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ABSTRACT 

We present hydrodynamical models of exploding white dwarfs to account for the newly observed premaxi- 
mum features of Type la supernovae 1990N and 1991T in a unified manner In these models, a carbon defla- 
gration, producing a central Fe/Co/Ni core and an intermediate Si/S/Ca layer, is later transformed into a 
detonation in the outermost layer. Depending on the transition density, the nucleosynthesis in such late deto- 
nations results in the formation of Fe-dominated surface layers or Si/Fe-nch surface layers, which are qualita- 
tively consistent with the inferred composition of SN 199 IT and 1990N, respectively. 
Subject headings: nucleosynthesis — supernovae: general — supernovae: individual (SN 1990N) — 

supernovae: individual (SN 1991T) — white dwarfs 

1. INTRODUCTION 

Recent observations of Type la supernovae (SNs la) before 
maximum brightness, providing new information on the com- 
position of the outermost layers of SNs la, challenge the 
current theoretical models (see, e.g., Nomoto et al. 1992 for a 
review): (1) The premaximum spectra of SN 1990N 
(Leibundgut et al. 1991) indicate the presence of Si, Ca, Fe, and 
Co in the outermost layers with i;eip ~ 20,000 km s 1. (2) SN 
1991T has shown quite a unique spectral evolution: the pre- 
maximum spectrum is dominated by Fe/Ni lines, while the 
spectra after maximum light show typical SNs la features, 
characterized first by Si/S/Ca lines, and later becoming Fe- 
dominated (Filippenko et al. 1992; Ruiz-Lapuente et al. 1992). 

The inferred composition structure of SN 1991T is as 
follows: (1) The outermost layer is composed of Ni and Fe with 
expansion velocities vexp ~ 13,000 km s 1. (2) The intermediate 
layer is rich in Si/Ca with i>exp ~ 10,000 kms“1. (3) The central 
layer is again dominated by Fe (Filippenko et al. 1992). In 
other words, the Si/S/Ca-rich layer 2 is sandwiched by the two 
Fe layers (1 and 3). Such a composition inversion with Fe above 
Si is very different from that inferred from typical SNs la. On 
the other hand, the composition of the inner layers (2 and 3) is 
very similar to those of typical SNs la including SN 1990N 
(Filippenko et al. 1992; Phillips et al. 1992). 

The composition of the inner layers 2 and 3 of the above 
SNs la may be accounted for by the carbon deflagration model 
W7 (Nomoto, Thielemann, & Yokoi 1984, hereafter NTY). 
However, the presence of high-velocity heavy elements in these 
SNs la is not consistent with W7, because the highest velocities 
of newly synthesized elements in W7 are ~ 15,000 km s 1 and 
the outermost layer is dominated by O and C. 

Shigeyama et al. (1992) have listed four possible models for 
SN 1990N. Among them are the following: (1) mixing adds Si, 
Ca, and Fe to the outer layers of W7 (Branch et al. 1985; 
Branch & Venkatakrishna 1986); it may, however, be difficult 

to cause a composition inversion with Fe/Ni in the outermost 
layers as in SN 1991T. (2) The delayed detonation models 
assume that an initially very slow deflagration turns into a 
detonation relatively deep in the interior (Khoklov 1991b; 
Woosley & Weaver 1992); such an event produces high- 
velocity Si/Ca, but it is difficult to synthesize Fe again near the 
surface. (3) The carbon detonation models for low-mass white 
dwarfs (Shigeyama et al. 1992) have the same difficulty in 
explaining SN 1991T. If one of the cases 1-3 is the actual 
model for SN 1990N, then it is likely that SN 1991T resulted 
from a somewhat different explosion mechanism, thus belong- 
ing to a different subclass of SNs I (e.g., SNe Id; Branch & 
Tammann 1992). 

