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ABSTRACT

We have obtained a critical condition for which carbon deflagration induces collapse
of a accreting C+O white dwarf, not explosion. If the carbon deflagration is initiated at
central density as high as 101° g em~3 and if the propagation of the deflagration wave is
slower than ~ 0.15 v, (v, is the sound speed), electron capture behind the burning front
induces collapse to form » neutron star. This is the case for both conductive and convective
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range. Models for Type Ta and Ib supernovae are also discussed.
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1. INTRODUCTION

The final fate of accreting white dwarfs has attracted a lot of recent attention beceuse
it is related to the origin of Type I supernovae and low mass X-ray binaries. In fact, the
exploding white dwarf mode! for Type I supernovae, in particular, the carbon deflagration
mode! is in good agreement with many of the observations.!? Such success implies that at
least some accreting white dwarfs increase their meass to the Chandrasekhar mass, though

the exact evolution of the binary systems leading to the supernova stage is not yvet known.

Recent observations of severa] interesting binary systems, low mass X-ray binaries,
QPOs, and binary radio pulsars have suggested that in these systems a neutron star has

formed from accretion-induced collapse.of a white dwarf.34)

Possible models for the white dwarf collapse involvesolid C+0 white dwarfs, in which
carbon and oxygen may or may not have chemicelly separated 5% and O-+Ne+-Mg white
dwarfs.”) For a wide range of mess accretion rates and initial white dwazf musu) the
O+Ne+Mg white dwarfs collapse due to electron capture on 24Mg and 20Ne.%% On the
other hand, depending on the conditions of the white dwarfs and binary systems in which
they are formed, the C+0O white dwarfs could either explode or collapse. Chemical sep-
aration in such objects is still hypothetical and in any case could not be complete before
carbon burning starts.’0) It takes a carbon fraction of only a few percent to sustain a-

deflagration.

Therefore, it is worth determining the critical condition for which a carbon deflagration
induces the collapse of a C+0 white dwarf rather than its explosion. Such a condition has
been obtained for the carbon detonation,!?? but not for the carbon deflagration except for
the pulsation-driven propagation model.1?) We have performed numericel simulations of
conductive and convective deflugrations starting from p. ~ 10'° g cm=3 and found that
the C4+O white dwarf collapses if the propagation velocity is slower than ~ 0.15 v, {v, is
the sound speed). Generally, for both conductive and convective deflagrations, this is the

case,



2. THE EVOLUTION OF WHITE DWARFS AS A FUNCTION OF ACCRETION RATE

Isolated white dwarfs are simply cooling stars that eventually end up as dark matter.
In binary systems they evolve differently because mass accretion from their companion
provides gravitational energy that rejuvenates them. The gravitational energy released
at the accretion shock near the steliar surface is radinted away and does not heat the
white dwasf interior. However, the compression of the interior by the accreted matier
releases additional gravitational energy. Some of this energy goes into thermel energy
(compressiona) heating) and the rest is transported to the surface and radiated away
(radiative cooling). Therefore, the interior temperature is determined by the balance
between heating and cooling and, thus, strongly depends on the mass accretion rate,
M.13,14)

Compression first heats up a leyer near the surface because of the small pressure scale
height there. Later, heat diffuses inward (Fig. 3). The diffusion timescale depends on M
and is small for larger M's because of the large heat Sux and steep temperature gradient
generated by rapid accretion. For example, the time it takes the heat wave to reache the
central region is about 2 x 10F yr for M ~ 10~% Mg, yr—! (Fig. 3)1®) and 5 x 108 yx for
M ~ 4 x 108 M yr—1.1%) Therefore, more than 0.2 Mg, of matter has accreted from the
companion if the entropy in the center increases due to the heat inflow. In other words,
if the initial mass of the white dwarf, Mco, is larger than 1.2 Mg, the central region is
compressed only adiabatically and thus is cold when the white dwarf mass becomes 1.4
Mp. If the white dwarf is sufficiently massive and cold at the onset of accretion, carbon

burning will be ignited in the center when density is as kigh as 101° g cm~3.8)

