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Abstract. Bolometric, blue and visual light curves are presented
for a set of theoretical models for Type Ia supernovae including
deflagration, detonation, delayed detonation, pulsating delayed
detonation and tamped detonation scenarios.

The explosions are calculated using a one-dimensional La-
grangian code consistently with a nuclear reaction network
(Khokhlov 1991b,c). For the calculations of the light curves
a code is used (Hoflich et al. 1992a,b) which is based on a
LTE radiation transfer scheme (including both an energy equa-
tion for matter and radiation, and effects due to electron and
line scattering). The transfer scheme implicitly solves the time-
dependent, frequency averaged moment equations. The light
curve code further contains a detailed equation of state with an
elaborate treatment of the ionization balance and the ionization
energies. Time-dependent expansion opacities (both Rosseland
and Planck means) are used in a local approximation, which
takes into account the composition structure of the explosion
model. The code finally contains a Monte Carlo gamma-ray
deposition scheme, which handles all relevant gamma-ray tran-
sitions and interaction processes.

We find that below a temperature of about 2 10* K the opac-
ity rapidly drops from a value of 2 0.1 cm?/g by more than an
order of magnitude. This drop in opacity leads to a transition
from the optically thick to the optically thin regime, which in
turn determines to first order the time of maximum light. The
transition occurs at different times in models with different ex-
pansion rates and structures. Consequently, the absolute value
of the opacity does only weakly influence the time of maximum
light as long as the opacity above the transition temperature
is larger than =~ 0.1 cm?/g. This is in strict contrast to light
curve models using a constant opacity. The light curves of the
investigated models further strongly differ in their brightness
at maximum light, the width of the maximum, and their post-
maximum decline rate. These differences can be understood in
terms of the expansion rate of the ejecta, the total energy release,
the distribution of the radioactive matter, and the total mass and
density structure of the envelope.

Send offprint requests to: P. Hoflich

Several correlations between observable quantities and
model parameters are found, which allow for a discrimination
between models. For example, the maximum bolometric bright-
ness decreases with the rise time ¢;,; and increases with the total
mass of radioactive *°Ni . The photospheric velocity at t4; in-
creases with Lp,;.

Rise times to maximum bolometric luminosity longer than
= 15 days can hardly be provided by “’standard” models (i.e.,
deflagrations, detonations or delayed detonations), but require
”non-standard” models (i.e., pulsating delayed detonations or
tamped detonations). These two classes of models can be dis-
tinguished by the time dependence of the expansion velocity
at the photosphere vy, which is directly measurable by the
Doppler shift of spectral lines. Contrary to the “’standard” mod-
els, the ”non-standard” models show a distinct plateau in vy, af-
ter maximum whose width is determined by the envelope mass.
The investigated “standard” models all have an absolute visual
magnitude of My = —19.68™ £ 0.12™, while “non-standard”
models have a systematically lower maximum brightness being
as low as My = —19.2™ and decreasing with increasing enve-
lope mass. Thus, if the photospheric velocity shows a plateau,
the supernova should be used with care when determining the
Hubble constant.

Key words: supernovae and supernovae remnants: general —
hydrodynamics — radiation transfer

1. Introduction

Nowadays it is widely accepted that Type Ia supernovae (SNe Ia)
are thermonuclear explosions of degenerate stellar configu-
rations (for recent reviews see Wheeler & Harkeness 1990;
Woosley & Weaver 1992). Two major groups of theoretical
models are discussed in the literature. The first group consists of
massive carbon-oxygen white dwarfs with a mass close to the
Chandrasekhar mass which accrete mass through Roche-lobe
overflow from a companion star (Nomoto & Sugimoto 1977,
Nomoto 1982). In these accretion models the explosion is trig-
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gered by compressional heat released when the star adjusts to
the accreted mass. The second group of models is the outcome
of the merger scenario (Webbink 1984; Iben & Tutukov 1984;
Paczyriski 1985). In this scenario the orbit of a close binary sys-
tem consisting of two intermediate-mass carbon-oxygen white
dwarfs with a total mass above the Chandrasekhar mass decays
due to the emission of gravitational waves, thus leading to a
merging of the white dwarfs. During the merging process the
less massive of the two dwarfs is destroyed forming an accretion
disk around the more massive companion (Hachisu et al. 1986;
Benz et al. 1989; Mochkovitch & Livio 1989, 1990).

Once ignited burning will propagate either in form of a
detonation or a deflagration. In the detonation models (Arnett
1969; Hansen & Wheeler 1969) the thermonuclear burning front
moves supersonically relative to the unburnt matter ahead of
the front. This model only produces *°Ni . In the deflagration
models (Ivanova et al. 1974; Nomoto et al. 1976) the burning
front propagates subsonically, i.e., matter ahead of the front
can expand before it is consumed. Deflagration models produce
both *°Ni and intermediate mass elements (IME), a fact which
has favoured these models in the past, because observations of
SNe Iarequire the production of some amount of IME to explain
the spectra (see e.g., Wheeler & Harkness 1991).

In contrast to both of these single burning mode models
the delayed detonation model recently proposed by Khokhlov
(1991a) (see also Woosley & Weaver 1992; Shigeyama et al.
1992) assumes that an abrupt transformation from a deflagra-
tion to a detonation occurs during the explosion. The transition
is either mediated by turbulent motion in the vicinity of the de-
flagration wave or by a strong pulsation of the white dwarf. The
delayed detonation models do produce, contrary to the detona-
tion and deflagration models, a substantial amount of both IME
and Fe-group elements and they give an isotopic composition
of Fe-peak elements which is compatible with that of the solar
neighbourhood.

The different scenarios can be tested by comparison with
observations. In particular, according to the idea of Colgate &
McKee (1969) and Arnett (1979) that radioactive 3°Ni powers
the light curve of SNe Ia, the measured absolute blue magni-
tude of SNe Ia in the Virgo cluster of Mp = —19.79 + 0.12
(Leibundgut & Tammann 1991) and, more recently, of Mp =
—19.6 £ 0.4 mag (Branch & Tammann 1992) implies a nickel
mass of Mpy;/Mg =0.79 + 0.08 and 0.63 =& 0.4, respectively.

Both analytical and numerical light curve models for SNe Ia
have been studied during the last decade (for a review see e.g.,
Woosley & Weaver 1986, 1992; Wheeler & Harkness 1990).
The physics incorporated into these models has increased in
complexity, but the models still suffer from some more or less
justified assumptions (e.g., diffusion approximation, constant
opacity). Thus, we have decided to start a project to improve
existing theoretical LC models (Hoflich etal. 1991; Miiller et al.
1991a; Khokhlovetal. 1991; Hoflichetal. 1992a,b (henceforth
H1 and H2)).

In the following we present an investigation of the light
curves (LC) and photospheric velocities for a broad variety of
models including standard” ones (deflagration, detonation and
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delayed detonation models) and ’non-standard” ones (pulsating
delayed detonation and tamped, low density detonation mod-
els). The latter may be regarded as scenarios for merging WD
or objects with a common envelope. The main question we ad-
dress in this paper is whether different explosion models can be
observationally discriminated on the basis of their light curves.
In this context correlations between observable quantities and
model dependent parameters are discussed in detail. In the next
section we present the SN Ia models used in our analysis. In
Sect. 3 we briefly describe our LC model and then discuss in
detail the results of our bolometric and monochromatic LC cal-
culations. Finally, in Sect. 4 the results are summarized and
several conclusions are given.

2. Hydrodynamical models

As an input for our LC computations we use a set of SN Ia
models which differ both in the explosion mechanism and the
structure of the progenitor. All models have been computed
using the technique described in Khokhlov (1991b,c¢).

2.1. Model construction

In a first step the hydrodynamics of the explosion is calculated
for each model using a one-dimensional Lagrangian code, which
is coupled with a simplified reaction network. Variations of the
net electron mole fraction Y, due to electron captures on free
protons and NSE (nuclear statistical equilibrium) nuclei are cal-
culated during the hydrodynamical evolution by means of alarge
NSE network using the capture rates of Fuller et al. (1982) and
Takahashi et al. (1978). Thus, we take into account the change
of the NSE binding energy with Y., which in turn influences the
temperature and (consequently) the capture rates. In a second
computational step the evolution of the chemical composition
is post-processed with a large reaction network. The density,
velocity and (final) chemical composition profiles are the input
for the light curve computations.

In SNe Ia basically two modes of flame propagation are
possible: detonations (supersonic mode in which matter is ig-
nited by a strong shock) and deflagrations (subsonic mode in
which the flame propagates due to heat transport). The ve-
locity of a detonation (Chapman-Jouguet velocity) is well de-
fined and for a degenerate mixture of C/O is in the range of
1.1 — 1.4 10°cm sec™! depending on density. Therefore, the
outcome of a detonation is fixed by the assumed initial condi-
tions. Given the mass and the chemical composition of a WD
the result of a detonation can be predicted fairly well.

For deflagrations the velocity of flame propagation is not
well known. It must be larger than a lower limt given by the
velocity of a laminar deflagration D, (heat transport by thermal
conductivity only), which in degenerate matter is about ~ 102
of the sound velocity as (Woosley & Timmes 1992). The ve-
locity of a steady deflagration must also be smaller than the
Chapman-Jouguet deflagration velocity D¢; ~ (0.3 — 0.6)a;
depending on density (Khokhlov 1988). Since deflagrations in
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Table 1. Overview of investigated SN Ia models. The quantities given in columns 3 to 11 are the white dwarf mass M., the central density p.,
the ratio of deflagration velocity and local sound speed c, the transition density at which the deflagration is assumed to turn into a detonation
pir, the final kinetic energy Eiin, the mass of synthesized **Ni My, the average expansion velocity < v >, and the number of radial zones
N,. In model DFIMIX the composition was completely homogenized after burning had stopped.

