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1 Introduction and motivation

1.1 History of supernova observations and theory

Supernova (SN) outbursts belong to the brightest observable events in the universe. Their
luminosity rises during several days to a few weeks; after maximum their intensity drops
over a timescale of several years. Therefore a SN explosion in the Milky Way is a spec-
tacular astronomical event which is easily observed with the naked eye, under favourable
conditions even during the day.

One of the first records of a direct supernova observation dates back to the year 1054, when
Chinese astronomers discovered a “new” star in the region of the sky where today the Crab
nebula and pulsar are located; both objects are believed to be remnants of a supernova that
must have exploded about thousand years ago. Even older Chinese star catalogs document
the disappearance of a star in the neighbourhood of δ Vel and κ Vel at some time between
300 BC and 600 AD; in the same region, the ROSAT X-ray telescope discovered a supernova
remnant (RXJ 0907-5207) of appropriate age, again confirming the historical observations
(Zhuang & Wang 1987, Greiner et al. 1994).

Tycho Brahe and Johannes Kepler were the first astronomers in the western world who
discovered local supernovae and studied them in detail. At that time, however, the knowl-
edge of physics, cosmology and our cosmic neighbourhood was not yet sufficient to draw
conclusions on the true nature of the events or even on their distance.

A first impression of the energies released in a supernova was gained in 1919 when Lund-
mark determined the distance to M31 (the Andromeda galaxy) to be about 7·105 light years.
This led to the re-examination of the nova-like event S Andromedae in M31, which had
been reported by Hartwig in 1885. The estimate for the luminosity of this “nova”, based on
the new distance information, was three orders of magnitude higher than the luminosities of
“classical” novae in the Milky Way that had been observed so far (Lundmark 1920). This
motivated Baade & Zwicky (1934) to postulate a new class of cosmic explosions for which
they coined the term “supernova”.

In 1940, soon after the first supernova spectra were obtained, it became apparent that there
exist at least two significantly different SN subtypes: one class produces spectra containing
prominent Balmer-lines near maximum light, whereas the other one shows no trace of hy-
drogen. Both types are further distinguished by the characteristics of their light curve (i.e.
the temporal evolution of the luminosity), like the maximum brightness and the time scales
for decline. Following Minkowski (1940), these two classes are called Type II and Type I
supernovae, respectively.
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1.1 HISTORY OF SUPERNOVA OBSERVATIONS AND THEORY

Zwicky (1938) was the first to propose a scenario that could explain the origin of the
enormous amounts of energy needed to power a supernova; he suggested that the binding
energy released during the gravitational collapse of an ordinary star to a neutron star might
heat the outer stellar layers and drive them apart. This model has difficulties to explain
a large fraction of the Type I supernovae that does not leave compact objects behind and
shows no features of light elements in the spectrum. This subgroup – called Type Ia today –
is better described by the thermonuclear disruption of an electron-degenerate white dwarf,
a scenario first mentioned by Hoyle & Fowler (1960).

Broad interest in supernova physics was rekindled by the explosion of SN 1987A (a Type
II event) in the Large Magellanic Cloud, which exhibited many features that were not ob-
servable in earlier supernovae because of their large distances or insufficient sensitivity of
the available telescopes. During the following years research was mainly focused on ver-
ifying and refining the theoretical models for Type II SN. Some years ago, however, the
importance of SN Ia as potential distance indicators on cosmological scales became clear
(Perlmutter et al. 1997) and considerable effort has been made to improve our knowledge of
the “inner workings” of these thermonuclear explosions.

On the observers’ side the main task is to gather detailed information about supernova
spectra and light curves in order to derive quantities like expansion velocities, composition
of the ejecta and the total energy release, which themselves can be used to construct new
theoretical models or judge the validity of existing ones. The progenitor models can be
further constrained by the correlation between supernova outbursts and their surroundings,
i.e. the type of the host galaxy or the association with spiral arms. It is also important to
establish a large and unbiased sample of observed Type Ia supernovae; this will allow to
determine the small inherent scatter of this remarkably homogeneous class of explosions,
which must also be explained by theory.

The best source for high-quality observational data would of course be a nearby Type Ia
explosion (e.g. in the Local Group or the Milky Way); however, SN Ia are rare (less than
one per century and galaxy) and therefore it is not reasonable to speculate upon such an
event in the near future. For this reason the term “local explosions” is relaxed to include all
SN Ia at redshifts up to z≈0.1. At these distances it is still possible to obtain very accurate
spectroscopic and photometric information. So far, not very many (less than 100) SN Ia
have been observed within this radius, to a large part by systematic surveys (Hamuy et al.
1996).

On the other hand, SN Ia at cosmological distances are much more likely to be observed
because of the very high number of galaxies in the field of view of a typical telescope; they
are detected at a rate of a few hundreds per year by ongoing systematic searches (Schmidt
et al. 1998, Perlmutter et al. 1997). These observations, though naturally not as accurate
as data from closer events, provide valuable insight into supernovae at earlier cosmologi-
cal epochs and can most probably be used to determine cosmological parameters like the
Hubble constant H0, the deceleration parameter q0 or the cosmological constant ΩΛ.

The theory of Type Ia supernovae has the goal of finding progenitor models and explosion
mechanisms which are consistent with all observations and, if possible, allow for predic-
tion of yet unobserved phenomena. Since the equations describing the explosion itself are
very complex in most conceivable scenarios, this task as a whole cannot be accomplished
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1 INTRODUCTION AND MOTIVATION

analytically. While analytical considerations play an important role in many of the partial
aspects of the supernova event, the governing equation system has to be discretized and
solved numerically in order to obtain quantitative results.

For the special case of SN Ia two quite different approaches to that goal have been pursued.
On the one hand there is a series of models that produce spectra and light curves which are
in very good agreement with observed SN Ia, but have the disadvantage of depending on
one or more free parameters whose physical meaning is not well understood. In many cases
these models are one-dimensional and parameterized by the propagation velocity of the
thermonumclear fusion flame that disrupts the progenitor.

On the other hand a large effort has been made to avoid all free parameters and try to model
the SN event using only well-known physical phenomena. So far all of these calculations
fail to reproduce some aspect of the observed SN Ia; it is even very hard to derive synthetic
spectra or light curves, since the current “first principle” simulations only cover the first
few seconds of the SN event, whereas information about the explosion does not leave the
remnant until several days later, after highly complicated radiation transport processes inside
the ejected material.

In this situation the only quantity that can be obtained both by observation and simulation
is the total energy release of the supernova; this is possible because, as predicted by all
current theories, the largest part of the energy release takes place during the short time span
that can be simulated. But even this single verifiable result shows strong deviations from the
expected value – in most cases the theoretically computed result is too low. This indicates
that the employed models need to be refined or that the theoretical picture of the explosion
process is wrong.

Fortunately the phenomenological models can be of great help when trying to improve the
understanding of the underlying processes: the prescription of the thermonuclear burning
speed, as mentioned above, might not have had a physical motivation at first; but the success
of the models is a strong hint that the real flame could behave in a similar way. Given
such hints, it is easier to search for effects that have the desired influence on the flame and
incorporate them into the parameter-free models.

1.2 Characteristics and classification of supernovae

1.2.1 Supernova subtypes

The term “supernova” was initially invented to refer to a class of cosmic explosions with
very high energy releases. Since their origin was unknown at that time, the only way to de-
velop a finer classification scheme for the sub-types of supernovae themselves was to divide
them according to presence or absence of some special features in their light curve shapes
and spectra. As was already mentioned, the first such distinction was made by Minkowski
(1940); the great amount of observational data gathered in the following decades allowed
a refinement of his scheme by adding new subcategories. Figure 1.1 shows the current
classification tree based on spectral features (Harkness & Wheeler 1990).

In the meantime it has become apparent that the original distinction between SN of Type
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1.2 CHARACTERISTICS AND CLASSIFICATION OF SUPERNOVAE

SN II SN I

H / no H

Si / no Si

II L II P SN 1987A SN 1987K
SN Ia He / no He

SN IcSN Ib

Light Curve Shape

Maximum Light Continuum

Figure 1.1: Supernova classification scheme, based mainly on spectroscopic features (Harkness &
Wheeler 1990).

I and II is not very lucky, since it does not correspond to the two fundamentally different
SN progenitor scenarios: a classification based on the physical explosion mechanism would
lead to one subgroup consisting of Type Ia SN only and another group containing all other
types. Nevertheless the original scheme is still used because it was already well established
when the physics behind the different explosions became clear.

1.2.2 Characteristics of core-collapse supernovae

Presently there is a broad agreement that all SN with the exception of the subtype Ia are
caused by the collapsing iron core of a massive star ( ' 8 M�) to a neutron star. When the
core reaches nuclear densities, the infalling material bounces at the surface of the protoneu-
tron star and a shock front forms, which is expected to propagate outwards and disrupt the
outer stellar layers. It is not yet exactly clear how the shock, which is believed to stall after
about the first 100 km, can be powered in order to accelerate again, but energy deposition
by neutrino absorption behind the front appears to play an important role.

Owing to the varying mass and internal structure of the progenitors, core-collapse su-
pernovae are a rather heterogeneous class of explosions: the different light curves exhibit
significant scatter in maximum luminosity as well as in rise and decline times, and 1H or
4He features may or may not appear in the spectra. While photometrical variations will be
most likely connected with progenitor mass, the missing spectral signature of hydrogen in
some events (the SN Ib/c) indicates that the progenitor has lost its hydrogen shell before
explosion (Woosley et al. 1993). Non-detection of helium emission features most likely
means that the outer stellar regions were not sufficiently heated by the shock to excite the
atoms, which suggests a weak explosion (Branch et al. 1991).

The hypothesis of a massive progenitor is supported by the fact that core-collapse SN
are only observed in the star-forming regions of late-type galaxies; due to the rather short
lifetime of stars heavier than about 8 M� they can only be found in an environment of young
stars.
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1 INTRODUCTION AND MOTIVATION

1.2.3 Properties of Type Ia SN

The subtype Ia is distinguished from other supernovae by the absence of hydrogen absorp-
tion lines (in contrast to Type II events) and by strong silicon features before and at maxi-
mum light, which are not observed in SN of Type Ib/c. In the following, the most prominent
features of this subclass will be discussed; for a more detailed characterization see Hille-
brandt & Niemeyer (2000).

Spectroscopy
In addition to silicon, the spectrum at maximum light also exhibits lines of other
intermediate-mass elements like Ca, Mg and O in neutral or singly ionized states;
since most of the remnant is assumed to be optically thick at this time, this spectrum is
directly related to the chemical composition and temperature of the outer ejecta layers.
The lines appear in the form of a typical P-Cygni profile with a blue-shifted absorption
component, which indicates expansion velocities of the order of 109 cm/s (Filippenko
1997). The composition of the outer shell appears to have a layered structure, because
lines of different elements also show different expansion velocities.

A few weeks after maximum the remnant has expanded far enough that the pho-
tosphere enters the inner regions containing iron-rich material, thereby causing the
appearance of permitted Fe II lines in the spectrum (Harkness 1991). With the ex-
ception of some Ca II, which remains detectable in absorption, the lines of the lighter
elements disappear (Filippenko 1997).

The so-called nebular phase sets in about one month after maximum light; it is domi-
nated by forbidden lines of Fe II, Fe III and Co III (Axelrod 1980).

Photometry
The optical light curve of a SN Ia is characterized by a rise time of about 20 days,
followed by a rapid decline of about three magnitudes during the next weeks and
finally an exponential decay of about one magnitude per month. In combination with
the relative intensities of the cobalt and iron spectral lines, this last time scale strongly
suggests that the late light curve is powered by the radioactive decay of 56Co (Truran
et al. 1967, Colgate & McKee 1969, Axelrod 1980). In the infrared most SN Ia
exhibit a second, lower maximum 3 – 4 weeks after the first one. The interpretation
of this feature is still unclear; it can be possibly explained by the fact that opacities
are decreasing faster in the infrared than in the visible range and stored recombination
energy is released in the infrared (Meikle et al. 1997).

At maximum light the luminosity reaches on average

MB ≈ MV ≈ −19.5 mag and Lbol ≈ 1043 erg/s.

It is important to note that SN Ia do not emit a significant amount of energy in the radio
and X-ray frequencies; this fact can be used to constrain the explosion progenitor (see
section 1.3.1).
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1.2 CHARACTERISTICS AND CLASSIFICATION OF SUPERNOVAE

Progenitor surroundings
In contrast to the other supernova subtypes, SN Ia are observed in all types of galaxies
and are not limited to regions containing relatively young stars. It has been reported,
however, that there exists some correlation between rate and strength of SN Ia and
their surroundings: According to Cappellaro et al. (1997) explosions occur twice as
often in late-type galaxies than in early-type ones, and they show systematically faster
ejecta velocities, broader light curves and higher maximum brightness (Hamuy et al.
1995, 1996, Branch et al. 1996)

Overall, the spectral and photometric properties of most SN Ia are remarkably homo-
geneous; about 85% of all observed events are classified as so-called “Branch-normals”
(Branch et al. 1993), i.e. they had very similar maximum luminosities, light curve shapes
and spectra. However, the large amount of data gathered during the last years indicates
that the luminosity distribution of these events is not as narrowly peaked as was assumed
before (Li et al. 2000). The remaining 15% of “peculiar” SN Ia exhibit various anomalies
and therefore do not easily fit into the standard category. Probably the most prominent (and
extreme) members of this class are SN 1991T and SN 1991bg, respectively.

SN 1991T was one of the few observed examples of an unusually energetic and bright ex-
plosion; compared to a Branch-normal event, its light curve peak was considerably broader,
and the spectrum near maximum light showed lines of highly excited Fe III instead of the ex-
pected Si II and Ca II lines. These observations suggest that the nucleosynthesis during the
burning phase produced more nickel than in the standard case and that fewer intermediate
mass elements were synthesized.

On the other end of the scale, SN 1991bg was subluminous by 2.5 magnitudes in the B
band and exhibited a very fast light curve; the second maximum in the infrared spectral
bands was missing, and the inferred element abundances show a strong overproduction of
lighter elements and only very little iron. Models created by Mazzali et al. (1997) indicate
that the initial nickel mass was only ≈ 0.07 M�, compared to about 0.5 M� in a normal
explosion. In accordance with the low energy release, the ejecta velocities were found to be
very slow (Filippenko et al. 1992).

Since very few 1991T-like SN Ia have been observed so far, superluminous events appear
to be quite rare. The analogous conclusion does not hold for the faint 1991bg-like explo-
sions: they are not detected often, but their actual number will likely be underestimated
because they are harder to find.

It is still a matter of debate whether the peculiar SN Ia may be interpreted as extreme
outliers of the Branch-normal class or if they are caused by other explosion mechanisms
and therefore have to be classified as separate subgroups (Mazzali et al. 1997).

Though being a very homogeneous class of supernovae, there is still some small amount
of scatter in the maximum brightness and light curve shapes of the Branch-normal SN Ia.
Pskovskii (1977) and Branch (1981) were the first to suggest that all of the different de-
viations from the “standard” SN Ia are strongly correlated, and that all characteristics of a
Branch-normal SN Ia can be expressed by one parameter. The most prominent example is
the connection between the peak brightness and the “broadness” of the light curve maxi-
mum (known as the Phillips relation): it has been observed that the initial decline rate of
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1 INTRODUCTION AND MOTIVATION

very luminous SN Ia is slower than the average, whereas subluminous events decline faster.
This empirical correlation is of extreme importance for cosmological studies using super-
novae as distance indicators (see section 1.4) and must therefore be carefully measured and
understood from a theoretical viewpoint. Since the exact choice of the parameterization is
free, different groups of researchers have used various approaches and nonetheless arrived
at remarkably similar predictions for several cosmological parameters. However, the results
of a recent comparative study by Leibundgut (2000) cast some doubt on the equivalence of
the different parameterization methods.

A successful theoretical model must explain quantitatively all of the features mentioned
above, at least for the Branch-normal explosions. Despite large efforts and several promising
approaches, the current non-empirical models fail to reproduce all observables or produce
only qualitative predictions.

1.3 Models for Type Ia supernovae

1.3.1 Progenitor scenarios

When trying to understand the nature of SN Ia, the first task is to identify the progenitor of
the explosion. The size and expansion velocities of SN Ia remnants in our galaxy lead to
the conclusion that the progenitor must be a single star. Furthermore, the exploding object
cannot contain significant amounts of hydrogen and helium, since these elements do not
appear in the spectrum (neither in emission nor in absorption). This also implies that the
amount of circumstellar material, produced, e.g., by a stellar wind or a common envelope
phase (i.e. a gas cloud enclosing both components of a binary system), must be very small.

If the progenitor is not a neutron star or black hole, which can be excluded by the absence
of strong radio and X-ray emission, it can be further concluded that it must be a relatively
low-mass star, since SN Ia are often observed in regions with an old stellar population.

The combination of all these constraints only leaves white dwarfs (WDs) as sources of SN
Ia. However, isolated white dwarfs are inert and have no way to explode; this means that a
SN Ia can only occur in a binary system. The ignition condition is then most likely reached
by accretion of material from the companion onto the white dwarf surface.

The fundamental parameters describing a white dwarf are chemical composition and mass.
There exist basically three chemically different WD types: WDs consisting mainly of he-
lium, of carbon and oxygen, or of a mixture of oxygen, neon and magnesium. It has been
shown that the incineration of a He white dwarf will always produce nearly pure nickel and
is therefore not suited to explain a SN Ia, whereas the ONeMg white dwarfs tend to collapse
rather than explode in all calculations performed so far when they are ignited (Gutiérrez
et al. 1996). This leaves the class of CO WDs as promising SN Ia candidates, which are the
main focus of theoretical considerations and simulations today.

Chandrasekhar-mass models

There exists an upper limit for the WD mass, above which the pressure of the electron gas
in the star cannot compensate the gravitational forces; this so-called Chandrasekhar mass
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1.3 MODELS FOR TYPE IA SUPERNOVAE

Figure 1.2: Allowed parameter space for the production of a MCh white dwarf in a binary system,
depending on the rotation period of the system and the initial donor mass. The two
disjoint areas represent a main sequence and a red giant companion, respectively. The
allowed regions are plotted for an initial WD mass of 0.75, 0.8, 0.9, 1.0 (bold) and
1.1M�. The 0.75M� contour vanishes for a main sequence donor. There is no valid
parameter set for an initial mass below 0.7M�. From Nomoto et al. (2000).

(MCh) is about 1.4 M� for cold, nonrotating white dwarfs. As soon as a WD approaches
this mass (e.g. by accretion), its central density will increase rapidly and the heat capacity
becomes very low because of the high degeneracy of the electrons. If the central density
of the WD is too high at this point, it will collapse to a neutron star once MCh is reached
and not produce a SN-like event. Otherwise the rates of all nuclear reactions in the central
region will rise tremendously due to a feedback process between reaction time scales and
temperature, and a thermonuclear runaway will set in and disrupt the star.

This scenario is particularly appealing because the nearly uniform mass before explosion
is a reason to expect a very homogeneous class of events; small variations could be intro-
duced by the C/O ratio, the accretion rate etc.

However, the process of creating a Chandrasekhar-mass WD is not simple. Most white
dwarfs are created with a mass of about 0.6 M� (Weidemann & Koester 1983) and therefore
have to grow by a significant amount to reach the critical mass. Since the material accreted
from the companion will be hydrogen or helium (a main sequence star or giant is assumed
here), it must be processed into C/O on the WD surface; otherwise it could be detected in
the spectrum. A detailed analysis by Nomoto et al. (2000) has shown that, depending on
the initial WD mass only rather small windows exist for the rotational period of the stellar
system and the companion mass in order to grow the white dwarf to Chandrasekhar mass
(see figure 1.2). If the system parameters lie outside this area, many different scenarios are
possible (cf. Nomoto et al. 2000):
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1 INTRODUCTION AND MOTIVATION

• If the accretion happens too fast, a common envelope of light elements forms around
both objects. This circumstellar material is not observed in SN Ia.

• At accretion rates below 10−7M� per year steady hydrogen and helium burning can-
not be maintained on the white dwarf surface; novae and hydrogen shell flashes will
take place instead and remove the accreted shell from the WD, so that there is no net
accretion.

• WDs with high initial mass will collapse instead of explode when approaching the
Chandrasekhar mass, because the heating wave caused by the accretion has not yet
reached the center at this time. In a cold environment at high densities electron capture
reactions become important, leading to a breakdown of the central pressure.

• For very light WDs with red giant companions, the donor will shrink before the white
dwarf reaches MCh and the mass transfer stops.

Observations have not yet provided a reliable estimate for the number of binary systems
with the right parameters, mostly because it is not yet known how they can be identified.
However it is assumed that the so-called supersoft X-ray sources (SSXS) are associated with
binary systems that will produce a SN Ia (van den Heuvel et al. 1992). Another problem is
that, compared to the supernova outburst itself, the emission of these systems is rather weak;
as a consequence they can only be detected in the Local Group with current telescopes.
Since only a very small number is expected to exist in a single galaxy at a time, there will
be a large statistical uncertainty in the predicted number of progenitor systems.

Sub-MCh explosions

As an alternative to MChwhite dwarfs and the uncertainty of their existence several differ-
ent models for the explosion of lighter white dwarfs were considered in the context of SN
Ia. These models share the advantage that binary systems with intermediate-mass WDs
are known to exist in sufficient numbers. On the other hand it is nontrivial to explain how
such an object can be ignited and completely incinerated. Presently all approaches assume
a C/O core with a helium shell. When this shell has reached a certain mass by accretion
(≈ 0.3 M�), it will ignite near its bottom and a detonation wave will form and propagate
around the star. Depending on the strength of this detonation, the core could be ignited
where the shock first hits the interface between He and C/O (off-center explosion), or the
converging of wave fronts from different parts of the star could trigger the C/O fusion some-
where inside the core, opposite the point of helium ignition. Several authors report success-
ful core ignition (Woosley & Weaver 1994a, Livne & Arnett 1995), but this is possibly a
consequence of the symmetry assumptions used in their one- and two-dimensional simula-
tions. Benz (1997) performed three-dimensional calculations; here, the core failed to ignite
in all cases but one.

