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Primitive meteorites contain compelling evidence for the
presence of short-lived radionuclides (SLRs) early in Solar
System history. SLRs such as 26Al (τ1/2 = 0.72 Myr) and 60Fe
(τ1/2 = 1.5 Myr) may have been important sources of internal
heat for bodies that accreted within a few million years of the
formation of calcium aluminum inclusion (CAIs), the oldest
known Solar System solids. Isotopic ages and oxygen isotope
data for the magmatic iron meteorites show that they derive
from parent bodies that differentiated with 1-2 Myr years of the
formation of CAIs and that intense heating did occur during the
period [1,2]. The origin of SLRs is incompletely understood,
and possible sources include irradiation of the solar nebula by
high-energy protons from the T Tauri-phase Sun, AGB stars,
massive stars, and supernovae. However, the source of at least
one SLR (10Be) seems to be central irradiation, whereas 60Fe
can only be produced in a massive star [3,4]. 26Al could
have been produced both by radiation from the early Sun as
well as in massive stars. Recent high-precision measurements
suggest that 26Al was distributed homogenously in the inner
Solar System, limiting the contribution from the proto-Sun [5].
(Boss has invoked a massive, gravitationally unstable disk to
explain the heterogeneity [6]). Curiously, 60Fe, which was
unambiguously produced in a massive star, was not uniformly
distributed, being present only in chondritic meteorites that
formed 2-4 Myr after CAIs [7]. One explanation for this is
a scenario where 26Al originated in the wind of one or more
massive Wolf-Rayet (WR) stars, and that 60Fe (and perhaps
a smaller amount of additional 26Al) was injected during a
subsequent supernova(e).

The supernova progenitor must have been within about
1 pc of the protosolar system [8,9], implying that the Sun
formed in a dense stellar cluster [10]. Most stars form in such
clusters, but most of those clusters disperse by 10 Myr [17],
placing an upper limit on the main sequence lifetime of the
source stars of the and hence a lower limit on its mass. SLRs
were most likely transported in the form of grains rather than
hot, low-density gas of winds or supernova ejecta: The lat-
ter could not have penetrated a cooler, higher density disk if
one was present, or been incorporated into planets, if one was
absent. Rather colliding, SLR-containing grains were vapor-
ized in the gaseous disk of the primordial Solar System [8].
Williams & Gaidos [11] showed that because of cluster expan-
sion and the finite lifetime of disks, the fraction of stars whose
disks are contaminated by an inital Solar level of 60Fe is at a
most a few percent. A corollary, not explored by them, is that
the abundance of SLRs, including 26Al, will vary significantly
between planetary systems. Several models describing the
thermal and petrological evolution of meteorite parent bodies
subjected to heating by 26Al and 60Fe have been published
[11,12]. These illustrate the sensitivity of that evolution to
the abundance of 26Al (and to a much lesser extent, 60Fe) at
the time of accretion. Variation of planetesimal accretion time

with semimajor axis may have produced the observed petro-
logical stratification of the asteroid belt, with differentiated
bodies in the inner belt, and relatively unaltered bodies in the
outer belt [13]. Presumably, a different initial abundance of
26Al in the protoplanetary disk would lead to changes in the
thermal evolution and petrologic character of planetesimals
and might effect the ultimate chemical composition of planets
that accrete from them. The rough equality between the time
scale for growth of embryos at 1 AU (∼1 Myr [14]) and the
period of maximum heating by 26Al suggests that any effect
might be particularly pronounced in the terrestrial planet re-
gion. Nevertheless, the requirement that Jupiter’s core grow
to at least a few M⊕ before the dissipation of nebular gas in
a few Myr [15], means that a role for heating by 26Al in giant
planet formation is possible.

Improved stellar evolution models that include rotationally-
induced mixing predict that the minimum initial mass for stars
going through a WR phase is about 40 M�[16]. Thus planetary
systems forming around stars in a cluster whose most massive
member is less than 40 M�will be relatively depleted in 26Al.
This includes all clusters with a total membership less than
about 4000 stars. Because the distribution of clusters with
membership N obeys the power law N−2 [17], this means
that the majority of stars have not experienced the proximity
of a WR star and the concomitant injection of 26Al. These
objects will have 26Al only from internal radiation and the SN
event itself. However, if star-formation is co-eval in clusters (a
proposition that is intensely debated) then many such stars will
not even have a SN contribution because disks are observed
to dissipate in about 6 Myr, shorter than the main sequence
lifetime of stars with less than 30 M�.