Accordingly, the ultimate fate of accreting C+O white dwasfs depends on M and the
inintial mass of the white dwarf Mco, as summerized in Figure 1. M denotes the growth
rate of the C+O white dwarf mass irrespective of the composition of the accreting matter.
A similar diagram for the O+Ne+Mg white dwarfs is shown in Figure 2. Neutron Star
or NS in Figure 1 indicates a region of parameter space where neutron star formation by
white dwarf collapse is expected. The evolution of the white dwazrfs in these three regions

is summarized as follows:

1j For M > 2.7 x 10~5 Mg yr—1, off-center carbon burning is ignited by rapid compres-
sional heating.2%) The C+O white dwarf is peacefully changed into an O-+Ne+Mg white
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dwarf through off-center carbon burning.17:18) The resulting O-+Ne+Mg white dwarf will

collapse to form a neutron star if the Chandrasekhar mass is reached.”)

2) For 2.7 x 10~® Mg yr=1 > M > 4 x 10~ Mp yr~! and Mco > 1.2 Mg, a central
density as high as 1010 g cm—3 is reached by adiabatic compression if the white dwasf is
sufficiently cold at the onset of accretion.’®) For M > 10~° M, yr—1, the lower mass limit
is not 1.2 Mg, but 1.0 Mg.2%} An example of such an evolution is given in Figure 3, where
M =2 x 10~° Mg yr—1.1%)

3) For M <10-° Mg yr=! and Mco > 1.13 Mg, the white dwarf is too cold to initiate
a helium detonation.??:20:21) Eventually pycnonuclear carbon burning starts in the center
when p. reaches ~ 1010 g em™3. An evolutionary path of p, - T; for a model with M =
2.5 x 10710 Mg, yr=! and Mco = 1.16 M, is shown in Figure 4. In this model, the outer
layer of 0.24 Mg is composed of helinm.

The fate of white dwarfs in other regions in Figure 1 is described in §3, numerical
simulations of carbon deflagrations initiated at high densities are discussed in §4, and in

§5 we make some concluding remarks,

3. MODELS FOR SUPERNOVAE OF TYPE Ia AND Ib

3.1 Type Ia Supernovae

For relatively high accretion rates {2.7 X 10~® Mg yr=1 > M > 4 x 10~ Mg yr—-1),
a carbon defilagration starts in the white dwazf’s center at a relatively low central density
(pc ~ 3 x 10° g ctn—3).16) The convective defiagration wave then propagates outward at
a subsonic velocity and incirerates the material of the inner layers to nuclear statistical
equilibrium (NSE). When the deflagration wave arrives at the outer layers {M, > 0.7
Mpg), the density it then encounters has already decreased below 10® g cm—3 due to the
expansion of the white dwarf, At such densities, the peak temperature attained behind
the deflagration front is too low to process the material to NSE. The products of explosive
nucleos;_rnthesis depend on the temperature and density at the deflagration front and, thus,
vary from layer to iayer. In the center, iron peak elements are produced. In particular,
about 0.8 My of 3®Ni is synthesized. In the outer layers, intermediate muass elements such
as Ca, Ar, S, Si are produced. The white dwarf is disrupted completely and no neutron

star residue remains.1%:22)

'
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Figure 3: Structure of the ac-
creting C-+0 white dwarf in the
density - temperature plane as a
function of time for the model
with M = 2 x 10~% Mg yr~}
and Mco = 1.0 Mp.?®) A heat
wave propagates from the hot outer
layer to the central region. Car-
bon burning is ignited at rela-
tively high central density before
the center is heated up. The thin
solid lines shows the adiabat fol-
lowed by the central point for an
initial temperature of 107 K. For
lower (higher) initial temperature,
the ignition density is higher [lower)
as far as the heat wave does not
reach the center. The dotted curve
is an approximate ignition line of
carbon burnig defined in Fig. 4.

