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Introduction: The former presence of short-lived

radionuclides (SLRs) in the early solar system (
10

Be,
26

Al,
36

Cl,
41

Ca,
53

Mn,
60

Fe,
107

Pd,
129

I, and
182

Hf) is in-

ferred from excesses in the abundances of their

daughter nuclides in meteorites, linearly correlated

with the abundances of parent elements [e.g.,1]. SLRs

with mean lives �<5 Myr can be produced either by

energetic-particle irradiation or by stellar nucleosyn-

thesis. Solar energetic-particle irradiation can produce

the required amount of
10

Be and probably some other

SLRs [2], but cannot produce the estimated initial

abundance of
60

Fe in the solar system [3-5]. Because
60

Fe is produced efficiently only in stars, and its esti-

mated abundance in the solar system cannot be ex-

plained by the steady-state abundance of
60

Fe in the

interstellar medium, stellar nucleosynthesis prior to or

shortly after the solar system formation should have

contributed to the inventory of the solar-system SLRs.

Several attempts have been made to find a suitable

stellar source for the solar-system SLRs [e.g., 6-8].

Low-mass AGB stars produce insufficient amounts of
60

Fe [e.g., 8]. Models for intermediate-mass AGB stars

may explain the abundances of
26

Al,
41

Ca and
60

Fe [8],

but the rarity of encounters between molecular clouds

and AGB stars [9] makes it implausible for an AGB

star to be a source of SLRs in the solar system. Sever-

al nucleosynthetic models for SNe II [e.g., 10-13] indi-

cate that
60

Fe may have been overproduced if all the
26

Al and
41

Ca in the solar system were provided by a

SN II. Moreover, the abundance of
53

Mn inferred for

SNe II is 10-100 times larger than that in the solar

system. If a massive star exploded with less kinetic

energy, most of
53

Mn synthesized in the incomplete Si-

burning layer may have undergone fallback onto a

collapsing stellar core [12]. If this is the case,
53

Mn in

the solar system should have been derived from anoth-

er source, i.e., the continuous galactic nucleosynthesis.

In this study, as a potential stellar source of SLRs

with �<5 Myr (
26

Al,
41

Ca,
53

Mn, and
60

Fe) in the early

solar system, we propose a SN II with mixing-fallback,

where the inner region of the exploding star experi-

enced mixing, some fraction of mixed materials is

ejected, and the rest undergoes fallback onto the core

[e.g., 13]. The mixing-fall back model well reproduces

the abundance pattern of hyper metal-poor stars [13].

Methods: We calculated yields of nuclides in the

ejecta from a SN II with mixing-fallback based on the

nucleosynthesis model for a solar-metallicity massive

star with the kinetic energy of explosion of 10
51

erg

[13] using the mass of the inner mixing region (Mmix)

and the fraction of materials ejected from the mixing

region (q) as parameters. We assumed that the ejecta

was mixed with protosolar materials (or the proto-

planetary disk) with a dilution factor of f0, and that

there was a time interval of � between the SN II nu-

cleosynthesis and the formation of the oldest solid ob-

jects in the solar system [6-8]. The f0 and � were de-

termined to minimize deviations of calculated abun-

dances of
26

Al,
41

Ca,
53

Mn, and
60

Fe from their estimat-

ed initial abundances in the solar system. The abun-

dance of
36

Cl was also calculated using determined f0
and � to compare with the reported lower limit of

36
Cl

abundance in the solar system. The cases for SNe II

without mixing-fallback were calculated based on the

models by [10-13] as well.

Results: Figure 1 shows calculated initial abun-

dances for the solar system of
26

Al,
36

Cl,
41

Ca,
53

Mn,

and
60

Fe as a function of the mass of the exploding star.