Concerning the chemical composition of the ejecta, sub-MCh models can explain the ob-
served abundance of intermediate-mass elements rather well, except for a slight underpro-
duction of silicon and calcium, and do not produce unwanted neutron-rich isotopes like
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some MCh models (see sections 1.3.2 and 1.3.3). Unfortunately it is difficult to understand
the homogeneity of SN Ia in this scenario, since different events will most likely have differ-
ent progenitor masses, implying considerable variations in explosion strength. An additional
problem is that the models predict a spectral signature of nickel with high expansion veloci-
ties, which is produced by the detonation of the helium shell. Except for SN 1991T, which is
generally considered too energetic for a sub-MCh event, there is presently no observational
evidence of such a feature.

Overall it appears not likely that sub-MCh models can be used to explain the Branch-
normal SN Ia, and because of their predicted spectra they are not very good candidates for
faint events like SN 1991bg either, even though the amount and scatter of released energy
could fit this subclass rather well.

Binary WD systems

Yet another interesting theory, first suggested by Webbink (1984) and Iben & Tutukov
(1984), postulates that a close system of two white dwarfs, which lose orbital angular mo-
mentum through gravitational wave emission and finally merge into one object, could pro-
duce an outburst with the characteristics of a SN Ia. The initial distance of the two WDs
must be quite small (of the order of R�) to ensure a realistic merging time scale (less than a
few billion years); this means that the system must have lost much of its angular momentum
in its earlier history. It is also necessary that the combined mass of both components is
larger than MCh; otherwise the outcome of the merger will be a single, rapidly rotating WD
(Mochkovitch et al. 1997).

As in the case of MCh systems, it was a matter of debate for several years whether this kind
of system is created frequently enough to explain the observed SN Ia rate. A few years ago
only a handful sufficiently close systems were known (Bragaglia 1997), and their masses
lay below MCh. Theoretical considerations (Yungelson et al. 1994) already predicted the
existence of sufficiently many progenitors, and recent observational data indeed seem to
confirm these results (Livio 2000 and references therein).

Independent of these statistical considerations, numerical simulations of merging white
dwarfs were carried out by Benz et al. (1990) and Mochkovitch et al. (1997). The re-
sults show that the less massive WD is torn into a thick disk around the heavier one and
subsequently accreted. As a result of shock heating a thermonuclear reaction will start at
the boundary between core and disk and propagate slowly inwards, converting the star to
ONeMg (Nomoto & Iben 1985, Saio & Nomoto 1985); the resulting object then collapses
to a neutron star, if it has high enough mass.

Even if a fraction of the double degenerate systems cause a SN Ia-like explosion during
merging, it is still doubtful whether these events could be homogeneous enough to be the
source of the typical SN Ia. More likely they could account for the superluminous events
since the total mass of the system will exceed MCh when an outburst really takes place.

1.3.2 Models for the explosion dynamics in MCh scenarios

Even though there is broad agreement that MCh CO white dwarfs are the most promising
SN Ia progenitors, it is not yet clear how the explosion process works in detail. All of the
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theories suggested so far have some weak points, mostly because they require some fine-
tuning or depend sensitively on quantities and mechanisms that are not well known yet.

One of the largest uncertainties lies in the state of the WD shortly before ignition. Perhaps
most importantly, its central density can vary between≈109 and 5·109 g/cm3 for nearly con-
stant mass and total energy; in many models the ejecta composition and even the distinction
between collapse and explosion depends strongly on this parameter.

The exact density and temperature fluctuations in the central regions are also important for
the explosion, since they determine the initial flame position and topology. These quantities
are significantly influenced by the so-called URCA process (Paczyński 1973, Iben 1978,
Barkat & Wheeler 1990, Mochkovitch 1996), whose net effect on the star is still discussed
controversially. Reliable information about the thermodynamical state of the star before
ignition can only be gained by hydrodynamic simulations of the ca. 1000 years of “smoul-
dering” prior to ignition; to do this is a computationally very challenging task that has not
been undertaken so far.

A crude picture of the initial flame geometry is obtained from simulations carried out
by Garcia-Senz & Woosley (1995); their results suggest that fast burning will start on the
surface of buoyant bubbles, at distances of a few hundred kilometers away from the center.
The number, radial distribution and size of these bubbles, however, is not yet known and
might have a significant influence on the final outcome. It would also be interesting to
investigate whether the thermonuclear runaway will only start in the hottest of these bubbles,
resulting in a one-point ignition, or if the weak shocks produced by the first burning bubble
are sufficient to trigger the reactions in the others also.

Apart from these fundamental uncertainties, several different models were constructed to
describe the propagation of the thermonuclear reactions through the white dwarf after ig-
nition. The first one of these, introduced by Arnett (1969), assumed a central, spherically
symmetric detonation of the star. While the energy release of such an event would be more
than sufficient to power a SN Ia, the ejecta composition differs significantly from observa-
tions: since the white dwarf matter has no time to expand before being processed in the
detonation wave, the combustion takes place at relatively high densities. As a consequence
the reaction products consist mostly of nickel, while the amount of intermediate-mass el-
ements is too small. For this reason the detonation scenario in MCh progenitors can be
ruled out (note that detonation in sub-MCh white dwarfs can produce the correct mixture of
elements, since their densities are much smaller).

To avoid this problem it was suggested that the flame front is propagating as a subsonic
deflagration instead of a detonation. In this mode of combustion rarefaction waves can prop-
agate ahead of the front with the local sound velocity and the density will drop significantly
due to expansion of the whole star before most of the material is burned.

Assuming a spherically symmetric explosion, the flame will propagate essentially with the
laminar burning velocity; this quantity was numerically determined for white dwarf matter
by Timmes & Woosley (1992). Simulations using this mode of combustion do not result in
typical SN Ia either: since the laminar velocity is very slow compared to the sound speed
and drops rapidly for lower densities, the star will expand by a large amount and the flame
will “stall” before a sufficient mass fraction has been processed.

On the other hand, though the expansion is too fast in the above respect, it is at the same
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time too slow, since the reaction products near the center remain at high density for too long,
leading to neutronization by electron captures and thereby to overproduction of neutron-rich
heavy nuclei. If the central density was very high in the beginning, this effect will even lead
to a collapse of the WD (Nomoto & Kondo 1991).

In order to eliminate at least one of these shortcomings, the so-called “delayed detona-
tion” model was developed by Khokhlov (1991) and Woosley & Weaver (1994b). This
approach postulates that the slow deflagration wave turns into a detonation upon reaching
a critical density of ≈ 107 g/cm3. Such a “deflagration to detonation transition” (DDT) is
often observed in technical combustion, but it is not yet clear how it can be realized under
the conditions given in a supernova. Niemeyer (1999) reaches the conclusion that a DDT is
extremely unlikely to occur in this astrophysical context, but the debate is not concluded so
far.

The process of initiating a detonation might be made easier if the star is first expanded by
a stalling deflagration, but still remains bound and recontracts again, while fuel and ashes
in the region of the front are mixed by turbulent motions. When this mixture is sufficiently
compressed during recontraction, a “pulsational delayed detonation” might be triggered (Ar-
nett & Livne 1994a,b). The problem with this idea is that a realistic deflagration calculation
(not necessarily the idealized laminar case described above) will produce just enough energy
to unbind the star so that the necessary pulsation will not take place.

In any case the models assuming that combustion starts as a laminar spherical flame result
in a rather slow initial expansion of the WD and therefore share the unrealistic overproduc-
tion of neutron-rich elements. Although a recent correction of certain nuclear reaction rates
(Brachwitz et al. 2000) makes this problem less severe, some speedup of the flame in the
early stages is still required.

1.3.3 The current state of SN Ia simulations

The experience gained from the analysis of the models described in the last section has
shown several requirements for the explosion dynamics in a MCh scenario: the central region
of the WD has to be processed rather quickly and combustion must reach the outer stellar
layers. Though the flame must start subsonically it may switch to a detonation once the star
has sufficiently expanded.

Most of the SN Ia simulations of the last decades were performed in one spatial dimension
under the assumption of spherical symmetry. In this context there are not many other choices
than to prescribe a more or less arbitrary law for the flame speed if one wishes to fulfill
the above requirements. By variation of this burning law it is possible to create artificial
explosions whose light curves and spectra resemble the observed data very closely.

One notable example for this class of simulations is Nomoto’s W7 model (Nomoto et al.
1984), which has been very successful over a long time and is used in several variations by
many groups for fitting observed light curves and spectra and deriving explosion parameters.

For several years now, it has been the goal of the parameter-free models to reproduce the
accurate results of the empirical models. In order to achieve this, an intuitive approach
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would be to mimic the behaviour of the energy generation rate Ė, which is given by

Ė = 4πr2
FρFQFsF (1.1)

in one-dimensional simulations (rF: distance of the flame from the center, ρF: density di-
rectly ahead of the front, QF: specific energy release, sF: empirical flame propagation
speed). For calculations from first principles a completely empirical value for sF is not
acceptable; but since all other quantities are more or less fixed, it follows that such a cal-
culation cannot be performed in one spatial dimension. The equivalent formula for three
dimensions reads

Ė =

∫

F

ρ(~r)Q(~r)s(~r)d~A, (1.2)

where the integration takes place over the whole flame surface. This expression is much
more flexible; it allows, for example, to reproduce the one-dimensional results obtained
with an artificially increased sF by a flame propagating with the correct laminar speed, but
having a larger surface area. This approach is very promising since the thermonuclear flame
in a white dwarf is subject to various hydrodynamical instabilities, which lead to turbulent
combustion and increase the total surface (see section 2.4.3).

The simulation of turbulent burning requires multidimensional treatment because the wrin-
kling of the flame cannot be adequately described in one-dimensional models. At the same
time it would have to cover the entire scale space on wich physically relevant effects take
place; for SN Ia this includes a range of about 0.01 mm (the thickness of the flame) to
several 1000 km (the white dwarf radius). A problem of this size is not tractable on any
computer; therefore all processes on small scales like the flame propagation and turbulent
velocity fluctuations must be described by physically well-founded models.

First-principle calculations have so far been performed by Khokhlov (1995, 2000) and
Niemeyer & Hillebrandt (1995a) and did not arrive at comparable results; significant re-
finement of the individual approaches seems to be necessary before convergence with the
observations is reached. The work described in this thesis is originally based on Niemeyer’s
results and continues the development of the models described in Reinecke et al. (1999b,a);
it focuses on a more accurate treatment of the thermonuclear flame and the transition from
two to three spatial dimensions.

1.4 Influence of SN Ia on other scientific areas

As was already mentioned, the most important aspect of SN Ia is currently their near-
uniformity, which makes them promising candidates for the determination of cosmological
parameters. Even though they are not perfect “standard candles” that can be used directly
to obtain their distance from the observed maximum brightness, it is generally believed that
they are “standardizable” and allow a distance measurement if enough observational data
(maximum brightness, light curve shape etc.) are known.

Presently, both groups searching and analyzing distant SN Ia (e.g. Schmidt et al. 1998,
Perlmutter et al. 1997) reach the conclusion that the universe is most likely flat with the
parameters ΩM≈0.3 and ΩΛ≈0.7 and exclude the possibility of a vanishing cosmological
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Figure 1.3: Constraints on the matter density of the universe and the cosmological constant by
brightness measurements of high-redshift SN Ia. From Riess et al. (1998)

constant at a high confidence level (see figure 1.3). The value for ΩΛ is obtained from the
fact that the distant SN at a redshift of about 1 are appear to be systematically dimmer by
≈0.25 mag as would be expected in a universe with ΩΛ =0. Since this deviation is smaller
than the intrinsic scatter of SN Ia, some caution is advised: even a small systematic error
caused by incorrect assumptions may result in a significant change of the predicted ΩΛ.

As a hypothetical example, the dimness of the distant SN Ia could be caused by some
kind of “grey dust” with a constant absorption coefficient for all optical wavelengths, which
is distributed evenly across the universe. Unless other distance indicators independent of
absolute luminosities are found, there is no way to decide if this dust exists or not.

The discrepancy in brightness could also be the consequence of evolution effects like a
slightly different chemical composition of the progenitor stars at z≈ 1, when the universe
was considerably younger than today. Livio (2000) mentions the possibility that the SN Ia
samples at low and high redshifts could be dominated by different progenitor populations
(e.g. mostly sub-MCh explosions at z≈1 and mostly MCh explosions today); this can happen
if the pre-supernova evolution time is significantly different in the two scenarios. This idea
can only be verified or falsified when all different progenitor models and their dependency
on cosmological evolution have been studied in a quantitative manner.

To obtain more complete information about possible evolution effects and their influence
on SN Ia observables, data from redshifts of 0.1 / z / 0.5 would be very helpful. Unfortu-
nately there is a gap in the observations at these intermediate redshifts (which is also evident
in figure 1.3), because no good strategy exists for detecting them: they are too weak to be
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discovered in wide-field surveys and they are not numerous enough to allow “scheduled”
observations in a small sky region. A complete coverage of SN Ia from redshifts 0 to 1 is
still many years away.

1.5 Goals of this work

The numerical models and simulations presented in this work are concerned with the short
stage (approximately one second) of fast nuclear fusion reactions, during which the largest
part of the explosion energy is released. Since one of the main goals is a better insight into
the physical processes occuring during the explosion and not so much a precise fitting of
particular SN Ia events, only models without free parameters were considered.

As was mentioned in the beginning, the total energy release serves as a fundamental com-
parison criterion between simulation and observation results. Only if a set of numerical
models produces energies in the correct range, it can be considered a promising description
of the SN Ia explosion mechanism.

Of course, other features like the ejecta composition and expansion velocities must also be
reproduced by a correct model, but obtaining this information from simulations not only re-
quires numerical treatment of the combustion phase, but also the of the remnant’s evolution
over several weeks. While this kind of verification is beyond the scope of this work, addi-
tional facilities were provided in the simulation code to allow such follow-up calculations,
which are planned for the near future.

Once the model has been proven to produce a SN Ia-like event, the next goal is to thor-
oughly investigate the influence of various physical parameters, like the progenitor’s com-
position, accretion history and rotation profile. Varying these values within a reasonable
parameter space should, for a correct model, reproduce the observed scatter in explosion
strength and its correlation with the light curve shape etc. Such a discovery would give
valuable insights on the physical origin of this correlation and could greatly increase the
credibility of the hitherto purely empirical luminosity corrections applied for cosmological
measurements.

Apart from this known scatter, parameter studies might also reveal evolution effects, i.e.
a dependence of the SN characteristics from the age of the universe at the time of the ex-
plosion. In this context, a correlation between the explosion strength and the chemical
composition of the white dwarf – which is arguably different at high redshifts and the cur-
rent time – appears most likely. Only if this possibility is ruled out, or if the correlation
has been studied in detail, SN Ia can be used as “standardizable candles” and therefore as
distance indicators with good conscience.

The outline of this work is as follows: in the following chapter, the mathematical equa-
tions describing all processes relevant for the combustion phase are introduced. Chapter 3
discusses how the equations for the macroscopic phenomena are discretized in space and
time to allow their numerical integration. The important microphysics cannot be resolved
in simulations of the entire star and therefore must be described by models, which are pre-
sented and motivated in detail. Special emphasis is laid on the description of the model
for the thin reaction front, since the employed numerical scheme has not been used in an
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astrophysical context before: chapter 4 contains a comparison of this tool with other meth-
ods currently in use, as well as an extensive discussion of the implementation details and
potential difficulties.

The second part of the work focuses on supernova simulations carried out with the de-
veloped code. Chapter 5 recapitulates the used equations and solution methods for quick
reference and then describes the employed stellar model and grid geometry as well as a test
calculation to assert the hydrostatic stability of this configuration. In the next chapter, two-
dimensional SN simulations are presented and discussed, whose goal is mainly to study the
correctness and robustness of the numerical methods and to investigate the influence of dif-
ferent initial flame configurations on the explosion process. A few fully three-dimensional
calculations were also performed; their results are shown in chapter 7 and compared to
the two-dimensional simulations. Finally, chapter 8 summarizes the new physical insights
gained, discusses advantages and shortcomings of the current approach and suggests possi-
ble future improvements. Also, the results are compared to other works in the same area,
and their significance for other branches of astrophysics is briefly discussed.
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Part I

Physical and numerical background
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2 Governing equations

In this chapter the fundamental physical and mathematical concepts will be presented, which
are needed to describe a SN Ia event in terms of a system of equations. First, the formulae for
the treatment of an ideal fluid are introduced; those are expanded in the following sections
to incorporate external forces, internal source terms and dissipation effects.

Chemical or nuclear reactions within the fluid can take place in many different ways.
An overview over these burning modes is given in section 2.2, including a more detailed
discussion of so-called “thin flames”, i.e. combustion processes with highly temperature-
dependent reaction rates and consequently very stiff source terms in energy and species
concentrations.

Under certain conditions the inherent nonlinear nature of the resulting set of partial dif-
ferential equations results in unpredictable, chaotic behaviour of the fluid. Several different
cases for this transition to turbulent flow are relevant for this work and their properties are
briefly discussed, with an emphasis on turbulent burning processes.

2.1 Hydrodynamics

Throughout this work the white dwarf matter will be interpreted as a continuum. This
approach is justified because the star can be subdivided into volume elements which are
larger than the mean free paths of the individual particles, but at the same time much smaller
than the scales on which statistically defined quantities like temperature and density change
perceptibly. Furthermore all particles are in thermodynamical equilibrium on this scale, so
that a single set of thermodynamical quantities completely describes the state of the material.
The interpretation as a fluid is justified because the material has negligible resistance to
shear.

Starting from the minimal equations describing fluid flow, the extensions and general-
izations required for the understanding and simulation of Type Ia SN are presented and
motivated one by one.

2.1.1 Basic equations

Most of the equations of hydrodynamics take the form of local conservation laws: in a given
volume element, the rate of change of any volume-related quantity a is equal to the total
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flux of that quantity over the surface of this element (neglecting explicit source terms):
∫

V

∂a

∂t
d3r +

∮

∂V

a~vd~A = 0. (2.1)

The surface integral in this expression can be transformed to a volume integral according to
Gauss’s law, resulting in ∫

V

(

∂a

∂t
+ ~∇(~va)

)

d3r = 0. (2.2)

In the (idealized) case of a continuum it is possible to make the transition to an infinitesi-
mally small volume element and the integration can be omitted:

∂a

∂t
+ ~∇(~va) = 0 (2.3)

It must be noted, however, that this differential form cannot be applied easily to flows
containing jumps in one or more state variables like idealized contact discontinuities and
shocks, since the derivatives will contain singularities. This class of so-called “weak solu-
tions” is better treated by the conservation laws in integral form.

The above equations can be used directly to describe the conservation of mass, which
results in the continuity equation:

∂ρ

∂t
+ ~∇(~vρ) = 0 (2.4)

The corresponding equations for the momentum components contain an additional source
term, since the fluid is accelerated in the opposite direction of a pressure gradient:

∂(ρvi)

∂t
+ ~∇(~vρvi) = −

∂p

∂xi

(2.5)

Combination of eqs. (2.4) and (2.5) leads to the so-called Euler equation for ideal fluids
without external forces:

∂~v

∂t
+ (~v~∇)~v = −

~∇p

ρ
(2.6)

Finally, the conservation law for the specific total energy etot reads

∂ρetot

∂t
+ ~∇(~vρetot) = −~∇(~vp). (2.7)

The equations above, however, still do not completely describe the physical situation;
in order to couple pressure and energy to the other state variables, a material-dependent
equation of state (EOS) is required:

p = fEOS(ρ, ei,X) (2.8)

T = fEOS(ρ, ei,X) (2.9)

The vector X denotes the composition of the fluid; it contains the mass fractions for the
different chemical species.
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2.1.2 Source terms

In the context of this work, the minimal equations given above must be extended by several
terms to account for self-gravity and thermonuclear reactions.

External forces
Any accumulation of matter produces a gravitational potential Φ which – in the New-
tonian limit – is given by Poisson’s equation:

∆Φ = 4πGρ (2.10)

The acceleration of the fluid by gravitation leads to a source term in the momentum
and energy equations.

Combustion
The thermonuclear reactions during a supernova explosion change the chemical com-
position of the progenitor material and release a certain amount of energy. The reac-
tion rates r are usually given as functions of ρ, T , and the composition X. The in-
fluence of the reactions on the hydrodynamics takes the form of an additional source
term S in the energy equation and a set of equations for the time dependence of X.

The full set of hydrodynamical equations now reads:

∂ρ

∂t
+ ~∇(~vρ) = 0 (2.11)

∂~v

∂t
+ (~v~∇)~v = −

~∇p

ρ
− ~∇Φ (2.12)

∂(ρetot)

∂t
+ ~∇(~vρetot) = −~∇(~vp) − ρ~v~∇Φ + ρS (2.13)

∂(ρX)

∂t
+ ~∇(~vρX) = r (2.14)

r = f(ρ, T,X) (2.15)

p = fEOS(ρ, ei,X) (2.16)

T = fEOS(ρ, ei,X) (2.17)

S = f(r) (2.18)

∆Φ = 4πGρ (2.19)

This system is known as reactive Euler equations including gravitation.

2.1.3 Real fluids

While the equations above are appropriate for numerical supernova simulations (for reasons
given in section 3.1), they still only describe a so-called “ideal fluid” (or “dry water”, as it
was called by John von Neumann): i.e. internal friction and diffusion are neglected. For the
theoretical investigation of the supernova event, however, these effects must be taken into
account, since they have an important influence on the flow behaviour on small scales and
are responsible for the propagation of a flame.
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Viscosity

If internal friction is not neglected, the equation of motion (2.6) must be extended by an
additional term describing the internal viscous forces and becomes

∂~v

∂t
+ (~v~∇)~v = −

~∇p

ρ
+

~fvisc

ρ
. (2.20)

~fvisc must meet several constraints: it must vanish for uniform motion and for rigid rotation,
i.e. if ~∇~v = 0 and also ~∇×~v = const., and it has to be an isotropic effect. Under these
conditions the most general expression for ~fvisc is the divergence of the tensor

σ ′

ij = η

(

∂vi

∂xj

+
∂vj

∂xi

)

+ η ′δij(~∇~v) (2.21)

(cf. Feynman et al. 1977), where η and η ′ represent the first (or dynamic) and second vis-
cosity coefficient. Separating this tensor into a traceless and a diagonal part yields

σ ′

ij = η

(

∂vi

∂xj

+
∂vj

∂xi

−
2
3
δij(~∇~v)

)

+ ζδij(~∇~v), (2.22)

where the volume viscosity ζ = η ′ + 2/3η. This form is often more convenient since it
separates shear (traceless part) and bulk viscosity (diagonal part).