Model Mode of M, Pe « Ptr Exin My; <v> N,
explosion [Mo] [10° gem ™3] [10" gem™3] [10%erg] [Mol [10%cmi/s]
DET1 detonation 14 3.5 — — 1.75 0.92 10.1 100
DF1 deflagration 14 3.5 030 — 1.10 0.50 8.3 100
DFIMIX deflagration 14 35 030 — 1.10 0.50 8.3 100
w7 deflagration 1.2 2.0 na. — 1.30 0.53 8.9 170
N21 delayed det. 1.4 3.5 0.03 5.0 1.63 0.83 9.3 500
N32 delayed det. 1.4 3.5 0.03 26 1.52 0.56 8.9 100
PDD3 pulsating 14 2.1 0.04 2.0 1.37 0.49 9.1 500
delayed det.
DET2 detonation 1.2 0.04 — — 1.52 0.63 10.3 500
DET2ENV2 det. + envelope 1.2+0.2 0.04 — — 1.52 0.63 94 472
DET2ENV4 det. + envelope 1.2+04 0.04 — — 1.52 0.63 8.7 508
DET2ENV6 det. + envelope 1.2+0.6 0.04 — — 1.52 0.63 8.2 600

SNe Ia are subject to Rayleigh-Taylor instabilities (see, e.g.,
Miiller & Arnett 1982, 1986) and might become turbulent, the
effective flame velocity can be larger than the corresponding
laminar velocity due to an increase of the effective surface of
the flame. Without a quantitative theory of turbulent deflagra-
tions any value from D; to D¢, is admissible. In our study we
assume that the deflagration velocity is equal to a fraction « of
the local sound speed in front of the flame front, i.e.,

Some care is required when incorporating Eq. (1) into a hy-
drodynamical code. The details of our implementation which
is based on an artificial limiting of the burning rate and which
allows us to avoid small scale temperature fluctuations is given
in Appendix A.

~ The complete list of our models is given in Table 1. The
density, velocity and chemical profiles of the ejecta after burning
becomes quenched and free expansion is established are shown

Dgey=a-as . (1) inFigs. 1 to 7. The yields of the models are listed in Table 2.
Table 2. Yields (in M) for various SN Ia models.

Element DETI DF1 N32 N21 PDD3 DET2
He 391073 26107 - 6.4107° - 1.81073
C - 0.130 72107 7.010™* 0.100 6.0107°
0 951073 0.199 981072 4.2107% 0.143 6.61072
Ne - 881073 141073 3.1107* 591073 3.6107*
Na - 241074 - - 1.2107% -

Mg 51107* 831073 51107° 1.7107° 1.0107* 291073
Si 3.61073 3.31072 0.227 0.122 0.174 0.184

P 27107° 3.9107* 3.3107* 1.0107* 27107* 20107*
S 111072 1.6107% 0.155 821072 0.131 0.121

Cl - 9.810° 9.5107° 23107° 86107 54107°
Ar 22107* 3.0107% 3.51072 191072 321072 261072
K - 53107° 4.010™° 1.1107° 51107 21107°
Ca 47107* 1.7107° 391072 211072 3.7107% 281072
Sc - - - - - -

Ti 761070 1.2107* 3.0107° 2610~° 9.810~* 7.2107*
A 51107° 7.5107° 3.0107% 23107* 1.8107* 1.0107*
Cr 64107° 2.1107% 4.8107% 3.7107% 271072 1.71072
Mn 1.7107%2 191072 131072 93107° 1.4107% 6.010°
Fe 1.193 0.828 0.740 0.985 0.681 0.702
Co 44107* 12107° 61107* 1.0107* 3.7107* 19107*
Ni 0.176 0.139 371072 741072 5.0107% 3.1107?
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Models DET1, DF1, DFIMIX, N21, N32 and PDD3 are
thermonuclear explosions of a massive degenerate C/O dwarf
of 1.4M. All explosions are assumed to start near the cen-
ter. We have also investigated thermonuclear explosions of C/O
configurations of different mass. This latter set of models con-
sists of an explosion model of a bare C/O dwarf with a mass of
1.2M (DET2) and of three models (DET2ENV2, DET2EN V4,
an extended low density C/O envelope. These models crudely
mimic configurations which might occur after merging of two
C/O white dwarfs. Note that the value of 1.2M, can be varied
inside a certain range (see below) but it is chosen to allow for a
comparison with the delayed detonation model PDD3 .

2.2. Detonation model DET1

In model DET1 the detonation wave converts almost all material
into NSE iron group elements and produces virtually no IME.
The star only begins to expand after the detonation reaches its
surface ~ 0.3 s after ignition. During the next ~ 10 s almost
all thermal energy released during burning is converted into
kinetical energy of the ejecta, which then expand freely. The

Fig. 1. Density (in units of the central density), velocity (in units of

10° cm/s), initial **Ni mass fraction (top) and final composition (bot-
tom) of model DET1 as a function of mass coordinate g = M (r)/M.
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final density and velocity profiles are shown in Fig. 1. A typical
feature of the profiles is a gradual increase of the velocity and
a gradual decrease of the density with mass. This is mainly
due to the uniform deposition of released nuclear energy inside
the star. After the detonation wave has reached the surface the
specific thermal energy is almost constant (including the energy
which is released during the first few tenths of a second of the
expansion due to NSE rearrangement of nuclei).

2.3. Deflagration model DF1

In the deflagration model DF1 burning propagates outwards as
a subsonic flame (deflagration) with a velocity of 0.3a; (see Ta-
ble 1). Thus, the star already expands during flame propagation
and burning ceases before all C/O is converted into Fe-peak ele-
ments, i.e., the outer layers of the WD remain unburnt. IME are
synthesized in the region where the deflagration wave becomes
quenched. This layer of IME separates the NSE core from the
outer unburnt envelope (Fig. 2).

The final velocity and density profiles of model DF1 dif-
fer substantially from those of the detonation model DET1. In
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Fig. 2. Same as Fig. 1 but for model DF1
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model DF1 there is no nuclear energy input into the unburnt
outer layers and, thus, they are accelerated due to the interac-
tion with the rapidly expanding, underlying core of Fe-peak
elements. This interaction leads to the formation of a density
bump at ¢ ~ 0.7 and flattens the velocity profile in the outer
layers (¢ 2 0.7, Fig. 2).

The formation of IME is in general agreement with obser-
vations. However, in model DF1 these elements are confined
to a thin mass layer, i.e., they are spread only over a narrow
velocity range of ~ 1000 km/s. Spectral observations indicate
on the other hand that in SNe Ia IME are moving with velocities
ranging from =~ 10000 to ~ 20000 km/s and even more (e.g.,
Branch 1982, Leibundgut et al. 1991b).

The formation of IME in a thin layer can be explained as
follows. Burning starts near the center, but due to the subsonic
nature of a deflagration wave the released energy is transported
to the outer layers by pressure waves. Very soon after igni-
tion the star expands with a velocity increasing with radius.
The expansion velocity gradually increases with time. When
the flame reaches the layers where IME begin to form, the ex-
pansion velocity becomes comparable with or even exceeds the
flame velocity. As a result the density ahead of the moving
flame rapidly decreases and the flame becomes quenched be-
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fore much IME are produced. Models with different parameter
a=Dgey /as < 0.4 — 0.5 show a similar behaviour. They only
differ by the position where the layer of IME is located. Models
with larger « give rise to a detonation in the steep density gra-
dient near the surface due to the steepening of pressure waves
into a shock (Woosley & Weaver 1992, Khokhlov 1991b).

The border between burnt and unburnt matter in model DF1
is Rayleigh-Taylor unstable. Thus, some mixing of Fe-peak and
IME with unburnt C/O matter should be expected. However,
the R-T mixing is not effective enough to accelerate IME up to
velocities of ~ 20000 km/s (Sutherland & Wheeler 1984). As-
suming that the observed velocity spread of IME is due to some
other yet unknown mixing process, does only shift the problem,
because one then must also explain, why this mixing process
was less effective during flame propagation and allowed the
flame to become quenched. Considering models with an ini-
tially very small oo which increases with radius also does not
solve the problem. The smaller o the more effectively burning
causes a global expansion of the star. Moreover, starting with
an initially small o requires a much larger (then for the case of
a constant o) deflagration velocity to incinerate any reasonably
large fraction of the star (Woosley et al. 1986, see also discus-
sion in Khokhlov 1991b,c). Then one runs into the problem that
Dyey < Dgy (see Sect. 2.1) and that pushing Dy ¢ beyond this
limit usually causes the formation of a detonation due to the
steepening of outgoing shock/pressure waves.

To our knowledge model W7 of Nomoto et al. (1976, 1984)
isthe only deflagration model in the literature which is character-
ized by Dy, varying from a very subsonic value (~ 0.01a,) to
a value beyond the limiting CJ deflagration velocity and which,
as the authors claim, does produce substantial amounts of both
Fe-peak and IME for a wide velocity range (see Fig. 3). We were
not able to reproduce this result with our hydrodynamical code.
Using the prescription of the flame velocity of model W7 in our
code leads to a much larger expansion rate and a much stronger
density decrease than reported by Nomoto et al. (1984). Varia-
tions of the burning law did not help to obtain their result. The
main reason for this discrepancy may be the use of an implicit
hydrodynamical code by Nomoto et al. (1984) with a time step
grossly exceeding the one required by the CFL condition (large
time steps are necessary to ensure the numerical stability of
their code, which becomes unstable with decreasing 6t). Large
time steps (in comparison with the sound crossing time) would
effectively suppress an expansion of the outer layers occuring
on a hydrodynamical time scale and, thus, would produce an
incorrect hydrodynamical behaviour of the exploding star (see
also Sect. 2.5). Recently, Yamaoka et al. (1992) have calculated
a new delayed detonation model called ’late detonation’ model
W7 by the authors. The behaviour of the new model qualita-
tively resembles our delayed detonation model N32 including
the composition inversion (see next section). The difference be-
tween model N32 and the ’late detonation’ model W7 is the loca-
tion of the composition inversion. and that model N32 expands
with somewhat larger velocities, because of the non-constant
o assumed by Yamaoka et al. (1992). In conclusion, the origi-
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nal model W7 is not a hydrodynamically self-consistent SN Ia
model and, due to this fact, the velocity and density structure of
the model are not consistent with the composition structure.

2.4. Delayed detonation models N21 and N32

In contrast to the (single burning mode) detonation and deflagra-
tion models the delayed detonation model (Khokhlov 1991a,b)
utilizes the idea that an abrupt transition from a deflagration to
a detonation may occur during the explosion of a white dwarf.
The transition can either occur due to turbulent motion in the
vicinity of the deflagration wave or due to a strong pulsation of
the WD during the explosion (see next section).

