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ABSTRACT

The final evolution of 8-10 M, stars in the AGB phase is recalculated to clarify whether these stars under-
go collapse or thermonuclear explosion. New electron capture rates based on the shell model wave functions
are employed for the evolution of the degenerate O + Ne + Mg core. It is found that the difference between
the old and new rates are too small to alter the earlier conclusion that the O + Ne + Mg core collapses. The
optical appearance of the resultant supernova explosion of AGB stars are discussed for observational diagnos-
tics. In particular, a possible connection of the AGB star model with SN 1993] is examined.

Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: evolution — stars: interiors —
supernovae: general — supernovae: individual (SN 1993J)

1. INTRODUCTION

The evolution of AGB stars has been studied mostly for stars
less massive than ~8 M which develop degenerate C + O
cores. If the C + O core mass reaches the Chandrasekhar limit,
the star undergoes carbon deflagration as in Type Ia super-
novae (SNs) (Nomoto, Thielemann, & Yokoi 1984) but to be
observed as Type II SNs (Woosley 1990; Swartz, Wheeler, &
Harkness 1991); this could be the case for a narrow mass range
such as 7-8 M, (Branch, Nomoto, & Filippenko 1991) as also
constrained from the galactic chemical evolution model
(Nomoto, Shigeyama, & Tsujimoto 1991b).

The stars of 8-10 M undergo nondegenerate carbon
burning and form degenerate O + Ne + Mg cores (Nomoto
1984c, 1987). The O + Ne + Mg core mass at the carbon
exhaustion already exceeds 1.1 Mg but is smaller than the
critical mass of 1.37 M, for neon ignition. Hence neon
burning is never ignited. These stars become AGB stars as
demonstrated in Nomoto (1984c, 1987), and the further evolu-
tion is brought about by the growth of the O + Ne + Mg core
mass through H/He double shell burning toward the Chandra-
sekhar limit (Nomoto 1987). A fraction of the 8-10 M, stars
could become O + Ne + Mg white dwarfs due to mass loss,
but the majority of these stars are more likely to reach the
supernova stage than less massive stars because of their rela-
tively short lifetime after entering the AGB phase, which could
be as short as ~4 x 10* yr for the 9 M, star and shorter for
more massive stars (Nomoto 1984c).

Miyaji et al. (1980) have shown that the degenerate
O + Ne + Mg core eventually undergoes collapse due to elec-
tron capture on 2*Mg and 2°Ne (see also Miyaji & Nomoto
1987; Nomoto & Kondo 1991). Recently, Canal, Isern, &
Labay (1992) claimed that the 8-10 M stars undergo ther-
monuclear explosion if the new electron capture rates
(Takahara et al. 1989) are applied. To examine this controver-
sial issue is important, since the explosion of 8-10 M stars
could constitute a significant fraction of SNs II and thus make
a substantial contribution to the chemical evolution of gal-
axies.

The optical appearance of the resultant supernova explosion
must be very different between the above two scenarios, so that
its study is important in establishing the supernova type-
progenitor connection (Branch, Nomoto, & Filippenko 1992).

in M81 might be the explosion of the AGB star in view of its
peculiar behavior. If it turns out to be the case, it could provide
a critical test to distinguish the explosion models.

To clarify whether 8-10 M, stars undergo collapse or ther-
monuclear explosion, we recalculate the evolution of the
O + Ne + Mg core by applying the new electron capture rates
(Takahara et al. 1989) and conclude that the difference in the
new and old capture rates alone is too small to alter our earlier
conclusion of collapse (§2). To distinguish the explosion
models, we examine possible observable features of the AGB
star models of SNs II (§ 3). We then discuss a possible connec-
tion with SN 1993J (§ 4).

2. ELECTRON CAPTURE AND QUASI-DYNAMIC COLLAPSE
OF THE O + Ne + Mg CORE

In the final stages of the evolution of 8-10 M, stars, the
growth of the O + Ne + Mg core mass leads to the increase in
the central density p, and the Fermi energy of degenerate elec-
trons. When the core mass grows to 1.38 M, the central
density gets close to ~4 x 10° g cm ™3, the threshold for the
electron capture reaction 2*Mg(e~, v)>*Na(e~, v)**Ne for zero
temperature. Near p, ~ 1 x 10!° g cm 3 also electron capture
on 2°Ne via 2°Ne(e ™, v)2°F(e, v)2°0 takes place (Miyaji et al.
1980).

