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ABSTRACT

Type Ia supernovae (SNe Ia) are thought to be thermonuclear explosions of massive white dwarfs (WDs).
We present the first study of multidimensional effects during the final hours prior to the thermonuclear run-
away that leads to the explosion. The calculations utilize an implicit, two-dimensional hydrodynamic code.
Mixing and the ignition process are studied in detail. We find that the initial chemical structure of the WD is
changed, but the material is not fully homogenized. In particular, the explodingWD sustains a central region
with a low C/O ratio. This implies that the explosive nuclear burning will begin in a partially carbon-depleted
environment. The thermonuclear runaway happens in a well-defined region close to the center. It is induced
by compressional heat when matter is brought inward by convective flows. We find no evidence for multiple
spot or strong off-center ignition. Convective velocities in the WD are on the order of 100 km s�1, which is
well above the effective burning speeds in SNe Ia previously expected right after the runaway. In our calcula-
tions, the ignition occurs near the center. Then, for � 0:5 1 s, the speed of the burning front will neither be
determined by the laminar speed nor the Rayleigh-Taylor instabilities but by convective flows produced prior
to the runaway. The consequences are discussed for our understanding of the detailed physics of the flame
propagation, the deflagration to detonation transition, and the nucleosynthesis in the central layers. Our
results strongly suggest the preconditioning of the progenitor as a key factor for our understanding of the
diversity in SNe Ia.

Subject headings: hydrodynamics — methods: numerical — supernovae: general — turbulence —
white dwarfs

On-line material: color figures

1. INTRODUCTION

Type Ia supernovae (SNe Ia) are among the most spectac-
ular events because they reach the same brightness as an
entire galaxy. This makes them good candidates to deter-
mine extragalactic distances and to measure the basic cos-
mological parameters. Moreover, they are thought to be the
major contributors to the chemical enrichment of the inter-
stellar matter with heavy elements. Energy injection by
supernovae into the interstellar medium, triggered star for-
mation, and feedback in galaxy formation are regarded as
key to our understanding of the formation and evolution of
galaxies.

There is general agreement that SNe Ia result from some
process of combustion of a degenerate C/O white dwarf
(WD; Hoyle & Fowler 1960). Within this general picture,
three classes of models have been considered:

1. An explosion of a C/O WD, with mass close to the
Chandrasekhar mass, which accretes mass through Roche
lobe overflow from an evolved companion star (Whelan &
Iben 1973). The explosion is then triggered by compres-
sional heating near theWD center.
2. An explosion of a rotating configuration formed from

the merging of two low-mass WDs caused by the loss of
angular momentum owing to gravitational radiation (Ken-
yon & Webbink 1984; Iben & Tutukov 1984; Paczyński
1985).

3. Explosion of a low-mass C/O WD triggered by the
detonation of a helium layer (Sugimoto & Nomoto 1980;
Woosley, Weaver, & Taam 1980;Woosley &Weaver 1984).

Only the first two models appear to be viable. The third, the
sub-Chandrasekhar WD model, has been ruled out on the
basis of predicted light curves and spectra (Höflich et al.
1996b; Nugent et al. 1997).

For the identification of the most common scenario, the
main problem is related to the insensitivity of the WD struc-
ture to the progenitor star and system. However, the last
decade has witnessed an explosive growth of high-quality
data and advances in the models for supernovae that
opened up new opportunities to constrain the physics of
supernovae. For the first time, a direct connection with the
progenitors seems to be within reach. In particular, there is
mounting evidence for a connection between the properties
of the progenitor, and the physics of the explosion.

The explosion of aWD withMCh is the most likely candi-
date for the majority of ‘‘ normal ’’ SNe Ia. In particular,
delayed detonation (DD) models (Khokhlov 1991; Woosley
& Weaver 1994; Yamaoka et al. 1992) have been found to
reproduce the majority of optical and infrared light curves
and spectra of SNe Ia reasonably well (Höflich 1995;
Höflich & Khokhlov 1996; Fisher et al. 1998; Nugent et al.
1997; Wheeler et al. 1998; Lentz et al. 2000; Gerardy et al.
2002). We note that detailed analyses of observed spectra
and light curves indicate that mergers and deflagration
models such as W7 may contribute to the supernova popu-
lation (Harkness 1987; Höflich & Khokhlov 1996; Hatano
et al. 2000). The evidence against pure deflagration models
for the majority of SNe Ia includes infrared spectra that
show signs of explosive carbon burning at high expansion
velocities (e.g., Wheeler et al. 1998), recent calculations for
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three-dimensional deflagration fronts by Khokhlov (2002)
that predict the presence of unburned and partially burned
material down to the central regions, and a large amount of
unburned material at the outer layers. Mergers are beyond
the scope of this paper, but pure deflagration models will be
mentioned where appropriate.