To allow for the formation of a detonation wave, a non-
uniformly pre-heated region must be created with a size ex-
ceeding some critical value. The non-simultaneous explosion
of this region and the resulting cumulative interaction of pres-
sure waves and burning inside this region then give rise to a
detonation. Although the growth of pressure waves into a det-
onation inside a given non-uniformly pre-heated region can be
computed rather easily (Khokhlov 1991a), the formation of such
aregion is a very complicated process which involves turbulent
mixing of fresh fuel and burning products in the vicinity of the
propagating or quenched (in case of a pulsation; see next sec-

2.5¢

2.0t

1.5¢

X(*9N )

plpe

1.0 " " T '

0.8r

0.6}

0.4

0.2

Ni
Mn Cr

0 0.2 0.4 06

Fig. 4. Same as Fig. 1 but for model N21
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tion) flame front. This process cannot be modeled with present-
day computers. Thus, in our models the transition is imposed
artificially when some critical density p;,. is reached.

Models N21 and N32 are examples for delayed detonation
models, in which the transition between deflagration and detona-
tion occurs in the vicinity of a slowly moving deflagration front.
During the deflagration phase the WD expands and its density
decreases. Then the deflagration turns into a detonation, which
incinerates the outer layers of the WD. As the detonation prop-
agates through pre-expanded layers of low density, it produces
a significant amount of IME (Imshennik & Khokhlov 1984).

While the progenitor and the flame parameter o = 0.3 are
the same for models N21 and N32, they differ in the density
pr at which the transition from a deflagration to a detonation is
assumed. In model N21 p;,. = 5 107 gem™3, i.e., the detonation
synthesizes a significant amount of *°Ni in layers with p ~
1 — 5107 gecm~. In layers with p < 107 gcm~3the detonation
produces mostly IME. In model N32 the transition density is
lower (pg = 2.6 107 gem™3). As a result less *°Ni is produced
and the amount of synthesized IME is larger. In model N21 the
IME are distributed in a velocity range ~ 12000 — 30000 km/s
(Fig. 4), whereas in model N32 the IME move with velocities S
10000 km/s (Fig. 5). Note that in model N32 the transition occurs

2.5¢
2.0t 1
Ug
1.5¢ 1
1.0f 1
0.5 X(*5Ni) b
p/pe
0 02 04 06 08 10
q

Fig. 5. Same as Fig. 1 but for model N32
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when the deflagration is about to become quenched and and to
produce IME. Switching to a detonation raises the temperature,
i.e., %Niis produced again. This explains the formation of a thin
layer of IME at g ~ 0.2 sandwiched between layers containing
Fe-peak elements (Fig. 5). In both models Fe-peak elements
and IME coexist in a rather wide range of expansion velocities.
This is in contrast to model DF1 and is characteristic for the
nucleosynthesis occuring in a detonation wave.

Although the *Ni -production in model N32 only reaches
67% of that in model N21 (see Table 1) the kinetic energies of
the ejecta differ only marginally (~ 10%). This illustrates the
general fact that the Ni -production during the explosion is
not closely correlated with the kinetic energy of the ejecta. The
central hole in the °Ni -distribution is caused by neutronization
occuring more effectively at high densities and temperatures.
The size of the hole depends on the regime of flame propagation
and, thus, the amount of ®Ni -underproduction near the center
is model dependent (see discussion below).

The density and velocity profiles of models N21 and N32 are
similar and resemble those of detonation model DET1 (Figs. 1,
4 and 5). Moreover, as in the former models the explosion com-
pletely incinerates the WD, no interaction of an expanding hot
core with an unburnt envelope occurs. Thus, in contrast to model
DF1 no velocity plateau is formed in models N21 and N32 (see
Figs. 2, 4 and 5).

2.5. Pulsating delayed detonation model PDD3

Two arguments favor a low (Dgey ~ 0.01 —0.03 a,) flame ve-
locity near the WD center. First, such a low velocity helps to
avoid overproduction of some neutron-rich Fe-isotopes, in par-
ticular 3 Fe (Woosley et al. 1986, Khokhlov 1991c). Second,
a low velocity is expected near the WD center on theoretical
grounds, because the R-T instability is ineffective near the cen-
ter (Woosley 1990).

If a deflagration wave propagates with a velocity Dges <
0.06a, and no transition to a detonation wave occurs the defla-
gration wave becomes quenched before the total binding energy
of the star becomes positive. The WD remains bound and ex-
periences a strong pulsation. During the contraction phase of
the pulsation burning can set in again. If this happens in form
of a deflagration the star becomes unbound after a few more
percent of its mass is burnt. The ejecta move with low velocity
(=~ 1000 km/s) and are mainly composed of C/O with a small
amount of *Ni and IME in the inner parts. Thus, a sublumi-
nous and red SN Ia would be the outcome. However, a simple
estimate shows that during the pulsation a mixed layer with a
size of a few 10® cm should form at the border between the un-
processed and the processed material. Adiabatic compression
of this high entropy layer will probably give rise to a detonation
in pulsating delayed detonation models like PDD3 (Khokhlov
1991c; Hoflich et al. 1992b).

The hydrodynamics of pulsating delayed detonations differs
essentially from that of genuine delayed detonations. Compu-
tations show that the pulsation is highly non-homologous for
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a rather long time (= 100 sec): The outermost layers continue
to expand, while the infalling matter eventually forms an in-
ward moving strong shock wave. The detonation wave which
has been initiated in model PDD3 at p;. = 1.7 107 gcm ™3
propagates through matter falling towards the center with ve-
locities u ~ —2 10® cm/s. This is in contrast with simple de-
layed detonation models like N21 and N32 in which the detona-
tion propagates through an already expanding envelope. Thus,
the detonated matter appears somewhat decelerated in model
PDD3 compared to a delayed detonation without a pulsation.
The detonation transforms into a strong shock at densities below
< 10° gcm ™3 when the time scale of nuclear burning becomes
large compared to the hydrodynamic time scale. This blast wave
collides with an incoming shock formed due to the collapsing
envelope the relative velocity being larger than 10° cm/s. The
interaction lasts for ~ 10 s, because of the large size of the enve-
lope. Subsequently a reflected shock wave propagates deep into
the WD. This results in a substantial deceleration of the bulk of
the processed matter and in a flat velocity profile for ¢ < 0.85
with a mean velocity S 10000 km/s. The outer layers acquire
high velocities of up to 20000 — 30000 km/s (Fig. 6).

The interaction between the expanding matter and the en-
velope in pulsating delayed detonation models has two more
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Fig. 6. Same as Fig. 1 but for model PDD3
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important consequences. Firstly, the interaction region is char-
acterized by a large density and pressure gradients of opposite
sign, i.e., the region ¢ 2 0.7 is Rayleigh-Taylor unstable. In
contast to single mode deflagration models strong mixing of
the outer ~ 30% of the envelope may be expected. Secondly,
a reverse shock wave is formed by the interaction which cre-
ates a shell-like density distribution and a very fast expanding
envelope around this shell.

The structure of the progenitor and the flame velocity dur-
ing the deflagration stage are similar in model PDD3 to the
low velocity deflagration model computed by Nomoto et al.
(1976). The hydrodynamical response of the outer layers of
model PDD3 on the energy release near the center differs, how-
ever, from that found by Nomoto et al. (1976). In their case the
pulsation is homologous and no reverse shock is formed, This is
probably caused by numerical damping of hydrodynamical mo-
tions, which is unavoidable when using an implicit hydro-code
with time steps much larger than the corresponding CFL time
step. The damping is probably also responsible for the discrep-
ancies between our and Nomoto et al. ’s (1984) calculations
of model W7 (see Sect. 2.3). We further point out that a high
resolution of the outer layers of model PDD3 is crucial even if
an explicit hydro-code is used, because otherwise the reverse
shock formation is described inadequately. Close to the center
the early evolution of model PDD3 and that of the model of
Nomoto et al. (1976) agree well.

Finally, we mention that pulsations of exploding white
dwarfs have been obtained previously by Ivanova et al. (1974,
1977) and Chechetkin et al. (1980). In their models the flame
front propagated due to compressional heating caused by pulsa-
tions leading in some cases to the formation of detonation waves.
These results have been criticized by Nomoto & Sugimoto
(1977) who pointed out that the computations were severely
affected by a numerical generation of entropy. Ivanova et al.
(1982) responded that this entropy generation was caused by
weak shock waves formed during flame propagation, but later
admitted that the entropy production was of numerical origin
and finally came to the conclusion that ’the burning never pro-
ceeded through the detonation regime’ (Ivanova et al. 1983).
For a more detailed discussion of these points see Khokhlov
(1991b).

2.6. Low density detonation model DET2 and tamped
detonation models DET2ENV2, DET2ENV4, DET2ENV6

According to the merger scenario (Webbink 1984; Iben & Tu-
tukov 1984; Paczyniski 1985) a white dwarf surrounded by an ex-
tended envelope (which resembles the dynamically "accreted”
binary companion) may be considered as a SN Ia progenitor
(Hachisu et al. 1986; Benz et al. 1989; Mochkovitch & Livio
1989, 1990). As such models may be tested on the basis of
their light curves (and spectra) we have calculated three mod-
els (DET2ENV2, DET2ENV4 and DET2ENV6) which con-
sist of an intermediate mass C/O white dwarf (M, = 1.2 Mg;
pe = 4 107 gcm™3) detonating inside a low-density C/O enve-
lope (p o r™% and Repn, = 10'° cm) of 0.2 M, 0.4 My and

A. Khokhlov et al.: Type Ia supernova models
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Fig.7. Same as Fig. 1 but for model DET2

0.6 Mg, respectively. The density of the envelope is low, i.e.,
matter in the envelope does not burn. Model DET?2 represents
the explosion of the same dwarf in the absence of an envelope.
Note that in a different context a similar type of *tamped deto-
nation’ models (with helium envelopes) have been investigated
by Woosley et al. (1986).

The hydrodynamical behaviour, the density and velocity
profiles of model DET?2 are similar to those of model DET1
(Figs. 1 and 7). However, the resulting chemical composition
is quite different. Due to the low central density of the white
dwarf, the detonation in model DET2 produces only ~ 0.8 M
of Fe-peak elements plus some IME with expansion velocities
2 10000 km/s. In contrast to the delayed detonation models
IME are produced in model DET?2 in initially low density lay-
ers, i.e., a deflagration stage to lower the density is not required.
The kinetic energy of the ejecta of model DET? is less than that
of model DET 1 due to its lower mass. Nevertheless, the specific
kinetic energy, i.e., the mean kinetic energy per mass, is some-
what larger, because the initial binding energy of model DET2
is is smaller by a factor of ~ 2 compared to model DET].
In model DET? the 3®Ni -distribution has no central hole, be-
cause the low central density inhibits neutronization, and helps
to avoid an overproduction of neutron-reach isotopes like e.g.,
34 Fe, which are typical for models with a higher central density.
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Fig. 10. Same as Fig. 1 but for model DET2ENV6 and the velocity given in units of 108 cm/s

The models with an envelope mass between 0.2 and 0.6 strong deceleration of burnt material. Obviously, the decelera-
M (Figs. 8-10) show a hydrodynamical behaviour similar to  tion of matter is increasing with increasing mass of the envelope
the pulsating delayed detonation model PDD3. Again, the out-  and the resulting dense mass shell becomes more pronounced
going detonation/shock wave collides with a low density en-  (Figs. 8-10).
velope and an inward moving shock is formed which causes a
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We want to point out that, similar to model PDD3, the inter-
action region of the shock wave with the extended envelope are
characterized by large density and pressure gradients of opposite
sign, i.e., those regions are Rayleigh-Taylor unstable (Khokhlov
et al. 1991). Thus, mixing processes may occur similar to those
implied by observations and multi-dimensional simulations of
SN1987A (seee.g., Miilleretal. 1991b; and references therein).