Electron capture that reduces the electron mole number Y,
has the following competing effects on the final evolution of the
degenerate O + Ne + Mg core (Miyaji et al. 1980):

1. The effective Chandrasekhar mass is reduced as Y2,
which rapidly accelerates a quasi-dynamic contraction of the
core.

2. Entropy is produced by y-ray emission from the excited
states of daughter nuclei and the distortion of the electron
distribution function. The electron capture region becomes
semiconvective because of the formation of steep gradients of
temperature and the electron mean molecular weight (Nomoto
1984a, b; Mochkovitch 1984; Miyaji & Nomoto 1987). If semi-
convective mixing is negligible, the electron capture region is
heated locally. This is likely the case because the electron
capture time scale is shorter than the diffusion time scale. Elec-
tron capture eventually ignites explosive oxygen burning at the
central density of p, ~ 9.5 x 10° g cm ™3 (Miyaji & Nomoto
1987). The resulting oxygen deflagration processes the material

It is atsp AmyetpiestivARtssdbmTailBotden SNPr6ViHed biMhRUNASRRUEHHIRYSR DA S ystem
L105


http://adsabs.harvard.edu/abs/1993ApJ...414L.105H

L106 HASHIMOTO, IWAMOTO, AND NOMOTO

3. Whether the oxygen deflagration will lead to collapse or
explosion depends on the relative time scales of nuclear energy
release and electron capture in NSE behind the deflagration
wave. The energy generation rate is determined mainly by the
propagation velocity of the deflagration wave, while the elec-
tron capture rate depends on the density.

Nomoto & Kondo (1991) have shown that the convective
oxygen deflagration starting at p, ~ 9.5 x 10° g cm =3 induces
collapse, although it depends on the propagation velocity of
deflagration (Isern, Canal, & Labay 1991). Timmes & Woosley
(1992) have argued that if the ignition density is higher than
~9 x 10° g cm ™3, rapid electron capture behind the defla-
gration front may prevent convection from developing, thus
inducing collapse.

The above result is based on the electron capture rates using
the gross theory of f-decay (Miyaji et al. 1980, hereafter case
G). Takahara et al. (1989) calculated the electron capture rates
using the shell model wave functions (hereafter case S). Canal
et al. (1992) have claimed that the ignition density of oxygen
burning depends rather strongly on the adopted electron
capture rates, being as low as 8.5 x 10° g cm™3 for case S,
while it is slightly higher than 1 x 10'° g cm™3 for case G.
Since the critical central density which discriminates between
collapse and explosionis ~9 x 10° gcm ™3, such a difference is
important.

In the present calculations, we have found that the difference
in the electron capture rates between case G and case S is too
small to significantly change the ignition density. We start
from the degenerate O + Ne + Mg core formed in the 2.6 M,
helium core of the ~9 M, star. Input physics and the method
of calculation are the same as in Nomoto & Hashimoto (1988)
except for the use of the nuclear reaction rates by Caughlan &
Fowler (1988). The initial compositions of the core are X, =
0.34, Xy, =049, Xy, =0.12, and other trace elements. The
core grows at a rate determined by H/He double shell burning
(Nomoto 1987), which increases the central density.

In Figure 1, the solid and the dashed lines show the evolu-
tionary paths of the central density and temperature for cases S
and G, respectively. Because of the finite temperature effect,
electron capture starts below the threshold density for zero
temperature. When electron capture on 2*Mg starts, the
heating rate first sharply increases but drops as the 2*Mg and
24Na abundances decrease. Accordingly the central tem-
perature in Figure 1 increases sharply and then decreases as
the bremsstrahlung neutrino cooling overcomes electron
capture effects. Although the start of electron capture for case S
is slightly earlier than in case G, the difference is too small to
affect the later evolutionary path.