Figure 4: Evolutionary path of
{Pc, T¢) at the center of accreting
C+0 white dwarfs for two cases.
For M = 4 x 10~% Mg yr—1,
carbon deflagration is ignited at
relatively low density (p =~ 3 x
10° g ¢cm™3). This model is in
good agreement with many of the
observed features of Type Ia su-
pernovae. For M = 2.5 x 1010
Mg yr=1, carbon burning is ig-
nited in the solid core (I' > 170:
below the dotted line) when the
central density is as high as o,
~ 1019 g cm—3, For comparison,
the ignition point of off-center car-
bon burning is shown for M =4
X 10~ Mg yr—1.2%) The dashed
curve is an approximate ignition
line where the rate of carbon burn-
ing ec4c is equal to the rate of
neutrino losses €, for " > 2 x
10®* K and rcyc =cp T ]’Ec.q.c
=108yrfor T <2x 10° K (cp
is the specific heat).



The carbon deflagration model can account for the light curves, early time specta,

and Inte time spectra of Type Ia supernovae as follows:!+2)

1) The theoretical light curve based on the radioactive decays of *®Ni and 56Co into ¥¢Fe

fits the observations well,2:23/24)

2) The synthetic spectum at maximum Jight is in excellent agreement with the observed
spectum of SN 1981b %) as seen in Figure 5.3627:39) The feature near 6125 A is cleasly
identified as the Si Il line that is a sigature of Type Ia supernovae (see discussion concerning

Type Ib below).

3) At late times, the outer layers are transparent and the inner Ni-Co-Fe core is exposed.
Synthetic spectra of emission lines of [Fe II} and [Co I} agree quite well with the speccra

observed at such phase.??)

Therefore, there is good evidence that Type I supernovae are exploding white dwarfs.

3.2 Type Ib Supernovae

Recent observations indicate that there exists another kind of Type I supernovae,
designated Type Ib (SN Ib).22~32) The SN Ib spectra lack hydrogen lines (definition of SN
I) and are characterized by both the lack of the 6125 A Sifeature at maximum-lightspectra
and the appearance of oxygen emission lines at late times.33:33) More than 5 Mp,3¥) and
as much as 15 Mp,*® of oxygen has been inferred from the late time spectra. These
signatures have led to the currently popular idea that the progenitors of SN Ib are Woil-
Rayet stars.2%:32-35) However, such a large mass of oxygen may yield a theoretcal light
curve whose decline is too slow to be compatible with SN Ib observations.?®:35) In addition,
Wolf-Rayet death rates and the SN Ib frequency might be incompatible.?%)

Branch and Nomoto %) have sug‘gested that the observed spectra are better explained
by an accreting white dwarf model. In Figure 8, the maximum-light spectrum of SN
198412®) is compared with a synthetic spectrum. The expansion velocity of matter at
the photosphere is assumed to be 8,000 km s—1. Two of the absorption lines in the red
are identified as He I lines ) and other features are well explained as Fe II lines. In
addition, ultraviolet features can fit with a synthetic spectrum of Co II and Fe I lines if the
photoshperic velocity is 12,000 km s~1.4°) The above interpretation of the early spectrum
together with the presen'ce of the oxygen lines in the late time spectrum suggests that Fe,
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Figure 5: The maximum-light spectrum of SN 1981b (top)"” is compared to a synthetic
spectrum for the carbon deflagration model®) 15 days after the explosion.28) In this model
outer layer is assumed to be mixed. Terrestrial absorption features in the observed soec-
trum are indicated,
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Figure 8: The maximum-light spectrum of the Type Ib SN 1984/ in NGC 991 (upper)?®
is compared with a synthetic spectrum (iower) based on resonant-scattering lines of He
I and Fe II superimposed on a continuum.3®) In the synthetic spectrum the blueshifted
absorption component of He I 16678 appears near 6500 A and He I A5876 appears near
5850 A. Other features are produced primarily by Fe II lines.