3. Light curves

Bolometric and monochromatic LCs have been calculated for
the SN Ia models discussed in the previous section. In spite of
its shortcomings (see Sect. 2.3) we have also included model
W7 of Nomoto et al. (1984) in our investigation, because it has
been widely used in the past. A detailed description of our LC
model can be found in found in H1 and H2. Its main features
are:

a) ALTE radiation transfer scheme (including an energy equa-
tion for both matter and radiation) which is based on the
time-dependent radiation moment equations. The equations
are discretized in implicit form and allow for a consistent
treatment of scattering effects.

b) A detailed equation of state with an elaborated treatment of
the ionization balance and the ionization energy.

¢) Time-dependent expansion opacities, which are tabulated
as a function of density, temperature, expansion rate and
chemical composition (see H2). The composition mixtures
used represent certain burning stages (Table 3). Because,
in different explosion models the ejecta contain layers of

A. Khokhlov et al.: Type Ia supernova models

similar composition, the opacity can be interpolated rather
well by using a relatively small set of tables (see Table 4).

d) Usage of Rosseland as well as Planck mean opacities, be-
cause they can differ by more than an order of magnitude
(see H2).

d) Inclusion of Thomson scattering and line scattering (in a
two-level approach) which enter the Planck mean opacity.
In extension to H2 line scattering is treated in a frequency
dependent two-level approximation. The respective equa-
tions are given in H2 (see Eqgs. 30 and 32).

e) A Monte-Carlo gamma-ray transport scheme taking into ac-
count all relevant gamma transitions and interaction pro-
cesses (see H1).

f) Homologously expanding background models, because ho-
mology is established in SNe Ia within less than an hour
(H2). Thus, the hydrodynamic equations are not solved ex-
plicitly as e.g., required in our SN II LC project (see Miiller
& Hoflich 1991).

3.1. Structure of the ejecta

In Figs. 11-15 the Rosseland mean opacity x g, the correspond-
ing optical depth 7g, the temperature 7" and the density p of
the ejecta are given as a function of distance  for models N32,
DF1, PDD3 and DET2ENV?2, respectively.

The delayed detonation model N32 (Figs. 11-12) is a rep-
resentative case of all models without an envelope or pulsation.
Its density shows an overall monotonic decrease with distance.
Note in this respect that the non-monotonic features present in

Table 3. Composition mixtures for which opacity tables have been calculated. The columns give the logarithms of the mass fractions of the

various chemical elements.

Table: 1 2 3 4 5 6 7 8

He -1.82 -1342 -1134 -10.15 -10.10 -9.85 -9.86 -6.97
C -5.19 753 -6.19 557 298 -840 -039 -1.08
o -7145  -672 -544 455 016 -747 -029 -1.08
Ne <147  -11.05 -986 -8.09 -389 -11.80 -1.22 -240
Na -1092  -11.81 -940 -790 -448  -13.09 -2.14 -3.76
Mg -730  -6.67 -537 478 -1.19 729 -198 -2.76
Si -6.50 -148 052 -024 082 -193 -3.11 -298
P -5.67 -645 -582 577 256 -7.03 -348 -448
S -5.87  -137 -062 055 -1.16 -1.76 -3.96 -4.65
Cl -635 -621 -545 -500 -359 -656 -536 -5.12
Ar -527  -1.79 -1.24  -138  -216 213 -393 -441
K 599 -619 554 513 483 -649 -4.09 -596
Ca -436 -155  -121  -1.56 372 -1.84 446 -293
Sc -7.11 671 -637 -640 -606 -699 -575 -6.26
Ti 432 28 -291 -370 405 -3.05 -523 -4.08
A% -738 386 -3779  -403 454 -394 897 -427
Cr 415 -144  -170 -248 419 -153 -513 -1.84
Mn -624  -203 -220 269 -553 -198 -532 -1.87
Fe -0.04 -008 -051 -1.14 -351 -005 -357 -023
Co -3.09 -617  -610 -571  -335 -6.02 -3.69 -3.07
Ni -1 218 234 247 320 203 -3.02 -1.01
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Table 4. Opacity tables used for the LC calculations of the various explosion models. The table entries give the numbers of the opacity tables
(as defined in Tab. 3) and their corresponding mass coordinates. In order to obtain the opacity for a given mass coordinate one has to interpolate
between the respective opacity tables. For mass coordinates smaller (larger) than the smallest (largest) mass coordinate given as a table entry no
interpolation is performed. For example, the opacity for model N21 at m(r) = 0.50M, is interpolated using opacity tables #1 and #2, while the
opacity for model N32 at m(r) = 0.95M., is given directly by opacity table #5.

DET1 1/096 2/097 3/098 4/0.99

DF1 1/012 3/073 3/0.77 5/0.78 7/0.81

DFIMIX 8/1.00

w7 1/055 2/060 3/066 4/076 5/0.83 7/0.92
N21 1/047 2/068 3/0.83 4/093 5/0.98

N32 1/020 6/032 3/068 4/090 5/0.93

PDD3 1/030 2/0.50 3/0.68 4/082 5/0.86 7/0.88
DET2 1/035 2/054 3/068 4/090 5/0.93
DET2ENV2 1/030 2/046 3/0.58 4/077 5/080 7/0.86
DET2ENV4 1/0.26 2/041 3/051 4/068 5/0.70 7/0.75
DET2ENV6 1/0.23 2/036 3/045 4/060 5/0.62 7/0.67

the density distribution are a result of the numerical treatment of
burning during the explosion (see Sect. 2.4) which, however, do
not significantly hamper our LC results. At day 15, the opacity
is slowly varying in the range 0.04 cm?/g< xr < 0.13 cm?/g,
which together with the density structure results into a smoothly
decreasing optical depth as a function of distance. Thus, an ex-
tended photosphere is formed. As a consequence, the tempera-
ture is slowly decreasing with distance in the outer layers. Near
the center the temperature gradient becomes flat, because of
a lack of gamma photons from the central hole in the °Ni -
distribution (see also H1) and because the diffusion time scale,
which can be approximated by

Ar AT
taifs ~ p ; 2

is still large (= 10 days). Here, Ar, A7t and c are the dis-
tance between two points in the ejecta, the corresponding opti-
cal depth difference, and the velocity of light, respectively. At
a later epoch (e.g., at day 50; see Fig. 12) the mean opacity has
become smaller (=~ 0.03 cm?/g), because of the lower tempera-
ture of the ejecta. At this epoch, the ejecta are almost transparent
and a nearly isothermal structure is established.

A qualitatively similar structure and evolution is obtained for
the other delayed detonation, deflagration and detonation mod-
els. However, several quantitative differences are found, which
are largest for the deflagration model DF1 (Fig. 13). Because of
its lower kinetic energy, the expansion rate for the bulk of the
ejecta is somewhat slower. Consequently, at a given epoch den-
sity and optical depth are larger throughout the ejecta, i.e., the

MODEL N32M at 15.5718 days

Fig. 11. Rosseland mean opacity xr (top
left), corresponding optical depth 7 (top
right), temperature T (bottom left) and den-
sity p (bottom right) as a function of dis-
tance for the delayed detonation model N32
atday 15
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MODEL N32M at 51.6933 days
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photosphere is located closer to the outer edge of the ejecta. In
model DF1 the temperature profile is decreasing near the center
due to the huge hole in the 3°Ni -distribution.

The structure of the ejecta is very different in model PDD3
and in all envelope models (Figs. 14 and 15). The density struc-
ture of model PDD3 shows an inner region of relatively high
density and a pronounced density maximum with a sharp outer
edge located where the interaction between the inward propagat-
ing shock wave and the expanding central parts occured during

1
distance (cm)

1.5

the explosion (see Sect. 2.5). A similar structure is present in
the density profiles of all envelope models due to the interac-
tion of the ejecta with the extended envelope. The temperature
profiles of model PDD3 and of the envelope models are quite
similar, because in all these models the optical depth is rapidly
changing across the narrow dense shell implying a very sharp
photosphere with a large temperature gradient. Both below and
above the photosphere an almost isothermal temperature region
is established. In the envelope models the isothermal central re-
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gion is not caused by the (hole in the) *°Ni -distribution but by
radiation which is trapped inside the optically thick shell (see
also Fig. 8-10).

3.2. Photospheric velocity

The velocity of the photosphere v, can be measured approxi-
mately by the Doppler shift of spectral lines without invoking a

2
distance (cm)

detailed spectral analysis. Figs. 16-18 show v,,(?) as a function
of time for our models. The figures clearly demonstrate that the
behaviour of vy, is model dependent. In detonation and delayed
detonation models p(r) and v(r) are monotonic and v, contin-
uously decreases with time as the photosphere slowly moves
inward in mass due to the geometrical dilution of matter. In the
pulsating delayed detonation model and in all envelope mod-
els a dense shell of matter is present (see previous subsection)

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993A%26A...270..223K

723

FTY9O3ACA © “Z700 =

236

0
[=]

[10* km/sec]

vph

10

0 20 40
time [days]

Fig. 16. Photospheric velocity vphot as a function of time for models
N32,N21, DF1 and DET1
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Fig. 17. Same as Fig. 16 but for models N32, W7, DF1 and DFIMIX

the material velocity inside the shell being almost constant. The
photosphere stays inside this shell for some time giving rise to a
plateau in vpp0¢(t) after maximum light (see Figs. 16-18). Note
that there exists a second plateau in the photospheric veloc-
ity before maximum, which in some models (e.g., model N32)
is only visible as a shoulder. This pre-maximum plateau can
be explained as follows. In all models (except the deflagration
models) the expansion velocity v(m) rapidly drops in the outer-
most mass layers (see Figs. 1-11), and thus even a slight retreat
(in mass) of the photosphere causes a large decrease of vphot.
Further inward from the surface v(m) changes less rapidly. This
fact and the still large optical depth of the respective mass layers
produce the pre-maximum plateau of vy, Which is more or
less pronounced depending on the overall expansion rate of the
explosion model (see Figs. 16-18). Afterwards vpno begins to
decrease again when the diffusion dominated regime is encoun-
tered which happens near maximum light.