The DD model assumes that burning starts as subsonic
deflagration and then turns to a supersonic, detonative
mode of burning. The amount of 56Ni depends primarily on
�tr (Höflich 1995; Höflich, Khokhlov, &Wheeler 1995; Iwa-
moto et al. 1999), and to a much lesser extent on the defla-
gration speed, and the initial central density and initial
chemical composition (ratio of carbon to oxygen) of the
WD. In DDs, almost the entire WD is burned; i.e., the total
production of nuclear energy is almost constant. This and
the dominance of �tr for the 56Ni production are the basis of
why, to first approximation, SNe Ia appear to be a one-
parameter family. The observed MðDM15Þ can be well
understood as an opacity effect, namely, the dropping opac-
ity at low temperatures (Höflich et al. 1996a and references
therein; Mazzali et al. 2001). Nonetheless, variations of the
other parameters lead to some deviation from a one-param-
eter MðDM15Þ relation with a spread of 0.5 mag (Höflich et
al. 1996a). Empirically, the MðDM15Þ has been well estab-
lished with a rather small statistical error � (0.12 mag: Riess
et al. 1996; 0.16 mag: Schmidt et al. 1998; 0.14 mag: Phillips
et al. 1999; 0.16 mag: Riess et al. 1999; 0.17 mag: Perlmutter
et al. 1999). This may imply a correlation between free
model parameters, namely, the properties of the burning
front, the main-sequence mass of the progenitor MMS, and
the central density of theWD at the time of the explosion.

Recent studies have shown that the chemical structure of
the WD will affect the light curves and spectra. The proper-
ties of the progenitors must be taken into account to deter-
mine cosmological parameters or the cosmological equation
of state. In particular, the mean C/O ratio of the exploding
WD has been identified as one of the key factors (Höflich,
Wheeler, & Thielemann 1998; Hoflich et al. 2000; Umeda &
Nomoto 1999; Dominguez, Höflich, & Straniero 2001).
From stellar evolution, the WD can be expected to consist
of a carbon-depleted central region produced during the
convective, central He burning. The central region is sur-
rounded by layers with C=O � 1 originating from the He
shell burning in the star and from the accretion phase. The
size of the carbon-depleted region ranges from 0.1 to about
0.8M� depending onMMS. At the time of the explosion, the
C/O WD should show a distinct C and O profile, These
dependencies may suggest that the preconditioning of the
WD may be key for our understanding of the diversity of
supernovae (Höflich et al. 1996a, 1996b). In addition,
Arnett & Livne (1994) suggested that the initial velocity
fields in the WD prior to the explosion might influence the
flame propagation.

The propagation of a detonation front is well understood,
but the description of the deflagration front and the defla-
gration to detonation transition (DDT) pose problems. On
amicroscopic scale, a deflagration propagates owing to heat
conduction by electrons. Although the laminar flame speed
in SNe Ia is well known, the front has been found to be Ray-
leigh-Taylor (RT) unstable, increasing the effective speed of
the burning front (Nomoto, Sugimoto, & Neo 1976). More
recently, significant progress has been made toward a better
understanding of the physics of flames. Starting from static
WDs, hydrodynamic calculations of the deflagration fronts

have been performed in two dimensions (Niemeyer & Hille-
brandt 1995; Reinecke et al. 1999; Lieswski et al. 2000) and
three dimensions (e.g., Livne 1993; Khokhlov 1995, 2002).
It has been demonstrated that RT instabilities govern the
morphology of the burning front in the regime of linear
instabilities, i.e., as long as perturbations remain small.
During the first second after the runaway, the increase of
the flame surface owing to RT remains small, and the effec-
tive burning speed is close to the laminar speed (�50 km
s�1) if the ignition occurs close to the center. Khokhlov
(2000) also shows that the effective burning speed is very
sensitive to the energy release by the fuel, i.e., the local C/O
ratio. Therefore, the actual flame propagation will depend
on the detailed chemical structure of the progenitor. Nie-
meyer, Hillebrandt, & Woosley (1996) studied the effect of
off-center ignition and demonstrated that multiple spot igni-
tion with significant separation (� 50 . . . 100 km) will signif-
icantly alter the early propagation of the flame. For strong
off-center ignitions, the buildup time of RT instabilities is
shorter corresponding to the larger gravitational accelera-
tion. Still, even for fast-rising blobs, their morphology and,
consequently, the effective burning speed will depend crit-
ically on small-scale motions of the background (see below).

Despite these advances, the mechanism that leads to a
DDT or, alternatively, to a fast deflagration in the nonlinear
regime of instabilities is not well understood . Possible can-
didates for the mechanism are, among others, the Zeldovich
mechanism, i.e., mixing of burned and unburned material
(Khokhlov, Oran, & Wheeler 1997; Niemeyer & Woosley
1997), crossing shock waves produced in the highly turbu-
lent medium, or shear flows of rising bubbles at low den-
sities (E. Livne 1998, private communication). Currently,
none of the proposed mechanisms have been shown to work
in the environment of SNe Ia. The Zeldovich mechanism
leads to a DDT only if the density and temperature fluctua-
tions remain small (Niemeyer 1999), and the effectiveness of
crossing shock waves or shear flows has yet to be demon-
strated. However, as a common factor, all these mechanisms
depend on the physical conditions prior to the DDT.

From the analysis of light curves and spectra, and the
study of flame fronts in SNe Ia, there are strong indications
for the importance of the initial structure of the WD prior
to the nuclear runaway.

In this work we present the evolution of theWD just prior
to the thermonuclear runaway based on multidimensional
calculations. In particular, we want to address the following
questions:

1. Do mixing processes change the chemical structure of
theWD prior to the explosion?
2. Does the thermonuclear runaway occur in multiple

spots?
3. Does the thermonuclear runaway happen in a static

WD?