When the central density gets close to ~9 x 10° g cm ™3,
heating due to electron capture on 2°Ne exceeds the bremss-
trahlung neutrino cooling. Afterward, the evolution in the
central density and temperature plane is determined by the
competition between the heating rate and the core contraction
rate. The contraction becomes faster and faster as the electron
capture region grows in mass with increasing densities, which
also contributes to increase the temperature and heating.
Eventually the sharp increase in the central temperature starts
when the heating time scale becomes much shorter than the
quasi-dynamic time scale of contraction. It leads to the explo-
sive ignition of oxygen burning.

The oxygen ignition density depends very weakly on the
electron capture rate on 2°Ne, i.e., 9.3 x 10° g cm ™3 for case S
being slightly lower than 9.4 x 10° g cm ™3 for case G (Fig. 1);
the dependence on the capture rate is practically negligible.
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between the two cases can be seen in Figure 2. It shows the net
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F1G. 1.—Evolutionary paths of the central density and temperature of the
O + Ne + Mg core for cases S (solid curve) and G (dashed curve).

heating rate due to electron capture 2°Ne(e~, v)?°F(e~, v)2°0
at log T (K) = 8.6, 8.65, and 8.7 as a function of the density.
Here the solid and the dashed lines show cases S and G,
respectively, and the upper lines correspond to the higher tem-
perature. Since the ignition takes place at densities below the
zero temperature threshold, the heating rate is very sensitive to
the density. Therefore, even though the electron capture rate is
higher in case S than case G at a given density around log T
(K) = 8.65, the resulting difference in the ignition density is
minor.

Our result is consistent with Miyaji & Nomoto (1987) and
the difference between cases S and G is much smaller than that
reported by Canal et al. (1992). In this connection, we note the
importance of the quasi-dynamic nature of the core contraction
which gets faster and faster with the decreasing effective Chan-
drasekhar limit. It should also be noted that careful inter-
polation is necessary in using the electron capture tables.

Since the ignition density is close to that found in Miyaji &
Nomoto (1987), it is likely that the oxygen deflagration would
lead to collapse (Nomoto & Kondo 1991) rather than explo-
sion of the O + Ne + Mg core. As far as the difference between
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FIG. 2.—Net heating rate due to electron capture 2°Ne(e ™, v)2°F(e~, v)>°0
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the two rates is concerned, therefore, it would not affect the
final fate of 8-10 M g stars.

3. SUPERNOVA EXPLOSIONS OF AGB STARS

In § 2, we have shown that the difference between the new
and old electron capture rates alone is too small to signifi-
cantly alter the earlier conclusion that the 8-10 M stars
would undergo collapse. However, some other effects such as
semiconvective mixing and the stellar mass dependence need
further investigation. In view of these uncertainties, it is useful
to describe the differences of the model predictions to be com-
pared with supernova observations. We also describe some
observable features expected from the AGB star explosions to
distinguish them from more massive star explosions.

The shape of the optical light curve of SNs II depends
sensitively on the luminosity, radius, and the H-rich envelope
mass of the progenitor. Thus we first examine possible ranges
of these quantities of the AGB progenitors. The luminosity
of the AGB star near the Chandrasekhar limit ranges from
6 x 10* L, to 1 x 10° L, depending on the H/He ratio in the
envelope (Paczynski 1970; Uus 1970). The effective tem-
perature depends also on the H/He ratio, metallicity, and the
mixing length adopted for the surface convection zone (e.g.,
Nomoto & Sugimoto 1972). A He-rich envelope of the AGB
star can be formed as a result of mass loss and the dredge-up of
the He layer by the surface convection zone as has been sug-
gested for the progenitor of the Crab Nebula (Nomoto et al.
1982; Nomoto 1985). For a relatively small mass He-rich
envelope, the luminosity and the color at the top of the AGB
can be consistent with a KO supergiant (Saio 1993), which
might be relevant to the progenitor of SN 1993] as described in
§ 4

We note also that the AGB star undergoes a large amplitude
pulsation as a Mira variable, thereby changing its luminosity
and color. The pulsation is likely to form a shock wave that
would induce a series of unsteady mass ejection from the AGB
star rather than a steady wind. Therefore the structure of the
circumstellar materials could be quite complex, which might be
revealed from the X-ray and radio light curves.