Before maximum light all models except models DF1 and
DFIMIX show a fast variation of v4.¢, because of strong vari-
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Fig.18. Same as Fig. 16 but for models PDD3, DET2, DET2ENV2
and DET2ENV4

T L B e | T T ]
I A ]
30 |- -
L A _
iy - .
:1 - 4
3 20 N .
— [ A i
- - A B
< r 4
10 - —
L ]
0 L s L " 1 . PR ! — s [l L n : ]

0 0.2 0.4 0.8

Mass of the envelope [M,]

Fig. 19. Duration of the plateau in the photospheric velocity (defined
by Avprot < 2000 km/s) as a function of envelope mass for models
PDD3, DET2ENV2, DET2ENV4 and DET2ENV6 (see Table 5)

ations of the matter velocity in the outer layers of the ejecta
from, say, ~ (2 — 3) 10* km/s down to 10* km/s. In the de-
flagration models, in contrast, there is almost no fast moving
matter and therefore the photospheric velocity shows a plateau
before maximum and monotonically decreases after maximum
as in the models without an envelope. We thus see that the de-
flagration, detonation and delayed detonation models can be
discriminated from models with an envelope quite easily on the
basis of the behaviour of photospheric velocity after maximum
light. For the models with an envelope the duration ¢, of the
plateau gives a measure of the envelope mass. Fig. 19 clearly
shows that ¢, is almost linearly related with the envelope mass
of models PDD3, DET2ENV2, DET2ENV4 and DET2ENV6.

The photospheric velocities at maximum light are ranging
from 8000 to 17000 km/sec for our models (see Table 5). This
observational quantity can also be used for a model discrimina-
tion. There is, however, no unique correlation between vy, and
Mp;or< v >,e.g., because the location of the photosphere de-
pends on such factors as the expansion rate, the density structure,
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the location of the radioactive 3Ni which influences the temper-
ature and therefore the opacity of matter, etc. The influence of
the 3Ni -distribution becomes especially obvious from a com-
parison of the deflagration models DF1IMIX and DF1 (Fig. 17)
which differ only in the radial distribution of the chemical el-
ements, and of °Ni in particular. The mixed model shows a
significantly stronger decrease of the photospheric radius, be-
cause the enhanced escape probability for gamma-ray photons
causes a smaller total energy deposition and, consequently, a
lower temperature and opacity.

3.3. Bolometric light curves

The bolometric LCs of our models are shown in Figs. 20-22
and some characteristic LC quantities are given in Table 5. The
bolometric LCs rise to maximum light within 7 to 20 days and

Models for SNIa
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Fig. 20. Bolometric light curves as a function of time for the models
N21,N32, DF1 and DET1
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all show a broad maximum. As demonstrated in H2 the early
evolution of the LC depends on: (i) the expansion rate which
determines the column density and thus the diffusion time scale;
(ii) the energy release due to the radioactive decay of *°Ni and
Co ; (iii) the distribution of *°Ni and 36Co inside the ejecta;
and (iv) on the total mass and the density distribution of the
ejecta. After about 30 to 80 days the ejecta become transpar-
ent, i.e., the shape of the bolometric LC is mainly determined
by the amount of energy deposited by the radioactive decay of
56Co (H1). Consequently, the slopes of the light curves are simi-
lar at late epochs the actual slope mainly depending on the initial
6Ni -distribution and the expansion rate of the matter (H1). As
light curves can be distinguished best by their rise time and their
shape near maximum our discussion below will be focused on
these phases.

Reliable theoretical calculations of the early L.C require an
appropriate treatment of the relevant physics (see H2). Several

Models for SNIa
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Fig. 21. Bolometric light curves as a function of time for the models

N32, W7, DF1, DF1mix

Table 5. Some characteristics of the investigated SN Ia explosion models. The quantities given in columns 2 to 11 are: The maximum bolometric
luminosity Lo in ergs/s, the rise time to bolometric maximum ¢y in days, the total energy deposition rate inside the ejecta at bolometric
maximum Q- (ts01) in ergs/s, the absolute visual magnitude My, the rise time to visual maximum ¢y in days, the absolute blue magnitude Mp,
the rise time to blue maximum ¢p in days, (B — V) at visual maximum, the ratio of the bolometric and gamma-ray luminosity at the time of
bolometric maximum Apq; and at the time of visual maximum Ay .

Model lg Leot  thol 1gQ+(tsot) My ty Mg t (B-V) A Ay Symbol
DET1 43.51 7.5 43.53 -19.99 85 -20.04 8.0 -0.04 096 1.04 x
DF1 43.18 135 43.09 -19.38 155 -19.22 145 0.16 123 138 o
DFIMIX 43.17 7.3 43.30 -19.17 132 -19.10 8.1 0.13 075 108 o
W7 43.30 14.0 43.18 -19.66 155 -1948 140 0.19 131 143 o
N21 4341 10.7 4341 -19.80 12,7 -19.71 113 0.09 1.01 114 e
N32 43.27 145 43.11 -19.56 152 -1939 145 0.16 142 148 o
PDD3 43.28 15,0 43.16 -1945 159 -1932 160 0.14 133 134 A
DET2 43.32 13.7 43.18 -19.67 142 -19.52 137 0.15 139 142 A
DET2ENV2 43.27 16.6  43.13 -19.41 195 -1940 168 0.17 131 149 A
DET2ENV4 4325 19.0 43.10 -19.31 214 -1934 193 022 141 144 A
DET2ENV6 43.21 19.3:  43.09 -19.21 21.8 -19.14 19.8: 0.24 126 132 A
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Fig. 22. Bolometric light curves as a function of time for the models
PDD3, DET2, DET2ENV2, DET2ENV4, DET2ENV6

groups have shown that the light curves of SNe Ia can be fitted
by artificially adjusting the time-dependent opacity, which is
assumed to be constant in space (Shigeyama et al. 1992). This
procedure is absolutely impossible, however, if a realistic tem-
perature dependent opacity is used (see H2). In fact, the results
become almost independent of the actual value of the opacity
(provided a realistic one is used), because the most important
factor determining the shape of the LC is the rapid decrease of
the opacity at temperatures below =~ 2 10* K.

3.3.1. Influence of the opacity

There are several uncertainties related with the calculation of
the opacity, namely, errors in the individual oscillator strengths
of the used transitions and missing lines”. In addition, the opac-
ity is calculated in a local approximation, i.e., the occupation
numbers are given assuming local thermodynamical equilib-
rium (LTE) and the expansion effects are calculated under the
assumption that density, temperature and velocity gradient do
not vary over the mean free path of a photon. For our opacity
calculations about 530000 line transitions are taken into ac-
count based on the compilation of Kurucz (1989). Although
being quite large, this line list may nevertheless be incomplete.
We find that decreasing the number of transitions from 5 10°
to 5 10* reduces the opacity by a factor of < 1.5. However,
according to the classical sum rule and tests with up to 3 10°
transitions the opacity will increase by ~ 10%, if more than
5 10° transitions are taken into account.

In order to check for possible effects of uncertainties in the
opacity, we have tested the influence of a variation of the opacity
on the rise time to bolometric maximum using the delayed det-
onation model N21. For this purpose we multiplied the opacity
by a constant factor, i.e., we assumed that the relative variation
of the opacity for a given temperature, density and velocity gra-
dient does not change. This treatment can be justified, because
(to first order) the opacity scales with the sum of the oscilla-
tor strengths of the lines, and the actual ionization balance (for

A. Khokhlov et al.: Type Ia supernova models
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Fig. 23. Rise time to bolometric maximum tp,; as a function of the
artificial opacity enhancement factor Cor: for model N21. The solid
line shows our result, while the dotted line is obtained when a spatially
constant opacity is used (from H2)
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Fig. 24. Rosseland mean opacity as a function of temperature for the
Si-rich layer of model N21 for different densities and an expansion rate

s = 100 (for the precise definition of s see H2)

LTE) only depends on density and temperature, which are con-
sistently calculated in our models.

The change of the rise time to bolometric maximum t;,; as
a function of the artificial opacity enhancement factor Cl,; is
shown Fig. 23. For comparison, we also give the results for a spa-
tially constant opacity (taken from H2). One sees that the depen-
dence of tpo; on C,¢ is remarkably weak for 0.3 S Curp S 3.
Within this range of C,, the rise time changes only by ~ +1
day, i.e., in the range of a “realistic” opacity (see above). For
smaller enhancement factors C,,.; the rise time decreases more
rapidly, whereas it rapidly increases for Cy4 2 5. Such a be-
haviour of #,,; can be understood as follows.

The realistic opacity used in our computations is strongly
varying with temperature and density. During the first few weeks
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after the explosion —14 < lgp < —11 and the expansion rate
is typically in the range of 1 < 1g s < 3. In this parameter range
the opacity rapidly becomes small when the temperature drops
fromT 2 2 10* Kto T < 10* K (see Figs. 3 and 4 in H2).
For temperatures 2 2 10* K the opacity typically is of the order
of ~ 0.1 cm?/g, but when the temperature decreases below a
critical temperature T, ~ 10* K the opacity drops to values
of ~ 1072 — 1073 cm?/g (see Fig. 24). For semi-transparent
layers a negative feedback between matter and radiation exists.
Radiative heating of these layers increases (decreases) when the
opacity decreases (increases), i.e., the photosphere stays hotter.
This self-balancing, which was already discussed in detail in our
previous paper (H2), prevents the formation of a rapidly inward
propagating cooling wave. Thus the inner part of the ejecta re-
main opaque and the diffusion time scale remains much larger
than the expansion time scale (see Eq. 2), i.e., the evolution of
the ejecta is determined by adiabatic cooling and local radioac-
tive heating.