In x 2 we present the setup of our calculations. In x 3, the
results are presented. In the final, concluding section, we dis-
cuss the results in the context of the modeling of SNe Ia, the
use of SNe Ia as cosmological yard sticks, and the limits of
our study.

2. NUMERICAL METHODS AND SETUP

The initial model has been constructed from results for
the stellar progenitor evolution based on the code FRA-
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NEC (Straniero 1988; Chieffi & Stranieri 1989; Limogni,
Straniero, & Chieffi 2000). The subsequent accretion phase
on the WD has been followed up to the thermonuclear run-
away by solving the standard equations for stellar evolution
in a Henyey scheme (Höflich et al. 2000). Nomoto’s equa-
tion of state is used (Nomoto 1982). For the energy trans-
port, conduction (Itoh et al. 1983), convection in the mixing
length theory, and radiation are taken into account. Radia-
tive opacities for free-free and bound-free transitions are
treated in Kramer’s approximation and by free electrons. A
nuclear network of 35 species up to 24Mg is taken into
account based on the reaction network of Thielemann,
Nomoto, &Hashimoto (1996).

For our study of multidimensional effects, we start from a
WD model several hours before runaway. The spherical
model is remapped on a spherical grid with 191 radial and
31 angular (�) zones within a cone with � between 45� and
135�. The radial resolution has been decreased by a factor of
�10 from the inner to outer layer to properly resolve the
central regions. Note that the effective Reynolds numbers
are on the order of 30 in the convective region. Thus, we
cannot resolve the small-scale turbulent motion, but our
study is limited to the large-scale convective flows. The ini-
tial structure is relaxed on this grid assuming a pure C/O
mixture. To carry out multidimensional simulations of the
interior convection and because of the lowMach number of
the associated flows, a compressible implicit hydrocode is
required. For available explicit, compressible codes for ther-
monuclear burning, the sound crossing time over a resolu-
tion element limits the time step, i.e., CFL condition that
imposes hopelessly short time steps. Therefore, for the fur-
ther evolution, we use an implicit, Eulerian two-dimensional
hydrodynamic code (J. Stein, Z. Barkat, & J. C. Wheeler
2002, in preparation). The perpendicular velocity is
assumed to be zero (reflective) at all boundaries. The hydro-
dynamic equations are solved in a second-order scheme
including first-order centrifugal and Coriolis forces. Radia-
tion transport effects have been neglected. For the equation
of state, we use a relativistic Fermi gas with Coulomb cor-
rections, and radiation. Nuclei are treated as an ideal, non-
relativistic gas without crystallization. For the nuclear
burning, analytic expressions have been used for the pro-
duction of nuclear energy (Rakavy & Shaviv 1968; Barkat
et al. 1990), calibrated by an �-network, and tested against
the detailed network given above (Thielemann et al. 1996).
The time step has been limited by the flow of the material
from zone to zone. Typically, the maximum exchange of
matter is limited to �5%. We use standard quadratic artifi-
cial viscosity and small second-order Lax-Wendroff Flux
throughout the star. Small first-order Lax-Friedrichs Flux
is used in the inner three rows of cells and in the outer cells.
Small-scale fluctuations were introduced to initialize the
convection. Tests showed that the results do no depend on
the initial spectrum of the fluctuations.

3. RESULTS

The structure of the initial model of the C/OWD is based
on a star with 3M� at the main sequence and solar metallic-
ity that, at the end of its evolution, has lost all of its H and
He-rich layers. By accretion, its core has grown close to the
Chandrasekhar limit (Dominguez et al. 1998; Dominguez &
Höflich 2000). The temperature, density, and chemical pro-
file at about 1 day before runaway (in one dimension) have

been remapped to the two-dimensional grid. At this time,
the central density of the WD is 2� 109 g cm�3. The carbon
concentration in the inner layers with 0.348M� is a result of
the central helium burning during the stellar evolution. For
the outer layers, the C/O ratio is close to 1. At this time, the
nuclear burning timescales are on the order of days, i.e.,
much longer than the hydrodynamic timescales (�1 s).
Because the WD is almost isothermal, the entropy is
increasing with radius. The initial structure is shown in Fig-
ure 1 (after relaxation). In the reference model, the further
evolution has been followed up all the way to the thermonu-
clear runaway. The computational domain extends between
65 and 2000 km in the radial direction. For the detailed
study of the runaway, we use an extended computational
domain down to 13.7 km.

3.1. Evolution of the ReferenceModel

3.1.1. TheMixing Phase

The nuclear timescales are long compared to the hydro-
dynamic timescales up to a few seconds before runaway.
Because most of the mixing of abundances happens during
this stage of long nuclear timescales (see below), it will be
referred to as ‘‘ mixing phase.’’