The remaining possibility (4) given in Shigeyama et al. (1992) 
is the formation of a detonation in the outermost layers, 
induced by a fast propagation of a deflagration wave. NTY 
noted that the carbon deflagration model C8, whose propaga- 
tion velocity váe{ is ~ 1.2 times higher than W7, has a precursor 
shock which is strong enough to induce a detonation in the 
outer layers (see also Woosley & Weaver 1986). In view of the 
small difference in vde{ between W7 and C8, the deflagration in 
W7 can be regarded as marginal in forming a detonation in the 
outer layers. 

The transition from a deflagration to a detonation can occur 
when the propagation velocity of the deflagration wave vde{ is 
accelerated to the Chapman-Jouguet velocity vCJ. The tran- 
sition is more likely to occur at lower densities, because the 
ratio vCJ/vs (vs denotes the sound velocity) is smaller due to a 
larger density jump across the burning front (Khokhlov 
1991a), while vdJvs is larger (NTY). Since the convective defla- 
gration front may well be quite turbulent and the acceleration 
of vdc{ may take place in an indeterministic manner, the condi- 
tion of the transition from deflagration to detonation has not 
been well understood (e.g., Williams 1985), and it could occur 
even for vde{ < vCJ. It is also possible that a relatively small 
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difference in vde{ in the deeper layers could cause a large varia- 
tion in the transition density in the outer layers. Such a differ- 
ence in vde{ may stem from differences in ignition conditions, 
such as the central density (i.e., the age and the accretion rate) 
of the white dwarf. 

Although vdc{ is an unknown parameter extremely difficult 
to determine, recent authors modeling synthetic spectra for 
generic SNs la (Harkness 1991) and also 1990N and 1991T 
(Jeffrey et al. 1992) all come to the conclusion that the spectra 
are consistent with W7-like central cores of SNs la. Thus we 
chose to explore variations along this line. 

In the present Letter we present several hydrodynamical 
models for case 4; here the carbon deflagration, producing a 
central Fe/Co/Ni core and an intermediate Si/S/Ca layer, is 
later transformed into a detonation in the outermost layers, 
which we call a late detonation. We show that nucleosynthesis 
in the detonated matter depends sensitively on the density at 
the transition from deflagration to detonation. We suggest that 
a variation of nucleosynthesis (e.g., 56Ni/Si ratio) in such later 
detonations may possibly account for both SN 1990N and SN 
199IT in a unified manner, that is, SN 199IT may well be a 
small variant of SNe la. In § 2 the adopted deflagration models 
are described. Nucleosynthesis outcome is shown in § 3. 
Comparison with observations of SN 1990N and 199IT are 
summarized in § 4. 

2. MODELS 

To construct models of SNs la, we start from a C + O white 
dwarf that accretes matter at a rate of 4 x 10 - 8 M0 yr ~1 up to 
a mass of 1.378 M0 and eventually ignites carbon at the center 
with pc ~ 3 x 109 g cm-3 (NTY). Afterwards the white dwarf 
is assumed to undergo carbon deflagration until the transition 
to a late detonation takes place in the outer layers. The 
adopted carbon deflagration models are W7 and W8 (NTY), 
where the ratio between the mixing length and a scale height of 
pressure for convective deflagration is l/Hp = 0.7 (W7) and 0.8 
(W8). Thus the propagation speed of the deflagration is faster 
in W8 (also C8) than W7 by a factor of ~ 1.2. 

Since the difference in vde{ between W7 and W8 (C8) is not 
large, both W7 and W8 may be marginal in inducing a late 
detonation. In the present study, therefore, we mainly study 
two cases of the late detonation in W7 with the transition from 
deflagration to detonation at Mr = 1.12 M0 (W7DT) and 
1.20 M0 (W7DN), respectively. These cases assume that a 
small difference in vdc{ in the inner layer leads to a significant 
difference in the transition point. In addition, the transition 
from the deflagration W8 to a late detonation at Mr = 
1.25 M0 (W8DT) is simulated for comparison. 

We also study the case with a rather artificial initial configu- 
ration where the white dwarf has a thick helium layer at Mr > 
1.20 M0 (§ 4). The transition from W7 to late detonation is 
assumed to occur at the bottom of the helium layer (W7DHE). 