Consider the evolution of a mass element inside the expand-
ing ejecta assuming no radiation transport. During the first few
weeks the ejecta are radiation dominated and the energy balance
is given by

4aT3dT B 4aT* dp
p dt 3p% dt

= gNi (3

where ¢n; ~ 3.9 10'%exp(—t/7n;) ergs/g/s is the energy de-
position rate, 7; = 8.8 days is the *°Ni decay time. We neglect
the contribution of 3Co , because *°Ni dominates the energy
input during the first ~ 1 — 2 weeks. For a freely expanding
envelope p = pg (to/t)*. Thus, one obtains from Eq. (3)

dinT _ 1 piw:
dt —  t 4aT*
A stationary solution of Eq. (4) gives (a first-order approxima-

tion of) the temperature inside a mass element as a function of
time

o\ 1/4
T = (thNz> ' (5)
4a

(C)

From Eq. (3) we can determine a critical time ¢., at which
the temperature drops below the critical temperature T, dis-
cussed above by simply equating the right hand side of Eq. (3)
to Te,. Of course this moment will be different for different
mass elements. This will happen first in the outermost layers
of the ejecta, whereas in the center the critical temperature will
be encountered last. We can roughly estimate a typical value of
t.r by substituting the density in Eq. (4) by the mean density of
the ejecta, which is given by the mean expansion velocity of the
ejecta as (p) = 4 M, /3m(v)* 3. Then we obtain

oo (fer ) _ 10days (M) (10°K ®
u P 27Ni ) <U9>3/2 M@ Ter ’
where vy is the velocity in units of 10° cm/s. For typical values

of (vg) ~ 0.8 — 1.0 (see Table 5) one finds t.. ~ 7 — 13 days.
At this time radiation transport effects become important for a
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significant fraction of the ejecta. Note that for models with an
envelope or which undergo a large scale pulsation (like model
PDD3), < vy > should be substituted by the expansion velocity
of the dense shell, because the outermost layers dominate the
averaging of < vg > but have little effect on the diffusion time
scale. It is obvious that as soon as T, is reached for most of the
ejecta, there exists no mechanism to further trap the radiation
and to postpone the formation of a bolometric maximum.

For Cyr: S 0.3 the opacity is reduced to values of about
0.02 cm?/g implying that large parts of the ejecta become trans-
parent early on and radiative cooling can take place. For mod-
erate enhancement factors Cy,.; the balance between adiabatic
cooling and gamma-ray energy input determines the epoch when
the local temperature drops below 12000 to 20000 K. Then, sud-
denly the envelope becomes partially transparent. Because the
opacity is strongly decreasing with temperature, a change in x
has only very little influence on the timing. For large Cl,,; the
diffusion time scale is kept large for the layers containing *°Ni ,
because even at 5000 K the opacity exceeds 0.2 cm?/g, i.e., the
diffusion time scale remains larger than the expansion time scale
long after maximum light and, consequently, the “temperature”
effect does not work.

In conclusion, even taking into account uncertainties in the
opacity, the rise time to bolometric maximum t,; is a weak
function of the actual size of the opacity, because it is mainly
determined by the variation of the opacity with the local tem-
perature.

3.3.2. Standard models

First we want to discuss models without envelopes, namely
the detonation model DET1, the low density detonation model
DET?2, the delayed detonation models N21 and N32, the defla-
gration models DF1 and DF1MIX, and deflagration model W7
of Nomoto et al. (1984).

The influence of the average expansion velocity < v >
on the bolometric LC is obvious from Fig. 25a, which shows
the rise time to bolometric maximum t,,; as a function of <
v >. Models DET1, N21, N32 and W7 form a sequence in
which the specific kinetic energy is gradually decreasing from
model DET1 to model DF1. In addition, the outer edge of the
35Ni -distribution is gradually shifting towards the center. Both
effects act in accordance, i.e., for all models t;,; decreases with
increasing < v >. For the detonation model DET1, where <
v >~ 1.01 10° cm/s, the rise time is ~ 10 days. The latter
increases to o~ 14.5 days for the delayed detonation model N32,
where < v >~ 8.9 108 cm/s.

As models DET1, N21 and N32 have the same mass
(1.4 M), their different specific kinetic energies are due
to differences in the flame propagation during the explosion.
Therefore, < v > correlates with the amount of produced
3Ni (Table 1), and consequently the Ni -mass My; (anti)
correlates with tp,; (Fig. 25b). Note that qualitatively the same
relation holds between the Ni -mass, average expansion veloc-
ity and the rise time to bolometric maximum for the gamma-ray
light curves of these models (see H1).
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Fig. 25. Rise time to bolometric maximum ¢, as a function of (a; top)
the average expansion velocity < v >, and (b; bottom) of the *°Nj -
mass M for all investigated explosion models. The different symbols
correspond to the delayed detonation models N32 and N21 (e), the
deflagration models DF1, DF1IMIX and W7 (o), the detonation model
DET1 (%), the pulsating delayed detonation model PDD3 (A) and the
low density detonation models DET2, DET2ENV2, DET2ENV4 and
DET2ENV6 (A)

For the low density detonation model DET?2, the white dwarf
mass is smaller (1.2 M) causing a smaller overall optical depth.
However, this effect is somewhat compensated by the large con-
centration of °Ni near the center. The rise time of the detona-
tion model DET?2 is 13.7 days (as compared to t3o; =~ 10.1 days
for model DET1), although the average expansion velocity of
model DET? is larger than that of model DET1 the reason being
the different °Ni -distribution. In model DET?2 Ni is concen-
trated near the center, whereas it is distributed throughout the
star in model DET1. The effect of the *°Ni -distribution is so
strong that the rise time in model DET? is even larger than that
of model N21 inspide of its lower average expansion velocity.

It is not obvious that the expansion rate and the *°Nj -
distribution should act in the same direction. One would ex-
pect, for example, that for the deflagration model DF1, where
< v >~ 8.3 108 cm/s, the rise time tp,; should be larger than
for N32 model. However, model DF1 has a rise time of only
o~ 14 days, which is less than that of model N32 where < v >
is larger. The reason for this behaviour is that %°Ni is concen-
trated more towards the surface in model DF1 than in model
N32 (see Fig. 2 of H1), thus partially compensating its rela-
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Fig.26. Same as Fig. 25 but for the maximum bolometric luminosity
Lo

tively low expansion rate. The effect of the °Ni -distribution is
illustrated further by the model DFIMIX in which the composi-
tion of model DF1 was completely homogenized after burning
has stopped. Although artificial (as far as the process of mixing
is concerned) this model represents an extreme case of a model
with a low expansion rate and a high degree of mixing inside
the ejecta. Because of the presence of a large amount of *°Ni in
the outer layers (Fig. 2 in H1) this model is characterized by a
rise time almost equal to that of the detonation model DET1.
Thus, mixing is a mechanism to decrease the rise time, i.e., no
strict correlation can be expected between tp;, < v > and My;
in general.

The expansion rate also strongly influences the absolute
bolometric brightness at maximum (Fig. 26a). Ly, is a strongly
increasing function of < v > for models DF1, W7, N32, DET2,
N21 and DET1, because bolometric maximum is reached ear-
lier, i.e., less *°Ni has decayed at the time of maximum. For the
same reason, Ly,; is a monotonic function of the initial 5°Nj -
mass (Fig. 26b). Although < v > and My; are not strongly
correlated, both influence ¢, in the same direction (see above).
Therefore, two directly observable quantities, namely ¢, and
the photospheric velocity at bolometric maximum vppot(tpor)
are strongly correlated with Ly,; (Fig. 27). This allows, in prin-
ciple, a determination of L;,; and of the visual brightness My
(see next section) based on the measurement of the photospheric
velocity at maximum light and of the time of maximum light.
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Fig. 27. Rise time to bolometric maximum ¢;,; (a; top) and photo-
spheric velocity at bolometric maximum vphot(tso1) (b; bottom) as a
function of the maximum bolometric luminosity Ly,;. Symbols have
the same meaning as in Fig. 25

The “’standard” deflagration models DF1 and DF1MIX again do
not obey the first correlation, because in these models °Ni is
produced very close to the surface. Note however, that these
models can be identified (using spectral information) due to the
time dependence of v,y and the lack of IME at large velocities.

Finally, we want to address the question of ”Arnett’s law”,
that the luminosity at maximum is identical to the rate of energy
deposition due to gamma-ray photons at the time of maximum
light (Arnett et al. 1985). For a realistic (non-constant) opacity
this rule does not hold. In fact, Ay, = Lpoi/ L~ (teor) lies in the
range 0.75 — 1.49 for our set of models (see Table 5). For mod-
els without mixing it is almost uncorrelated with the average
expansion velocity < v > and only weakly correlated to Mp;
(Fig. 28), because of the influence of the °Ni -distribution.
However, there exists a strong correlation with ¢4, (Fig. 29).
The earlier the maximum occurs the hotter the envelope is, be-
cause the energy release per volume is decreasing with time and
because the energy input rate by the radioactive decay of Ni is
larger than that of *Co due to the different decay rates (see
e.g., Fig. 15 in H2). Consequently, the envelope at maximum

is hotter for early maxima. This effect is also reflected by the
color index (see Table 5) which provides us with a measurement

of the temperature at the photosphere. The key for the under-
standing of this behaviour is again given by the change of the
opacity as a function of temperature (see above, and Figs. 3-4

Fig. 28. Same as Fig. 25 but for the ratio of the bolometric and gamma-
ray luminosity at bolometric maximum Lpo;/L~)
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Fig. 29. Correlation between the ratio of the bolometric and gamma-ray
luminosity at bolometric maximum Ly, / L and the time of bolometric
maximum tp0;. Symbols have the same meaning as in Fig. 25

of H2). In models N21 and DET1 the bulk of matter has a tem-
perature of about 20000 K near maximum light, i.e., well above
the temperature where x strongly decreases with temperature.
Consequently, Ay, is close to unity. However, for models with
larger rise times, the photospheric region is rapidly cooled by
radiation at ¢ & tp,;, because a significant part of the ejecta be-
comes transparent, i.e., the photosphere is rapidly receding in
mass. Thus, thermal energy can rapidly be released from a re-
gion which has a larger size than in the case of a constant opacity,
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i.e., Apor becomes much larger than unity. For the same reason,
Apor is much less than unity for model DF1IMIX. In this model
the temperature in the relevant layers is about 30000 K implying
an increase of the opacity with time, i.e., less thermal energy is
released than in the constant opacity case.