In Figures 2, 3, and 4, snapshots of the evolution are
shown for various quantities at 2 hr, 1 hr, 15 minutes, and 5
minutes before the runaway. Nuclear burning of 12C in the
central region increases the entropy and temperature. Con-
sequently, the rate of energy production grows with time.
The increase of temperature by about 24% in the central
regions results in a decrease of the central density by about
4%. Most of the nuclear energy contributes directly to an
increase of the entropy. In addition, the nuclear burning
drives large-scale convective flows. Typical velocities of the
convective flows increase from about 10 km s�1 at 2 hr
before runaway (BR) to �50 km s�1 at about 5 minutes BR
(Fig. 4; see below). The size of the eddies is comparable to
the pressure scale height (�100 km) (see Fig. 2). The lifetime
of individual eddies is on the order of 1 revolution for a mass
element, leaving little chance to produce a pattern typical
for stationary convective layers. The flow is statistically
steady on timescales that are short compared to the nuclear
evolution timescales up to about 1 hr before the runaway.
Eventually, most of the kinetic energy dissipates and con-
tributes to heating. At the time of the explosion, the kinetic
energy is small compared to the nuclear energy produced
(7:01� 1045 vs. 2:456� 1048 ergs). Initially, the convective
region is confined by the chemical boundary. Later on, the
entropy grows inside by nuclear burning, and a core of
almost constant entropy forms. The convection is confined
by the steep entropy gradient as a consequence of the steep
entropy rise in the outer layers (caused by the flat tempera-
ture profile in combination with the rapidly decreasing den-
sity, see above). Owing to the increase of the entropy with
time, this boundary is gradually moving outward in both
mass and radius. Consequently, material of the carbon-rich
mantel and the core are mixed. The carbon concentration in
the center increases from 24.7% to 35.6% at the time of the
runaway, and its size grows from 540 to 730 km (Fig. 5).
Owing to the small energy production, hardly any mixing
occurs early on, but the rate of mixing and the change of
radius (i.e., the contour with C ¼ 45%) grows strongly with
time as the nuclear burning increases. No evidence is found
for rising blobs that pass the sharp boundary of convective
and nonconvective layers and stay there. Blobs that pass the
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Fig. 1.—Density, carbon concentration, nuclear reaction rate, and entropy (in cgs) are given for theWDwith a radius of 1800 km at 3 hr before the runaway
for the two-dimensional model, i.e., about 15minutes after the start of the two-dimensional calculations. Up to this time, the changes in the chemical structures
are negligible. The coordinates are given in centimeters relative to the center of the WD. The computational domain in radius and angle is 65–2000 km and
45�–135�, respectively. The horizontal axis is the axis of symmetry. Note that the carbon abundance in the outer layers is 0.5, i.e., outside the color range. [See
the electronic version of the Journal for a color version of this figure.]

Fig. 2.—Evolution of the structure during the ‘‘mixing ’’ phase. Carbon concentration at the inner layers of the WD as a function of time before runaway
(BR). The coordinates are given in centimeters relative to the center of theWD. [See the electronic version of the Journal for a color version of this figure.]
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Fig. 3.—Same as Fig. 2, but for the nuclear reaction rates. [See the electronic version of the Journal for a color version of this figure.]

Fig. 4.—Same as Fig. 2, but for the entropy. In addition, the velocity fields are given. Black, red, and green vectors correspond to velocities in the ranges
0–20, 20–40, and 40–60 km s�1, respectively. [See the electronic version of the Journal for a color version of this figure.]
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boundary tear pieces from the nonconvective layer, creating
a new sharp boundary. In stellar evolution, penetration of
individual elements of about 0:2Hp 0:25Hp is assumed by
some authors (e.g., Bressan et al. 1993; Schaller et al. 1992).
If present, this effect would result in a chemical mixing of
the entire WD with timescale of a few hours. In our exam-
ple, a significant fraction of the WDmass is enclosed within
about 3Hp above the chemical inhomogeneity which corre-
sponds to a distance of 500 km. If we assume h ¼ 0:25 and a
velocity of 10 km s�1 for the turbulent eddies, the corre-
sponding timescale for complete mixing would be�3h.

For any given progenitor structure, the lack of passing
blobs through the boundary of convective and nonconvec-
tive regions allows us to estimate the total amount of mixing
even without detailed calculations. During the phase of slow
burning, only a negligible fraction of the carbon is con-
sumed, the turbulent region is confined by the steep entropy
gradient at the chemical boundary, and the entropy is
almost constant within the turbulent center (Fig. 6).
Nuclear runaway occurs in our model when the mean
entropy in the core increases to �10.4. Nuclear burning
increases the level of entropy in the core. We can estimate
the final amount of mixing and the radius of the core by
identifying the distance in the initial model at which the
entropy correspond to the critical value for the runaway.
Our estimate hardly depends on the exact value of the
entropy at the runaway owing to the steepness of the
entropy gradients.

3.1.2. The Nuclear Runaway: The Last 5Minutes before Runaway

In Figure 7, we show the final evolution of the tempera-
ture and the velocities. Increasing nuclear burning in the

Fig. 5.—Mass fraction and size of the region with low carbon
[XðCÞ � 45%] as a function of time.

Fig. 6.—Carbon concentration (left) and entropy (right) at 3 hr (top) and 1minute (bottom) before runaway. Runaway occurs when the mean entropy in the
turbulent core rises to about 10.1. Note that the final size of the mixed region corresponds to the distance at which the same entropy can be found in the initial
model (see text). [See the electronic version of the Journal for a color version of this figure.]
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inner 100 km drives increasingly strong convection. The
region of enhanced energy production heats up material.
This hot material starts to rise. Typical turbulent velocities
increase from �50 to �100 km s�1 at the time of the
runaway.