Assuming spatially constant η and ζ, one obtains the Navier-Stokes equation for com-
pressible fluids:

∂~v

∂t
+ (~v~∇)~v = −

~∇p

ρ
+

1
ρ

[

η∆~v +
(

ζ +
η

3

)

~∇(~∇~v)
]

. (2.23)

In the divergence-free case this reduces to

∂~v

∂t
+ (~v~∇)~v = −

~∇p

ρ
+

η

ρ
∆~v. (2.24)

Since the viscous momentum transport also implies an energy transport, an additional
source term ~v(∂σ ′

ij/∂xj) must be added to the right hand side of the energy equation (2.13).
It is evident that viscosity effects transform kinetic energy into internal energy, thereby
increasing the entropy of the system. In contrast to ideal flow, real flow is therefore an
irreversible process.

Diffusion

Any temperature and composition fluctuations in a fluid tend to balance themselves out
over time by heat and material diffusion. This effect becomes especially important for steep
gradients and on small length scales as is the case for thin flames. In this particular situation
the cold fuel is heated by energy diffusion from the burned region; at the same time fuel
particles diffuse into the ashes and vice versa.
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These processes are described by the terms

∂ρetot

∂t
= ~∇(κeρcp

~∇T) and (2.25)

∂ρX

∂t
= ~∇(κXρ~∇X). (2.26)

In the case of SN Ia, diffusion effects play a crucial role for the flame propagation on
microscopic scales. These processes cannot be resolved in simulations covering the whole
progenitor star and must therefore be replaced by a numerical model. On the macroscopic
scales heat and material diffusion are unimportant, so that the equations above can be omit-
ted in our hydrodynamic scheme.

2.2 Combustion theory

A combustion process in a fluid can be described as a temporal change of the fluid com-
position in combination with the release of thermal energy. Depending on quantities like
diffusion cofficients, heat capacity, energy release, reaction rates, sound speed and turbulent
mixing, this process will take place in vastly different regimes. If the time scale for mixing
(be it by diffusion, convection or turbulence) is shorter than the reaction time scale, burning
will convert fuel to ashes homogeneously in a large volume; this situation is encountered in
nova outbursts, for example. High activation energies and low conductivities, on the other
hand, will produce a very thin reaction layer (a flame) propagating through the fuel and
leaving behind the burning products. Many intermediate and significantly distinct modes
of combustion are realized in nature; in many cases (including SN Ia), turbulence has an
important influence on the characteristics of the combustion.

All burning processes described in this work fall into the category of premixed combustion,
i.e. all ingredients necessary for the reaction are present in the fuel mixture; a chemical
analogon would be a Bunsen flame. Diffusion flames, where reaction can only take place at
the interface between two fuel components, do not occur in the context of SN Ia.

2.2.1 Laminar flames

One of the very few combustion processes that can be treated asymptotically (Zeldovich
et al. 1980) is the so-called laminar deflagration, a reaction zone propagating by diffusion
at subsonic speed. In this scenario all quantities only depend on one spatial coordinate.
Furthermore all time derivatives vanish in the rest frame of the deflagration front. These
conditions are fulfilled for a planar flame propagating at constant speed through an infinitely
large medium.

Pure laminar deflagration is unlikely to occur in the real world because of boundary effects
and the presence of various instabilities; nevertheless knowledge of the properties of laminar
flames is a prerequisite for the investigation of turbulent combustion. One of the reasons
is that the speed of a laminar flame is the lower limit for the velocity of any stationary
deflagration front in a given medium.
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A crude estimate for the propagation velocity sl of a laminar flame can be obtained from
the following consideration (Timmes & Woosley 1992):

The fuel reaches the point of ignition by heat transport and material diffusion of fuel
and ashes into each other; the energy generation rate depends on the reaction rates and
therefore mainly on the temperature. Since all quantities are constant in time, all the energy
released in the reaction zone must be carried away by diffusion (mechanical expansion work
is neglected in this approximation). This is roughly equivalent to the postulate that the
burning and diffusion timescales are equal:

τdiff =
l2
F

λc

!
= τburn =

ei

S
. (2.27)

Here lF is the flame width, λ and c denote the mean free path and average velocity of the
particles transporting the heat and S the energy generation rate in the reaction zone.

The laminar flame speed can be expressed by sl = lF/τburn (Landau & Lifschitz 1991),
which leads to

lF =

√

λcei

S
and sl =

√

λcS

ei

. (2.28)

To obtain estimates for lF and sl, typical values for ei and S must be supplied, which is a
non-trivial task because of the nonlinear temperature dependence of S (Timmes & Woosley
1992).

In reality the simple picture of two constant states of unburned and burned material on
both sides with a reaction layer of thickness lF in between is not sufficient to explain all
effects observed in combustion experiments. The flame is better described as a combination
of two separate regions. The so-called preheating zone consists of fuel and contains a tem-
perature gradient created by heat diffusion from the hot reaction products. In this region the
temperature is not yet high enough to produce noticeable reaction. All the energy is gener-
ated in the adjacent reaction zone, where a runaway process takes place and the temperature
rises very fast from the ignition temperature to its final value in the ashes (cf. Peters 1999).
In many cases – especially for reactions with a high activation energy – the preheating zone
is much wider than the reaction zone; this implies that two different length scales are needed
to characterize a laminar flame (for an example see section 2.4.2).

2.2.2 Jump conditions for thin flames

Any chemical or nuclear reaction takes place on a timescale τR. The width lF of the reaction
zone depends on τR and on the propagation speed s. In situations where lF is much smaller
than the length scales one is interested in, or lies below the resolution of a simulation, the
internal structure of the flame can be neglected and it may be treated as a mathematical
discontinuity. All quantities that would undergo a smooth transition from the unburned to
the burned state in the reaction zone now exhibit a sharp jump at this discontinuity.

Equations for these jumps are derived most conveniently in a frame of reference where
the flame is at rest and the fluid velocity has only a component normal to the flame. Such
a system always exists because the fluid velocity component tangential to the front must be
equal on both sides; if it had a jump, tangential momentum would not be conserved if s 6=0.

28



2.2 COMBUSTION THEORY
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Figure 2.1: Schematic illustration of a thin flame front

In this system, the changes for mass, momentum and energy flux across the flame are
given by the so-called Rankine-Hugoniot jump conditions:

ρ1v1 = ρ2v2 (2.29)

ρ1v
2
1 + p1 = ρ2v

2
2 + p2 (2.30)

v2
1

2
+ ei1 + p1V1 + ∆w0 =

v2
2

2
+ ei2 + p2V2. (2.31)

These equations are obtained directly from the conservation laws (2.11) – (2.13), integrated
over a volume element which encloses part of the front. The indices 1 and 2 refer to un-
burned and burned material, respectively (see also figure 2.1). The term ∆w0 is the differ-
ence of the formation enthalpies of ashes and fuel; it corresponds to the amount of energy
released by the instantaneous reaction.

Without loss of generality we define that a positive velocity means a movement in the
direction of the fuel; the normal fluid velocities v[12] are then equal to −s[12]. In a frame of
reference where the front is not at rest, only the weaker condition

vn1 − vn2 = s2 − s1 (2.32)

holds.
By simple transformations of the Rankine-Hugoniot conditions one can obtain more de-

scriptive relations. Combination of eqs. (2.29) and (2.30) yields the Rayleigh criterion:

p2 − p1

V2 − V1
= −(ρ1v1)

2 = −(ρ2v2)
2 (2.33)

This means that the slope of the line connecting initial and final state in the (p,V) diagram
is a measure for the mass flux across the front.

If the velocities are eliminated by combining eqs. (2.31) and (2.33), the result is the Hugo-
niot curve

ei2 − ei1 = ∆w0 −
(p1 + p2)

2
(V2 − V1). (2.34)

Using the equation of state, the internal energies can be expressed by pressure and density;
this leads to another relation between p2 and V2, depending on p1 and V1.

Figure 2.2 shows an initial state (p1,V1) and the corresponding Hugoniot curve for a given
∆w0, on which the final state must lie. Given the fact that the line connecting both states
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Figure 2.2: Illustration of the different combustion modes

must have a negative slope (eq. 2.33), the region between A and A’ is excluded. The re-
maining two areas correspond to the fundamentally different modes of flame propagation:

• Above A, where the burning speed s1 is supersonic, the detonations are located. In this
mode of flame propagation the unburned material is first compressed to a temporary
pressure p∗>p2; then the reaction sets in, increasing internal energy and temperature
and lowering the pressure to p2.

• Below A’ burning propagates subsonically as a deflagration. The ignition of unburned
material is caused by heat conduction instead of compression.

The points O and O’ are called Chapman-Jouguet points; at these points s2 is equal to the
sound speed in the reaction products and the fuel consumption rate reaches a maximum for
deflagrations resp. a minimum for detonations.

In reality, detonations between O and A do not exist, because all paths in the pV-diagram
describing a detonation will cross the upper detonation branch first and a transition between
both branches is not possible (Landau & Lifschitz 1991). Also, fast deflagrations with a
final state below O’ will only occur in very exceptional situations, because heat diffusion
from ashes to fuel has to be faster than the sound speed in the burning products, which is
very difficult to realize.

All combustion processes investigated in this work are slow deflagrations (very close to
A’ in the diagram) and therefore have the properties p1 ' p2, s[12]�c[12] and ρs2

[12]
�p[12].

2.3 Hydrodynamical stability and turbulence

A solution of the hydrodynamical equations is regarded as unstable if a small perturbation
in the initial conditions grows exponentially, thereby leading to a completely different so-
lution than in the unperturbed situation. As long as the differences between both solutions
are sufficiently small, the growth rates of the various hydrodynamical instabilities can be
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determined by linear stability analysis (cf. Landau & Lifschitz 1991). In this approach the
exact solution is superposed with a small perturbation ~v1(~r,t) and p1(~r,t) in such a way that
the resulting flow still obeys the equations of motion, provided that terms of higher than
first order in ~v1 and p1 are neglected. The general solution for ~v1 of the resulting system
contains terms of the form eωt; therefore positive results for ω indicate that the flow is
unstable in the linear regime. Nonlinear stabilization effects that prevent the perturbations
from growing without limit have been observed in a few cases, but these phenomena can, in
general, only be analyzed by numerical studies.

2.3.1 Relevant types of instability

As was already mentioned in section 1.3.3, the thermonuclear flame in an exploding white
dwarf is deformed by several instabilities on a wide range of length scales. Their dynamical
behaviour will be discussed briefly in the following.

Rayleigh-Taylor instability: This kind of instability always occurs when a lower-density
fluid is accelerated towards higher-density material, e.g. by a gravitational field. A
simple case that can be treated analytically is the layering of two different fluids 1
and 2, separated by a thin interface. In the linear approximation the growth rate of the
instability is given by

ωRT =

√

gk
ρ1 − ρ2

ρ1 + ρ2
(2.35)

(cf. Chandrasekhar 1961). Here g denotes the acceleration towards the medium 1
and k is the wave number. It is evident that perturbations will only grow if ρ1 > ρ2

and that the growth rate is faster for smaller perturbation wavelengths. In reality,
however, nonlinear effects will dominate the flow characteristics very soon, resulting
in large rising bubbles of light material with fingers (in 2D) resp. rings (in 3D) of
dense material sinking down in between. This pattern is caused by the fact that the
rise velocity of larger buoyant structures is faster and that they will “swallow” smaller
bubbles when overtaking them.

In a SN Ia, the reaction products have a smaller density than the surrounding mat-
ter and rise towards the star’s surface, thereby creating a RT-unstable situation. On
large scales, however, the instability is suppressed by the overall expansion of the star
during the explosion. This effect becomes important at a given scale when the star
expands by a significant amount during the eddy turnover time on that scale.

Kelvin-Helmholtz instability: Any volume of fluid containing a shear flow is subject to
this instability. Considering again a simplified situation of two regions separated by a
jump ∆v in the tangential velocity, the growth rate is

ωKH = k∆v

√
ρ1ρ2

ρ1 + ρ2
(2.36)

(cf. Landau & Lifschitz 1991). Like in the above case all wavelengths are unstable,
but there is no nonlinear mechanism which suppresses small-scale features, at least
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not in this idealized situation. In real flows there will always be a shear layer of finite
thickness instead of a velocity discontinuity due to viscosity; in this case, perturba-
tions with high wave numbers will not grow.

KH-instabilities will develop at the sides of RT-bubbles, where there is a rather sharp
transition from rising ashes to cold fuel sinking down in between. For the special case
of a discontinuity propagating through the medium (e.g. for a flame) there will be an
additional stabilizing effect on small scales, because an abrupt jump of the tangential
velocity at the front is prohibited by momentum conservation (see section 2.2.2) and
the transition layer will be smeared out beyond the shear layer thickness.

2.3.2 Properties of turbulent flow

The equation of motion for viscous fluids (2.24) does not depend individually on density,
velocity, viscosity and length scale (which is represented in the equation by the spatial
derivatives); substitution reveals that it only depends on a single dimensionless quantity Re

(the Reynolds number), which can be defined by

Re =
ρlv ′(l)

η
. (2.37)

This means that for different setups, which nevertheless are characterized by the same
Reynolds number, the features of the resulting flows will be similar. In the formula above,
l and v ′(l) represent a length scale of interest and the magnitude of velocity fluctuations at
this length scale; in the simple case of water flowing past a cylinder, for example, l could be
the cylinder radius and v ′(l) the fluid velocity far away from the cylinder. It is evident from
this formulation that, for a given setup, Re is a monotonically increasing function of length
scale and that the behaviour of the fluid will consequently vary depending on the observed
scale.

A large number of experiments has shown that at Reynolds numbers / 10 the flow is
stationary and laminar, whereas for Re ' 200 the velocity field exhibits chaotic fluctuations
in space and time, which take the form of vortices (or eddies) with different sizes. This
phenomenon is called turbulence and behaves isotropically even for anisotropic initial con-
ditions. Between those two extreme regimes stationary eddies or periodic oscillations in the
flow patterns are observed.

It is obvious that a certain length scale must exist for any kind of turbulence below which
the flow will be essentially laminar. This scale lk (the Kolmogorov scale) is defined as

Re(lk) ≈ 1. (2.38)

Richardson (1922) interpreted these results as a turbulent energy cascade: eddies of a given
size will decay into smaller ones with a lower rotation velocity, until lk is reached. At this
scale the eddies are slowed down by viscosity and their kinetic energy is transformed into
heat. For turbulent flow, which is stationary in a statistical sense, the rate at which energy
is transported from larger to smaller scales must be independent of the scale and has to be
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equal to the dissipation rate ε of kinetic into thermal energy at lk, otherwise the energy at a
given scale would change with time.

Clearly, a well defined scale lk where all of the turbulent velocity fluctuations are abruptly
dissipated is an idealized concept; in reality the influence of viscosity will gradually in-
crease for smaller and smaller scales, until the turbulent motions have been damped com-
pletely. Also, if the turbulence is driven at a scale ld, isotropic turbulent flow can only be
expected at length scales which are considerably smaller than ld. Therefore the range of
scale space where isotropic, inviscid turbulence can be observed is limited to the so-called
inertial range, where

lk � l � ld. (2.39)

An expression for ε can be determined by dimensional analysis: since it is equal to the
energy transfer rate from larger to smaller scales in the inertial range, it must be proportional
to a combination of the quantities describing the flow in that range, namely ρ, l and v ′(l).
The only combination with the desired unit of erg g−1 s−1 leads to the expression

ε ∝ v ′(l)3

l
. (2.40)

In order to determine the spectrum of v ′(l) one makes use of the fact that the Navier-Stokes
equation is invariant with respect to the scaling transformation

~r? := λ~r, ~v? := λh
~v, t? := λ1−ht; 0 < h < 1 (2.41)

for negligible viscosity (cf. Frisch 1989). In his phenomenological theory of turbulence Kol-
mogorov (1941) postulates that turbulent flow in the inertial range exhibits this invariance
and is therefore self-similar in a statistical sense. Under this assumption it can be derived
that

ε ∝ l3h−1 (2.42)

and from the scale-invariance of ε directly follows

h = 1/3. (2.43)

The scaling law for the velocity fluctuations in isotropic and inviscid turbulence is therefore

v ′(l) ∝ l1/3. (2.44)

Having obtained this result, the turbulent energy spectrum can be determined by a Fourier
transformation of the second-order structure function

D(l) = 〈[v(x + l) − v(x)]2〉, (2.45)

yielding
E(k) ∝ k−5/3. (2.46)

Though based on empirical considerations, these scaling properties have been confirmed by
an overwhelming number of technical and numerical experiments.
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External forces can modify the turbulent scaling behaviour; in the presence of a gravita-
tional field, for example, the velocity fluctuations are described by

v ′(l) ∝ l3/5 (2.47)

instead of the Kolmogorov spectrum on the larger scales (Bolgiano 1959, Obukhov 1959,
Niemeyer & Kerstein 1997).

If the statistical properties of turbulence are known, it is possible to describe its influ-
ence on a macroscopic flow above a given length scale. For this purpose the quantities are
separated into a filtered and a fluctuating part:

~v = ~̄v + ~v ′, p = p̄ + p ′ etc. (2.48)

This filtering is done in such a way that

¯̄a = ā and āa ′ = 0. (2.49)

For the incompressible case (i.e. ρ = const.) the Navier-Stokes equation (2.24) becomes

∂v̄i

∂t
+ (~̄v~∇)v̄i =

1
ρ

(

−
∂p̄

∂xi

+ η∆v̄i

)

−
∂

∂xj

vivj, (2.50)

which is identical to the original equation with ~̄v replacing ~v, except for the last term. This
term can be interpreted as the divergence of a tensor and therefore plays a role very similar
to the microscopic viscous dissipation term introduced in section 2.1.3. It describes the
diffusion of momentum due to the unresolved turbulent motions.

An exact expression for vivj cannot be determined if only the averaged quantities are
known, but many models of different complexity exist to parameterize this term depending
on the statistical properties of the turbulence. In the eddy viscosity approach, which was
introduced by Boussinesq (1877), vivj is approximated by

vivj = −
ηturb

ρ

(

∂v̄i

∂xj

+
∂v̄j

∂xi

)

, (2.51)

where ηturb, in turn, can be a scalar or a tensor up to rank 4 (Hinze 1975), depending on the
sophistication of the particular model.

A computer simulation where the Kolmogorov length is smaller than the numerical res-
olution is called a large eddy simulation. Numerical models for the turbulent viscosity on
unresolved scales can be used in such a situation to calculate turbulent diffusion and main-
tain a proper balance between resolved kinetic energy, turbulent kinetic energy on sub-grid
scales and internal energy of the fluid.

2.4 Turbulent combustion

Depending on the time and length scales involved, turbulence can influence the macroscopic
behaviour of a burning process and also alter the internal structure of the reaction zone
itself. Vice versa, thin flames are subject to several instabilities in addition to the situations
mentioned in section 2.3.1 and may therefore generate additional turbulence.
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2.4.1 Instabilities of burning fronts

Diffusion instability: When considering an essentially planar flame with small perturba-
tions, it is easy to recognize that leading parts of the front will lose more energy by
heat diffusion than the trailing parts, and will therefore slow down; this stabilizing
mechanism tends to minimize the flame surface. The situation is different for mate-
rial diffusion: here the foremost parts of the flame are supplied with more fuel, and
their energy generation rate increases.

The relative strength of heat and molecular diffusion is measured by the Lewis number

Le =
κe

κfuel
. (2.52)

The linear growth rate of the diffusion instability was calculated by Barenblatt et al.
(1962) to be

ωdiff = κe

∆w0(T2 − T1)

2RT 2
2

(1 − Le) − k2; (2.53)

obviously, all situations with Le>1 are stable.

In a white dwarf the heat conduction by electrons is much more effective than the dif-
fusion of nuclei, resulting in a Lewis number of about 107. This means that diffusion
instabilities in SN Ia can be safely neglected.

Landau-Darrieus instability: It has been shown by Landau (1944) that a planar deflagra-
tion discontinuity is linearly unstable with respect to perturbations of all wavelengths.
Their growth rate is given by

ωLD =
ks1

1 + µ
(
√

1 − µ + µ−1 − 1), (2.54)

where µ := ρ2/ρ1 < 1.

For this special kind of instability a nonlinear stabilization mode is known to exist,
which inhibits the further growth of perturbations once the flame has developed a
shape consisting of differently-sized cells separated by cusps. This stabilization oc-
curs in many technical flames and has been observed in microscopic simulations of
white dwarf matter at high densities. It appears to break down, however, in the pres-
ence of shear flows (Niemeyer & Hillebrandt 1997) and at lower densities (Blinnikov
& Sasorov 1996).

2.4.2 Turbulent burning regimes

An important criterion for the combustion type is the relation between the laminar burning
speed and the turbulent velocity fluctuations at the characteristic length scales of the laminar
flame. Figure 2.3 gives an overview over these modes and the corresponding transition
regions. As long as the turbulent eddies with the size of a flame thickness lF are much
slower than sl, turbulent motions will basically distort the front geometry by folding and
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Figure 2.3: Regimes of turbulent combustion (following Peters 1999).

wrinkling, thereby increasing its surface. This convolution will take place from the scale of
the largest eddies down to the so-called Gibson scale lg, which is defined by

v ′(lg) = sl (2.55)

(Peters 1986). Perturbations in the front created by smaller, more slowly rotating eddies
are quickly eliminated by the front propagation itself. In this so-called flamelet regime the
microscopic burning speed is therefore equal to the laminar velocity sl, but the total energy
generation rate increases due to the larger flame surface.

For stronger turbulence the Gibson scale becomes smaller, until it is comparable to the
total flame width. From this point small eddies will disturb the internal structure of the
preheating zone (see section 2.2.1) and thereby change the microscopic flame propagation
speed. A further increase of the turbulence causes the small eddies to disrupt the very
thin reaction zone (of the width lr) itself. These burning modes are called thin reaction
zone regime and broken reaction zone regime, respectively (Peters 1999). In these regimes,
which are sometimes combined under the name distributed reaction zone regime, deflagra-
tion waves may turn into detonations, or they may be quenched, depending on the turbulence
parameters and the material properties.