Even within a massive cluster like that most likely to have
spawned the Sun, the abundance of 26Al will vary significantly
from star to star. We use N-body simulations and the results
from recent nucleosynthesis calculations for WR stars to es-
timate the contribution of a WR wind to the 26Al budget of
planet-forming disks. We based a model of 26Al injection by
WR winds on a plausible scenario for the origin of SLRs in the
Solar System. We consider the simplest case of a 9000-star
cluster with a single 60 M�star that goes through the WR phase
at 3.6 Myr and experiences core collapse at 4.6 Myr [16]. The
cluster size is chosen because it maximizes the probability of
contamination of a disk by 60Fe to Solar System levels [11],
and it will contain one star at least as massive as 60 M�; that
mass is chosen because the SN lifetime is about 4 Myr. That
lifetime is significant because the parent bodies of chondritic
meteorites formed up to 4 Myr after CAI formation; Jupiter
could not have formed earlier than 4 Myr and thus the gas disk
must have persisted for at least 4 Myr [18]. Disks are observed
to dissipate in about 6 Myr, and thus a 60 M�star is a plausible
progenitor of the SN that endowed the Solar System with 60Fe.

The NBODY4 dynamical code running on the Cambridge
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Figure 1: Cumulative distribution of 26Al abundance in sys-
tems of solar-mass stars in a 9000-star cluster, normalized by
the median value (see text for details)

University GRAPE-6a parallel architecture supercomputer card
was used to simulate clusters. NBODY4 uses the Hermite
scheme of dynamical integration; close two-body encoun-
teres are handled using the Kustaanheimo-Stiefel regulariza-
tion method and multiple systems are handled by chain reg-
ularization. Stellar evolutionp, including mass loss in winds
and supernova events, is included. We assume an initial Plum-
mer sphere distribution with a core radius of 0.2 pc and and a
virial parameter (ratio of kinetic to absolute potential energy)
of 1. The latter is equivalent to assuming 50% star formation
efficiency and the removal of the remaining gas [19]. The
simulation is run for 3.5 Myr and then the position of each
star is recorded at an intervals of 3.4 kyr for an additional 800
kyr, the duration of the WN phase when the wind contains
26Al. After each time t after the onset of the WN phase the
distance r of the star from the WR star is calculated and the
value of exp(− log(2)t/t1/2)/(4πr2) is calculated for each
star. That is multiplied by the predicted total wind-ejected
mass of 26Al for a rotating 60 M�star with solar metallicity:
2.2× 10−4 M�[20]. For familiarity, we normalize this by the
surface density of 27Al at 2.5 AU (the asteroid belt). Assuming
a minimum mass solar nebula with total mass surface density
of 7.1 g cm−2 at 1 AU, an a−1.5 surface density profile, and a
chondritic concentration (8680 ppm by weight). The surface
density of 27Al at 2.5 AU is 1.2 × 10−8 g cm−2.

Figure 1 plots the distribution normalized by the 50% level
of exposure. That value gives an 26Al/27Al ratio of 3.4×10−7 .
Compared to the measured value of 5.8 × 10−5, it suggests
that the 26Al was injected when the solar nebula was about an
order of magnitude larger, i.e. in the T Tauri phase or before,
and that it presented a larger cross-section to intercept material
from the WR star. The range of exposures, interpreted here to
represent the range of 26Al contributions from the WR wind of
a single star, spans 4 orders of magnitude, 3 below and 1 above
the 50% level. The distribution relative to this mean shows
two shoulders indicative of a bimodal distribution. This is the

result of the presence of an inner core of stars closer to the WR
star, and a halo of “ejected” stars farther out. Figure 1 does not
include the contribution of the second most massive star in the
cluster (45 M�). However, other calculations show that this
contribution will be much less because the total production of
26Al will be less [20] and the star will enter the WR phase
about 1 Myr later when the cluster has expanded further. We
have also neglected the effect of tides by molecular clouds and
the Galactic disk on the expanding cluster: This will probably
only effect the stars that are already on orbits that take them
far from the cluster center, and thus thus receive little 26Al; the
effect will likely be to move these stars further from the cluster
and lengthen the low-abundance tail in the 26Al distribution.
We also have examined the effect of the motion of the WR star
and find that simple subsitution of the origin for the location
of the wind produces a nearly identical distribution.

Initial Solar values of 26Al are sufficient to raise the tem-
perature of even small (few km) bodies to the Fe-S eutectic
and, in larger objects, to promote silicate-metal differentia-
tion. Isotopic evidence suggests that this did indeed occur in
the inner Solar System [1,2]. Our thermal models indicate
that varying 26Al by as little as a factor of 3, i.e. far smaller
than the full variation suggested here, results in dramatically
different thermal histories. We are investigating this effect,
and its implications for the retention and processing of water
and other volatiles.
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