell Ñash is marked with a large
Ðlled circle. In one case yr~1,(M0 \ 4 ] 10~8 M

_
MWD,0 \

0.516 a phase of recurrent hydrogen pulses follows aM
_
),

phase of steady state burning. In another case (M0 \ 10~7
yr~1, the helium shell Ñash occurs atM

_
MWD,0 \ 0.8 M

_
),

the end of a recurrent hydrogen-pulse phase that is not
preceded by a steady state burning phase. Finally, the posi-
tions in the plane of models that quickly developM0 -MWD

FIG. 10.ÈParameter space in the plane explored in the presentM0 -MWDwork. Various symbols mark the di†erent outcomes experienced by the
various computed models, depending on initial white dwarf mass and
accretion rate (see the text for symbol meanings). The results of accretion
experiments performed by et al. with a 1 WD are alsoLivio (1989) M

_shown at the right in the Ðgure.

an envelope of red giant dimensions are marked by symbols
consisting of a dot inside a circle.

From it is evident that, for a constantFigure 10
hydrogen-accretion rate, the larger the initial mass of the
white dwarf, the smaller is the mass of the helium layer
required to produce a helium shell Ñash. Therefore, the
larger the CO core mass, the smaller is the total power of
the helium shell Ñash, even if the peak luminosity is larger.
For example, during the helium shell Ñash in models of
mass and accreting atMWD,0\ 0.516 M

_
MWD,0 \ 0.8 M

_the rate yr~1, the total energy output of theM0 D 10~7 M
_model of smaller mass is larger (D0.3] 1042 ergs) than that

of the model of larger mass (D0.5] 1041 ergs). Neverthe-
less, because of the smaller mass of the helium layer, the
speciÐc energy deposited in the envelope at the peak ofEspthe helium Ñash is larger in the model of larger mass : EspD
0.5] 1010 ergs g~1 in the model of smaller mass and Esp D
7.1] 1010 ergs g~1 in the model of larger mass.

One of the original goals of this work was to examine the
paths that a hydrogen-accreting CO white dwarf might
follow to become a supernova that either ignites carbon at
the center of a degenerate CO core or ignites helium in a
degenerate helium layer above a CO core. The results of

et al. for accretion onto a white dwarf of initialLivio (1989)
mass are placed in to enlarge theMWD,0 \ 1 M

_
Figure 10

model base. CO white dwarfs with initial masses much
larger than D1.1 are not expected to form (e.g.,M

_
Garc•� a-

Ritossa, & Iben but see et al.Berro, 1997, Dom•� nguez 1996
for a possible way out), so the extrapolation beyond the
model base that is required to cover the entire relevant
domain is not extreme.

We start our analysis in the upper part of ForFigure 10.
accretion rates larger than 1È3 ] 10~7 yr~1 (above theM

_line labeled ““ RG conÐguration ÏÏ), the accreting star almost
immediately becomes a red giant star whose external layers
interact frictionally with the donor star to produce a
common envelope conÐguration. The e†ect of this inter-
action is probably the ejection from the system of much, if
not most of the matter lost by the companion (e.g.,

et al. Livio, &MacDonald 1980, 1986 ; Livio 1990 ; Shankar,
Truran Wind mass loss also plays a role (e.g., &1991). Kato
Hachisu see also & Tutukov Since hydro-1994, Iben 1996).
gen shell burning takes place at the base of the expanding
envelope, if the hydrogen-rich envelope is not fully ejected, a
compact helium layer is built up above the CO core. If the
layer becomes massive enough, a helium shell Ñash takes
place with the consequence that the helium layer expands to
giant dimensions, leading to the loss of all hydrogen-rich
matter and probably most of the helium layer. In summary,
SNe Ia are not consequences of the accretion of hydrogen-
rich matter at rates above the line labeled ““ RG
conÐguration ÏÏ in Figure 10.

A second region that is probably also excluded is the one
that lies below the line labeled ““ Strong H pulses ÏÏ in Figure

yr~1, depending on the mass of10 (M0 D 1È10 ] 10~9 M
_the white dwarf). Hydrogen shell Ñashes produce the clas-

sical nova event in which matter is observed to be ejected
from the system (by a combination of dynamical acceler-
ation, wind mass loss, and common envelope action). In
about two-thirds of observed events for which spectroscopic
abundance determinations have been made, huge over-
abundances of elements heavier than helium are found in
the ejecta, thus demonstrating that the mass of the under-
lying white dwarf is decreasing secularly with time. In the
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other third of observed events with abundance estimates,
overabundances of helium are found in the ejecta, and it is
possible that, in these novae, a growing helium layer pre-
vents the mixing with CO white dwarf matter that produces
overabundances of elements heavier than helium (see the
discussion in & Tutukov Since all white dwarfsIben 1996).
with CO cores born in close binary systems are expected to
initially have a relatively substantial helium layer above the
CO core, it may be that the further growth of this helium
layer, terminated by a powerful helium shell Ñash that ejects
the helium layer, precedes a second phase of nova outbursts
that leads to a secular decrease in the mass of the CO white
dwarf core.