The unsteady convective flows are a key factor in under-
standing the trigger for the final thermodynamic runaway.
It explains why we do not see ignition in multiple spots or a
strong ‘‘ off-center ’’ ignition. Owing to convective mixing,
the entropy remains nearly constant in all but the very inner
layers with a central distance .150 km. There large-scale
convective motion brings in material radially. Eventually,
compressional heat causes the thermonuclear runaway close
to the minimum distance of the corresponding eddy. In the
reference model, the thermonuclear runaway occurs very
close to the inner boundaries at a distance of 65 km in one
specific cell. In general, we do not expect multiple spot igni-
tion because the size of the eddies is larger than the central
distance of the point where the runaway occurs. We note
that the convection also operates at larger distances from
the center, but there the relative changes in radius and,
therefore, the release of compressional heat is insufficient to
bring material to the point of explosive nuclear burning. We
expect that the thermonuclear runaway occurs earlier than
in one-dimensional models in which it is triggered by the
overall compression of theWD.

To study the thermonuclear runaway in more detail, we
have recalculated the final stages up to the runaway for the
same model, but the computational region has been
extended down to 13.7 km. For computational efficiency,
we started with an increased rate of nuclear reactions by fac-

tors of 200 down to 4 up to about 10 minutes and 127 s
before the explosion, respectively. At 127 s, the resulting
structure resembles very closely the reference model for the
entropy, the density, and the chemical structure because the
main effect of the nuclear burning is an increase of the
entropy, the resulting mixing, and the short lifetime of con-
vective cells (see xx 3.1.1 and 3.1.3). However, the increased
heating results in a slight increase of the total kinetic energy
at t=127 s by about 10% compared to the reference model.
Figure 8 shows the final structure at the onset of the thermo-
nuclear runaway for the inner 120 km. Any deviations from
a radial structure are limited to this inner region. Eventu-
ally, the thermonuclear runaway occurs in one cell at about
a distance of 27 km. During this last phase, the strong
release of nuclear energy drives the large scale of violent
motion of the matter. The pattern in the temperature and
energy release follows the large-scale motion. Most notice-
able is the carbon-like pattern of the temperature distribu-
tion close to the center (Fig. 8, lower left panel). The density
shows only very minor deviations from sphericity. At this
stage of evolution, carbon is locally depleted by about 1%–
2% owing to the nuclear burning, and again it is carried by
the velocity field.

We want to discuss the evolution to the thermonuclear
runaway in some detail. As shown above, the structure of
the entropy, temperature, nuclear energy production, and
chemistry can by understood in the same way as a result of
the convective motion. As an example, the evolution of the
temperature and the velocity field is shown in Figure 9. In
the following, the coordinates in brackets provide the coor-
dinates of features in the (x, y) plane in km. At about 3.54 s

Fig. 7.—Final evolution of the temperature structure up to the runaway. In the lower left plot, the runaway occurs in the second red zone from the left right
at the inner boundary (T ¼ 1:74� 109 K). In addition, the velocity field is given. Black, red, and green vectors correspond to velocity ranges of 0–50, 50–100,
and 100–150 km s�1, respectively. [See the electronic version of the Journal for a color version of this figure.]
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Fig. 8.—Carbon concentration, temperature, nuclear energy generation, and entropy at the runaway for a model with the same physics as the reference
model but with a smaller inner ‘‘ core ’’ of 13.7 km instead of 65 km. In this cell C (and O) has been depleted by the explosive nuclear burning. For computa-
tional efficiency, the nuclear rates have been increased up to about 1 minute before the runaway. The runaway occurs in the upper left red cell (T ¼ 5:14� 109

K). The cell has a size of �2 km, and it is at a central distance of 27 km. The neighboring red cell has a temperature of 1:06� 109 K, i.e., before runaway. In
addition, the velocity field is given. The longest vectors in black, red, and green correspond to velocities of 50, 100, and 150 km s�1, respectively. Typically, the
velocities are between 30 and 60 km s�1. [See the electronic version of the Journal for a color version of this figure.]

Fig. 9.—Same as Fig. 8, but for the final evolution of the temperature structure up to the runaway for the model with an inner cavity of 13.7 km. [See the
electronic version of the Journal for a color version of this figure.]



(Fig. 9, upper left plot) before the runaway, the temperature
structure starts to deviate from the radial structure. The
high-velocity field at the upper part of the plot (red arrows)
is part of a larger vortex A with the center at (150 km, �10
km) that extends down to about 70 km. Close to the center
of the WD, nuclear burning drives a convective flow in the
opposite direction. These two regions are separated by a
layer with higher temperature and low velocities. Owing to
the shear, a new, small vortex B is evolving at (�15 km, +65
km). It results in a redirection of the material flow at the
lower edge of vortex A. This material flow is directed inward
and compresses and heats up material in front of the flow
pattern. At about 0.353 s, the temperature has risen up to
8:5� 108 K. Eventually, further compression and burning
cause a rise in temperature up to the onset of explosive car-
bon burning (� T � 1:3� 109 K).