The explosion of AGB stars is observed as SNs II because of
H-rich envelope. Based on our explosion models, there exist
two possible subclasses of SNs II from the AGB stars (1 and 2
below):

1. Carbon deflagration of the ~7-8 M, star, which yields
the explosion energy of E ~ 1.3 x 105! ergs s ™!, the 3°Ni mass
of My; ~0.6 My, and the ejected core mass of M
1.38 M, (Nomoto et al. 1984).

2. Gravitational collapse of the 8-10 M star, whose
outcome depends on the very uncertain explosion mechanism
and the mass cut (Hillebrandt, Nomoto, & Wolff 1984;
Burrows & Lattimer 1985; Baron, Cooperstein, & Kahana
1987; Mayle & Wilson 1988); some amount of core materials
including 3°Ni would be ejected, although being much less
than in the above case.

3. If mstead oxygen deflagration would occur at p, ~ 8.5
x 10'° g cm ™3 in the 8-10 M, star, the explosion would be
relatively weak as E ~ 0.4-0.6 x 10°! ergs s 1, My
0.3-04 My, and M_,,. = 1.38 M, (Isern et al. 1991). Also the
ejecta would contain very neutron-rich iron peak elements
compared with the above two scenarios (Sutherland &
Wheeler 1984; Nomoto & Kondo 1991).

These differences can be distinguished in the supernova light
curve and spectra. The shape of the optical light curve has been
found to depend on the mass of thg ogen- rlch envelope
(eg, S lmman &H&@!ﬁ@i
nov 1993). More specifically, the duration ¢, of the llght curve
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plateau due to hydrogen recombination is determined by the
lowest expansion velocity of hydrogen vy as (Shigeyama &
Nomoto 1990)

£, ~ 1104 Ly o (LI R
ot 1042 ergs s ! 103 km s~ 1

Here L, is the luminosity around ¢ = ¢, which depends on the
progenitor’s radius and E; vy depends on the envelope mass
M., the kinetic energy of explosion E, and mixing of hydro-
gen. The plateau period is longer for smaller E/M.,, and more
extensive mixing of hydrogen into the core if the mixing occurs.
The AGB stars tend to have smaller M., than more massive
stars, so that the explosions tend to have shorter plateau.

Later the heating effect due to the 3Ni—5Co decays will
gradually appear as in SN 1987A. Eventually the 3°Ni mass
can be known from the exponential tail, which is the best way
to distinguish the models. For larger M., /M. (as in the
above case 2), the Rayleigh-Taylor instability at the core-
envelope interface grows more strongly (Hachisu et al. 1991) so
that the radioactive heating effect would appear earlier.

Other characteristics of the AGB star models are the pecu-
liar abundances of the surface layer and circumstellar
materials, since the 8-10 M stars undergo dredge-up of the
He layer and thermal pulses of He shell burning (Nomoto
1984c) as in the smaller mass AGB stars (e.g., Becker & Iben
1980). These abundances are sensitive to the stellar mass.

For example, the evolutionary scenario of the 9 M star for
the Crab Nebula’s progenitor predicts the overabundances of
N and He in the convective envelope, while larger mass stars
undergo convective He shell burning before the dredge-up,
thus containing more C and Ne in the convective envelope
(Nomoto et al. 1982). The abundances of He, C, N, and O may
be estimated from the UV observations as was done for SN
1979C (Fransson et al. 1984).

4. DISCUSSION

SN 1993J in M81 was discovered in the very early rising
phase (Garcia 1993) and is providing a wealth of new informa-
tion to test the stellar evolution and explosion theories as in
SN 1987A. Therefore, it is quite relevant to examine if there is
any indication of a connection between the AGB star and SN
1993].

A KO supergiant has been suggested for a possible progeni-
tor of SN 1993 (Perelmuter 1993; Filippenko 1993b). The
early detections of X-rays (Zimmerman et al. 1993; Tanaka
1993) and radio (Weiler 1993; Pooley & Green 1993) from SN
1993] are consistent with the red supergiant progenitor which
had a significant amount of circumstellar materials in contrast
to SN 1987A which was the blue supergiant explosion.