Co (decaying), and He are in the outer high-velocity iayers and that oxygen and some
other intermediate mass elements are in the inner layers. In other words, the composition

structure of SN Ib’s appears to be that for SN Ia’s inverted.

The existence of such high velocity Fe and Co is difficult to explain with the Wolf-
Rayet model. Branch ané Nomoto 3%) have speculated that the progenitors of SN Ib differ
from the progenitors of SN Ia in having a lower accretion rate, i.e., M < 4 x 10-% Mg
yr=1. For such low accretion rates, the helium shell Bash grows into a detonation. The
outcome may be more like a single detonation than the double detonation obtained in the
spherical calculations 41:42) because the off-center fash will occur at a point rather than
all over a spherical shell. The outer helium layer will burn to mostly $5Ni with a trace He
and be ejected into space. The inner C-+0O core will remain unburned due to non-spherical
effects and a part or most of the C-+O will be ejected. Since the ejected mass of 56Ni will
be as small as 0.1 - 0.3 Mg, the peak luminosity of this mode] is lower than that for SN

Ia by a factor of 2 - 6. This result is consisttent with the observations of SN Ib.28-31)

This single detonation scenario requires that A be lower than that needed for the
carbon deflagration model of SN Ia. This requirement may be inconsistent with the fact
that SN Ib have been seen in only spiral galaxies, usually in their star-forming regions.
However, if the white dwazf accretes matter with an efficiency of only 0.03 - 0.1 43) from a
wind {10~ - 10~7 Mg yr~1) of a relatively massive {4 - 7 Mg) red giant companion,*4) the
model would be consistent. Further, this scenarjo is consistent with the radio cbservaticas
of SN Ib in that they can be explained by the interaction of supernova eiecta with the

circumstellar shel],32:45:4¢)

Both Wolf-Rayet and white dwarf models for SN Ib should be tested by quantitative
comparison with observations based on theoretical light curves, synthetic spectra, and

multi-dimensional hydrodynamical calcuiatons of off-center detonations.
3.3 Dim Type I Supernovae

If an off-center single detonation occurs on a very massive white dwarf (> ~ 1.1
Mp), the resulting supernova will be rather dim, because the accumulation of only a small
amount of helium (~ 0.01 - 0.1 M) can lead to the helium detogation.?!) In most cases,
an unburned C+O core wiil be left behind as a white dwerf. Such dim supernovae 47) are
more likely to be associated with O+-Ne-+Mg white dwarfs since their masses are larger
than ~ 1.2 Mg {see §5).



4. COLLAPSE INDUCED BY CARBON DEFLAGRATION AT HIGH DENSITY

4.1 Conductive Deflagration

As mentioned in §2, there are two scenarios in which a carbon deflagration is initiated
in the center when the central density iv as high as 10!° g cm~3. In one, the accretion
rate is lower than 10~° Mg yr~! and the initial white dwarf mass, Mco, is larger than
1.13 Mg. In the other, M > 4 X 10™8 Mg yr~! and Mco > 1.2 Mo.

At densities as high as 101° g cm~3, the carbon deflagration may not lead to an
explosion since electron capture is much faster at these high densities than at the Jower
densities encountered in the modelz of SN Ia. Moreover, if the central part of the white
dwarf is in the solid state, the propagation mode of the burning front could be different.
If the solid is strong enough, convection will be suppressed and the burning front will
propagate as a conductive deflagration wave 5©) though more study is needed on this
point. The propagation velocity of a conductive deflagration wave is given approximately
by the expression, vaet ~ &/7a ~ {0/cv7a)}/?, where § denotes the width of burning front,
7a the nuclear burning timescale, o the conductivity, and ¢y the specific heat. 4949 This
gives vger ~ 100 km s—? at p ~ 1010 g em=3, which is about 0.01 v,.4% Here v, is the

sound speed, equal to 1.0 - 1.3 X 10% km s~ between p = 10° - 102° g ecm—3.