It must be noted that this classification has only been verified for chemical combustion
processes so far. These reactions are characterized by a Prandtl number near unity:

Pr :=
η

ρκe

≈ 1 (2.56)

In a supernova event the heat conduction dominates over the viscosity effects and typical
Prandtl numbers range from 10−5 to 10−1 (Nandkhumar & Pethick 1984); it is therefore
not certain that the transitions between regimes described above are valid in this context.
This issue is discussed by Niemeyer & Kerstein (1997); they conclude that the transition
between flamelet and thin reaction zone regime may shift towards stronger turbulence for
low Pr. Since the microscopic burning speed at high Reynolds numbers does not affect the
numerical models used in this work (see section 2.4.3), this complication does not influence
the presented simulation results.
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2.4.3 Scale dependence of the turbulent flame speed in SN Ia

In a Type Ia supernova explosion turbulence is expected to be driven by the RT-instability
at a scale between 107 and 108 cm with a fluctuation amplitude of 107 – 108 cm/s (Khokhlov
1993). The viscosity of the white dwarf material was determined as ηWD ≈ 1 cm2/s · ρ
by Nandkhumar & Pethick (1984). Combining these data with the results of Timmes
& Woosley (1992) for the laminar flame speed and thickness, it is possible to determine
the Gibson scale depending on the material density, if Kolmogorov turbulence is assumed.
Above a certain density ρcrit≈107 g/cm3 the flame thickness lies below the Gibson scale and
the combustion takes place in the flamelet regime; at lower densities the flame propagates
in the thin reaction zones regime.

Previous simulations have shown that a very large fraction of the total energy released in a
SN Ia is produced by burning at densities above ρcrit. Therefore it is acceptable – at least as
a first step – to neglect the influence of turbulence on the microphysics of combustion and
to treat the turbulent deflagration as a laminar flame with an increased total surface.

Since the smallest resolved scale ∆ in numerical SN Ia simulations will be always larger
than the Gibson scale, a method must be found to model the surface increase of the flame
due to wrinkling on scales between lg and ∆. This is achieved by an artificially increased
flame propagation speed st which is chosen in such a way that the fuel consumption rate of
the real flame and the underresolved numerical flame are equal:

st = sl

At

Al

(2.57)

Here At denotes the surface of the wrinkled flame, while Al is the smoothed surface ob-
served on the computational grid.

The quantity At can be determined approximately by different considerations, if the ve-
locity fluctuations v ′ at the scale ∆ are known. Damköhler (1939) compared the situation
to a Bunsen flame with a gas velocity v ′ at the nozzle. In this situation, the nozzle surface
corresponds to Al, whereas the conical flame surface is At. This leads to the expression

At ≈ Al

sl + v ′

sl

(2.58)

and therefore
st ≈ sl + v ′. (2.59)

Another derivation done by Shchelkin (1943) results in

st = sl

√

1 + 4
v ′2

s2
l

. (2.60)

Finally, Pocheau (1992) showed that under the assumption of scale-invariant turbulence st

must be of the form

st = sl
n

√

1 + C

(

v ′

sl

)n

. (2.61)
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Even though these considerations do not give an unambiguous result for st, they never-
theless agree that for strong turbulence (v ′� sl) st decouples from sl and is proportional
to the velocity fluctuations v ′. It will become apparent in section 3.5 that this condition is
fulfilled at almost all times during a supernova explosion.
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3.1 Treatment of the hydrodynamic equations

It was mentioned in section 2.1.3 that the Navier-Stokes equations are the appropriate math-
ematical description for the behaviour of real fluids. Nevertheless the formally simpler Euler
equations will be used in this work to model the flow of the stellar material, which implies
that viscosity effects are completely neglected. This is justified because viscous dissipation
of kinetic into thermal energy only takes place on scales that are very small in comparison to
the numerical resolution reached in the presented simulations. In other words, the discretiza-
tion error introduced by the computational grid will completely dominate all inaccuracies
caused by the omission of viscosity.

Many different numerical schemes exist to solve hyperbolic partial differential equations
like the Euler equations on a discretized grid. The conceptually simplest way is clearly
the iterative time integration of the equation system in differential form (eqs. 2.11 – 2.14);
the category of solvers based on this approach is known as finite difference schemes. All
these methods share the important disadvantage that mass, momentum and energy are not
conserved implicitly by the design of the algorithm. They also tend to smear out sharp
transitions and therefore require rather high resolutions to produce acceptable results.

To guarantee conservativity, a different solution strategy is required: instead of directly
calculating the changes of ρ, p, e etc. in the cell centers, it is more appropriate to determine
the fluxes of mass, momentum and energy between the individual cells at a given time
and update the state variables accordingly. This ensures that the gains and losses in all cells
balance out exactly (neglecting, of course, fluxes over the grid borders). Numerical schemes
using this approach are called finite volume methods; they are based on the integral form (eq.
2.1) of the hydrodynamic equations.

Computing the fluxes across the cell boundaries is not trivial, since they depend on the
state variables at the interface which must be constructed somehow from the cell-centered
data. Most of the implementations used today obtain these intermediate values by creating
a left-sided and a right-sided approximation for the state at the interface and then solving a
Riemann shock tube problem for these states. This technique was introduced by Godunov
(1959); in his original scheme he assumed piecewise constant states in all cells. Since then
higher-order methods were developed which approximate the distributions of the differ-
ent quantities in a cell by sloped lines or parabolae; they exhibit less numerical diffusivity
and need lower resolution for comparable results, but at the price of higher computational
cost for the flux calculation itself. In the multidimensional case, however, they are signifi-
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cantly more efficient than Godunov’s original scheme, because the execution time of a n-
dimensional simulation scales with ∆−n−1, where ∆ is the smallest resolved scale, whereas
the cost ratio of two different Godunov-type schemes is a constant.

For our simulations the PPM method developed by Colella & Woodward (1984) was em-
ployed, which represents the state variables inside a cell by parabolae obeying certain mono-
tonicity constraints. To obtain the effective states at a cell interface, these distributions are
averaged over the so-called domain of dependence, i.e. the volume which is causally con-
nected to the interface during the given time interval. The scheme is able to detect and
preserve steep gradients in pressure, density and chemical composition, which is crucial for
the Type Ia supernova problem.

In two and three spatial dimensions directional splitting is used in order to avoid the exact
solution of multidimensional Riemann problems. This technique divides the hydrodynami-
cal advection step into one-dimensional problems in each coordinate direction, i.e. instead of
calculating the fluxes over all six cell interfaces in one step, they are calculated and applied
one after another in x-, y- and z-direction. To establish symmetry in the time integration, the
application order of these sub-steps is reversed in every time step. Because of the nonlinear
nature of the hydrodynamic equations, this scheme is not completely equivalent to the mul-
tidimensional solution, but numerical studies performed by Colella (1990) show only minor
discrepancies between results obtained with both methods.

3.1.1 Treatment of real gases

Even for simulations of ideal gases the solution of Riemann shock tube problem at the cell
interfaces is a rather difficult and time-consuming task. In the case of SN Ia explosions the
problem becomes even more complicated by the presence of gravity, which influences the
approximated interface states, and the stellar material’s equation of state, whose adiabatic
exponent can vary considerably in space, especially across the flame. The employed PPM
implementation contains the iterative Riemann solver proposed by Colella & Glaz (1985)
for the correct treatment of such fluids.

3.1.2 Time step determination

All explicit solution methods for hyperbolic PDEs share the property that the time step can-
not be chosen arbitrarily, but has to fulfill the so-called CFL criterion (Courant & Friedrichs
1948) which ensures that information cannot cross more than one cell interface in a single
time step. In the case of the Euler equations information will not propagate faster than sound
relative to the surrounding medium, therefore the largest allowed time step is given by

∆tCFL = min(∆tcross,ijk) ∀ijk, (3.1)

where

∆tcross =

(

|vx|

∆x

+
|vy|

∆y

+
|vz|

∆z

+ cs

√

(∆x)−2 + (∆y)−2 + (∆z)−2

)−1

(3.2)
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on a Cartesian grid. As a rule of thumb, the CFL time step is roughly inversely proportional
to the linear extent of a grid cell. This implies that increasing the resolution of a simulation
not only increases the number of grid cells but also the number of time steps required for a
given time interval.

The CFL condition is necessary but not sufficient for the stability of the solution. Depend-
ing on the exact method, the time step must be further reduced by a factor <1 in order to
obtain numerical stability. In the case of PPM a factor of 0.8 can be used in most circum-
stances, so that this additional restriction is not really severe.

It will become evident in the chapters 6 and 7 that all observed phenomena in the presented
simulations are highly subsonic in a local sense, i.e. that velocity and pressure changes from
one cell to the next are very small compared to the local sound speed and pressure:

~∇~v � cs

∆
and |~∇p| � p

∆
. (3.3)

This however does not mean that the fluid velocity relative to the grid is small compared to
the local sound speed. Due to the uniform expansion of the star during the explosion the
outer regions move at supersonic speeds relative to the center, which increases the number
of time steps and therefore the amount of CPU time required for the simulation. Using an
expanding grid (see section 8.3) could possibly cure this problem.

In simulations which treat the change of chemical composition by time integration of
reaction networks, ∆t is additionally constrained by the condition that the species concen-
trations, as well as internal energy and temperature, may not change by more than a few
percent during a single time step, in order to guarantee stability of the solution. Especially
for high resolutions and short reaction time scales, this limitation can seriously increase a
simulation’s runtime. Fortunately the treatment of source terms employed in this work is
not affected by this restriction (see sections 3.3 and 4.2.3); therefore the time step is only
determined by the CFL criterion.

3.1.3 Numerical viscosity

Since only the averaged value of the hydrodynamical quantities is known in each cell, there
is no information about the flow patterns at scales below ∆ and the numerical solution must
be interpreted as laminar on these unresolved scales. Therefore it can be argued that the
dissipation scale is changed to ∆ by the discretization if it was smaller in the real problem.

Since the damping of velocity fluctuations does not only occur exactly at the scale ∆, but is
already present at larger scales, numerical viscosity also affects the resolved flow patterns to
some extent. Porter et al. (1998) investigated the change in the scaling behaviour of isotropic
turbulence due to this effect and observed deviations from the expected result for scales up
to ≈10∆. As a consequence, the velocity gradients on the grid scale are somewhat smaller
than would be expected in reality, which could in turn affect the validity of the sub-grid
model presented in section 3.5. This potential problem is investigated by the simulations
described in section 6.3.
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3.2 Thermodynamical properties of white dwarf matter

In a white dwarf the central density is typically of the order of 109 – 1010 g/cm3, decreasing
smoothly to vacuum with increasing radius. The temperature before the explosion can vary
depending on the pre-ignition evolution and age of the star, but lies below 109 K; because
of electron degeneracy the density and pressure profiles are nearly unaffected by different
temperatures. During the supernova event the burned matter reaches temperatures up to
≈1010 K. In order to produce realistic formulae for pressure and internal energy depending
on density, temperature and composition, several contributions must be taken into account
(Cox & Giuli 1968, Shapiro & Teukolsky 1983):

Electrons:
Under the conditions mentioned above, all electrons are stripped from their nuclei
and form a degenerate electron gas (their thermal energy is of the order of 10 keV,
compared to the Fermi energy of about 1 MeV). Near the center of the star the Fermi
energy is so high that relativistic effects become important. During the burning pro-
cess in the supernova explosion, the electron degeneracy is partially lifted due to the
high temperatures. Consequently, the model equation of state used in the simulations
must properly describe an arbitrarily degenerate and relativistic electron gas whose
behaviour is characterized by the following equations:

ee =
8π
√

2
h3

m4
ec

5β5/2
[

F3/2(η, β) + βF5/2(η, β)
]

(3.4)

pe =
16π

√
2

3h3
m3

ec
5β3/2

[

F3/2(η, β) +
1
2
βF5/2(η, β)

]

(3.5)

Fk denotes the ensemble of the relativistic Fermi integrals

Fk(η, β) =

∫∞

0

xk
(

1 + 1
2βx

)1/2

e−η+x + 1
dx. (3.6)

The parameters η and β are measures for the strength of degeneration and relativistic
effects and are defined as

η =
EF

kT
and β =

kT

mec2
. (3.7)

Photons:
According to the Stefan-Boltzmann law, the energy and pressure of a photon gas with
temperature T are given by

eγ =
4σ

c
T 4 and (3.8)

pγ = eγ/3. (3.9)

For temperatures around 109 K the contribution of the photon field is comparable with
the internal energy of the electrons and nuclei and cannot be neglected; its effect is
especially important in the burning products and at lower densities.
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Electron-positron-pair creation:
Photons with an energy exceeding 2 mec

2 may produce e−-e+-pairs if the corre-
sponding cells in the phase space of electrons and positrons are unoccupied. In the
hot ashes of the thermonuclear reaction this effect is noticeable and must be incorpo-
rated into the EOS. The contributions of the additional leptons to energy and pressure
have the same form as eqs. (3.4) and (3.5), only the Fermi integrals are replaced by
the modified expression (Cox & Giuli 1968)

F̃k(η, β) = Fk(η, β) + Fk

(

−η −
2
β

,β

)

. (3.10)

Nuclei:
The completely ionized nuclei are described in good approximation by the Maxwell-
Boltzmann equation. The derived expressions for energy density and pressure have
the form

en =
3
2
RTρ

∑

i

Xi

Ai

and (3.11)

pn = 2/3 en, (3.12)

where Ai means the atomic mass of nucleus i and the summation is done over all
chemical species.

Thermal equilibrium between all involved particles (leptons, ions, photons) can be as-
sumed because their mean free paths are much shorter than the resolved length scales.

Since the direct calculation of the Fermi integrals is too expensive to be carried out during
the simulation, the contribution of leptons and photons at a given density and temperature
was obtained by bilinear interpolation in a precalculated table of pressure and energy values.
In order to achieve sufficient accuracy over the large range of temperatures and densities
needed, the table entries were located on a regular grid in the (log T , log ρ) plane. The
table used for all calculations presented in this work had the ranges log10T [K] = [3;11] and
log10ρ [g/cm3] = [−5;11].

It must be noted that a truly general equation of state for white dwarf matter will also
depend on the electron number fraction Ye, which itself is a function of the composition X.
During the explosion of a white dwarf Ye will always be very close to 0.5, since both fuel
and ashes consist mainly of so-called α-nuclei with equal numbers of neutrons and protons.
Only in high density regions neutronization may occur in the reaction products (Nomoto &
Kondo 1991, Brachwitz et al. 2000), but the effect on the equation of state is insignificant for
the initial conditions considered in this work. Therefore Ye = 0.5 was assumed throughout
the simulations.

The PPM algorithm produces new values for e, ρ and X in each cell at the new time level;
in order to obtain the full set of thermodynamical quantities, all the equations above must
be solved for T and p. Since this is not generally possible in closed form, the results are
obtained using a Newton method with varying T .
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3.3 Energy source terms

Since SN Ia are an important source for many of the heavy isotopes found in the universe,
a full solution of the nuclear reaction equations (2.14) and (2.15) will involve several hun-
dreds of different nuclei and – compared to the duration of the explosion – extremely short
reaction time scales. In a multidimensional simulation this task is far too demanding in
terms of memory and processing power for today’s computers. In addition a large fraction
of the required reaction rates is not well known for the thermodynamic conditions during the
explosion, because the average kinetic energy of the nuclei in the white dwarf is much lower
than in typical accelerator experiments and tunneling will play an important role in the re-
actions. In most cases theoretical models with significant uncertainties (see, e.g., Rauscher
et al. 1997) are used to determine the reaction cross sections. Another complication is that
even if the energetically important fast reactions in the flame were resolved in time, it would
also be necessary to resolve the internal flame structure spatially, which is not possible in
our simulations (see the introduction to chapter 4). On grid cells with a side length of several
kilometers, numerical mixing inside the cell would lead to completely wrong results.

Since the focus of the presented simulations lies on the correct modeling of the explosion
hydrodynamics, it is not required to know the values for X and r exactly, as long as the
proper amount of energy for all fast reactions is released when the flame passes through
the material and the average molecular weight of fuel and ashes is roughly correct. This
means that the chemical composition can be modeled in good approximation by single rep-
resentative nuclei for all groups of elements involved (α-particles, C/O, silicon group and
iron group), where the members of each group have similar binding energies and molecular
masses. Under these assumptions the number of reactions and involved species is greatly
reduced.

In our calculations the following numerical scheme was employed:

• The initial mixture consists of 12C and 16O at low temperatures. Because of the elec-
tron degeneracy the fuel temperature is nearly decoupled from the rest of the ther-
modynamical quantities, and since temperature is not used to determine the initial
reaction rates, its exact value is unimportant.

• When the flame passes through the fuel, carbon and oxygen are converted to ash,
which has different compositions depending on the density of the unburned material.
At high densities (ρ > 5.25·107 g/cm3), a mixture of 56Ni and α-particles in nuclear
statistic equilibrium (NSE) is synthesized. Below that density burning only produces
intermediate mass elements, which are represented by 24Mg. Once the density drops
below 107 g/cm3, no burning takes place.
The fast reactions were calculated by the passive burning scheme presented in section
4.2 (eqs. 4.31 – 4.33). Since the density in a cell cut by the front lies somewhere be-
tween the correct values for fuel and ashes, the maximum density of all neighbouring
cells is adopted as a better approximation of the fuel density.

• Because NSE is assumed in the ashes, the proportion of 56Ni and α-particles will
change depending on density and temperature. To obtain the correct values, a NSE
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data table provided by H.-Th. Janka and an iterative root finding algorithm were em-
ployed.

• Whenever the composition in a cell changes due to nuclear reactions, a corresponding
amount of energy is added or subtracted from the total energy in that cell. The amount
is derived from the nuclear binding energies published by Audi et al. (1997).

Compared to the much simpler approach of burning C/O into pure nickel (Reinecke et al.
1999a), this more detailed and realistic model has the potential to alter the explosion dy-
namics significantly: first, the reaction to NSE and intermediate elements has a lower heat
release than the production of nickel, resulting in lower temperature and higher density of
the burned material, which will decrease buoyancy of the burning bubbles. In addition the
number of particles per unit mass in the ashes is also higher with the new model, which
reduces the temperature even more. Since the α-particles will be converted to nickel during
the expansion of the star, not all of the nuclear energy is released at once when material is
processed by the flame, but the release is partially delayed. The combination of all these
effects is expected to shift the maximum of energy generation to a later time during the
explosion.

The transition densities from burning to NSE and incomplete burning, as well as from
incomplete burning to flame extinction were derived from data of a W7 run provided by
K. Nomoto. This approach is rather phenomenological, and since these densities can have
a potentially large impact on the simulation outcome, it will have to be re-examined in a
thorough manner. In any case it must be emphasized that the partial or complete suppression
of burning by the model does not necessarily imply that all reactions have stopped in that
particular area; it only means that eventual reactions produce or consume very little energy
compared to the modeled reactions or that they will take place on time scales much longer
than the explosive phase of the supernova.

If more detailed knowledge of the chemical composition of the remnant is required (e.g.
for light curve and spectral modeling) it is possible to use the tracer particle method de-
scribed in section 3.6.

3.4 Gravitational potential

To model the effect of self-gravity it is necessary to compute the gravitational potential Φ,
which in turn can be derived (in the Newtonian limit) from the density distribution ρ by
eq. (2.10). This is an elliptic partial differential equation; i.e. a density change at some loca-
tion ~r0 will immediately influence Φ at arbitrary distances from ~r0. Therefore the complete
density information is needed to calculate the potential in any grid cell. This fact is more
obvious in the following formula

Φ(~r) = −

∫

� 3

Gρ(~r ′)

|~r −~r ′|
d3r ′, (3.13)

which is equivalent to Poisson’s law if the boundaries are at infinity.
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This nonlocality makes a straightforward calculation of Φ prohibitively expensive (O(N6)

for N3 grid cells), especially on parallel computers with distributed memory, since a large
amount of inter-process communication is required.

Determining Φ by a Fourier transformation method as proposed by Eastwood & Brown-
rigg (1979) is a highly efficient approach, but requires a uniform grid and therefore cannot
be used for the simulations presented here (see below).

During the last decades a multitude of iterative schemes has been developed which have
low complexity compared to the direct integration but still converge quite slowly for a bad
initial guess. Fortunately in most situations the potential itself changes relatively slowly
over time, so that at time level n+1 the old solution Φn is a very good guess and only a few
iterations are required.

It is important to note, however, that the performance of iterative solvers is best for equidis-
tant grids and deteriorates with growing differences between the smallest and largest grid
length. The reason lies in the pseudo-time steps of all these schemes, which are limited by
the smallest grid lengths; many iterations are then needed to propagate information across
one large cell.

Using a multi-grid solver (Brandt 1977, Press et al. 1992) would be a better suited ap-
proach to such a problem; however, a parallelized version of such a method for nonuniform
grids was not available and was considered too time-consuming to be implemented in the
scope of this work.

The supernova simulations described in this work are performed on a strongly non-equi-
distant grid (see section 5.3 for details), so that the exact calculation of Φ is a very tough
problem. However, for Type Ia explosions an assumption can be made which greatly simpli-
fies the model without introducing too much error: since the density contrast between fuel
and ashes is relatively small (0.5 / ρb/ρu

/ 1 at high and intermediate densities) and the
white dwarf expands isotropically in good approximation (Niemeyer & Hillebrandt 1995a,
Khokhlov 2000), it can be postulated that Φ depends mainly on the distance from the center
and that variations over ϑ and ϕ vanish. The task then reduces to finding the monopole
moment of the potential

Φ0(r) = −
G
r

∫r

0
4πr ′2ρ̄(r ′)dr ′ − G

∫∞

r

4πr ′ρ̄(r ′)dr ′. (3.14)

This differential equation can be solved easily by integrating the first term from the cen-
ter outwards while integrating the second term starting at infinity and finally adding both
contributions.

In order to obtain ρ̄(r) the star was divided into n spherical shells and for each shell
the average density of all grid cells with their center in this shell was calculated. On the
cylindrical grid used for the 2D simulations (see section 5.3) the densities were weighted by
a factor of rcyl

/
√

r2
cyl + z2 of the respective cell centers to account for the fact that cells near

the polar axis contain less volume than cells at the same distance from the center, but near
the equator.
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3.5 Turbulent flame propagation speed

3.5.1 The burning rate law

It was emphasized in section 2.4 that the the macroscopic flame propagation speed and
even the microscopic combustion processes in a flame are not yet well understood in many
turbulent burning regimes. Fortunately the situation is not too complicated for SN Ia, since
the flame starts in the laminar regime and then quickly changes to the flamelet regime with
high turbulence intensity (Niemeyer & Hillebrandt 1995a); for both regimes there exists
an accepted ansatz for the burning speed. Only in the late stages of the simulation (more
than one second after ignition), distributed burning takes place in several regions of the star,
which cannot be modeled properly with our current code; these processes are believed to
contribute very little to the total explosion energy.