Previously, Garcia-Senz & Woosley (1995) studied the
details of the thermonuclear runaway in one dimension.
They considered plumes rising in a static background. They
found that the runaway occurs in rising plumes that rise
with velocities of about 5–30 km s�1 at central distances of
30 and 100 km s�1, respectively. The runaway occurred
when the increase in the thermonuclear burning in the
plume becomes stronger than the cooling by expansion. In
our simulations, we similarly see that plumes with increased
burning tend to rise close to the thermonuclear runaway. In
our calculations, these plumes form close to the central
region (� 30 . . . 60 km) owing to the temperature increase
close to the center. At times close to the runaway, the
nuclear energy production in the plumes almost compen-
sates for the cooling. However, in a moving background
(with velocities �100 km s�1), the rising plume is disrupted,
and parts find themselves in both a rising and descending
velocity fields. For those parts that go downward by the cur-
rent, adiabatic expansion will not avoid the runaway, but,
in contrast, compression will push the element over the
‘‘ edge.’’ In a nonstationary WD, the thermonuclear run-
away will occur slightly earlier than in a staticWD.

3.1.3. Effects of the Nuclear Reaction Rates

We have studied the sensitivity of our results to the
assumptions and uncertainties related to the nuclear energy
production. In particular, the reaction 12C(�, �)16O must be
regarded as uncertain by a factor of 3 (e.g., Buchmann
1997) despite some indirect evidence that favors a large
cross section. This indirect evidence stems from recent stud-
ies of pulsating WDs (Metcalfe, Winget, & Charbonneau
2001) and from the rise times of light curves of SNe Ia
(Höflich et al. 1998; Dominguez et al. 2001). Stellar evolu-
tion for the asymptotic giant branch favors also a high cross
section for 12C(�, �)16O, but a low value can be compen-
sated for by an increased mixing of helium into the stellar
core (e.g., Salaris, Cheffie, & Straniero 1993).

We have scaled the rate for the nuclear energy production
by factors f between 1 and 200 (Table 1). For the same ini-
tial model, a higher production of nuclear energy drives a
faster convection (see Ekin in Table 1), and it decreases the
time until the thermonuclear runaway; i.e., the nuclear
burning timescales are reduced by the factor f. This leaves
less time for mixing coupled with increased fluctuations of
the central carbon abundance, so a large f implies that a
lower compression is required to trigger the explosion. In all
calculations, single spot ignition has been found. However,

the central distance of the thermonuclear explosion
increases from 27 km ð f ¼ 1Þ to about 90 km ð f ¼ 200Þ,
and the typical, convective velocities increase slightly. The
fluctuations in the carbon concentration rise from the 1%
level to about 5%. The amount of carbon mixing decreases
with an increasing reaction rate, but, overall, it is rather
insensitive for f � 20 (Fig. 10).

3.2. Final Discussions and Conclusions

We have studied the final hours of a Chandrasekhar-mass
WD prior to the thermonuclear runaway to investigate the
preconditioning of exploding WDs, namely, chemical mix-
ing and the ignition process.

The initial model has been constructed from results of
stellar evolution for a star with 3 M� with solar metallicity,
followed by a subsequent accretion phase close to the onset
of the thermonuclear runaway (Dominguez et al. 2001). The
WD has a mass of�1.37M�. Its chemical structure is char-
acterized by a central region of 0.348M� with a low carbon
concentration (�24%) surrounded by a mantel with
C=O � 1 originating from the He shell burning and the
phase of accretion. A few hours before runaway, the ther-
mal structure of the progenitor shows a rather flat tempera-
ture profile and a steep entropy profile because of the
rapidly dropping density.

Prior to the runaway, the central regions undergo mild
carbon burning. The resulting energy release drives convec-
tive motion in the inner region of low carbon concentration
and, gradually, increases the entropy of the core up to the
point of ignition. Owing to the convection, the entropy of
the core is almost constant. Within the resolution of our
models, the carbon-concentration gradient at the boundary
between the core and the mantle prevents direct mixing,
e.g., owing to overshooting convective elements. However,
the increasing entropy of the core results in a negative
entropy gradient at the core boundary that compensates for
the carbon-concentration gradient. This increases the
region with constant entropy and produces mixing of car-
bon-rich region into the core with typical fluctuation of
about 1%. We find that the central carbon abundance
increases from 24% to about 37%. The initial WD is not
homogenized, but the jump in the carbon abundance is
reduced by a factor of�2.

At the time of the explosion, a pattern of large-scale con-
vective elements has been established with sizes of typically
100 km and convective velocities between�40 and�120 km

TABLE 1

Influence of Enhancement Factor f at

Onset of Runaway

Factor f

C

(percent)

r(ignition)

(km)

Ekin

(ergs)

+200 ...... 26�1 90 . . .
+50 ........ 32.5 86 . . .