Whether the white dwarf explodes or collapses depends on whether, behind the de-

flagration wave, nuclear energy release or electron capture is fastar. A white dwarf whose

mass is close to the Chandrasekhar mass has an adiabatic index close to 3, so that even

a small energy release can cause substantial expansion.®®) However, a slight pressure de-
crease due to electron capture will easily induce collapse. If vaer is low (high) enough
and/or the central density is high (iow) enough, a carbon deflagration will ead to collapse

(explosion). The outcome is rather sensitive to vger and the central density.

The results of a numerical simulation of a conductive deflagration started at high
central density (o =~ 1010 g em=3), with M = 2.5 x i0-1° Mp yr~! and Mco = 1.16
Mg, are shown in Figure 4. Here X¢ = Xo = 0.5 and we have assumed that no chemical
separation occurs. Pycnonuclear carbon burning commences in the solid region and turns
into thermonuclear runaway as & result of the temperature rise. Throughout the simulation,

convection is neglected.

10



The actual simulation of a conductive deflagration requires extremely fine zoning.®

Instead of employing a grid whose Sneness would slow the calculations unduly, we have
parametrized the conductivity to obtain a range of reasonable vg.r. With these, we have
explored the range of possible hydrodynamical responses of the white dwarf, In Figure 7,
the location of the deflagration front as a function of time, £, after initiation is plotted for
three cases (A, B, C). In addition, Case D of the slowest propagation has been calculated.
The average vd.r/v, for Cases A, B, C,and D is about 0.15, 0.1, 0.08, and 0,01, respectively.
In Figure 8, the evolution of the central density, p., for Cases A - C is plotted.

4.2 Cases of Collapse

As Figure B indicates, in Case B, the central density increases as the dedagration
front propagates outward. When the deflagration front has reached M, =~ 0.9 My, (t ~ 0.6
8), pc is as high as 101! g cm~3. Clearly, the white dwarf now undergoes quasi-dynamic
contraction (not yet free-fall collapse) because electron capture on NSE elements rapidly
reduce the electron mole number, ¥, behind the deflagration wave. This effect dominates
the opposing effect of nuclear burning. In the central region of p. =~ 10'° g cm™3, typical
values of 7ec {= Y, /|V.|) are 0.06 s and 0.16 5 for Y, ~ 0.5 and 0.47, respectively. At ¢ =
0.18 s, Y, has dropped to 0.42 at the center. Because of the decrease in the electron capture
rate in the central region, electron capture is fastest at the deflagration front and thus the
density there is important. In Case B, the density at the front is gradually decreasing but
is still as high as 4 x 10° g cm™3 at M; = 0.9 Mp, and 7. is zs short as > 0.3 s {at ¥, =
0.5). Moreover, once the contraction of the white dwarf begins, photodissociation becomes

important, further promoting collapse.

In Case C, the contraction is much more gradual than in Case B because the defla-
gration wave is slower. When p, reaches 101! g cm—3, the burned mass is only 0.13 Mg

(Figs. 7 and 8).

In Case D, for which vger [~ 0.01 v,) is close to the actual conductive deflagration
speed, it takes 155 s to reach p. =~ 101! g em~3. At ¢ = 155 s, the mass of the burned
region is only 0.03 Mg and Y, ~ 0.39.

11
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Figure 7: Propagation of the conductive deflagration wave. The location (M} of the
deflagration front is shown as a function of time, ¢, for three cases (A, B, C) of parametrized
conductivity.
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Figure 8: Change in the central density of the white dwarf associated with the propagation
of the conductive deflagration wave. Relatively slow propagation in Cases B and C leads to
the increase in g, i.e., collapse of the white dwarf. On the other hand, faster proapagation
in Case A induces the explosion of the white dwarf.
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‘4.3 Case of Explosion

On the other hand, in Case A, p; decreases as the deflagration propagates outward. By
the time the front has reached M; = 1.2 M, the total energy of the white dwarf is already
1.2 x10%! ergs and it is clear that it will be completely disrupted. Nuclear energy release
dominates electron capture because the front’s density, and hence its electron capture rate,
decreases as the front propagates outward. The expansion of the burned core of the white
dwarfl decreases the density and temperature of the entire star. Once this expansion is
substantial, it is impossible for electron capture to induce reimplosion. Only for initial
central density as high as 3 x 101° g cm~3,1!) similar to those in the detonation case,

would reimplosion be a possible outcome.