The detonation wave is initiated by artificially accelerating 
vde{ (Shigeyama et al. 1992). The initial composition in the 
unburned outer layers is set that the mass fractions of 12C, 
160, and 22Ne are 0.48, 0.50, and 0.02 with a neutron excess of 
0.002 (Ye = 0.499). The hydrodynamical calculation is per- 
formed with a one-dimensional Lagrangian PPM code as in 
Shigeyama et al. (1992), and the detailed nucleosynthesis is 
calculated with a larger nuclear reaction network of 299 
species (Thielemann, Nomoto, & Yokoi 1986; Thielemann, 
Hashimoto, & Nomoto 1990). 
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3. NUCLEOSYNTHESIS IN DEFLAGRATIONS AND 
LATE DETONATIONS 

The early evolution of W7D’s (W8DT) is the same as W7 
(W8) (see NTY); a carbon deflagration wave forms at the 
center and propagates outward until the late detonation is 
initiated. Nucleosynthesis in the deflagration phase depends on 
the peak temperature Tp which decreases as the deflagration 
wave propagates outward because of the expansion of the 
white dwarf. In the interior to Mr < 0.78 Ai0 (0.90 M0), the 
matter undergoes complete silicon burning to iron peak 
elements. In the very central region, neutronization due to 
electron capture leads to the production of 56Fe, 54Fe, and 
58Ni. At 0.78 Mq < Mr < 1.02 M0 (0.90 M0 < Mr < 
1.05 M0), incomplete silicon burning produces 56Ni, Ca, Ar, S, 
and Si. At 1.02 M0 < Mr < 1.28 M0 (1.05 M0 < Mr < 
1.35 Mq), explosive burning of oxygen and carbon produces Si 
to Ca. 

At an assumed location, the deflagration wave is trans- 
formed into a detonation wave, which quickly develops to pro- 
pagate self-consistently at the speed of a Chapman-Jouguet 
detonation. Behind the detonation wave, material undergoes 
explosive nuclear burning. Its products are sensitive to Tp, 
which in turn depends on the density at the burning front. For 
the same initial density, the detonation wave has a higher 
density than the deflagration because of the shock compres- 
sion, thereby attaining a higher Tp. Accordingly, the detona- 
tion wave in the outer layers produces heavier elements than 
those produced by the deflagration in the inner layers. In other 
words, a composition inversion is naturally formed. 

3.1. Model W7DN 
In this case, the transition from deflagration to detonation is 

set to occur at Mr — 1.20 M0. At this stage, 7], ~ 3 x 109 K 
behind the deflagration wave, and explosive carbon burning is 
forming O-Ne-Mg layers. The density ahead of the burning 
front is p0 = 1.7 x 107 g cm-3. After the late detonation is 
started, Tp gets as high as 5 x 109 K. This temperature leads to 
incomplete silicon burning which synthesizes some 56Ni and 
Si/Ca. At 1.21 Mq <Mr< 1.28 M0, the mass fraction of 56Ni 
is ~0.5-0.3, and the rest is Si, S, Ar, and Ca. 

As the detonation wave propagates to the lower density 
layers, Tp decreases and explosive burning of oxygen, neon, and 
carbon takes place, accordingly. The resultant composition 
structure of W7DN is shown in Figure 1 as a function of the 
homologous expansion velocity vexp and Mr. The production 
of 56Ni by incomplete silicon burning extends from vcxp ~ 
14,000 to 30,000 km s-1, and Ca, Ar, S, and Si are produced 
from explosive burning of oxygen, neon, and carbon up to 
vcxp = 35,000 km s~1 (Ca) and 50,000 km s"1 (Si). The mass of 
56Ni is MNi = 0.63 Mq, and the explosion energy is 
E = 1.4 x 1051 ergs. 