For the laminar flame speed an approximation function was derived by Timmes & Woosley
(1992) by performing fully resolved, microscopic combustion simulations in white dwarf
matter for many different parameter sets. According to this paper the laminar flame propa-
gates at

sl = 9.2·106 cm/s

(

ρ

2·109 g/cm3

)0.805 [

X12C

0.5

]0.889

(3.15)

with an error of ±10% under conditions typical for white dwarfs. This expression serves as
a lower limit for the flame speed throughout the simulations.

In the flamelet regime the front propagates at a scale-dependent turbulent velocity, which
becomes independent of sl if the velocity fluctuations at the smallest resolved scale ∆ are
much larger than sl (see section 2.4.3). This assumption of strong turbulence is justified
at almost all times during the explosion, since the typical shear velocity gradients reach
several 107(cm/s)/∆ when the first hot bubbles start to rise, whereas sl quickly drops below
107 cm/s once the density decreases due to expansion of the star.

But even if s is proportional to v ′ in the turbulent case, the proportionality factor is still
unknown and cannot be determined by theoretical considerations. Fortunately exact knowl-
edge of this quantity is not necessary, because there exists a self-regulating mechanism
which ensures – within certain limits – a uniform energy generation rate of the whole flame
even for different proportionality factors. This fact is illustrated in the following.

If a flame propagates with the speed s ≥ v ′(∆) on a grid scale ∆ in a turbulent flow, it
will be wrinkled on scales between the Gibson length lg ≥ ∆ and the integral scale of the
turbulence ld. In Kolmogorov-type turbulence it will have a fractal dimension of 7/3 in
this range of scales (Sreenivasan et al. 1989), and its surface increase compared to a planar
flame is

A ∝ (ld/lg)1/3. (3.16)

The dependence of the Gibson scale on s is defined as

v ′(lg) ∝ l1/3
g = s ⇒ lg ∝ s3, (3.17)
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which allows us to calculate the energy generation rate of the flame depending on s:

S(s) ∝ A(s) · s ∝
(

ld

s3

)1/3

· s = const. (3.18)

This derivation is valid as long as s ≥ v ′(∆) and s ≤ v ′(ld). Since one goal of the
supernova simulations is to observe the formation of small-scale structures in the flame, the
turbulent burning speed is set to the lower limit s = v ′(∆) which results in the largest flame
surface.

The general law for the flame velocity in our simulations is therefore simply

s = max(sl, v
′(∆)). (3.19)

The abrupt transition from laminar to highly turbulent combustion implied by this formula
is not very realistic; both extremes are actually separated by a regime where s depends on
both sl and v ′. However, combustion in this intermediate regime takes place only for a
very short time span near the beginning of the explosion, so that the above approximation is
acceptable.

3.5.2 Velocity fluctuations on the grid scale

Since most of the time the front will remain in the turbulent regime, the main task of the
numerical flame model is the determination of the velocity fluctuations at the grid scale.
The direct way to determine this quantity would be of course to derive it from the tensor of
velocity gradients at the locations where it is needed. This first-order approach, however,
is only valid if the elements of this tensor are dominated by turbulent effects, i.e. if there
are no velocity gradients caused by deflagration discontinuities, shocks etc. This means that
exactly at the location of the flame, where knowledge of v ′ is required, the correct value
cannot be determined by this technique.

For this reason it is necessary to implement a more complicated model that describes the
turbulence intensity throughout the simulated domain. This can be achieved by the intro-
duction of the turbulent sub-grid energy q, which measures the kinetic energy contained
in the turbulent motions on all unresolved scales. In this work, we adopt the “1.5th order
method” introduced into astrophysics by Clement (1993), which has been already success-
fully applied to SN Ia simulations by Niemeyer & Hillebrandt (1995a). The time evolution
of q is given by

∂(ρq)

∂t
+ ~∇(~̄vρq) = −

2
3
ρq~∇~̄v + Σij

∂v̄i

∂xj

− ρediss + ~∇(ηturb
~∇q). (3.20)

The individual source and sink terms on the right hand side can be interpreted as turbulent
compression, input from macroscopic scales, dissipation into thermal energy and turbulent
diffusion, respectively. The turbulent viscosity is modeled by the expression

ηturb = ρ∆v ′(∆) = ρC∆√q, (3.21)
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where C is a dimensionless factor. The quantity Σij denotes the turbulent stress tensor and
has the form

Σij = ηturb

(

∂v̄i

∂xj

+
∂v̄j

∂xi

−
2
3
δij(~∇~̄v)

)

(3.22)

in analogy to the viscous stress tensor (eq. 2.22); the turbulent bulk viscosity is assumed to
be zero. Finally, the dissipation rate of sub-grid energy into heat is approximated as

ediss = v ′3∆−1 = Dq3/2∆−1. (3.23)

Following Clement (1993), the factors C and D are determined by

C = 0.1F and (3.24)

D = 0.5F−1, (3.25)

where F = min(100, max(0.1, 10−4ei/q)). (3.26)

From the appearance of only one cell dimension ∆ in the above equations it is obvious
that this approach is only valid for grids with quadratic and cubic cells. For anisotropic
grids, Clement suggests to calculate ηturb separately for each spatial direction, but to treat
the dissipation still as an isotropic effect. The expressions for ηturb and ediss then become

ηturb,i = ρC∆2
i ∆̄−1√q and (3.27)

ediss = Dq3/2 ∆̄−1, (3.28)

where ∆̄ is the geometric mean of the individual cell dimensions. However, even if this
extension is used, the model is expected to perform rather poorly in the extreme case of
very elongated cells, since the concept of a “cell size”, on which q is defined, breaks down
under these circumstances. Examples for such a behaviour are discussed in section 6.2.

The model described above produces an approximation of the turbulent sub-grid energy
throughout the computational domain, although the source and sink terms for q must be
disabled in the cells cut by the front because of the velocity jump. This is possible because
q is transported into these cells by means of advection and turbulent diffusion. The desired
magnitude of the velocity fluctuations is then given by

v ′(∆) =
√

2q, (3.29)

which completes the model for the flame propagation speed.
In the given form, the sub-grid model is correct for three-dimensional simulations only; in

two spatial dimensions it is necessary to replace the factor 2/3 in equations (3.20) and (3.22)
by a factor 1 to preserve the tracelessness of Σij. Leaving this factor unchanged would
imply three-dimensional turbulent motions on unresolved scales, whereas the flow on the
macroscopic scales is only two-dimensional. Since the transition scale between both regions
is identical to the resolution, one would expect different simulation results for identical
initial conditions, if the cell sizes are varied; this is certainly not desirable.
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3.6 Tracer particles

For light curve and spectrum calculations it is convenient to treat the star as an ensemble of
virtual particles with a given mass. If their density and temperature history are known, it
is possible to perform a detailed nucleosynthesis calculation using a large reaction network
and a general equation of state. If in addition the particle paths are recorded, one obtains
a fairly good multidimensional distribution of the explosion products. This information
can be used as input for one- or multidimensional radiation transfer codes like STELLA
(Blinnikov et al. 1998) in order to generate synthetic spectra.
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In the context of this work, the so-called level set technique is used to model the thermonu-
clear flame front in a Type Ia explosion. This technique was introduced by Osher & Sethian
(1988) to describe (n−1)-dimensional interfaces in n-dimensional simulations. Their ap-
proach was refined by Sussman et al. (1994), who implemented passive advection by an
underlying flow field and by Smiljanovski et al. (1997), who presented a set of equations to
allow for complete coupling between the discontinuity and the surrounding flow field.

In principle, the Euler equations (2.11 – 2.19) together with the diffusion terms (2.25 and
2.26) already contain the whole physics needed for the treatment of conductive flames as
discussed in section 2.2.1. Unfortunately, this direct approach cannot be employed in most
combustion simulations: usually the natural witdh of the reaction zone is several orders of
magnitude smaller than the extent of the domain of interest (combustion chamber, white
dwarf etc.), but to obtain meaningful results it has to be fully resolved, which leads to
prohibitive CPU and memory requirements. For SN Ia simulations the gap between resolved
scales (≈106 cm) and the flame width (<1 cm) is especially large: there exist no methods to
cover this range of length scales in two- and three-dimensional calculations; even adaptive
mesh refinement techniques (AMR) would be far too expensive.

The only way out of this dilemma is to devise models that mimic the behaviour of the
microphysical processes and can be calculated on the simulation grid scale. This of course
requires knowledge of the characteristics of the microscopic flame (propagation speed, en-
ergy release and composition of the reaction products), which have to be determined by
measurement or by fully resolved numerical studies of the burning process on small com-
putational domains.

In astrophysics the most commonly employed of such models is the reaction-diffusion
approach first described by Khokhlov (1993): by means of artificially modified diffusion
coefficients and reaction rates the transition region between fuel and ashes is smeared out
over several grid cells, so that the flame structure is numerically resolved.

For a one-step reaction the equation for the mass fraction of the ashes can then be written
as

∂X2

∂t
+ (~v~∇)X2 = D∆X2 − R, (4.1)

where D and R denote the modified diffusion coefficient and reaction rate.
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These quantities are usually determined by equations of the form

R =

{
s
√

Xthresh

/

(β∆) if Xthresh ≤ X2 ≤ 1

0 otherwise
(4.2)

D = sβ∆
√

Xthresh (4.3)

with a constant β, the cell size ∆ and a parameter Xthresh ≈ 0.3. The result is a flame
propagating with the speed s and with the thickness of approximately 2β (Khokhlov 2000).

The goal of the method is to reliably reproduce a front propagation speed that is deter-
mined by the state variables of the surrounding material. Difficulties can arise from the fact
that the numerical flame is several grid cells wide and the computed burning speed may vary
quite strongly in space. As a consequence the parts of the front where ignition sets in may
move with a speed different from the parts where nearly all material has been burned, and
the transition region will be compressed or further smeared out.

In multidimensional simulations it is important to ensure that the burning speed is inde-
pendent of the angle between the flame and the grid; the problem of anisotropic burning
usually arises when the numerical flame is kept too thin. Khokhlov (2000) points out that
in his simulations a thickness of about three cells is sufficient, whereas Niemeyer (1994)
observed isotropic propagation only for flames broader than eight cells. This discrepancy
could be explained by the different methods used by the authors to determine the local
flame speed. Khokhlov assumes the flame to propagate with the asymptotic rise velocity of
Rayleigh-Taylor bubbles with a size of one grid cell, a quantity which does not vary rapidly
in space. The burning speed in Niemeyer’s simulations, on the other hand, is derived from
the amplitude of turbulent velocity fluctuations on the grid scale, which can change dramat-
ically over a distance of a few cells. In any case, since Niemeyer’s method is adopted in this
work, his more pessimistic estimate is assumed to be true in our situation.

Given the performance of today’s supercomputers, using a numerically thin flame model
is highly desirable when performing three-dimensional supernova simulations on a regu-
lar grid. The scales on which turbulent flame structures can develop are limited by about
twice the flame thickness at the lower end and the numerical resolution ( / 800 zones per
dimension) at the higher end. For a reaction-diffusion flame this range becomes quite nar-
row and flame structure formation will be suppressed on the small scales. This leads to an
underestimation of the total flame surface and consequently of the energy generation rate.

Moreover a smooth, broad temperature and density transition between pre- and post-front
states might have a negative impact on detailed calculations of the ejecta composition, since
the material will be heated unnaturally slowly when passing through the front and a wrong
element distribution could be synthesized.

4.1 Implicit description of propagating interfaces

Generally spoken, the task of a thin flame model in an n-dimensional simulation is to de-
scribe the temporal evolution of a (n−1)-dimensional hypersurface Γ whose propagation
velocity is given at all times in all points of the hypersurface.
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A B

C
Ash

Ash

Figure 4.1: Problems of the marker-string method: In region A, the flame surface will grow and
additional control points have to be inserted to maintain resolution. In regions B and C,
parts of the front will vanish due to self-intersection and merging of two different flame
kernels.

A straightforward way to do this would be to discretize the interface into many line seg-
ments (2D) or surface patches (3D) and propagate the corner points of these line or surface
elements (Sethian 1996). This approach is called marker-string technique and appears to
be very simple to implement; however, the need for dynamical insertion and deletion of
control points and effects like self-intersection and topological changes (see figure 4.1) add
considerable complexity to the algorithm. While all these difficulties can be handled more
or less in two dimensions, using this kind of explicit discretization of the interface in three-
dimensional calculations is not practical.

4.1.1 The G-equation

The shortcomings of the explicit approach are avoided if the moving hypersurface is de-
scribed as an isoline of a function G(~r, t). Without loss of generality, we can associate the
interface Γ(t) with the zero level set of G:

Γ(t) := {~r | G(~r, t) = 0} (4.4)

In the case of a flame we additionally postulate that G < 0 in the unburned material and
G>0 in the ashes.

During the following discussion the normal ~n to the interface is needed. We define it to
point towards the unburned region, resulting in

~n = −
~∇G

|~∇G|
. (4.5)

4.1.2 Temporal evolution

For the implicitly given Γ the differential equation for the time evolution is not as obvious
as for the marker-string method. However, the desired expression can be determined by the
following consideration:
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Let P be an imaginary point attached to the flame surface. The movement of P in an
Eulerian frame of reference (named ~̇xP) then consists of two contributions: the advection by
the fluid motions and a propagation term in normal direction caused by the burning itself.
Since the fluid velocity has a discontinuity at the front and the burning velocity is different
at the burned and unburned side (eq. 2.32), both quantities must be taken from the same
side of the front. The result is identical for both sides; traditionally, the unburned quantities
(index 1) are chosen:

~̇xp = ~v1 + s1~n (4.6)

Because P is attached to the front, and thereby to the zero level set of G, the value of G(~xP)

cannot change with time:

dG(~xP)

dt
=

∂G

∂t
+ ~∇G · ~̇xp := 0, (4.7)

which together with eqs. (4.5) and (4.6) leads to the desired differential equation for the
time dependence of G:

∂G

∂t
= −~̇xp

~∇G = −(~v1 + s1~n)(−~n|~∇G|) = (~v1~n + s1)|~∇G| (4.8)

Of course this derivation is only valid for points lying on the front; in other places the
concept of front motion (~̇xp) makes no sense and the required velocities might not even be
defined. This means that another prescription for ∂G/∂t has to be chosen in the burned and
unburned regions, or that the propagation speed is extended into those regions according to
some prescription.

In principle there are no constraints on the shape of G in these areas, since only the zero
level set is needed for the flame model. However, the appearance of the terms ~n and ~∇G

in equation (4.8) is a strong hint that G should be a smooth function with a well-defined
gradient in order to avoid numerical difficulties when working on discretized problems.
This rules out the fairly obvious choice of the step function

G =






1 in the burned region

−1 in the unburned region

0 at the front,

(4.9)

whose disadvantages are discussed by Mulder et al. (1992). For our purpose it is a good
choice to postulate that G is a distance function, i.e. that

|~∇G| ≡ 1, (4.10)

with the exception of singular points like extrema of G. This prescription ensures a numeri-
cally well-behaved level set function. To obtain numerical stability, however, it need not be
fulfilled exactly: it is sufficient that |~∇G| does not deviate much from 1 and does not change
abruptly in space.

A sample of an interface in two dimensions and the resulting level set function is shown
in figure 4.2.
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Figure 4.2: Illustration of a signed distance function G constructed from a closed curve in two di-
mensions (black line).

4.1.3 Re-Initialization

Several different algorithms have been developed to solve equation (4.10). Sussman et al.
(1994) employ a pseudo-time method and iterate the expression

∂G

∂τ
=

G

|G| + ε

(

1 − |~∇G|
)

(4.11)

until convergence to |~∇G| = 1 is obtained. Here, the pseudo-time step ∆τ≈0.1∆ and ε≈∆,
where ∆ is the dimension of the smallest grid cell. To preserve the G-values near the front
it is crucial that |~∇G| at a given point is always evaluated in the direction of ~∇G for G< 0
and −~∇G for G > 0; this way, information can only flow from the front outwards and the
zero level set itself is disturbed as little as possible.

This procedure is rather easy to implement and only relies on local data, which allows
efficient execution on distributed memory machines. Unfortunately the front tends to shift
by small amounts during the re-initialization because of the finite cell size; this effect (illus-
trated in figure 4.3) disturbs the simulation outcome, especially for slowly moving flames.

The problem can be alleviated by introducing a weighting function to ∂G/∂τ that sup-
presses changes of G at small distances d from the front. In this work, the function

H(d) =

(

1 − tanh
d − d0

δ/3

)

/

(

1 − tanh
−d0

δ/3

)

(4.12)

was chosen (R. Klein, personal communication). Since d is not known a priori and G is
itself an approximate signed distance function, it seems appropriate to substitute d by |G|

in the equation above. This function then results in a smooth transition from suppression to
full application of the correction in a region from d0 −δ < |G| < d0 +δ. A value of d0 =3∆

and δ=∆ was used for the presented simulations.
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Figure 4.3: Unphysical shifting of the front during re-initialization according to Sussman et al.
(1994), shown for a 1D case. The (exaggerated) correction of the gradient in the cell
containing the front will move the root of G.

A further refinement of the method is required to obtain a correct distance function in
the presence of topological changes of the flame geometry. Figure 4.4 depicts a one-
dimensional situation where two burned regions have merged in the last flame propagation
step. In the neighbourhood of this event the values for |G| are obviously still very small, de-
spite the fact that the front is now quite far away. The re-initialization algorithm described
so far will not change these values, since a small |G| is interpreted as being close to the front.

For proper algorithm behaviour it is therefore necessary to find a better estimate of the
front distance. We use the following approach, which is reasonably efficient and local:

Since the full correction has to be applied in all cells with a distance ≥ d0 + δ from the
front, it is sufficient to determine a distance guess only for cells lying in a narrow band
around the front. For this purpose the coordinates of all roots of G on the grid cell edges are
calculated in linear approximation; this set of points represents a crude discretization of the
zero level set. Now for all cells in the vicinity of the front the minmum distance to any of
these points is calculated; this value then serves as the distance guess d in eq. (4.12).

The reinitialization method described here has a complexity of O(N3(δ0+δ
∆

)3) for a grid
consisting of N3 cells.

A different approach to maintain the distance function property of G is to perform no re-
initialization step at all, but to construct a so-called extension velocity field on the computa-
tional domain, which leaves |~∇G| unchanged during propagation. It is particularly useful in
situations where the propagation speed is only defined at the location of the front itself and
has no physical meaning elsewhere (e.g. when simulating crystal growth). The extension
velocity is perpendicular to G, equals s1 + ~v1~n in the cells cut by the front and obeys the
condition

~∇vext
~∇G = 0 (4.13)

everywhere else. An efficient algorithm for constructing vext is given in Adalsteinsson &
Sethian (1999). This method is non-iterative and does not change the G-values near the
front directly; however, a straightforward implementation on a parallel computer requires
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burned

G

unburned

x

Figure 4.4: Form of the G-function shortly after the merging of two burned regions. The portion of
G inside the dashed circle will not be re-initialized properly.

an excessive amount of inter-process communication and is therefore rather slow, despite the
low complexity ofO(N3 log N). Finding an optimized parallel algorithm for the creation of
extension velocities should have high priority in the further development of the supernova
code.

4.1.4 Complete Flame/Flow-Coupling

Throughout the last section the knowledge of ~v1 and s1 was assumed without mentioning in
the cells cut by the front. However, these quantities cannot be determined, unless the treat-
ment of the discretized Euler equations, which was described in section 3.1, is refined to
take the existence of a discontinuity at the front into account. Without additional measures
the transition between pre- and post-front states will be smeared out over a few cells, such
that the exact states in the vicinity of the front cannot be reconstructed. For an accurate
treatment of the coupling between the flame and the surrounding flow it is necessary to im-
plement in-cell reconstruction and flux splitting as described by Smiljanovski et al. (1997).
In this approach a grid cell can be either completely burned, completely unburned or mixed;
in the latter case its state is a well defined linear combination of burned and unburned states:

ρ̄ = αρ1 + (1 − α)ρ2 (4.14)

ρ̄ētot = αρ1etot,1 + (1 − α)ρ2etot,2 (4.15)

ρ̄~̄v = αρ1~v1 + (1 − α)ρ2~v2 (4.16)

The parameter α denotes the volume fraction occupied by the unburned state.
Since the tangential velocity component must not change across the front, it is convenient

to separate the fluid velocities into two parts

vn := ~v~n and ~vt := ~v − vn~n, (4.17)

resulting in the simpler equations

ρ̄v̄n = αρ1vn1 + (1 − α)ρ2vn2 and ~vt1 = ~vt2 = ~̄vt. (4.18)
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Figure 4.5: In-cell reconstruction and flux splitting allow complete separation of burned and un-
burned states.

Additional relations are obtained from the jump conditions across the flame:

(ρ1s1)
2 = −

p2 − p1

V2 − V1
(4.19)

ei2 − ei1 = ∆w0 −
(p1 + p2)

2
(V2 − V1) (4.20)

vn2 − vn1 = s1

(

1 −
ρ1

ρ2

)

(4.21)

Together with the equation of state

p1 = pEOS(ρ1, ei1,X1) and p2 = pEOS(ρ2, ei2,X2) (4.22)

and the burning speed law

s1 = max
(

√

2q, sl(ρ1)
)

(4.23)

it is possible to reconstruct the states 1 and 2 for a given mixed state.
To ensure that no burned material can enter an unburned cell and vice versa by numerical

diffusion, the fluxes between mixed cells and their neighbours must be computed separately
for fuel and ashes. After the Riemann problem has been solved for both components, the
total flux across a cell interface is calculated according to the linear combination

F̄ = βF1 + (1 − β)F2, (4.24)

where β is the fraction of the cell interface occupied by the unburned state and the vector F

contains the fluxes of mass, momentum, energy and species. This flux splitting technique is
illustrated in figure 4.5.

4.2 Implementation details

4.2.1 Level set propagation

The complete coupling approach has been implemented successfully for various applica-
tions (see, e.g., Smiljanovski et al. 1997). However in the case of SN Ia simulations a
combination of numerical obstacles that is not present in these other works has so far pre-
vented its use. An obvious point is that the reconstruction equations require the existence
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Figure 4.6: Discretization problems in two dimensions: for alternating signs of G the location of the

front and therefore the unburned cell fraction α is ambiguous. Furthermore the presence
of two fronts propagating in nearly opposite directions cannot be described by a single
normal vector.
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Figure 4.7: In three dimensions the roots of G on the cell edges do not necessarily lie on a plane.

of a single front normal ~n in every mixed cell, which implies that the front is approximated
by a straight line or a plane. While this is reasonable for nearly straight flames, it is not
clear how to deal with a very convoluted front geometry, where more than one flame seg-
ment can exist in a single cell (see figure 4.6). The situation is even more problematic in
three dimensions, because it is not generally possible to describe a contiguous surface with
only one planar polygon per grid cell, even if only one flame section exists per cell (figure
4.7). Whatever approach is taken to overcome these difficulties and determine ~n, there will
always be an inconsistency between this normal and the unburned cell fraction α, which in
turn causes inaccurate results for the reconstructed hydrodynamical quantities.