+20 ........ 35.5 71 8.5E45

+4.......... 36.2 32 8.2E45

+1.......... 37.0 27 6.9E45

Note.—Influence of the enhancement factor f of
the nuclear reactions on the distance r(ignition) at
which the thermonuclear runaway occurs, on the
mean carbon concentration C, and the kinetic
energy at the onset of the runaway.
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s�1. Differential velocities between adjoining eddies are
larger by a factor of 2, which is well in excess of the laminar
deflagration speed. Thus, the change of the morphology of
the burning front of SNe Ia is determined by the precondi-
tioning of the WD during the early phase of the explosion
for� 0:5 1 s (Dominguez &Höflich 2000; Khokhlov 2002).
Niemeyer et al. (1996) found significantly shorter timescales
for the growth of RT instabilities in their study of strongly
off-center explosions. This can be expected as a result of the
larger gravitational acceleration. Still, even for their fast-ris-
ing, large-scale blobs (�1000 km s�1), the morphology of
the plumes and, consequently, the effective burning speed
will depend critically on small-scale motions of the back-
ground. The effective surface of the front will be increased
resulting in significantly higher burning speeds. Faster burn-
ing implies a larger region of low proton-to-nucleon ratio
and, thus, a larger production of neutron-rich isotopes in
the central region. On the other hand, a reduction of the
timescales for electron capture can be expected, leading to
the production of less neutron-rich isotopes. Possible conse-
quences for current estimates on the limits on the central
densities of theWD should be noted (Brachwitz et al. 2000).

The explosive nuclear burning front starts in one well-
defined region close to the center (�30 km). The size of the
ignition region is determined by the grid resolution (�2
km). The explosive phase of burning is triggered by com-
pressional heat when matter is brought inward by convec-
tion. It starts close to the center because there the adiabatic
heating combined with thermonuclear reactions are most
effective for a given size of turbulent elements. We find no
evidence for multiple spot or strong off-center ignition. We
do not expect it because the size of the eddies is comparable

to the central distance of the ignition point the lack of and
because of any mechanism that would cause a synchroniza-
tion within typical timescales for the runaway (�0.1 s).
Thus, the probability is fairly small for having a second igni-
tion point during that time.

In the following, we wish to put our basic results into con-
text for our understanding and the quantitative modeling of
SNe Ia. As mentioned in the introduction, the propagation
of the deflagration front depends on the energy release and,
consequently, on the fuel (Khokhlov 2002). We find that the
chemical profile in the WD will be strongly changed but in a
predictable way. We find that the initial velocity field must
be expected to alter the flame propagation during the defla-
gration phase. Although the actual deflagration speed has
little effect on the overall chemical structure of DD models
with the exception of the production of neutron-rich iso-
topes close to the center, all proposed mechanisms for the
DDT identify the preconditioning of the material during the
deflagration phase as a key element (see x 1), which, in turn,
is strongly effected by the initial WD.

We may suspect from the comparison between normal
bright and subluminous SNe Ia and the role of the DDT
transition for the brightness decline relation that the pre-
condition of the WD may be the ‘‘ smoking gun ’’ for our
understanding of the diversity of SNe Ia.

As mentioned above, the overall chemical structure of the
initial WD is preserved, and the turbulent velocity field is
limited to the inner, carbon-depleted core. Both the velocity
field and the carbon-concentration influence the burning
front. Therefore, the mass of the progenitor has a direct
influence on the outcome because the core size depends
mainly on theMMS mass of the progenitor. The consequen-

Fig. 10.—Effect of the nuclear reaction rate on carbon abundance and the distance at which the runaway occurs for a nuclear reaction rate increased by a
factor of 4 (top) compared to 1 (bottom). [See the electronic version of the Journal for a color version of this figure.]
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ces are obvious with respect to the evolution of the SNe Ia
with redshift and their use as a yardstick to measure cosmo-
logical parameters and the cosmological equation of state.

Finally, we also have to mention the limitations. This
study should not be seen as a final answer but as a starting
point to open a new path that eventually may lead to a
deeper understanding of the relation between the progenitor
and the final thermonuclear explosion.

This work is based on hydrodynamic simulations in two
rather than three dimensions. In either case, the convection
is driven by entropy gradients over large distances. These
large gradients drive large eddies. Convective eddies lose
energy in both the true three-dimensional case and in our
two-dimensional simulations mostly by exchange with
eddies of different size, but the mechanism and rate of
energy loss differ between two and three dimensions (see
below). Interaction between eddies of different sizes causes
exchange of energy toward larger and smaller eddies (Porter
&Woodward 1994).

It is well known that for a fully developed turbulence in
an incompressible fluid, the direction of the average energy
flow is from large-scale eddies to smaller ones in three
dimensions, and from small-scale eddies to larger ones in
two dimensions (Kraichnan 1967; Rose & Sulem 1978;
Kraichnan & Montgomery 1980). The viscosity of the fluid
becomes most important, and thus the dissipation of kinetic
energy is most efficient for the smallest eddies whose Rey-
nolds number is comparably with unity (Laundau & Lif-
shitz 1989). For incompressible fluids, the dissipation of
kinetic energy is very different in two and three dimensions.
In the limiting case of vanishing viscosity and incompressi-
ble fluids, the dissipation rate in three dimensions remains
finite while it approaches zero in two dimensions because of
the inverse cascade in the energy flow. The different behav-
ior of the average energy flow in two and three dimensions is
caused by quadratic invariants globally conserved by the
advection term in the hydro equations (see, e.g., Hasegawa
1985 and, more generally, Vazquez-Semadeni 1991). These
quantities are not conserved in compressible fluids where
the difference between two and three dimensions will be of a
different kind. Namely, energy can dissipate by acoustic
waves and shocks, in addition to the energy dissipation by
viscosity. Thus, the interaction of the largest eddies in a
finite space and in the case of a compressible fluid is less
clear.