3.2. Models W7DT and W8DT 
These models undergo the transition from deflagration to 

detonation at a higher density than W7DN, that is, p0 ~ 3.5 
x 107 g cm-3 ahead of the deflagration wave. This corre- 
sponds to the transition at Mr = 1.07 M0 (W7DT) and 
1.25 Mq (W8DT) because of the difference in vdc{ between W7 
and W8. 

At the transition to the detonation, the peak temperature Tp 

increases from 4 x 109 to 5.5 x 109 K, which is significantly 
higher than in W7DN. Therefore, the material at 
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I Ü. .11 i 1 i 1 i 1 i I ^^^  
0 .2 .4 .6 .8 1.0 1.2 1.30 1.35 1.37 

Mr/MQ W7DN 
Fig. 1.—Composition of the late detonation model W7DN as a function of 

the expansion velocity and Mr, where the transition from deflagration to 
detonation takes place at Mr = 1.20 M0. 

1.07-1.17 M0 in W7DT (1.25-1.32 M0 in W8DT) undergoes 
almost complete silicon burning, producng mostly 56Ni with a 
mass fraction as large as 0.9. 

As the detonation wave propagates outwards, incomplete 
silicon burning takes place. The 56Ni abundance decreases 
because of the lower Tp. The mass fractions of Ca and Si are 
still smaller than 0.03-0.05 at Mr < 1.23 MG for W7DT 
(Mr < 1.33 M0 for W8DT), and the outer layers are rich in Si 
and Ca with small amounts of 56Ni. 

The composition structure of W7DT as a function of Mr and 
t;exp is shown in Figure 2. In velocity space, 56Ni in the deto- 
nated layers extends from ~ 12,000 to 30,000 km s-1 for 
W7DT (from 15,000 to 50,000 km s“1 for W8DT). 
Intermediate-mass elements are produced up to pexp ~ 40,000 
km s“1 (W7DT) and 50,000 km s“1 (W8DT) for Ca, and 
-50,000 km s"1 (W7DT) and 60,000 km s“1 (W8DT) for Si. 

0 .2 .4 .6 .8 1.0 1.2 1.30 1.35 1.37 
Mt/Mq W7DT 

Fig. 2.—Same as Fig. 1 but for W7DT with the transition at Mr = 
1.13 M0. 

0 .2 .4 .6 .8 1.0 1.2 1.30 1.35 1.37 
Mr/M0 W7DHE 

Fig. 3.—Same as Fig. 1 but for W7DHE with the transition at Mr = 
1.20 M0. In the initial model, C + O at Mr> 1.20 M0 has been artificially 
replaced with helium. 

The explosion energy is 1.5 x 1051 ergs for both cases, and the 
56Ni masses are 0.78 M0 (W7DT) and 0.80 M0 (W8DT). 

Figure 2 clearly reveals a composition inversion with an 
Fe-dominated layer above the Si-rich layer. Note that such an 
apparent composition inversion is not formed if the transition 
occurs where the deflagration is incinerating the material into 
iron peak elements as in the case of delayed detonation models 
(Khokhlov 1991b; Woosley & Weaver 1992). 

3.3. Model W7DHE 
This model undergoes the transition from deflagration to 

detonation at Mr = 1.20 M0 as in W7DN. Because of the 
presence of helium at Mr > 1.2 M0, the deflagration is natu- 
rally transformed into a helium detonation (i.e., without artifi- 
cial acceleration of pdef). 

Due to the larger energy release in a helium detonation than 
a carbon detonation, the peak temperature reaches Tp ~ 6 
x 109 K, being significantly higher than in W7DN. As seen in 
Figure 3, the detonated material is processed into a 56Ni- 
dominated composition, where more than —10% helium by 
mass remains due to an a-rich freeze out. Almost no Si/Ca is 
produced except for the outermost layers at Mr > 1.35 M0 
and pexp > 30,000 km s_ 1. The helium detonation also sends an 
inward shock wave, which burns O + Ne 4- Mg into Si-rich 
material. The produced explosion energy and the 56Ni mass 
are larger than in other models as £ = 1.7 x 1051 ergs and 
MNi = 0.73 M0. 