It has been shown by Reinecke et al. (1999b) that in degenerate white dwarf matter even
small inaccuracies of the input parameters can cause the reconstruction algorithm to fail,
because no physically meaningful solution exists. This sensitivity is a consequence of the
equation of state, which exhibits rather extreme behaviour at low temperatures, e.g.

lim
T→0

(

∂T

∂e

)

ρ

= ∞. (4.25)

Since such terms are present in the Jacobian matrix of the reconstruction equation system,
small errors in the input can have a dramatic impact on the results. This difficulty is not
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encountered in simulations of ideal gases since their equation of state is much more well-
behaved.

As a consequence of these problems a different approach was adopted for the propagation
of the flame, which does not require the reconstructed velocity ~v1 of the unburned mate-
rial but uses the averaged velocity in the cell instead. While this is in general a very bad
approximation, it can be justified in our case for two reasons:

• The density jump across the flame is not very high (ρ2/ρ1 ' 0.5 throughout the whole
explosion). As a consequence, the velocity difference |~̄v − ~v1| is smaller than the
burning speed s1 (eqs. 2.29 and 2.32). This is only a very small fraction of the typical
fluid speeds during the explosion.

• The turbulent burning speed is derived from dimensional analysis and only determined
up to a factor near 1 anyway. Any deviations from the assumed value caused by the
simplified level set approach are smaller than this inherent uncertainty in our case.

It is convenient to split the propagation of G into an advection and a combustion part. Mul-
der et al. (1992) pointed out that the advection by an underlying flow field can be formulated
in a conservative manner, yielding

∫

V

∂(ρG)

∂t
d3r +

∮

∂V

~vfluidρGd~A = 0. (4.26)

This expression is identical to the advection equation of a passive scalar; therefore this part
of the time evolution of G can be performed by the PPM algorithms already present in the
code.

The front motion due to burning was calculated in a separate step according to the formula

(

∂G

∂t

)

burn

= s|~∇G|, (4.27)

where s is the burning speed determined by eq. (3.19) and ~∇G is the gradient taken in the
direction of steepest increase of G.

4.2.2 Re-Initialization

The currently employed algorithm for the smoothing of the level set function is a variant
of Sussman’s iterative method which includes all the necessary refinements discussed in
section 4.1.3. It uses a pseudo time step of ∆τ = 0.1∆min, where ∆min is the smallest cell
dimension of the grid. The re-initialization routine is invoked at the end of every time step
and is repeated until either 0.5 ≤ |~∇G| ≤ 4 everywhere on the grid or a maximum of 20
iterations is reached. Though this procedure does not lead to a true distance function, it
generates a sufficiently smooth G and is computationally affordable even on very unevenly
spaced grids.
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4.2.3 Energy generation

In a full implementation of the level set model the concentration changes by thermonuclear
or chemical reactions per time step in every cell are given by

∆Xash = −∆Xfuel =
s1ρ1Afront∆t

ρ̄
(4.28)

and the corresponding energy release is

∆e = ∆Xash∆w0. (4.29)

Since no reconstruction can be performed because of the reasons given in the previous
section, the value of ρ1 is not known and the update of composition and energy must be
done in a different way:

First, an approximation of the unburned volume fraction α is calculated. Depending on
the dimensionality of the simulation, two different algorithms are used:

• In two dimensions, the values of G at the cell corners are obtained by linear interpola-
tion from the cell-centered data. Then the roots of G on the cell edges are determined;
the front is assumed to be the straight line between those points. The unburned area
fraction can be calculated uniquely for such a configuration, with the exception shown
in figure 4.6. In this special case the average of the two possible solutions is adopted
as α.

• In three-dimensional cells, the cell-centered value for G is compared to the average
cell dimension ∆̄ := 3

√

∆x∆y∆z:

α =






1 for G < −∆̄

0 for G > ∆̄

0.5(1 + G/∆̄) otherwise

(4.30)

The compositions and energy are then updated according to the following prescriptions:

X ′

ash = max(1 − α,Xash) (4.31)

X ′

fuel = 1 − X ′

ash (4.32)

e ′

tot = etot + (X ′

ash − Xash)∆w0. (4.33)

Here the exact composition of the ashes and consequently the magnitude of ∆w0 depend on
the material density (see section 3.3).

This technique ensures that the material in regions behind the front is completely burned.
It is not true, however, that only fuel is found ahead of the flame; since flux-splitting is
not applied in our approach, the diffusion of ashes into unburned regions cannot be totally
suppressed. Nevertheless this is only a minor effect because of the very low numerical
diffusivity of the PPM algorithm.
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Part II

Simulations of Type Ia Supernovae
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5 Simulation setup

5.1 Summary of the employed models

All numerical models are based on the equation system (2.11) – (2.19). The transport equa-
tions for mass, momentum, energy and species (eqs. 2.11 – 2.14) are solved in conservation
form by means of the PPM algorithm described in section 3.1; for a more detailed descrip-
tion of the particular implementation see Fryxell et al. (1989). No artificial viscosity was
used and physical viscosity and diffusion effects were neglected. The time step was deter-
mined by the CFL criterion (eqs. 3.1 and 3.2) and multiplied by a factor of 0.8 to ensure
numerical stability of the PPM method.

As a link between density, pressure, internal energy and composition the equation of state
discussed in section 3.2 was used.

Self-gravity was implemented in an approximate manner by assuming spherical symmetry
of the density distribution and numerical integration of eq. (3.14) in section 3.4.

The source term r in equation (2.14) consists of two independent contributions: first, all
material crossing the flame is converted immediately into ash, whose composition depends
on the local density ahead of the front; this part is implemented according to eqs. (4.31) and
(4.32). Second, the mass ratio of α-particles and nickel in the burned region is a function
of density and temperature and therefore changes during the white dwarf’s expansion (see
section 3.3). Once the composition changes have been determined, the energy source term
S (eq. 2.13) is obtained easily by calculating the change in nuclear binding energies from
the old to the new composition.

The flame geometry, which is needed to determine the stiff source terms described above,
is modeled by a level set function, which is propagated and smoothed according to the
procedure outlined in sections 4.2.1 and 4.2.2.

For the time evolution of the level set, the flame propagation speed must be known. This
quantity is determined from the laminar burning speed (eq. 3.15) and the model for the
sub-grid velocity fluctuations presented in section 3.5.2, according to equation (3.19).

5.2 White dwarf model

All simulations presented in this work start out with a white dwarf of nearly Chandrasekhar
mass in hydrostatic equilibrium. This implies that the differential equation

dp0

dr
= −G

M0(r)ρ0(r)

r2
, where M0(r) =

∫ r

0
4πr ′

2
ρ0(r

′)dr ′ (5.1)
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Figure 5.1: Initial density and pressure profiles of the white dwarf (logarithmic scale).

holds. If a temperature distribution T0(r) and a composition X0(r) is prescribed, p0 and ρ0

are connected via the equation of state and this equation can be integrated straightforwardly.
For all simulations, T0 = 5 ·105 K and X12C = X16O = 0.5 was chosen. Additionally, the
central density ρ0(0) was set to 2.9 ·109 g/cm3. The resulting pressure and density profiles
are shown in figure 5.1.

The integration was stopped at a density of 10−3 g/cm3; for larger radii the density was
kept constant at this value. This had to be done because of the limited range of the EOS
tables (see section 3.2). It is obvious that the outer regions of the computational grid cannot
be in hydrostatic equilibrium and will start to fall down onto the star’s “surface” under these
circumstances; however, this has very little impact on the explosion itself, since the mass in
those regions is very small (< 10−10 M�).

Overall, this procedure resulted in a white dwarf mass of 2.797 ·1033 g (slightly below
MCh) and a total energy of −5.19·1050 erg.

The initial sub-grid energy level was set to q = 1012 erg/g, corresponding to turbulent
velocity fluctuations of about 1.4 ·106 cm/s on the grid scale. This is a bit slower than the
speed presently assumed for typical convective motions in a white dwarf before explosion
(S. Woosley, personal communication), but according to the observations of Niemeyer &
Hillebrandt (1995a) the large-eddy model tends to adapt itself to the macroscopic flow on a
very short time scale (≈ 10−2 s), so that the initial value for q becomes largely irrelevant.
In any case the prescription of turbulent kinetic energy on unresolved scales is somewhat
inconsistent with the fact that the initial fluid velocities ~v were set to 0 on the whole grid, but
constructing a macroscopic convective flow inside the white dwarf without disturbing the
delicate hydrostatic equilibrium is very difficult. Anyway, the influence of such a flow field
on the simulation can safely be neglected, because the rise velocities of the burned material
exceed the convection already after a few time steps.

The adopted setup is very similar to that of the simulations presented in Niemeyer &
Hillebrandt (1995a) and Reinecke et al. (1999a) and therefore allows direct comparison of
the results.
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One might argue that the model presented here is unrealistic in various respects, most no-
tably concerning the uniform temperature and composition. In reality the star will not be
isothermal, but its temperature will increase towards the surface because of accretion heat-
ing, and small temperature fluctuations will be present near the center. However, the initial
temperature has no direct influence on the hydrodynamics because of the matter degener-
acy; its exact value only matters for the nuclear reaction rates, which are not directly used
in our flame model. A similar consideration holds for the chemical composition: while the
laminar flame speed depends quite sensitively on the C/O ratio of the fuel, the macroscopic
turbulent speed is practically unaffected by composition changes. On the other hand, the
difference in the nuclear binding energy between carbon and oxygen cannot be neglected,
so that changing the initial composition of otherwise identical progenitors might well result
in significantly different explosions. This effect is not addressed here and should be subject
of further study.

5.3 Grid geometry

All two-dimensional simulations were performed on a (r,z)-grid in cylindrical coordinates
with the white dwarf’s center located at the origin. This arrangement imposes an artificial
axial symmetry around the z-axis, i.e. all features observed in the two calculated dimensions
actually represent toroidal structures around the polar axis. Additionally, equatorial symme-
try was introduced by using reflecting boundary conditions along the r-axis. Consequently,
only the quadrant [0;R]2 had to be calculated, with a suitably large R (see below).

In three dimensions the calculations were performed on a Cartesian grid with reflecting
inner boundary conditions, corresponding to an eightfold planar symmetry of the explosion.
Only the region [0;R]3 was calculated.

Transparent boundary conditions were applied at the outer borders in all simulations, so
that material could flow freely across without unwanted reflections.

Cylindrical resp. Cartesian geometry was chosen mainly because the more natural choice
of spherical (r,ϑ,ϕ)-coordinates (used, for example, by Niemeyer & Hillebrandt 1995a)
results in very narrow, wedge-shaped cells near the star’s center and limits the CFL timestep
to rather small values. Also, the implementation of the level set and sub-grid models would
have been much more delicate on a spherical grid compared to a rectangular one.

Since the star expands rapidly during the explosion, parts of it will sooner or later flow
across the outer grid boundaries. This is undesirable for various reasons: mass and to-
tal energy are no longer conserved, and burning processes in these outer layers cannot be
accounted for. On the other hand it is not possible to enlarge the computational domain
without sacrificing spatial resolution, since this would dramatically increase the required
computing resources.

As a compromise, Niemeyer’s approach (Niemeyer & Hillebrandt 1995a) was adopted,
which consists of using a relatively fine equidistant grid in the inner regions and increasing
the cell dimensions exponentially in the outer parts (see figure 5.2). In combination with
the chosen coordinate systems this has the unfortunate consequence of producing very elon-
gated, anisotropic cells near the coordinate axes, so that the sub-grid model (section 3.5.2)
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Figure 5.2: Illustration of the 2D grid geometry, including the initial white dwarf radius

and algorithms like the determination of α (section 4.2.3) or the level set re-initialisation
(section 4.2.2) are not very accurate and somewhat inefficient. For the discussion of a prob-
ably better approach see section 8.3.

Using this kind of grid, the energetically important first stages of thermonuclear burning
are well resolved, and the prescription of relatively small features in the initial flame geom-
etry is possible. When the flame reaches the anisotropic grid regions in the later phases, the
pre-front density will already be quite low, so that the total amount of energy released there
is small compared to the explosion energy.

5.4 Hydrostatic stability

Since the time τsim ≈ 1.5 s covered by the supernova simulations is considerably longer
than the sound crossing time τsc≈0.1 s of the star, it is important to test whether the initial
configuration is stable over a time scale τsim when no combustion takes place. To verify this
behaviour, the evolution of the white dwarf on a three-dimensional grid with a resolution of
106 cm was followed for one second.

The time evolution of the star’s total kinetic energy is shown in figure 5.3. Obviously
the equilibrium is not exactly realized, but the energy values are far too small to cause
significant bulk expansion or contraction during the explosion: if the kinetic energy were
distributed evenly over the mass of the star, the matter would only move at roughly 106 cm/s
and therefore the internal structure of the white dwarf would not change significantly on a
time scale of seconds. Furthermore the time evolution of the kinetic energy suggests that
the star pulsates with a period of approximately two seconds, so that even for longer times
no dramatic change (like, e.g., a collapse) has to be expected.

This consideration is of course global and does not allow any conclusions concerning the
movements in small regions of the white dwarf. This issue is addressed in figure 5.4, which
shows a radial distribution of the maximum absolute velocity observed during the entire
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Model stab_3d_256, kinetic energy
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Figure 5.3: Evolution of the total kinetic energy for a simulation without thermonuclear burning.
The maximum values reached in this experiment are orders of magnitude smaller than
the kinetic energies expected in an exploding white dwarf.
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Figure 5.4: Radial distribution of the highest absolute material velocities reached during the entire
stability test. Inside the star all velocities stay below 1.2·107 cm/s.
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simulation. As expected, the highest velocities are found near the surface, where density
and pressure change significantly from one cell to the next, whereas there is practically
no movement in the central region. In the space surrounding the star there is no pressure
gradient to compensate the acceleration by gravity, which leads to high infall velocities; but
since the matter density is negligible there, this has no impact on the simulation.

It has to be expected that a similar test in two dimensions or more highly resolved calcula-
tions are at least as stable as the discussed case, since in both cases the discretization errors
are smaller. Except for model c3_2d_128 (see section 6.2), whose results are doubtful for
other reasons anyway, all presented simulations were carried out with a grid resolution equal
to or higher than in this stability test. Therefore it can be assumed that numerical instability
of the initial white dwarf model does not have a noticeable impact on their results.

5.5 Tracer particle distribution

To allow for post-processing, a total of 1000 tracer particles were distributed over the cal-
culated volume in the three-dimensional calculations. The particles were arranged in a
10×10×10 grid equidistant in the integrated mass M0(r), the azimuthal angle ϕ and cos ϑ,
so that they all represent the same amount of mass. After numerical inversion of the function
M0(r), these (M,ϕ, ϑ)-coordinates are trivially mapped onto the Cartesian grid.

For the two-dimensional simulations, 100 particles were distributed in r- and ϑ-direction,
using the same procedure as above.

Roughly once per millisecond of simulated time the location, temperature and density of
the tracers is recorded; this allows accurate reconstruction of the trajectories and final veloc-
ities as well as providing the thermodynamical data necessary for detailed nuclear reaction
calculations. Both results together are sufficient to construct a composition distribution in
velocity space, which can again be used as input for radiation transport simulations of the
later SN phases.

This work does not present or discuss any results based on the tracer particle mechanism,
since no post-processing with other programs has been performed up to now and therefore
the additional information contained in the tracers is not yet accessible.
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6 Parameter studies in two dimensions

The goal of this chapter is to investigate the influence of physically motivated input param-
eters like the initial front geometry on the supernova explosion dynamics, and to verify that
variations of parameters without direct physical relevance (e.g. numerical resolution) do not
affect the results significantly. Because of the large number of simulations needed for such
studies and the enormous computing and storage requirements, they had to be performed in
two dimensions assuming axisymmetry instead of solving the full problem. Nevertheless,
the insights gained from these experiments can – at least in a qualitative manner – also be
applied to the three-dimensional case.

6.1 Influence of the initial flame location

As long as the secular evolution of the white dwarf before the thermonuclear runaway re-
mains mostly unexplored, only very crude constraints can be put on the flame geometry
at the onset of fast burning. Although it appears likely that the deflagration sets in at the
surface of hot, floating bubbles, neither their number nor their size and radial distribution is
known. Central ignition is another possible scenario that has been investigated during the
last years using multidimensional calculations (Niemeyer & Hillebrandt 1995b, Khokhlov
1995, 2000); it is especially important for comparison with one-dimensional models, where
off-center ignition is generally impossible (except for ignition of a spherical shell, which
seems rather unrealistic).

In this work the goal is to explore the corners of the large parameter space with a few quite
different initial setups; once our knowledge of the pre-ignition conditions has improved
due to theoretical considerations or numerical simulations, more detailed and systematic
parameter studies will become feasible. The only assumption made when constructing the
initial conditions was that ignition will take place within 300 km of the star’s center; this is
in agreement with the findings of Garcia-Senz & Woosley (1995).

6.1.1 Choice of initial conditions

Figure 6.1 shows the different setups used for the two-dimensional calculations. The flame
geometries c1_2d and c3_2d represent the centrally ignited scenarios; instead of incinerat-
ing an exactly spherical region, a strong sinusoidal perturbation was applied to the front,
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Figure 6.1: Initial flame geometries used in the two-dimensional simulations. The center of the
white dwarf is located at the lower left corner.

described by the following expression:
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r

)

= 0

}
(6.1)

The number of perturbations, n, was set to 1 and 3 for the geometries c1_2d and c3_2d, re-
spectively. The rather large initially burned volume and the strong perturbation were chosen
to avoid a quite long period of linear instability growth at the beginning of the explosion,
during which the flame propagates slowly and not much energy is released. On the other
hand it could be argued that this setup already artificially prescribes the number of large
scale features that will develop during the calculation and that it might be preferable to start
with a practically spherical flame, so that RT features could form at the most unstable wave-
length. This objection is well founded, but to ensure that the evolution of the first small
instabilities is physical and not dominated by grid artifacts would require a considerably
higher resolution; this task could be subject of future studies.

The off-center ignition case is represented by the setups b1_2d and b5_2d, where one
and five burning bubbles were placed at at distance of about 200 km from the center. Their
rather large initial size is dictated by the grid resolution: since the RT instability causes a
strong deformation and elongation of the burned region, its thickness would drop below ∆

for smaller bubbles and significant parts of the flame could vanish from the grid.

72



6.1 INFLUENCE OF THE INITIAL FLAME LOCATION

As in the case of the white dwarf model, these flame geometries are identical to the ones
discussed in Reinecke et al. (1999a); this facilitates the direct comparison of the results and
the assessment of the implementation changes that were applied to various models.

Although the term “bubbles” was used throughout the description above, it must be kept in
mind that, due to the assumption of axisymmetry, all features in figure 6.1 actually represent
toroidal structures around the z-axis. Mainly for this reason the initial symmetry of all
models with respect to the diagonal is lost in the early explosion stages.

6.1.2 Explosion characteristics

The time evolution of the different initial conditions, carried out on 2562 grid cells at a
central resolution of 106 cm, is shown in figures 6.2 – 6.4. The first two figures directly
compare flame geometry and flow field of the central and off-center ignition conditions at
different times; as an additional measure for the expansion of the star, the central density is
noted in every plot.

Since the initial front perturbation in the centrally ignited models is already well in the
nonlinear regime, the formation of bubble- or mushroom-shaped Rayleigh-Taylor structures
takes place during the first few tenths of a second. A large fraction of the burned material
begins to float towards the surface, whereas the denser fuel sinks down in between. How-
ever, because of the forced axial symmetry and assumed equatorial symmetry of the model,
the normal velocity component at the axes vanishes and therefore the ashes can never fully
detach from the star’s center. During the evolution of model c1_2d_256 this results in a
long, thin thread of burned material connecting the rising bubble with the central region.
This is clearly an artifact, since in reality the initial distortion of the front will never exhibit
this kind of symmetry; much more likely the burning region will float in the direction of its
initially largest radial extent, and the resulting flow field will soon drive all ashes out of the
center (Bychkov & Liberman 1997).

A related phenomenon also occurs in the offcenter-ignition models: here, only very narrow
channels exist for the backflow of fuel between the flame and the coordinate axes. The
resulting, unnaturally strong shear flow causes fingers of processed material to stay near the
center; this effect is clearly visible for model b1_2d_256. In a three-dimensional simulation
of the whole star no such features are expected.

The plots clearly exhibit strong shear flows at the sides of the rising structures, which
lead to high sub-grid energy levels and thereby increase the local flame speed. In the late
explosion stages the growth of macroscopic Kelvin-Helmholtz instabilities can be observed
in these regions; they are most prominent in the models b1_2d_256 and b5_2d_256.

In all simulations the initial symmetry is lost in a very early stage, as it was predicted
above.

In the case of model b5_2d_256 it is interesting to note that the individual bubbles do
not stay separated during the explosion, but merge after a short time. This effect cannot be
explained in the simplified picture of rising spherical bubbles whose radial growth is equal
to the flame speed; in such a situation, the initial separation has to be much smaller to allow
merging within less than a second. Apparently, the bubbles close to the center experience an
additional radial acceleration in the wake of the bubbles at larger radii. Consequently they
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Figure 6.2: Temporal evolution of the flame geometry and velocity field for the central ignition
scenarios (left: model c1_2d_256, right: model c3_2d_256)
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Figure 6.3: Temporal evolution of the flame geometry and velocity field for the off-center ignition
scenarios (left: model b1_2d_256, right: model b5_2d_256)
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Figure 6.4: Comparison of total energy and energy generation rate for the different initial conditions.

do not form the typical mushroom shape but are strongly elongated in the radial direction,
until their leading edge connects to the trailing parts of the outer bubbles. The result of such
a process is visible in the top right plot of figure 6.3.

A separation of a single burned region into two disconnected areas is also observed (e.g.
in the middle right plot of figure 6.2). Strictly spoken, this is not a correct solution of the
employed equation system, which only allows the stretching of a burned area into very thin
threads, but no disconnecting. In our discrete approximation, however, splitting can always
occur as soon as the width of a flame structure falls below ∆.