In our simulations, the decay timescales of large eddies
are on the order of 1 rotation. The real viscosity of astro-
physical fluids is much smaller than the numerical viscosity
in our simulations. At the same time, large-scale flows (rolls)
have a higher inertia in two dimensions than in three. We do
not know whether the lifetimes of the true large three-
dimensional eddies are larger or smaller than in our simula-
tions, but we argue that the decay times of 1 rotation may be
the right order of magnitude. In the following paragraphs,
we argue that the main results hold. No detailed simulations
for three dimensions are available for the conditions in
Chandrasekhar-mass WDs and subsonic convection. How-
ever, three-dimensional studies and simulations for convec-
tion in other environments suggest dissipation timescales
very similar to our results. For incompressible fluids, the
dimensional analysis suggests decay timescales on the order
of the revolution time in the largest eddies (Landau & Lif-
shitz 1989). For fully compressible thermal convection in
deep atmospheres, Porter & Woodward (2000) extended

their two dimensions to three and found similar results in
both cases. Recent simulations for the supersonic case and
MHD turbulence by Stone, Ostriker, & Gammie (1998)
indicate typical timescales for the energy dissipation in
molecular clouds of about 0.3–0.8 revolutions for large
eddies, i.e., about 1.5 times faster compared to similar, two-
dimensional calculations by Ostriker, Gammie, & Stone
(1999).

A further restriction is our resolution that is limited to
Reynolds numbers of� 30 50, i.e., insufficient to follow the
cascades to small scales. Obviously, a high-resolution, full
three-dimensional study would be desirable. In spite of this,
we expect no qualitative change of our basic conclusions
concerning the mixing and ignition process.

It is well known that the mixing properties of two- and
three-dimensional unsteady flows differ for both scalar and
vector ‘‘ contaminants.’’ In two dimensions, each large eddy
is a huge torus carrying a mass that is a large portion of the
convection zone, and one or two large eddies carry the hot
material from the burning center and spread it over the con-
vective zone. In three dimensions, each large eddy carries
much less mass. Nevertheless, even in three dimensions, the
number of large eddies should be sufficient for spreading
material over the entire convective zone because mixing
continues for hours compared to the few seconds it takes a
mass element to cross the convection zone. As mentioned in
the last section, the amount of mixing can be understood in
terms of the nuclear burning that increases the entropy in
the central region in both two- and three-dimensional calcu-
lations; therefore, we expect a similar amount of mixing in
both cases despite the differences in the mixing properties.
However, one may expect some change in the size of the
fluctuations in the carbon abundance and entropy (see
above).

We do not expect a qualitative change in size of the large
eddies at the time of runaway and, therefore, in the ignition
process, because the presence of large eddies is determined
by their production. The motion is continuously driven by
nuclear burning at the innermost layers that produces a rise
of heated material over about a pressure scale height. This
determines the size of the largest eddies that must be
expected to be of similar size in both two and three dimen-
sions. Close to the thermonuclear runaway, the circulation
times become larger than the nuclear burning timescales.
Unless, in three dimensions, the decay times of large eddies
are much shorter than a revolution, the largest eddies must
be expected to trigger the ignition in a way similar to the
two-dimensional case. Therefore, the probability of ignition
in more than one well-defined region remains small. Owing
to the resolution of our simulation, this region has a size of
several kilometers. We cannot say anything about the igni-
tion process on scales of the nuclear burning front.

We have discussed possible implications for the deflagra-
tion front on SNe Ia based on previous studies. Obviously,
there is a need for consistent calculations of the deflagration
front to quantify our estimates on the propagation of the
nuclear flames.

Our results are based on a specific progenitor with amain-
sequence mass of 3 M�. Similar studies may be useful for
other MMS with larger or smaller cores with low carbon
abundances, and different central densities at the time of the
explosion. In light of the analysis of the subluminous
SN1999by (seeHowell et al. 2001), other effects such as rota-
tion or crystallization should be considered in the future.
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A&A, 347, 724

Riess, A., et al. 1999, AJ, 117, 707
Riess, A., Press,W. H., &Kirshner, R. P. 1996, ApJ, 473, 588
Rose,W., & Sulem, P. L. 1978, J. Phys., 39, 441
Salaris,M., Cheffie, A., & Straniero, O. 1993, ApJ, 414, 580
Schaller, G., Shaerer, D., Meynet, G., &Maeder, A. 1992, A&AS, 96, 269
Schmidt, B., et al. 1998, ApJ, 507, 46
Stone, J.M., Ostriker, E. C., &Gammie, C. F. 1998, ApJ, 508, L99
Straniero, O. 1988, A&AS, 76, 157
Sugimoto, D., &Nomoto, K. 1980, Space Sci. Rev., 25, 155
Thielemann, F. K., Nomoto, K., &Hashimoto,M. 1996, ApJ, 460, 408
Umeda, H., &Nomoto, K. 1999, ApJ, 513, 861
Vazquez-Semadeni, E. 1991, Ph.D. thesis, Univ. Texas, Austin
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