The abundances of SLRs inferred in non-fallback

models are also shown for comparison. Compared to

non-fallback models, where
53

Mn is overproduced and
26

Al is underproduced, the inferred abundances of
26

Al,
36

Cl,
41

Ca,
53

Mn, and
60

Fe in mixing-fallback models

agree with their estimated solar-system abundances

within a factor of 3 if mixing occurs within the C/O

burning layer and the ejection fraction q of the mixed

material is 0.001-0.01 (Fig. 2). However, if mixing

occurs in the He-burning layer as well, i.e., larger Mmix,
53

Mn is overproduced and
60

Fe is underproduced (Fig.

2). If degree of mixing is small and mixing occurs

only within the Si-burning layer,
53

Mn is overproduced

and
26

Al is underproduced, as in the case for non-

fallback models (Fig. 2).

Note that the solar-system abundances of SLRs are

well reproduced in a wide range of masses of the star

(20-40 MSun) as long as the mixing-fallback occurs

within the C/O burning layer.

The f0 varies from ~10
-5

for smaller Mmix to ~10
-3

for larger Mmix, consistent with or slightly larger than

for non-fallback models. The � also varies from ~0.7

Myr to ~1 Myr with increasing Mmix, again consistent

with that evaluated for non-fallback models.

Discussion: A SN II with mixing-fallback in the

C/O burning layer reproduces the solar-system SLRs

without having problems found in non-fallback models

(overproduction of
53

Mn and underproduction of
26

Al)
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and in fallback models without mixing (underproduc-

tion of
53

Mn). This is explained by difference in the

dominant formation sites for different SLRs. Manga-

nese-53 is synthesized in the incomplete Si-burning

layer, which is included in the mixing-fallback region,

and thus the ejection efficiency of
53

Mn is lower than

that in non-fallback models. However, some of
53

Mn

is mixed and ejected with nuclides synthesized in the

outer C/O layer. This make the ejection efficiency of
53

Mn relative to other SLRs higher than that in fallback

models without mixing [13]. Aluminum-26 is formed

not only in the C/O burning layer but in the outer layer,

where other SLRs are not efficiently synthesized. In

the mixing-fallback model,
26

Al synthesized in the H

burning layer contributes most to the yield of
26

Al in

the ejecta., which leads to the higher ejection efficien-

cy of
26

Al, relative to other SLRs, than that in non-

fallback models.

The q of 0.01-0.001, required to explain the solar-

system SLRs, gives the amount of
56

Ni in the ejecta of

3x10
-3
-3x10

-4
MSun, consistent with or lower than the

amounts observed for faint SNe (~2x10
-3

MSun). SNe

with lower ejected
56

Ni should be dimmer than those

with high
56

Ni, so more may be present than have been

observed.

The mixing-fallback model showed that nucleo-

synthesis in a single type II supernova with a mass of

>20 MSun could explain the abundances of four SLRs

(
26

Al,
41

Ca,
53

Mn, and
60

Fe) with �<5 Myr in the solar

system. A star with a higher mass ends its life earlier

than stars with mass of 15-20 MSun and may explode

within the lifetime of star cluster (1-10 Myr). Thus,

the injection of SLRs from a SN II of a very massive

star to the solar system materials seems to be a plausi-

ble scenario to the contribution of stellar nucleosynthe-

sis to the inventory of SLRs in the solar system. The

estimated f0 and � could be used to constrain the for-

mation environment of the solar system, which will be

discussed in [14].
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Figure 1. Calculated initial abundances of 26Al, 36Cl, 41Ca,
53Mn, and 60Fe, normalized to their estimated initial abun-

dances in the solar system, as a function of the stellar mass.

The calculated abundances for non-fallback models are also

shown for comparison.

Figure 2. Calculated abundances of 26Al, 36Cl, 41Ca, 53Mn,

and 60Fe as a function of Mmix. Data plotted in Fig. 1 are

indicated by open boxes. (a) A 25-MSun star with q=0.005

(ejection efficiency of the mixing region). (b) A 25-MSun star

with q=0.01.  (c) A 40-MSun star with q=0.005.
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