In figure 6.4 the time evolution of the total energy and energy generation rate is shown for
the different initial conditions. Concerning the relative strength of the explosions, the re-
sults are in good agreement with the expectations: model c3_2d_256 releases more energy
than model c1_2d_256 because it contains more seeds for the RT instability, which leads
to faster flame surface growth. The same argument holds for model b5_2d_256, which ex-
plodes more vigorously than model b1_2d_256; in addition to the higher number of bubbles
the initially burned volume is much larger in b5_2d_256 and therefore a stronger flow is
generated by buoyancy, which increases the macroscopic flame speed.

The right-hand plot of figure 6.4 reveals that the centrally ignited calculations reach their
peak energy generation rate a bit later than the floating-bubble models. This effect is most
likely caused by the fact that the gravitational acceleration at the initial flame position is sig-
nificantly higher for the models b1_2d_256 and b5_2d_256, which results in faster buoyant
motions and thereby larger surface increase via stretching and faster flame propagation due
to higher turbulence intensity.

A strong coupling is observed between the energy release in the early stages and the time
when fast burning is extinguished: if the combustion begins very vigorously, the star will
expand faster and the lower density limit for burning is reached sooner. This mechanism
is clearly visible in the last row of figure 6.3: in model b5_2d_256 the flame has reached
much larger radii than in b1_2d_256 at the same time, and the central density is lower by
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Model b5_2d_256: composition evolution
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Figure 6.5: Time dependence of the stellar composition for model b5_2d_256. During the first 0.4
seconds the production of α-particles absorbs thermal energy from the system, which is
released again between 0.4 and 0.7 seconds due to rapidly falling density.

more than a factor of three. Since at this time model b5_2d_256 has only burned about 30%
more mass than model b1_2d_256, its much larger burned volume can only be explained by
a lower average density. Accordingly, the right panel of figure 6.4 shows that combustion
has practically stopped after one second in the five-bubble model, while the same level is
reached only after ≈1.3 s in the other models.

While this self-regulating mechanism prevents a very strong dependence of the total en-
ergy release from the initial conditions, it nevertheless allows some scatter in the final en-
ergy. These variations could be the reason for the slight non-uniformity of the observed
supernovae.

Comparison of the energy evolution with the results presented by Reinecke et al. (1999a)
reveals that the relative explosion strengths of the different initial models have remained
nearly identical; only the energetically very similar models c3_2d_256 and b1_2d_256 have
changed position. However, the final absolute energies are about 25% higher for the refined
code than for the older calculations.

Significant differences also exist in the time evolution of the energy generation rate: the
period of most intense burning, which was reached after 0.2 – 0.5 s in the earlier calculations
has now shifted to 0.5 – 0.8 s after ignition. The main reason for this delayed energy release
is the more realistic treatment of the fusion reactions. Since carbon and oxygen are no longer
instantaneously fused to nickel, but to a NSE mixture of nickel and α-particles, less energy
is released in the early burning phases, which results in a lower temperature and higher
density in the ashes. This in turn decreases the buoyancy and rising speed of the burning
bubbles, leading to less shear and lower turbulent burning speeds. As a compensation, the
transformation of α-particles into nickel injects additional energy into the explosion at later
times.

This argument is supported by an evolution diagram of the white dwarf’s composition,
shown in figure 6.5. As long as the nuclear reactions take place near the center and bulk
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expansion is still rather slow, nickel and α-particles are produced at a nearly constant ratio,
and the specific energy release is much lower than for synthesis of pure nickel. During
the continued expansion, the equilibrium concentration for α-particles in the NSE rapidly
drops towards zero and the “buffered” energy is released as thermal energy, further driving
the expansion. This very exothermic process (Q ≈ 1.52 ·1018 erg/g) coincides rather well
with the maximum of the energy generation rate (figure 6.4).

The delayed energy release could be the reason for the higher total energy production in
the recent simulations: in the early phases the burning does not cause a strong expansion of
the star, but the flame nevertheless develops structure, thereby increasing its surface and the
mass consumption rate. As a consequence, a larger fraction of the star is processed before
the density at the front drops below the extinction threshold.

6.2 Sensitivity to the numerical resolution

A series of tests was performed to check to which extent the outcome of the supernova
simulations depends on the numerical grid resolution. In principle the flame propagation
model was designed in such a way that integral quantities like the explosion strength should
be insensitive to the actual resolution, as should all macroscopic flow features (i.e. features
which are resolved in all simulations). Of course, since the real Kolmogorov scale lies
far below any realistic cell size, the simulation will never be fully resolved, and new flow
patterns are expected to develop on smaller and smaller scales with increasing resolution.

Without doing any numerical experiments it can already be stated that even the integral
results at different resolutions will not be exactly the same, for the following reason: numer-
ical viscosity effects (see section 3.1.3) alter the flow at scales between ∆ and 10∆. Since
∆ varies from one simulation to the next, slightly different results are expected. The par-
tial suppression of fluctuations slightly above ∆ also affects the sub-grid turbulence model,
since it uses the velocity gradients at the grid scale as input; this effect, however, has very
little impact on the results (see section 6.3).

To study the robustness of our code with respect to a change of the numerical resolution,
simulations with the initial conditions c3_2d were performed with grid sizes of 1282, 2562,
5122 and 10242 cells, whose corresponding resolutions in the uniform inner part of the grid
were 2·106 cm, 106 cm, 5·105 cm and 2.5·105 cm.

Figure 6.6 shows the energy release of the models; except for the run with the lowest
resolution, the curves are nearly identical in the early and intermediate explosion stages.
Simulation c3_2d_128 exhibits a very slow initial energy increase and does not reach the
same final level as the other models. Most likely this is due to insufficient resolution, which
leads to a very coarsely discretized initial front geometry and thereby to an underestimation
of the flame surface. As a consequence from this result all other simulations presented in
this work have a central resolution of 106 cm or better.

In the late explosion phase (after about 0.8 seconds) the total energy is no longer equal
for the three simulations, but increases with better resolution. The origin of this effect is
not clear, but since it occurs at the time when the flame enters the anisotropic part of the
grid, it is probably caused by inaccuracies of the burning and hydrodynamic algorithms in
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Resolution study: energy release
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Figure 6.6: Time evolution of the total energy for different resolutions. During the early and in-
termediate explosion stages there is excellent agreement between the better resolved
simulations.

the highly elongated cells in these regions. A breakdown of the sub-grid turbulence model
is the most likely culprit, since in a very anisotropic grid the concept of a “cell length” is
not well defined anymore. In any case the observed scatter in the final energy releases of
the order of 10% was assumed to be acceptable.

Another argument for the reliability of the turbulence model is provided by figure 6.7,
which shows the front geometry and turbulence intensity after one second for the simula-
tions c3_2d_256 and c3_2d_1024. These data are in very good agreement with the expec-
tations:

• Both simulations have quite similar large-scale features; e.g. the burned areas appear
similar in size, and the largest distance from the front to the center also is nearly equal.

• Because of the larger scale range in c3_2d_1024, the flame structure is much better re-
solved: it shows, for example, the onset of Kelvin-Helmholtz-instabilities in the shear
flow between rising hot material and falling fuel near the coordinate axes and also
small, secondary Rayleigh-Taylor instabilities, which are not visible in the coarser
simulation.

• The amplitude of sub-grid fluctuations is lower for the better resolved simulation,
which is in agreement with the turbulent velocity scaling law. This is also required
to compensate the larger flame surface and keep the total energy generation rate
resolution-independent.

This plot also demonstrates convincingly that the highest turbulence intensities are reached
in the shear layer between fuel and ashes.

In figure 6.8 the temporal evolution of the total sub-grid energy contained in the uniform
inner parts of the grid is shown. The larger and anisotropic cells in the grid border were
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Model c3_2d_256, t=1s
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Figure 6.7: Comparison of two simulations with identical initial conditions, but different resolution.
The front geometry is indicated by a black line, whereas the amplitude of turbulent ve-
locity fluctuations is given color-coded from 0 (white) to 2.5·107 cm/s (black). The low-
resolution run clearly exhibits less flame structure, which is compensated by a higher
flame speed. The overall features appear to be remarkably similar in both diagrams.
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Figure 6.8: Time evolution of the total sub-grid energy in the isotropic grid regions for different
resolutions.
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6.3 INFLUENCE OF NUMERICAL VISCOSITY

omitted because the sub-grid energy level is a function of length scale, which is not well
defined in those regions. With exception of the first 0.2 seconds, the curve shapes for all
simulations are nearly identical, but the absolute values are smaller for higher resolutions;
this scaling behaviour is in agreement with the expectations. Very shortly after ignition the
sub-grid energy level is more or less the same in all calculations; this is most likely caused
by a weak, outward running pressure wave, which is created by the abrupt combustion of
the material behind the front at t = 0 s. This wave slightly violates the incompressibil-
ity assumption of the sub-grid model and causes unrealistic turbulent energy production.
However, almost all of this energy is generated far away from the flame and therefore does
not influence front propagation; furthermore the pressure wave leaves the star already after
≈0.2 seconds.

6.3 Influence of numerical viscosity

It was already mentioned that unphysical dissipation effects, which are present in every finite
volume scheme, suppress turbulent motions near the grid scale. For the PPM algorithm
Porter et al. (1998) studied the strength of this effect for isotropic decaying turbulence.
From their results it can be concluded that at a scale of 2∆, where the stress tensor for the
sub-grid model is evaluated, the velocities are damped by a factor of about 2 to 3, compared
to the ideal turbulent cascade. This factor is of course variable to some degree, depending
on many different circumstances, but fortunately the exact value does not matter much in
the following experiment.

The influence of this deviation on the SN simulations was studied by artificially multiply-
ing all elements of Σij (eq. 3.22) by 2.5 before calculating the turbulent source and transport
terms described in section 3.5. It must be emphasized that this change of the algorithm is not
equivalent to simply increasing the turbulent burning speed itself by a factor of 2.5, since it
has a direct influence on the time evolution of q itself: turbulent energy is generated faster
in the presence of macroscopic shear, but at the same time its diffusion and dissipation –
which also depend on Σij – are more efficient.

As a consequence of this change, it is expected that q will reach slightly higher levels
throughout the computational domain than without the amplification of the velocity gra-
dients, thereby increasing the turbulent flame speed. According to the deduction given in
section 3.5, this should be compensated by a reduced flame surface and produce comparable
overall results.

The comparison of the energy releases presented in figure 6.9 supports the argument that
numerical viscosity does not have a significant influence on the simulation outcome. Al-
though the area enclosed by the front is noticeably larger in c3_2d_256_turb, this does not
mean that the amount of burned material has increased by the same factor: actually, since
the total energies at the time of the snapshot only differ by a few per cent, another explana-
tion must be found. A comparison of the density and velocity fields reveals that the increase
in size is indeed caused by a slightly faster expansion in c3_2d_256_turb. This can be ex-
plained by the fact that both models have the same flame surface at t = 0 s, but the initial
energy generation rate is higher for model c3_2d_256_turb because of the faster turbulent
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6 PARAMETER STUDIES IN TWO DIMENSIONS
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Figure 6.9: Comparison of two simulations with identical initial conditions and resolution. For
model c3_2d_256_turb, the velocity gradients at the grid scale were multiplied by 2.5
before being used in the sub-grid model. The star’s expansion is slightly faster for
c3_2d_256_turb, and the flame shows a bit less structure, but the energy release of both
models does not differ much.

motions. Until the balance between flame surface and burning speed has been established in
both calculations, model c3_2d_256_turb has gained a “head start”, which is clearly visible
in the front location at later times, but has nearly no impact on the energetics.
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7 Three-dimensional simulations

Making use of the parallelized version of the hydrodynamic code, several three-dimensional
simulations were performed. The choice of their initial conditions was determined by the
following considerations:

• A direct comparison between a two- and a three-dimensional simulation with identi-
cal initial conditions is very useful. Differences in the outcome must be expected for
various reasons. First, in the 3D case, hydrodynamic instabilities can also develop in
the azimuthal direction, which were prohibited in two dimensions; this effect causes
an increase in the total flame surface. Second, it is known from theory and many ex-
periments that the characteristics of two-dimensional turbulent flow can differ signif-
icantly from three-dimensional turbulence, which could influence the 2D simulation
results in an unpredictable way.

• The axial symmetry of the 2D initial conditions is not a good model for the new-born
flame in a SN Ia. To realize a “popcorn” model with many small, spherical flame
kernels, three dimensions are required. Since it was already observed in section 6.1.2
that the initial front geometry does influence the simulation outcome, it is important
to investigate the generally accepted ignition scenario to obtain meaningful results.

Technical problems were encountered not so much because of the memory and CPU re-
quirements of the code, but rather because of the overwhelming amount of data produced
by the simulations. Handling and permanent storage of the output files, as well as data vi-
sualization using the three-dimensional arrays of the state variables, turned out to be very
cumbersome on the given hardware; for this reason specialized dump routines and visual-
ization programs had to be implemented, which work on much smaller data sets containing
only a few quantities at the locations of interest.

7.1 Axisymmetric initial conditions

For the comparison of 2D and 3D calculations, the initial flame location c3_2d (figure 6.1)
was rotated by 90 degrees around the z-axis and mapped onto the three-dimensional Carte-
sian grid consisting of 2563 cells with a central resolution of 106 cm.

The initial configuration, as well as snapshots at later times, are shown in figure 7.1.
Unfortunately, visualization of the flame front was not possible with the available software
once it had entered the non-uniform grid regions, so that the evolution of the flame could
only be illustrated for the first 0.7 – 0.8 seconds in all 3D simulations.
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7 THREE-DIMENSIONAL SIMULATIONS

t=0.0s t=0.15s

t=0.3s

t=0.79st=0.6s

t=0.45s

Figure 7.1: Snapshots of the front evolution for the model c3_3d_256. First deviations from axisym-
metry are visible after 0.3 seconds. At late times all symmetry is completely lost. One
ring on the axes corresponds to 107 cm.
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7.1 AXISYMMETRIC INITIAL CONDITIONS

Figure 7.2: Inverted view of the model c3_3d_256 after 0.7 seconds. One ring on the axes corre-
sponds to 107 cm.

Obviously, the initial axisymmetry is lost after 0.2 – 0.3 s, although no explicit perturbation
in ϕ-direction was applied to the front. This happens because the initial flame geometry
cannot be mapped perfectly onto a Cartesian grid and therefore the front is not transported
at exactly the same speed for all ϕ. On a cylindrical grid, which matches the symmetry of
the problem setup better, this effect would not be observed.

In our case, however, this symmetry breaking is desired, since an exactly axisymmetric
calculation would only reproduce the results of the 2D run. Besides, perfect rotational
symmetry would never occur in reality.

During the next few tenths of a second, the small deviations cause the formation of fully
three-dimensional RT-mushrooms, leading to a strong convolution of the flame. This addi-
tional surface increase results in a higher energy generation rate than in the corresponding
2D case, as is shown in figure 7.3.

Figure 7.2 shows a different view of the burned region, where only the mirror images of
the simulated octant are shown. It is evident that the intersections of the flame with the xz-
and yz-plane, which should in theory be identical, exhibit some small differences. This can
be explained by the directional splitting scheme used in the hydrodynamics code, which is
asymmetrical insofar as it always starts by solving the Riemann problem in the x-direction.
Alternating the order of the directional steps in consecutive time steps (as described in sec-
tion 3.1) keeps the differences small, but cannot suppress the effect completely.

As expected, the surface increase in model c3_3d_256 compared to model c3_2d_256 has
a noticeable influence on the explosion energetics; this fact is illustrated in figure 7.3. Before
the loss of axial symmetry in c3_3d_256, the total energy evolution is almost identical for
both simulations, which strongly suggests that the two- and three-dimensional forms of the
employed turbulence and level set models are consistent, i.e. that no errors were introduced
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7 THREE-DIMENSIONAL SIMULATIONS

2D/3D energy comparison
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Figure 7.3: Comparison of the explosion energy for identical initial conditions and resolution in two
and three dimensions. After the loss of axial symmetry (at t ≈ 0.3 s) the larger flame
surface in the three-dimensional model leads to more vigorous burning.

during the extension of these models to three dimensions. In the later phases the 3D model
releases more energy as a direct consequence of the surface increase shown in figure 7.1.

Overall, it can be concluded from the comparison that any three-dimensional calculation
will most likely produce a more energetic explosion than a two-dimensional simulation with
identical initial conditions. Since the increase in energy is convincingly explained by the
larger flame surface, one can assume that the characteristics of the turbulent energy cascade
do not differ very much for the two- and three-dimensional Euler equations, or at least do
not have a strong impact on the results.

7.2 Multipoint ignition scenarios

Two different calculations were performed to investigate the offcenter ignition model in
three dimensions. The simulation b5_3d_256 was carried out on a grid of 2563 cells with
a central resolution of 106 cm and contained five bubbles with a radius of 3·106 cm, which
were distributed randomly in the simulated octant within 1.6·107 cm of the star’s center. As
an additional constraint, the bubbles were required not to overlap with the other bubbles or
their mirror images in the other octants; this maximizes the initial flame surface.

A particular realization of these initial conditions and its temporal evolution is shown
in figure 7.4. Despite the prescriptions mentioned above, some of the bubbles do appear
to overlap slightly; this is a consequence of the rather coarse discretization and does not
change the initially burned mass and flame surface significantly.

In a way very similar to the evolution of model b5_2d_256 (right column of figure 6.3) the
flame kernels closer to the center are elongated very rapidly and connect to the outermost
bubbles within 0.15 s. The whole burning region disconnects from the coordinate planes

86
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t=0.0s t=0.15s

t=0.3s

t=0.72st=0.6s

t=0.45s

Figure 7.4: Time evolution of the model b5_3d_256. The fast merging between the leading and
trailing bubbles and the rising of the entire burning region is clearly visible. One ring on
the axes corresponds to 107 cm.
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t=0.0s

t=0.45s

t=0.15s

t=0.3s

t=0.74st=0.6s

Figure 7.5: Time evolution of the model b9_3d_512. One ring on the axes corresponds to 107 cm.

88
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Model b5_3d_256: composition evolution
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Figure 7.6: Time evolution of the chemical composition in the models b5_3d_256 and b9_3d_512.

and starts to float towards the stellar surface. However, after 0.72 seconds the innermost
parts of the flame are still only ≈6·107 cm away from the center, which is considerably less
than one would expect if the hot ashes were rising freely inside the expanding white dwarf.
Once again, this behaviour is most likely explained by the symmetry assumptions made for
the calculation: since an identical structure of rising bubbles virtually exists in every octant
of the star, fuel is forced to flow inwards near the coordinate planes, dredging down nearby
burning regions. Had the whole white dwarf been simulated, with ignition taking place only
in one octant, a significantly different front evolution should be expected.

In an attempt to reduce the initially burned mass as much as possible without sacrificing
too much flame surface, the very highly resolved model b9_3d_512 was constructed. It con-
tains nine randomly distributed, non-overlapping bubbles with a radius of 2·106 cm within
1.6·107 cm of the white dwarf’s center. To properly represent these very small bubbles, the
cell size was reduced to ∆ = 5·105 cm, so that a total grid size of 5123 cells was required.

Starting out with very small flame kernels is desirable, because the initial hydrostatic
equilibrium is better preserved if only a little mass is burned instantaneously at the begin-
ning. Furthermore the floating bubbles are expected to be even smaller in reality than in the
presented model (r / 5 ·105 cm, see Garcia-Senz & Woosley 1995). In any case a further
reduction of the bubble size was not possible, since the computational demands of model
b9_3d_512 already reach the limits of today’s most powerful computers.

Snapshots of the front evolution (figure 7.5) exhibit features very similar to those observed
in the lower-resolution 3D models; only in the last plot the formation of additional small-
scale structures becomes evident.

The direct comparison of the nuclear evolution with model b5_3d_256 in figure 7.6 never-
theless reveals differences in the early explosion stages: the high-resolution simulation pro-
duces slightly more nickel and considerably more α-particles during the first half second.
This phenomenon is most likely explained by the discrepancy in the ratio between the ini-
tial flame surface and the volume of burned material in the two models. The higher burned
mass in the five-bubble model initiates an early bulk expansion of the star and therefore
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Energy comparison, 3D simulations
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Figure 7.7: Energy evolution comparison of all three-dimensional calculations. While the centrally
ignited and the five-bubble model are remarkably similar, the high-resolution nine-
bubble simulation reaches higher energies despite relatively slow initial burning.

causes a rapid drop of the central density. Since its flame surface is quite small compared to
the burned volume, only relatively little mass can be burned at high densities. In the nine-
bubble model, on the other hand, the star expands more slowly at first because less material
is instantaneously burned, and the mass fraction of α-particles in the reaction products is
consequently rather high. Since the energy “buffered” in those α-particles is not immedi-
ately used to drive the expansion, the flame can consume more material at higher densities
and has more time to increase its surface by hydrodynamic instabilities.

After about 0.5 seconds, when fast energy generation sets in, the nine-bubble model burns
more vigorously due to its larger surface and therefore reaches a higher final energy level;
this is demonstrated in figure 7.7. This diagram also shows that the models c3_3d_256 is
nearly identical to model b5_3d_256 with regard to the explosion energetics. The scatter in
the final energies is therefore substantially smaller than for the different initial conditions
in two dimensions (see figure 6.4). Whether this is a consequence of the particular choice
of initial conditions or the self-regulation mechanism described in section 6.1.2 works more
efficiently in 3D cannot be answered yet.
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8 Discussion and conclusions

8.1 Overall analysis of the results

8.1.1 Energy release and nucleosynthesis

Since the explosion energy and the composition of the remnant are important criteria for the
quality of a SN Ia model, the relevant data for all performed simulations are listed in table
8.1.

model name mMg [M�] mNi [M�] Enuc [1050 erg]
c1_2d_256 0.072 0.364 6.32
c3_2d_256 0.109 0.400 7.19
b1_2d_256 0.160 0.351 6.86
b5_2d_256 0.114 0.502 8.85
c3_2d_128 0.132 0.348 6.56
c3_2d_512 0.151 0.402 7.58
c3_2d_1024 0.152 0.428 8.00
c3_2d_256_turb 0.119 0.409 7.42
c3_3d_256 0.177 0.526 9.76
b5_3d_256 0.180 0.506 9.47
b9_3d_512 0.190 0.616 11.26

Table 8.1: Overview over element production and energy release of all discussed supernova simula-
tions

Given the stellar binding energy of 5.19·1050 erg, it is evident that the progenitor becomes
unbound in all experiments, which implies that no recontraction will occur and no compact
object remains. Nevertheless not all setups result in a powerful enough explosion to qualify
as a typical SN Ia; especially most of the two-dimensional scenarios are too weak to accel-
erate the ejecta to the speeds observed in real events and produce too little nickel to power a
standard SN Ia light curve. The most likely exception is model b5_2d_256, but it is doubtful
whether its rather extreme initial conditions (large burned mass at large distances from the
center, see figure 6.1) would ever be realized in nature.