We next address the regime of intermediate mass-
accretion rates, i.e., those in the strip deÐned by the two
lines in labeled ““ RG conÐguration ÏÏ and ““ StrongFigure 10
H pulses ÏÏ beginning with initial white dwarfs of mass 0.5È
0.65 The model with the smallest accretion rate forM

_
.

which we have computed long-term evolution produces a
very strong helium shell Ñash that, however, does not evolve
into a detonation. Lowering the accretion rate, one enters a
parameter space where recurrent shell hydrogen-burning
pulses begin immediately, making a study of long-term evo-
lutionary behavior unattractive because of the computer
time required. Actually, lower accretion rates lead to longer
interpulse periods, but hydrogen Ñashes are stronger and
more time-consuming to calculate. At present, we can only
guess the destiny of low-mass models accreting hydrogen-
rich matter at rates smaller than some critical value (say,

yr~1). Decreasing the accretion rateM0 D 3 ] 10~8 M
_decreases the rate at which the helium layer grows in mass

and increases the mean density in this layer at the beginning
of a helium shell Ñash, an e†ect that acts in the direction of
promoting a more explosive outcome. On the other hand,
the helium layer is heated to higher temperatures by more
powerful hydrogen shell Ñashes, an e†ect that acts in the
opposite direction. Thus, it is not clear whether explosive
helium ignition will occur, leading to a ““ super nova ÏÏ with
the dynamical ejection of the helium layer, or if the burning
evolves into a quiescent regime during which the helium
layer expands more gradually to giant dimensions. To
remove the uncertainty, not only must the appropriate
quasi-static hydrogen-accretion calculations be done, but
hydrodynamical calculations with appropriate initial condi-
tions must also be done (e.g., & KhokhlovTutukov 1992 ;

& Weaver & ArnettWoosley 1994 ; Livne 1995 ; Livne
In any case, there is no question but that the evolu-1997).

tion of a white dwarf accreting hydrogen-rich matter at
intermediate rates is interrupted before the white dwarf
attains the Chandrasekhar mass, preventing the formation
of a SN Ia due to ignition of carbon at the center.

For higher accretion rates, still inside the strip and for the
selected range of masses, a nondynamical o†-center helium
Ñash occurs, with a di†usion of hydrogen into the helium-
burning convective zone and the formation of a detached
convective shell burning hydrogen at its base. In a realistic
situation, the hydrogen- and helium-rich envelope expands
beyond the Roche lobe and most of the envelope is lost
from the system.

Models lying in the 0.7È0.9 part of the strip, if accret-M
_ing at rates smaller than D2 ] 10~8 yr~1, mayM

_produce dynamical ejection of the helium envelope. We
cannot be sure about this possibility because it is prohibi-
tive to follow the extremely large number of mild hydrogen-

burning pulses that are required to accrete a helium layer
massive enough to undergo a helium shell Ñash. On the
other hand, models that experience a nondynamical helium
shell Ñash when accretion rates are larger than D10~7 M

_yr~1 (and probably also for rates larger than D4 ] 10~8
yr~1) are subject to a huge expansion of the layersM

_surrounding the helium-burning shell. The expanded con-
Ðguration is maintained also after the quenching of the
helium Ñash, i.e., after becomes of the order of unity.L He/L totThis follows also from the well-known fact that helium stars
more massive than D0.8 evolve toward the red onceM

_helium is exhausted at the center, and the helium-burning
shell reaches a mass larger than D0.56È0.61 (e.g.,M

_
Weiss

& Tornambè & Iben1987 ; Limongi 1991 ; Fujimoto 1991 ;
et al. The consequence is that, in a binaryCassisi 1998).

system, the interaction between the expanding layers of the
accreting star and the donor star forces the expulsion of
most of the helium layer. An increase of the CO core mass
toward the Chandrasekhar mass is therefore prevented. The
same restriction holds also for accreting white dwarfs of
initial mass D1 M

_
.

Recently, Kato, & Nomoto have sug-Hachisu, (1996)
gested that the & Iben model for SNe IaÈaWhelan (1973)
white dwarf accreting from a Roche-lobe Ðlling red giantÈ
may work even if the mass ratio of donor-to-accretor
exceeds what is normally considered to be the maximum for
stable mass transfer. The key to their proposed solution is a
balance between the tendency of a wind supported by the
white dwarf to increase the orbital separation and the ten-
dency of mass transfer to decrease orbital separation. They
argue that white dwarfs initially more massive than D1 M

_can achieve the Chandrasekhar mass and explode as SNe.
Their argument requires that most of the helium layer that
is built up above the CO core prior to a helium shell Ñash is
not lost during the Ñash, and they support this argument by
examining the e†ects of a wind during such a Ñash (Kato,
Saio, & Hachisu They do not take into account the1989).
fact that the helium shell expands and that interaction with
the red giant donor removes most of the expanding
envelope. Further, they ascribe the strength of the white
dwarf wind that they require to obtain their result to di†er-
ences existing at log T D 5.2 between OPAL opacities

Rogers, & Wilson & Rogers(Iglesias, 1987 ; Iglesias 1991,
& Iglesias and ““ old ÏÏ Los Alamos1993 ; Rogers 1992)

opacity tables & Stewart & Tabor(Cox 1970a, 1970b ; Cox
We note that the Los Alamos opacities adopted here1976).

et al. are very similar to the OPAL opa-(Huebner 1977)
cities, and so the expansion of the helium layer during a
helium shell Ñash that we Ðnd cannot be ignored.

5. CONCLUSIONS

In summary, it is very difficult to see how the mass of a
CO white dwarf can be increased to the Chandrasekhar
mass by the accretion of hydrogen at any realistic rate.
Accretion at rates in the range 1È4 ] 10~8 yr~1 for aM

_time long enough to build up a helium layer of substantial
mass (D0.1È0.2 leads to a helium shell Ñash that isM

_
)

probably of ““ super nova ÏÏ proportions and dynamically
ejects the helium layer.

It is a pleasure to thank L. Pacinelli for helping us
prepare the Ðgures. Partial support by the US NSF grant
AST 94-17156 is acknowledged.
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