Because of the expansion, when the deflagration front has reached M; = 1.0 - 1.16
Mg, its density is as Jow as 10% - 107 g cm—3. Therefore, some intermediate mass elements,
such as Ca, Ar, S, and Si, are synthesized.}® When the deflagration wave arrives at the
base of helium layer (M, = 1.18 M), it turns into a helium detonation because helium
has a Jarge Q-value and a low ignition temperature. Despite the expansion of the white
dwarf, detonation wave does not die and it processes most of the matter to 56Ni. Were
it not for the Ca - Si layer sandwiched between the two ®Ni layers, the final outcome
for Case A would be similar to the outcome for the double detonation supernovae,$1:42)
where both carbon and helium layers are burned to 35Ni. This type of supernovae should
not be very frequent since they eject too much neutron-rich iron peak matter into the
Galaxy.24:50)

4.4 Convective Deflagration

If carbon ignition at high densities occurs for M > 4.x 10~% Mg yr~! and Mco
> 1.2 Mg, adiabatic compression may have already melted the solid core when carbon
is ignited. Convective deflagration would then develope, though conductive deflagration
could still dominate in the central region.*®) Even for the solid core, propagation of the
deflagration waveis not necessax:ily due to conduction alone since convection could influence
the melting the solid core.51) To investigate these cases, a set of numerical experiments
has been performed with the above model, but under the assumption that the deflagration

13



wave is propagating by convection in fluid iayers. Our treatment of convection is the same
as that employed by Nomoto et al.,1%) i.e., Unno’s 52) time-dependent mixing length theory
with a parameter a = ¢ /Hp, where £ is the mixing length and Hp, is the pressure scale
height.

For a = 0.7, the propagation velocity is as slow as vger/v, ~ 0.08, 0.09, and 0.11
when the deflagration reaches M; /Mg = 0.2, 0.4, and 0.6, respectively. As expected,
the white dwarf collapses as in Caze B. On the other hand, for a = 1.0, vg.sfv, ~ 0.10,
0.15, and 0.20 at M; /Mg = 0.2, 0.4, and 0.8, respectively, and the white dwarf explodes
completely. Since a value for  of 0.7 is preferred in the low density carbon deflagration
model of SN Ia (§3),¢) a plausible choice for a in the present context may be 0.7, not
1.0. {For both low and high central densities, the carbon deflagration with & = 1.0 grows
into a detonation in the outer layer and incinerates aimost the entire star to the iron peak.
This is incompatibie with observations of SN Ia.!)) Therefore, for plausible choices of the
o parameter, 8 carbon deflagration initiated at high densities will result in white dwarf

collapse, not explosion.

5. CONCLUDING REMARKS AND DISCUSSION

We have demonstrated that if a carbon deflagration is initiated in the center of the
white dwarf when p. =~ 10™° g cm—2 and if the propagation velocity of the deflagration
wave is slower than a certain critical speed, v, the outcome is coliapse, not explosion.
For vges > Verit, complete disruption results {and the ejecta contain too much neutron-rich
matter). The value of vey;: depends on p. at carbon ignition. For p. ~ 1 x 1010 g em™~3,
Verit ~ 0.15 v,. A lower p. implies & lower veyi. Below a certain critical density (perhaps,
~ 6~ 8 x 10° g cm—2),13) even extremely slow deflagrations results in explosions. In our

case of p. =~ 1 x 10'° g em—3, for both conductive and convective deﬂagrationsvvdef <

Yerit 2and, therefore, collpase will result.