On the other hand, since there is a significant difference in explosion strength between
two- and three-dimensional calculations, it would be fairly surprising (and irritating) if the
results of the 2D experiments agreed with observations, because the solution of the three-
dimensional problem is undoubtedly more realistic. And indeed all 3D calculations are
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Figure 8.1: Amount of burned material vs. the density at which the combustion took place. The two
small peaks near 2·109 g/cm3 are caused by the immediate combustion of the inner and
outer bubbles present in the initial conditions (see the bottom right plot in figure 6.1).

good candidates for typical SN Ia explosions, at least with respect to explosion strength
and remnant composition. Their nickel masses fall well into the range of ≈ 0.45 – 0.7 M�

determined by Contardo et al. (2000) for several typical events, and it can be deduced from
the amount of “magnesium” in the ejecta that enough intermediate mass elements were
synthesized to explain the observed spectral features.

In the introduction (section 1.3.2) it was mentioned that only a small amount of mate-
rial may be processed at high densities (ρ'1.5 ·109 g/cm3) to avoid the overproduction of
neutron-rich isotopes or even a collapse of the white dwarf. It was also claimed in sec-
tion 3.2 that the nucleosynthesis of these elements could be neglected for the simulations
at hand, which allowed important simplifications in the numerical equation of state and the
burning algorithm. To justify this assumption a posteriori, the amount of mass processed
by the flame at any given density was recorded. Figure 8.1 shows the result for the model
b5_2d_256; obviously, by far the most burning takes place at intermediate and lower densi-
ties and only 0.096 M� of C/O are incinerated above the critical value. This figure is even
lower for the other models, since they do not contain as much initially burned mass, which
is the dominant source for combustion at high densities.

8.1.2 Structure of the remnant

It is known from observations that the angular distribution of the ejecta is fairly homoge-
neous in SN Ia; this applies to the material velocities as well as the chemical composition.
Concerning the uniformity of the expansion speeds, the performed simulations are in good
agreement with observations, as can be seen, e.g., in the last rows of the figures 6.2 and
6.3. However, the final distribution of the reaction products consists of one or several large
“lumps” of processed material, which are separated by areas of unburned carbon and oxy-
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Figure 8.2: Distribution of chemical species in radial velocity space for models c3_3d_256 and
b5_3d_256 after 1.5 seconds. While the elements are more or less uniformly distributed
in the centrally ignited model, the floating-bubble model still contains large amounts of
unprocessed material near the center.

gen. Similar results were also obtained by Niemeyer & Hillebrandt (1995a). A few possible
explanations exist for their apparent inconsistency with observational evidence:

• Due to limited resolution, only a few initial features like bumps in the front or burning
bubbles can be prescribed, which determine the large-scale front geometry at later
times. In reality the number of bubbles is likely to be much higher, so that the initial
conditions could be isotropic in a statistical sense. This could result in a much more
uniform ejecta composition.

• The choice of boundary conditions influences the flow pattern in such a way that the
material near the coordinate axes (planes) consists mostly of fuel (see section 6.1.2).
This effect will vanish when the whole star is simulated.

The time evolution of line intensities in a SN Ia spectrum and also the line widths due to
the Doppler effect can be used to determine the radial position of different elements in the
supernova remnant and their velocity. A rough estimate for the velocity distribution of the
ejecta for the models c3_3d_256 and b5_3d_256 is shown in figure 8.2. It must be stressed
that these graphs do not represent the final ejecta speeds, since even 1.5 seconds after igni-
tion the gravitational binding energy is still rather high, and leaving the potential well will
cause some slowdown, especially in the inner regions. Nevertheless the maximum speed
and the relative distribution of the elements in velocity space allow for some conclusions
concerning the realism of the simulations.

The ejected material reaches speeds up to 12 000 km/s for both initial conditions, which
lies within the observed range of 10 000 to 15 000 km/s. However, the composition structure
of the remnants is quite different from results obtained with one-dimensional codes, insofar
as both fuel and ashes are present at almost all velocities. Such a situation is by definition
impossible in centrally ignited one-dimensional experiments, because everything inside the
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radius of the flame must have been burned and the material further out cannot have been
processed. Multidimensional calculations, in contrast, allow simultaneous burning at many
different radii and fuel and ashes can be “stirred” by large-scale turnover motions.

Whether the velocity profiles of the current simulations are compatible with observations
has not been thoroughly investigated so far, but the large amount of carbon and oxygen at
low speeds which appears in the floating-bubble calculations (e.g. in the right hand plot of
figure 8.2) has not been identified yet in the supernova spectra and might therefore not be
present in real SN Ia. On the other hand it is currently conjectured that a certain amount of
unburned material could be “hidden” (i.e. remain undetected by current spectroscopy) in the
center of the remnant (P. Mazzali, personal communication), so that the offcenter ignition
scenario cannot be ruled out without further advances in theory and observation.

8.1.3 A posteriori evaluation of the energy conservation

It was argued in section 3.1 that the finite volume method used for the solution of the Euler
equations exactly conserves the total energy (i.e. the sum of internal, potential and kinetic
energy) of the system, provided that no energy flows across the grid borders. Thermonuclear
burning, on the other hand, increases the total energy by converting unaccounted nuclear
binding energy into heat. Nevertheless, the difference between the star’s total energy and
the integral of the so-far released nuclear energy should be constant in time. This quantity,
divided by the total energy at the beginning, is shown in figure 8.3 for all SN simulations
performed, and deviations from the expected value of 1 are clearly visible. Several unrelated
effects are responsible for this behaviour:

• The model for the gravitational potential assumes spherical symmetry of the density
distribution (see section 3.4). This assumption is definitely not exactly fulfilled, since
the burned material is somewhat lighter than the fuel and its distribution shows as-
pherical features (see, e.g., figures 6.3 and 7.4). While the errors introduced by this
simplification are not too serious, a more exact way to determine the gravitational
potential would nevertheless be desirable; for the simulation of aspherical initial con-
ditions like rotating, deformed white dwarfs, a better algorithm is mandatory.

• The transformation between gravitational and kinetic energy, i.e. the acceleration of
material by gravitational forces, cannot be implemented in a conservative way, so
that small discretization errors in total energy conservation are expected; however,
these errors are much smaller than the deviations caused by the sphericity assumption
discussed above.

• At late times, matter leaves the computational grid due to the bulk expansion of the
star; this by definition destroys the conservativity of the simulations. However, the
total extent of the grid is so large that this effect is negligible compared to the other
error sources.

Overall, the deviations from energy conservation are still acceptable, especially during the
first second of the explosions, when most of the energy generation takes place. For future
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Figure 8.3: Temporal evolution of the quantity Ei + Ekin + Egrav − Enuc, divided by the initial bind-
ing energy of model c3_3d_256. In the early stages all simulations stay within ±5%
of the expected value; afterwards, anisotropies in the density distribution cause larger
errors. It is also visible that the different discretizations (depending on dimensionality
and resolution) cause a small scatter in the initial binding energy.

detailed parameter studies however, where even small differences in the simulation results
matter, the model for the gravitational source terms definitely has to be improved.

8.2 Comparison to other simulations

It has been shown at the beginning of this chapter that our numerical models produce results
which agree fairly well with real SN Ia events. Unfortunately the only parameters that
can be directly and quantitatively compared to observations are the energy release and – to
some extent – the nickel mass; all other data derived from the simulations (like the scatter
in the final energies and the amount of intermediate-mass elements) are of qualitative nature
and agree roughly with expectations, but they are not really usable as a criterion for the
validity of our model. Therefore the code must be extended to produce additional indicators
which can be used in direct comparisons. Such an enhancement has to describe the complex
physical processes taking place in the later SN stages (up to several weeks after explosion),
and will require a few years to implement.

As an intermediate step, it might therefore be rewarding to perform a detailed compari-
son of our results to one of the successful phenomenological SN Ia models like Nomoto’s
W7. These one-dimensional models contain complex nuclear networks and can be used to
generate synthetic spectra and light curves. A good candidate for such a comparative study
would be the amount of burned mass in dependence from the burning density (see figure
8.1): if such graphs were similar for the first-principle calculation and the phenomenologi-
cal model, it could be argued that the chemical composition of both remnants should also be
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fairly equal, which in turn is a strong hint that light curves and spectra of both simulations
might not be too different. In other words, it is checked whether characteristic properties of
the multidimensional experiments agree with the results of the phenomenological models;
if so, the predictions made by the phenomenological simulation are believed to be valid also
for the first-principle calculation.

Care must be taken that only quantities are chosen for comparison, which have a physical
meaning in both models. For example, the time dependence of the burning speed, which is
often used to characterize phenomenological models and documented in many publications,
cannot be used for this purpose, since there exists no single burning speed in multidimen-
sional simulations at any given time. In this concrete situation, the energy generation rate
would be the proper choice for a comparison, since it is well defined in both one- and mul-
tidimensional scenarios. It would therefore be convenient if the analysis of phenomenolog-
ical models contained global quantities like energy generation rates or density dependence
of burned mass, which can be easily compared to first-principle experiments; to the author’s
knowledge this has not been done so far.

In the area of first-principle simulations, Khokhlov (2000) describes an alternative ap-
proach to solve the SN Ia explosion problem and presents results of three-dimensional calcu-
lations. The numerical models employed in his code differ quite strongly in various aspects
from the schemes described here:

• In contrast to the static grid employed in this work, the Euler equations are solved on
an adaptively refined grid which permits very high resolution in the areas of interest,
most notably near the flame.

• The flame itself is described by a reaction-diffusion method (see the introduction to
chapter 4) instead of a level set function, and the composition and reactions behind
the front are treated in much greater detail than in our approach.

• The propagation velocity of the reaction front on the grid scale is determined by the
asymptotic rise speed of a Rayleigh-Taylor bubble with size ∆, instead of the turbulent
velocity fluctuations.

The particular setup described in the paper is centrally ignited, and no perturbation is applied
to the spherical flame surface. Due to the high resolution the discretization errors are quite
small, and there is a rather long phase of very slow burning until the first instabilities have
reached the nonlinear stage; from this moment on, however, the explosion progresses in a
way very similar to the 3D simulations discussed in chapter 7. This similarity applies to the
energy production rate as well as the geometrical features developed by the flame.

It is an encouraging fact that two independent and quite different attempts to simulate a SN
Ia from first principles yield fairly comparable results for the first time. This could indicate
that our understanding of all relevant physical processes is now sufficient to devise correct
numerical models and converge towards the real solutions.
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8.3 Possible future directions

Concerning refinements and extensions of the currently employed numerical schemes, there
exist many different options with varying degrees of importance and complexity. One of the
most rewarding changes would certainly be the introduction of a numerical grid containing
only quadratic and cubic cells of uniform size. In such a setup the models for the level set
propagation and the turbulent sub-grid energy work much more accurately and efficiently,
and artifacts like the energy differences in the resolution study (see figure 6.6) would most
likely disappear. Also, the visualization of the results becomes much easier. However,
simulating a SN explosion on a rigid, uniform grid with an acceptable resolution is not
practical because of the white dwarf’s expansion: the computational domain would have
to cover a region much larger than the initial stellar volume, and a tremendous amount of
CPU time would be wasted calculating the hydrodynamics of the near-vacuum around the
star. A better approach would be to use a grid which initially covers the white dwarf and
then expands by enlarging ∆ to track the star’s expansion. This ensures high resolution at
the beginning, allowing a detailed prescription of the initial flame front; at later times the
numerical resolution decreases, but this de facto also happens in the simulations presented
here, when the flame enters the non-uniform grid regions.

In addition, this simpler grid geometry is a prerequisite for methods based on Fourier
transformation, which can be used to calculate the exact gravitational potential. It has be-
come evident in section 8.1.3 that the simplified Poisson solver used in this work, while
producing still acceptable results, is the largest source of errors in the total energy. A more
accurate self-gravity model would be convenient, and it becomes mandatory as soon as stel-
lar rotation is included in the simulations, since even moderate angular velocities can cause
strong deviations of the white dwarf from sphericity.

Although SN Ia progenitors are expected to rotate quite rapidly due to the angular momen-
tum of the accreted material, this aspect has not been addressed in many SN Ia simulations
so far; one exception is a study by Steinmetz et al. (1992) on detonations in rotating SN Ia
progenitors. In the deflagration case one might expect a higher turbulence intensity than in
nonrotating models, since angular momentum is exchanged between the rising ashes and
the surrounding material by means of additional shear flows in azimuthal direction. While
this effect will have an influence on the explosion energetics only for very rapidly rotating
stars (trot / 10s), the additional “stirring” might be responsible for the isotropic appearance
of the ejecta, even if the ignition was very aspherical as in the presented “floating bubble”
models.

Another interesting and rather straightforward extension would be the removal of the un-
natural symmetries with respect to the coordinate axes/planes. In two dimensions this goal
cannot be achieved completely, since the assumption of axial symmetry, which results in
a coordinate singularity with reflecting boundary conditions at the polar axis, is required
for any two-dimensional treatment of a finite object. However, by removing the equatorial
symmetry and explicit simulation of the “southern” hemisphere of the white dwarf, a higher
degree of realism might be gained. Three-dimensional calculations, on the other hand, can
be performed without any artificial symmetries, but the problem size, as well as the compu-
tation time, increase by a factor of eight when the whole star is simulated. It might therefore
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be worthwhile to remove the three mirror symmetries successively and study the change in
the explosion dynamics when a quarter or a half of the white dwarf is simulated instead of
the single octant, as was done here.

Although the solution of complex nuclear reaction networks cannot be the goal of multidi-
mensional SN Ia simulations, the currently used, rather phenomenological approach should
be revised and possibly enhanced in the future. Especially the abrupt transition densities
between NSE burning, incomplete burning and flame extinction appear somewhat unrealis-
tic; also the representation of all intermediate-mass elements by a single isotope is a rather
crude approximation, since the scatter in nuclear binding energies of these elements is not
negligible.

Concerning the level set technique used for the tracking of the reaction front, switching
to the complete flame/flow coupling described in section 4.1.4 would be highly desirable,
because only this full implementation represents the flame as an exact discontinuity. Unfor-
tunately it is still unclear whether and how the many numerical obstacles can be overcome,
which still prevent its use in three dimensions and in combination with degenerate equations
of state.

8.4 Concluding remarks

Using the results obtained from the presented calculations, several qualitative conclusions
can be drawn with regard to the explosion mechanism of Type Ia supernovae.

First of all, every configuration, independent of initial flame geometry, numerical res-
olution or dimensionality, produced enough energy by combustion to overcome the total
binding energy of the white dwarf. This constitutes a major change with respect to ear-
lier results (Reinecke et al. 1999a) and is most likely caused by the improved modeling of
nuclear reactions (section 3.3).

Assuming that the new energy releases are closer to the truth, the white dwarf will continue
expanding indefinitely after the deflagration front has stalled. In that case the scenario of
a pulsational delayed detonation (section 1.3.2), which requires a recontraction of the star,
can be ruled out.

Furthermore, the results show that fully three-dimensional simulations tend to produce
significantly stronger explosions than their two-dimensional counterparts. The most likely
explanation for this effect is the growth of instabilities in the azimuthal direction, which
was suppressed in two dimensions by the inevitable assumption of axial symmetry. As a
consequence, the total flame surface increases more rapidly in 3D, leading to a higher rate
of fuel consumption and energy generation. This allows the conjecture that the presented
two-dimensional calculations, most of which released too little energy to power a Branch-
normal SN Ia, would have caused a sufficiently powerful explosion if they had been solved
in three dimensions.

From this observation it follows directly that first-principle modeling of SN Ia can only
be done successfully in 3D, since any two-dimensional description fails to incorporate all
of the properties of turbulent combustion that have a significant influence on the simulation
outcome. It might well be that analogies between corresponding two- and three-dimensional
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scenarios exist, which allow to make predictions for the 3D case based on the results of a
2D calculation; however, even if such a relation is found, it will most likely be empirical
and therefore not acceptable in a first-principle approach.

The results presented in this work indicate that the amount of energy required for a typical
SN Ia can be produced by a pure deflagration, which has been controversial question for
some time. As far as energy is concerned, a transition to a detonation wave (DDT) at lower
densities, whose probability remains unclear, does therefore not seem to be necessary. It
might be needed, however, if the calculated composition of the ejecta does not agree with
the spectra of real SN Ia, since the detonation converts most of the remaining carbon and
oxygen to intermediate-mass elements.

The ensemble of presented models is numerically robust in the sense that it contains only
very few non-physical parameters (like the grid resolution), and that changes of these pa-
rameters only have a very small influence on the simulation results. On the other hand the
models do contain a multitude of physically meaningful and relevant parameters (central
density and composition of the white dwarf and initial front geometry, to name only a few),
for most of which the range of values realized in nature is not well known. As long as this
huge available parameter space has not been narrowed by observation and pre-ignition sim-
ulations, even a first-principle supernova model is of little use when accurate, quantitative
results are needed, since their reliability of depends strongly on the uncertainties of the input
data. Parameter studies can of course be performed to explore possible sources of observed
phenomena like the Phillips relation and to investigate potential evolution effects, but for the
prediction of absolute quantities (like energy release or maximum brightness) well-defined
initial conditions are required.

For that reason, the design and validation of a first-principle model to simulate SN Ia
is only a small, albeit essential, step towards their use as reliable distance indicators in
cosmology, which will finally allow the accurate determination of the constants describing
the evolution of the universe. To reach that goal, many other efforts must still be undertaken.

99
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The computer code employed for all presented simulations is based on the PROMETHEUS
code developed by Fryxell et al. (1989) with modifications and extensions by E. Müller
and J. C. Niemeyer. A more or less complete re-implementation of this program became
necessary since it was designed and optimized for parallel vector computers with shared
memory, which could not satisfy the resource requirements of the 3D simulations.

The most important design goals for the new code version were a clean overall structure,
simplicity and as few dependencies as possible from hardware and software like compilers
and libraries. They were motivated by the following observations:

• Many different computer architectures are currently used for hydrodynamic simula-
tions, ranging from personal computers over shared-memory scalar and vector ma-
chines to massively parallel systems with distributed memory. Depending on the
problem size, a suitable computation platform has to be chosen. Since the new code is
not only aimed at very large supernova simulations, but can also serve other purposes,
it should run on all of these platforms.

• In academic research, the time to get acquainted with a program is often rather short
(e.g. during a Ph.D. thesis). Therefore an easily readable, compact code should be
preferred to a highly optimized but most likely arcane one, which is usually very
difficult to modify and extend. If at all possible, conceptually independent parts of
the program should also be implemented separately and only communicate by means
of an explicit, small interface. This allows the modification or replacement of single
components without having to know the inner workings of the whole code, which can
also save considerable amounts of time.

• Relying on nonstandard language extensions, implementation-defined language con-
structs or libraries which are only available on a few platforms severely limits porta-
bility and requires considerable programming effort for every migration to a new plat-
form. Moreover it is hard to keep code versions for different platforms synchronized.

To keep a large choice of target platforms and remain independent of specific vendors,
the new implementation was written in standard-conforming FORTRAN 90, optionally
making use of the portable MPI library for parallel computation. Only generic, machine-
independent optimization strategies were used; low-level tuning for particular architectures
or simulation setups was avoided in order to achieve better readability, portability and ease
of maintenance, even at the cost of slightly sub-optimal performance. No computations
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were performed using the default (machine-dependent) floating point datatypes; instead, a
minimum required precision was specified for the employed datatypes in order to guarantee
comparable results on different architectures.

The code is organized as a set of modules with well-defined, narrow interfaces; this allows
easy replacement of components like equation of state, Riemann solver, sub-grid model etc.
The strict separation of these largely independent tasks also facilitates their adaptation for
use with other hydrodynamic codes.

Parallelization is realized by dividing the computational domain into subdomains of equal
size, each of which is calculated by a separate process. The data exchange between neigh-
bouring subdomains is implemented in form of easy-to-use procedure calls; the complex,
not type-safe and verbose calls to the MPI routines are encapsulated in a separate module
and hidden from the user. If no parallel execution is desired, this module can be replaced
by a dummy module containing mostly empty subroutines. Using this technique ensures
that all program components written for parallel simulations also work on scalar computers
without any change to the source code, which is very convenient.

The resulting program consists of approximately 6000 lines of source code and has been
successfully tested on personal computers running Linux, IBM workstations running AIX,
a Cray T3E and a Hitachi SR8000-F1. On all these systems very satisfactory performance
was achieved; in the case of the T3E the efficiency was comparable to an earlier port of
PROMETHEUS, which had been specially tuned for that machine.

Currently the code still lacks a few features present in the original PROMETHEUS:

• Artificial viscosity has not yet been implemented. This feature (which is not to be con-
fused with the numerical viscosity discussed in section 3.1.3) prohibits the formation
of overly steep shocks and is not needed for the supernova calculations.

• Moving grids, which were omitted during the rewriting of the code, should be imple-
mented once more in the near future (see section 8.3).

A comprehensive documentation is also required to facilitate the understanding of the
code for new users and improve its general acceptance. In this context, documenting the
public interfaces of the different module types will have the highest priority, because this
information is a prerequisite for any modification or extension. A detailed description of
the algorithms used in the particular modules should follow in a second step. This work is
planned for the near future.
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B Nomenclature

The following tables list the most commonly used identifiers together with their meanings.
They are by no means complete, but should be nevertheless useful as a quick reference.

Physical quantities

A surface
∆ cell size
ei specific internal energy
etot :=ei + ~v2/2 specific total energy
Φ gravitational potential
G level set function
G gravity constant
κ diffusion coefficient
p hydrostatic pressure
R gas constant
ρ density
l length scale
s flame propagation speed
t time
T temperature
~v fluid velocity
V :=1/ρ specific volume
w :=ei + pV(+w0) specific enthalpy (including formation enthalpy)
X mass fractions of chemical species
z redshift

Indices
1 pre-front (unburned) state
2 post-front (burned) state
l laminar
t turbulent
F flame
� solar
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