However, the mass of the progenitor is not certain. The
bolometric luminosity of the KO supergiant may be estimated
as ~1 x 10° L, (Yamaoka 1993) for the distance modulus
27.5, V magnitude ~ 20.8 (Salzer, Herbst, & Vinton 1993; Bla-
keslee & Tonry 1993), extinction A, ~ 0.3 and the bolometric
correction of 0.7 mag (Allen 1973). However, this estimate is
subject to large uncertainties. Possible variation is also pointed
out (Humphreys et al. 1993). For the moment, diverse progeni-
tor models should be explored and compared with SN 1993] in
view of the uncertainty of the progenitor identification.

1. The straightforward progenitor model would be a
massive star with a main sequence mass of M, ~ 15-20 M,
whose presupernova luminosity (see, e.g., Nomoto & Hash-
imoto 1988; Shigeyama, Nomoto & Hashimoto 1988) is con-

is se timate: hqwe more massive
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extinction and color. The supernova explosion of this class of
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stars, whose envelope mass is typically ~ 10 M, would form a
plateau in the light curve (SN II-P), which will be described in a
separate paper (Suzuki et al. 1993).

2. Alternative possibility is the AGB star with M ~
7-10 M. As discussed in § 3, the KO supergiant progenitor is
consistent with the AGB star if its H-rich envelope is relatively
less massive and somewhat He-rich.

SN 1993] is identified as an SN II (Filippenko 1993a; Tani-
guchi et al. 1993), but its visual light curve is not typical, i.e., a
rapid increase to the first peak, fast decline, a steady rise to the
second peak, and a gradual decline. The light curve has not
shown a clear plateau as in Type II-P SN, but its decline is not
monotonic as in the linear decline type (II-L) either. Certainly
further observations are necessary to identify the exact type of
SN 1993]. It is important to infer the H-rich envelope mass
from the expansion velocities, light curve shape, etc. If the
H-rich envelope mass turns out to be rather small, then the
progenitor would be more likely the AGB star or a star more
massive than ~40 M, because of their large wind mass loss,
or could be a binary member that lost large mass by tidal
interaction.

If SN 1993J turns out to be the explosion of stars more
massive than ~ 10 M, some of the discussion applied to the
AGB star models (§ 3) may also be relevant to those massive
stars. The duration of the plateau of the optical light curve is
given by equation (1), thereby depending also on the supernova
brightness, E/M,,,, and mixing of **Ni and hydrogen. Com-
pared with SN 1987A, the development of Rayleigh-Taylor
instabilities in the explosion of a red supergiant is somewhat
different. Because of the lower envelope density and thus the
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larger density contrast at the H/He interface, the instability
grows faster and mix hydrogen well down to the velocity as
low as ~ 1000 km s~ ! for all the 13-20 M, stars. On the other
hand, the propagation of the reverse shock is slower, so that
the mixing of *5Ni depends on the stellar mass, i.e., it is much
less for the 20 M, star but substantial for stars of less massive
than ~ 15 M, (Hachisu et al. 1993).

The light curve tail will provide the 3°Ni mass, whose depen-
dence on the progenitor mass is crucial for the models of the
Type Ib/Ic SNs and the chemical evolution of galaxies. If less
massive stars produce larger amount of *’Ni and undergo
more extensive mixing (Shigeyama et al. 1990; Nomoto,
Filippenko, & Shigeyama 1990), the effect of radioactive
heating would appear earlier.

The >°Ni mass and the H-rich envelope mass are also related
to the intensities of line y-rays from the >*Ni—>%Co decays. At
the distance of 3.2 Mpc, CGRO could detect the y-ray lines
from Type Ia/Ib/Ic SNs but not from ordinary Type II-P SNs
(e.g, Kumagai, Shigeyama, & Nomoto 1991; Nomoto,
Kumagai, & Shigeyama 1991). Therefore, if SN 1993J has a
rather small mass H-rich envelope and produced more than
~0.2 M, *®Ni, the observations of line y-rays from SN 1993J
with CGRO could be marginally possible.
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Kumagai, Z§ amaoka, H., & Saio, H., Nature, submitted [1993]) and A. V. Filippenko & T. Matheson (IAU Circ., No. 5787
[1993]) to aricIR fstyonemical, by a seRERMIded I by rﬁbt‘e%%&trﬂ%lﬂm%r&mﬁ%ﬂue to the

Roche lobe overflow in the close binary system.
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