To maximize the rise time to maximum light one has to
decrease the amount of >°Ni , to concentrate it towards the center
(like in model DET?2), and to reduce the expansion rate (like in
model DF1). However, as far as the hydrodynamics is concerned
these factors are not independent of each other and the *Ni -
mass is limited from observations (see, e.g., Leibundgut et al.
1991a). Our results show that for standard models, the rise times
to maximum light can hardly be longer than 15 to 16 days, even
if uncertainties are taken into account. So, the structure of the
ejecta or the total mass must be changed to allow for slower
rising supernovae.

3.3.3. Non-standard models

Now we turn to explosion models where an interaction with a
low density outer envelope occurs, which can increase the rise
time (see Table 5 and Fig. 22). In the delayed detonation model
PDD3 such alow density envelope is created by alarge scale pul-
sation of the white dwarf. The envelope then ’absorbs’ a signifi-
cant amount of the kinetic energy and decelerates the expanding
inner layers of the former white dwarf (see Sect. 2.4). Although
the average expansion velocity of model PDD3 is comparable
with that of models N21 and N32 (Table 1) the shape of the
velocity distribution of model PDD3 is very different. Model
PDD3 is characterized by a ’plateau’ in the velocity distribu-
tion at ¢ > 0.4 — 0.7 the bulk of matter expanding somewhat
slower than in model N32 which has the same < v >. The large
amount of matter with moderate velocities (compare Figs. 14
and 15 with Fig. 12) causes larger diffusion times for the central
region, increases the column density and decreases the effective
expansion rate of the ejecta inside the photosphere. However,
the rise time to maximum in model PDD3 does not exceed that
of model N32 by very much. The reason is that in model PDD3
56N is present closer to the surface than in model N32, which
tends to lower the rise time. The net result is that in model PDD3
the rise time is only tp,; ~ 15 days. The correlations discussed
above also hold for model PDD3 (see Figs. 23-28) and overall
itis quite similar to model N32. From an observational point of
view model PDD3 can mainly be distinguished on the basis of
spectra by measuring the photospheric velocity as a function of
time (Fig. 18).

The progenitor of model PDD3 has a mass of 1.4 M. The
mass of the envelope formed during the pulsationis ~ 0.15 M.
A further increase of the rise time is possible, if the envelope
mass is increased. However, in the framework of the delayed
detonation scenario this is hardly possible. The total mass of the
progenitor is limited by the Chandrasekhar mass and an increase
of the envelope mass will automatically decrease the mass of the
exploding core. Consequently, the amount of *Ni synthesised
during the explosion will be reduced even below the already
quite small **Ni -mass of model PDD3.

A. Khokhlov et al.: Type Ia supernova models

A further increase of the rise time to maximum light is
achieved with the tamped detonation models DET2ENV. In
these models it is assumed that a low density envelope ex-
ists prior to the explosion, i.e., the mass of the progenitor
is not limited by the Chandrasekhar mass (see Sect. 2.5).
Along the sequence of models DET2, DET2ENV2, DET2ENV4
and DET2ENV6 the total kinetic energy and the amount of
5Ni synthesized during the explosion are the same. The av-
erage expansion velocity for these models decreases, however,
from 1.03 10° cm/s for model DET2 to 8.2 108 cm/s for model
DET2ENV6 due to the increase of the total mass of the con-
figuration (degenerate core + envelope) from 1.2 to 1.8 Mg,
respectively. The mass of matter outside the °Ni -core also
gradually increases from model DET2 to model DET2ENV6.
Thus along the DET2ENYV sequence the expansion rate and the
%Ni -distribution act in the same direction giving rise to a strict
correlation between tp,; and < v > (Fig. 25a). This correlation
does not coincide, however, with the corresponding correlation
for the models DET1, N21, N32, PDD3, DET2 and DF1, al-
though model DET2ENV?2 can be assigned to both sequences.
The different correlations can be understood as follows: The
range of variation of < v > for the models DET2ENYV is larger,
because of the substantial variation of the mass of the progenitor.
Due to the interaction with the envelope the expanding matter
is decelerated and the velocity distribution shows a plateau, i.e.,
in these models the bulk of matter moves with rather low ve-
locity and most of the kinetic energy is concentrated in the very
high velocity outer layers (Figs. 8-10). In addition, in the low
density detonation models radioactive ®Ni is located closer to
the center than in other models having a similar value of < v >,
i.e., their rise time to maximum light is larger. The rise time
increases with mass and reaches a value of ~ 20 days for model
DET2ENV6.

For the low density detonation models L, is increasing
with < v > (Fig. 26a) the slope differing from that of the “’stan-
dard” models, because the diffusion time scales are increasing
with mass, i.e., due to the envelope the diffusion time scales
become larger and the maxima are “smeared out” in time. How-
ever, the relation between tp,,; and Ly, is the same as that of the
”standard” models (Fig. 27a).

3.4. Monochromatic light curves

In general, light curve measurements are only available in a
few wavelength bands, in particular in the U, B and V band of
Johnson’s system (1966). Therefore, it is important to calcu-
late monochromatic light curves, too. Because monochromatic
LC reflect the energy distribution of the radiation field, they
can be expected to be much more sensitive to the physical as-
sumptions made in the LC models. A detailed discussion of
this topic including the use of expansion opacities for the line
forming region can be found in H2 and Hoflich et al. (in prepa-
ration). To obtain the results presented below we have calculated
the colors for a given density, temperature and velocity struc-
ture restricting our radiation transport scheme to the U, B and
V band (see H2). Each frequency band is resolved with 100
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Fig. 30. Monochromatic light curves in the V (a; top) and B (b; bottom)
band as a function of time for models N21, N32, DF1 and DET1

frequency points, and each band is divided into 16 frequency
sub-bands over which the expansion opacity is averaged. For
model N21 a more detailed investigation of uncertainties aris-
ing from these assumptions can be found in Hoflich et al. (in
preparation), where a multi-group radiation transport scheme is
used and where the effects of the use of an expansion opacity
are discussed in comparison with detailed non-LTE atmosphere
calculations (at several selected epochs). Here, we only want to
report the basic result: As long as individual lines do not govern
the flux in the relevant frequency band the approach used in
the present work gives good results. Consequently, the error in
V always remains small (Am < 0.1mag), whereas the error
in B becomes large (Am =~ 0.5™) at times later than day 50.
Therefore, the following results are reliable in the V band and
during early epochs in the B band.

The monochromatic LC in the B and V band for the first
120 days are shown in Figs. 30-32 and some related characteris-
tic quantities are given in Table 5. Our models reach a maximum
inBand V of —19.57™ + 0.5™ and —19.57™ + 0.4™, respec-
tively. The time of maximum light ranges from 8.5 days for
model DET]1 to 21.8 days for model DET2ENV6 (see Table 5).
The delay between bolometric and visual maximum typically
is about 1 to 3 days. Note, that this delay is consistent with ob-
servations (see, e.g., Leibundgut et al. 1991b). In general, the
maxima in B and V are broader and more pronounced than in
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Fig. 31. Same as Fig. 30 but for models N32, W7, DF1 and DFImix

Ly, due to temperature effects, in particular, if the maximum of
the energy distribution coincides with the corresponding wave-
length band (see model N32 in Fig. 30).

The slope of the monochromatic light curves and the ba-
sic correlations between observable light curve quantities can
be understood in an analogous way as for the bolometric light
curves, €.g., tpo; and ty, or Ly, and My as a function of < v >
and M ; (compare Figs. 25/33 and Figs. 26/34). A new aspect
which enters the discussion is the change of temperature in the
optically thin region, i.e., in the photosphere, which similarly
affects both the color temperature B-V and the absolute fluxes.
As a result some additional or stronger correlations between
observable quantities exist for monochromatic light curves. In
particular, the systematic decrease of temperature with time re-
sults, independent of the specific model, into a systematic shift
of the frequency distribution of the flux from the UV to the
red. This mechanism has very important implications for the
maximum brightness in the V band.

My as afunction of My ; and < v > in shown in Fig. 34. Ob-
viously, the average expansion velocity has some influence on
the maximum brightness in V and on the color index B-V attime
ty. Surprisingly, all models with a significant amount of IME
in the observed velocity range (models N21, N32, DET2 and
W7) show a very weak dependence (My = —19.68™ £0.12™)
on the *Ni -mass (Fig. 34b). This can be understood from the
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Fig. 32. Same as Fig. 30 but for models PDD3, DET2, DET2ENV?2,
DET2ENV4 and DET2ENV6

systematic change of temperature with time. For models with
a rapidly rising LC (e.g., model N21) the temperature at the
photosphere is high, i.e., most of the energy is radiated in the
UV and just a small fraction is emitted in the V band. On the
other side with increasing ty (models DET2, W7 and N32) the
maximum of the flux distribution is shifted towards the V band,
i.e., there exist two counteracting effects of similar size. The
uncertainties within this class of models (which all produce a
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Fig. 33. Rise time to visual maximum ¢y as a function of (a; top) the
average expansion velocity < v >, and (b; bottom) of the **Ni -mass
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Fig. 34. Same as Fig. 33 but for the absolute visual magnitude My

significant amount of IME) can be eliminated even further using
the correlation between My, and < v > (Fig. 34a) and vppo: and
My, (Fig. 35), respectively. The tendency of equilibrating My
(AMy =~ 0.23 while Amy,; = 0.36) can also been seen for the
detonation model DET1. The significantly smaller brightness in
V for the deflagration models DF1 and DF1IMIX are mainly due
to a low Ly, (see above). However, these latter three models
can easily be discriminated using their spectra (i.e., chemical

My [Mo]

My; for all investigated explosion models. Symbols have the same
meaning as in Fig. 25
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ray luminosity at visual maximum Ly /L. (¢v) as a function of ¢ty (b;
bottom). Symbols have the same meaning as in Fig. 25

composition) and the relation between My and < v > Of Uphot
(Figs. 34a and 35). Finally note that we find a similar small
spread in My (My = —19.32™ £ 0.15) for the class of tamped
detonation models. Here, besides the discussed temperature ef-
fect also the larger relative energy input due to the increasing
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mass of the shell compensates the (absolutely) lower decay rate
at later epochs and equilibrates My .

Finally note, that ¢y is well correlated to the absolute vi-
sual magnitude (Fig. 36a) for the same reasons as already dis-
cussed for the bolometric LC (see Fig. 27a) and that Ly / L (tv)
(Fig. 36b) shows a similar behaviour as its bolometric analogue
(see Fig. 29).