Such a high central density is reached in #:"0 regions of the M - Mco plane of Figure
1. One is defined by M > 4 x 10~2 Mg yr~! and Mco > 1.2 Mg, while the other is
defined by M < 10~° Mg yr~! and Mco > 1.13 M. The frequency of such systems

14



may be small. First, if hydrogen-rich matter accretes at M < 10~° My yr~1, nova-like
explosions will prevent the white dwarf mass from growing.3! The hydrogen flash can be
avoided if the companion star is a helium star.¥4:5%) Secondly, massive C-+0 white dwarfs
(> 1.2 Mg) may be rare.*®) The formation of such white dwasfs might be prevented if
the precursor star lost its hydrogen-rich envelope by either a stellar wind or Roche-lobe
overflow before its degenerate C+0O core could grow substantially.

As seen in Figure 2, the accretion-induced collapse is the outcome for a wider range.

of parameter space for O-+Ne+Mg white dwarfs.”) The initial mass of the white dwarf,
MoneMg, is larger than ~ 1.2 Mp.95758) In many cases, Monemg i8 very close to the
Chandrasekhar mass, so that only a small mass increase is enough to trigger collapse.
However, an O+Ne+Mg white dwarf is formed from an 8 - 10 My, star.5?) The number
of such systems may be significantly smaller than the number of systems containing C+0
white dwarfs whose precursors are 1 - 8 M, stars, perhaps, by four order of magnitude. 44
Even so0, the number of low mass X-ray binaries is much smaller than the number of SN I

and the statistics may be consistent.5?)

A hydrodynamical calculation of such a white dwarf collapse has not been carried
out. Its collapse should be similar to the collapse of the O+Ne-+Mg cores of 8 - 10 Mg
stars,50-%2) but some differences are anticipated. In both classes of collapse, the white
dwarf or the core contains nuclear fuel (C+O or O-+Ne+Mg) which ignites during infall,
Electron captures occur only in the NSE layer behind the burning front and, therefore,
the region of small ¥, is confined to a central region which grows gradually. The collapse
is slower than the collapse of the iron core of a massive star until the burning front has
propagated to roughly ~ 0.8 My.%0) Afterwards the collapse accerelates quickly. ¥, in
the NSE region of collapsing white dwarf is smaller than ¥, in iron cores because the
entropy at the burning front is high. These two effects result in a homologous core whose
mass is smaller and an outer infalling layer which is less dense than is the case in iron
core collpase.®?) Such a structure has two effects on the bounce shock. First, the binding
energy of the rebounding core is smaller and, hence, the shock waveis initially weaker.53.84)
Secondly, the low density in the outer layers makes the shock propagation easier. Which
effect dominates depends on the details of collapse hydrodynamics.
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The location and propagation speed of the burning front may have important effects
on the hydrodynamics. The initial composition and entropy of the collapsing star may be
the determining factor. During collapse, nuclear burning is ignited when the temperature,
which is increasing due to adiabatic compression, reaches the ignition temperature, If the
white dwarf is composed of C+0, the ignition temperature and density for carbon are
lower than for oxygen. At lower densities, effects of nuclear energy release is larger. On
the other hand, a white dwarf has much lower eniropy than a red-giant core. For lower
entropy, the ignition of nuclear fuel is delayed until higher density is reached. Without

calculating the collapse, we don’t know whether mass is ejected.

Even if no mass is ejected, a neutron star will be formed because the residue’s mass
(1.4 Mg (baryon mass), ~ 1.3 M, (gravitational mass)) is smaller than the maximum mass
of a neutron star. Nevertheless, it is important to know whether some mass is ejected by
the bounce shock and, if mass is ejected, what its composition is. If some 5Ni is ejected,
the white dwarf collapse can be observed as a dim Type I supernova, Otherwise, the
collapse would bz silent, because most of the explosion energy would go into the kinetic
energy of expansion. The interior temperatures would be too low to produce a significant
optical light curve. If the shock wave is strong enough, some neutron-rich species will be
ejected. This might be an important site of some neutron-rich isotopes.55:%6) Mass ejection
will affect the binary evolution after the explosion and the results can be comparcd to the

observed neutron star binary systems.4)
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