4. COMPARISON WITH SN 1990N AND SN 1991T 

The near and postmaximum spectra of SN 199IT and SN 
1990N as well as other SNs la are well accounted for with the 
carbon deflagration model W7 (Harkness 1991; Jeffery et al. 
1992). This implies that the composition structures in velocity 
space for the inner Si/Ca layers (layer 2) and the Fe-rich core 
(3) of W7DN, W7DT, and W7DHE are expected to be consis- 
tent with SN 1990N and 199IT. Then the question is whether 
the composition in the outermost layers (1) of these supernovae 
can be accounted for by these late detonation models. 

Among the models presented in § 3, W7DN has a significant 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
 9

2A
pJ

. 
. .

3 
93

L.
 .

55
Y

 

L58 YAMAOKA ET AL. 

amount of Si, Ca, and 56Ni at expansion velocities as high as 
vexp > 20,000 km s_1. The other three models (W7DT, W8DT, 
and W7DHE) have a Si/Ca layer being sandwiched by the 
Ni/Fe dominant layers. Therefore, the basic features of the Si 
and Fe distributions in W7DN and W7DT/W8DT/W7DHE 
are qualitatively in agreement with the spectroscopic features 
of SN 1990N and SN 199IT, respectively. 

The three models W7DT/W8DT/W7DHE produce larger 
amounts of 56Ni than W7DN, so that the resultant supernovae 
are brighter by ~0.2 mag. Their light curve shapes are basi- 
cally similar to W7 (Shigeyama et al. 1992) except for slightly 
higher luminosities during the first ~ 10 days due to the outer- 
most 56Ni, which is in better agreement with observations. 

For more detailed comparison with observations, we note 
that the outermost Ni-rich layer of W7DT and W8DT con- 
tains some high-velocity Si and Ca, while layer (1) of W7DHE 
contains a significant amount of He, and that these three 
models contain rather little O and Mg. Whether the amounts 
of Si/Ca, He, O/Mg are consistent with the premaximum 
spectra of SN 1991T should be examined with detailed syn- 
thetic spectra (Jeffery et al. 1992). Because of the presence of 
radioactive 56Ni in the outermost layers, the spectra would be 
highly NLTE. Whether the helium features excited by y-rays 
(Lucy 1991) appear or not would be a crucial diagnosis of not 
only W7DHE but also a possible alternative model of off- 
center helium detonations (Filippenko et al. 1992; Livne 1990; 
Nomoto 1982b). 

With regard to O and Mg, it seems more likely that the 
transition to a detonation occurs at several points rather than 
in a spherical shell. The resulting carbon detonation may leave 
some unburned or partially burned C, O, Ne, and Mg. 

The assumed thick helium layer in W7DHE might be rea- 

lized if the accretion of helium takes place so slowly that 
helium is too cold to be ignited (Nomoto 1982a, b). Note, 
however, that such a slow accumulation of helium may occur 
only through nova explosions, thereby being extremely diffi- 
cult, if not impossible. Also the central region of such a slowly 
accreting white dwarf must be solid, so that carbon burning at 
pc ~ 1010 g cm-3 is more likely to induce a collapse rather 
than an explosion (Nomoto 1987; Nomoto & Kondo 1991; 
Canal et al. 1990). 

With these models, we suggest the following scenario for the 
variation among SNe la: There exist some variations in the 
ignition conditions, such as the central density and tem- 
perature of the white dwarf, due to variations of the white 
dwarf age and the mass accretion rate. This would result in a 
difference in i;def, which in turn leads to a somewhat larger 
difference in the density at the transition from deflagration to 
detonation. This results in a similar composition in the inner 
regions of layers 3 and 2, but a large variation of the composi- 
tion in the outermost layer (1) such as in SN 1990N and SN 
1991T. Cases like W7DN would be more common among SNs 
la, since the transition to detonation may occur more easily at 
lower densities because of smaller vCJ/vs and larger vdcf/vs. 
Some variations in the expansion velocities of Si may be due to 
the variation of the transition density. 
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