4. Final discussion and conclusion

Different explosion mechanisms for SNe Ia have been studied
by means of hydrodynamical models which take a detailed de-
scription of nuclear processes into account. Our investigation
covers models of detonations, deflagrations and delayed deto-
nations. Besides these standard explosion models, the effect of
mixing, stellar pulsations and the interaction of the exploding
white dwarf with an extended envelope have been investigated.
The interaction between the extended envelope leads to the for-
mation of a thin dense shell.

A sophisticated LC model was used to study the influ-
ence of the different explosion models on the thermal cdbec%
ture of the expanding ejecta. We find that varying the time-
dependent opacity by a factor of two only weakly influences the
LC (Atpo = *1day) due to the strong temperature dependence
of the opacity at temperatures below ~ 2 10* K. This result is
in strict contrast to the finding of Shigeyama et al. (1992; see
also H2) that an arbitrary adjustment of a constant opacity can
change the early slope and rise time of SN Ia LCs by up to 80%
if the opacity is changed by a factor of 4-2. Thus, uncertainties
in the opacity due to poorly known oscillator strengths of line
transitions and due to the incompleteness of our line list are not
influencing our results.

The differences between the bolometric light curves of our
models can be understood in terms of the expansion rate of the
ejecta, the total energy release, the distribution of the radioactive
matter, and the total mass and density structure of the envelope:
The expansion rate of the ejecta governs the change of the back-
ground model with time, the energy release by the radioactive
decay of ®Ni and 3*Co provides the dominant energy source,
the distribution of the radioactive material determines both the
location and the amount (via the y-ray escape probability) of
the energy input, and finally the total mass and the density dis-
tribution of the expanding ejecta influence the diffusion time
scale.

We find that rise times to bolometric (tp,;) and visual (ty)
maximum significantly longer than 15 and 17 days, respectively,
are hardly to obtain provided the progenitor star is a C/O white
dwarf of about 1.2 to 1.4 M. The limitation of the maximum
rise time is due to a causal connection between the amount of
matter which has undergone nuclear fusion and the expansion
rate, because the energy released during nuclear burning is trans-
fered into expansion energy within less than an hour. According
to observations the minimum amount of Ni a reasonable model
should produce is ~ 0.4...0.5M (Branch & Tammann 1992;
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Leibundgut et al. 1991b), which sets a lower limit for the ex-
pansion rate. One way out of this dilemma would be to produce
less kinetic energy by starting from a progenitor with less en-
ergetic fuel, e.g., a more oxygen-rich C/O white dwarf or an
O-Ne-Mg white dwarf (which however is more likely to col-
lapse than to explode; see Isern et al. 1991). But even then the
explosion energy would be lower at most by ~ 10% (25% for
an O-Ne-Mg dwarf) implying a change of the mean velocity of
< 5% (12% for an O-Ne-Mg dwarf), only. Taking our relation
between < v > and t,; into account, this would change ¢y
only by one or two days. Therefore, a more oxygen-rich C/O
white dwarf cannot be regarded as a solution, whereas an O-Ne-
Mg white dwarf could solve the problem provided it does not
collapse.

In fact we must turn to models where an interaction of the
expanding ejecta with a low density envelope occurs, which
can increase the rise time tp,; from 15 up to 20 days. Such
an envelope may be created by a large scale pulsation of the
white dwarf during the burning stage (model PDD3) or can be
imagined to exist according to the merger scenario prior to the
explosion ("tamped detonation” models DET2ENV). The en-
velope absorbs a significant amount of the kinetic energy and
decelerates the expanding matter inside the envelope. This re-
sults in a re-distribution of the kinetic energy within the ejecta
which eventually consists of an outer high velocity region and
an inner region or a thin shell which is slowly expanding. The
lower expansion rate of the inner region enlarges the diffusion
time scales and, consequently, produces a slower light curve.

Several correlations between observable quantities such as
Lo, thot, My and ty on one side and model specific quantities
such as the mean expansion velocity < v > and the ®Ni -mass
on the other side have been found. Some of these correlations al-
low for adiscrimination of models, e.g., the correlation between
the maximum bolometric luminosity Ly,; and the *°Ni -mass
(see Fig. 26b). Other correlations show that certain observable
quantities are almost model independent, e.g., the maximum
brightness in the V filter (see Fig. 34b). Finally, there exist cor-
relations between two observable quantities, e.g., between time
of visual maximum ¢y and the absolute visual magnitude My,
which can be used for a distance determination. However, sev-
eral correlations either are not strictly valid or can only be ap-
plied within a subset of explosion models. In the latter case inde-
pendent observations (i.e., spectra) or correlations are required
to determine the proper subset. For example, the pulsating de-
layed detonation and tamped detonation models do not follow
several of the correlations which are valid for the standard ex-
plosion scenarios. However, these two subsets of models can
easily be separated by the change of the photospheric velocity
Uphot as a function of time. In the pulsating delayed detonation
and tamped detonation models the photospheric velocity shows
a distinct plateau phase starting at maximum light during which
Uphot 1S almost constant for up to several weeks. In fact, the
width of the plateau provides an estimate of the mass of the
extended envelope. In the standard models the plateau does not
exist, i.e., Upnot is continuously decreasing with time.

A. Khokhlov et al.: Type Ia supernova models

Based on his analytical models with a constant opacity, Ar-
nett (1979; see also Arnett et al. 1985) noticed that the luminos-
ity at maximum light is very close to the rate of energy deposi-
tion by gamma-rays at that time. We find that, depending on the
explosion model, this ’rule’ is violated by up to 50% if a real-
istic opacity is used. The difference between the analytical and
our numerical models arises from the temperature dependence
of the opacity. A change of opacity with temperature implies a
time sequence, because in all models the ejecta monotonically
become cooler with time. If now at about maximum light the
opacity drops (for temperatures below ~ 2 10* K) or increases
(for T Z 2 10* K), the photosphere retreats faster or slower (in
mass), respectively, than in the case of a constant opacity. Con-
sequently, more (Apo; > 1) or less (Ape; < 1) than the energy
deposited at a given epoch can be radiated (see Sect. 3.3.2).

In the literature SNe la are often used as standard can-
dles for the determination of extragalactic distances, because
SNe Ia are sufficiently bright events. Therefore, they can pro-
vide a measurement of the Hubble constant (see, e.g., Branch
1982). In this respect the small variation in My found by us
(My = —19.2™ ... —20.0™) may be of some interest. In fact,
within subsets of models the uncertainty in My, is much smaller,
i.e., My hardly depends on the specific model (AMy =~ 0.1™).
All models which produce some amount of intermediate mass
elements and in which the photospheric velocity is continuously
decreasing with time (i.e., the standard models) show a maxi-
mum brightness in V of My = —19.68™ £ 0.1™, while in all
non-standard models the visual magnitude at maximum has a
value of My = —19.32™ £+ 0.15™.

Concerning observations of SNe Ia a tendency may exist that
in very slowly rising supernova the photospheric velocity is only
slowly varying with time after maximum (e.g., SN1990N; Fil-
lipenko et al. 1992; Leibundgut et al. 1991b), whereas more
rapidly rising SNe Ia show a continuously decreasing vphot
(SN1981b, SN1972e, 1989b; Barbon et al. 1990; Branch et
al. 1988; Graham 1987). However, this point requires further
observations and a more detailed comparison between observed
and calculated light curves and spectra (Miiller et al. , in prepa-
ration).

Finally, we want to point out the limits of our LC model. The
most restrictive assumption, which is underlying our present L.C
model, is the use of a grey opacity. This restriction is dropped in
our frequency-dependent multi-group light curve calculations,
which are in progress. The second most restrictive assumption of
LTE, which we use when calculating the frequency-dependent
opacity, has been dropped in non-LTE spectral computations (to
be published).

Acknowledgements. We would like to thank Kenichi Nomoto for pro-
viding us his model W7 in machine readable form.

Appendix A: Flame prescription

A naive straightforward incorporation of the flame prescrip-

tion of Eq. (1) into a hydrodynamical code leads in some
cases to small scale temperature fluctuations and to fluctua-
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tions of the chemical abundances of up to ~ 30% in low density
(p ~ 10"gem™3) regions. The fluctuations are not caused by
numerical instabilities or numerical errors, but are due to intrin-
sic difficulties of the simulation of a deflagration wave using
coarse computational grids.

For deflagrations the spatial scale (the thickness of the wave,
laey) is related to the corresponding time scale (burning time,
Tn) a8 lgef ~ (K- Tn)l/ 2 where k is the temperature conductiv-
ity. For a degenerate C/O mixture with p ~ 10°gcm™3one has
7o ~ 1071 s and 4oy ~ 1073 cm. For a computational cell
the burning time scale is equal to 7,, (by order of magnitude).
The spatial scale, however, is the size of a cell, 0 R ~ 105~ cm
assuming a typical total number of cells N ~ 10?73, Thus, the
ratio 6R/lgef is ~ 1087°. As long as this ratio remains larger
than ~ 1 the continuous propagation of the deflagration wave
is replaced in computations based on finite-differences by a se-
quence of nearly constant volume explosions of computational
cells. These explosions occur with a frequency ~ Dg.f/6R
and generate pressure waves with amplitudes which are close
to those produced by the shock resulting from the decay of a
discontinuity separating unburnt and isochorically burnt mat-
ter. An increase of IV leads to a corresponding increase of the
frequency, but does not influence the amplitude of the pressure
waves.

The propagation of the pressure waves back and forth in-
side the expanding white dwarf creates a complicated pattern
of fluctuations of density, pressure and velocity in the unburnt
matter. During the subsequent propagation of the detonation
wave (in delayed detonation models) these fluctuations result
in strong fluctuations of the temperature behind the wave and,
consequently, in fluctuations of the abundances. Since it is im-
possible to increase the numerical resolution by ~ 8 — 10 orders
of magnitude, the only possibility to eliminate the fluctuations
in the computations is to artificially increase the time scale of
burning. Thus, in this study (as well as in Khokhlov 1991b)
the following computational strategy is adopted. We use (only
for the deflagration stage of the flame propagation) an artificial
limiting for the '>C +!2 C reaction rate, F,, and for the NSQE
relaxation time scale, TnsQE,

Fc,lim =F, / (A +mm FYe) (Al)
TNSQE,lim = TNSQE + Tlim  » (A2)
where

Tim = Ciim (6R/a2) (43)

with Cl;m, = 10. Y, is the 12C mole fraction (for a definition
of Tnysg and F, see Khokhlov 1991a). The use of Egs. (Al-
A3) somewhat reduces the fluctuations and leads to relatively
smooth final abundance distributions, but does not noticeably
affect the final density and velocity distributions.
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