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Abstract

The supernova injection model for the origin of the short-lived radionuclides (SLRs) in the early solar system is reviewed.
First, the meteoritic evidence supporting the model is discussed. Based on the presence of ®Fe it is argued that a supernova
must have been in close proximity to the nascent Solar System. Then, two models of supernova injection, the supernova trig-
ger model and the aerogel model, are described in detail. Both these injection model provide a mechanism for incorporating
SLRs into the early solar system. Following this, the mechanisms present in the disk to homogenize the freshly injected radio-
nuclides, and the timescales associated with these mechanisms, are described. It is shown that the SLRs can be homogenized
on very short timescales, from a thousand years up to ~1 million years. Finally, the SLR ratios expected from a supernova
injection are compared to the ratios measured in meteorites. A single supernova can inject enough radionuclides to explain the

radionuclide abundances present in the early solar system.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The discovery that meteorites and their components con-
tain traces of (now extinct) short-lived radionuclides (SLRs)
has revolutionized the field of meteoritics and our under-
standing of the formation of our Solar System. At this junc-
ture, nine SLRs with half-lives of 16 Myr or less have been
confirmed to have existed in the early Solar System. The exis-
tence and inferred abundances of these SLRs place exacting
constraints on their origins: the high abundance of *°Fe in
the early Solar System argues strongly for injection of this
isotope from an external, stellar nucleosynthetic source. Con-
versely, the existence of '’Be argues for a separate origin
involving spallation reactions and high-energy particles in
some location, perhaps near the early Sun. Many SLRs are
also used as chronometers: Al-Mg systematics that probe
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the decay of 2°Al, and Mn—Cr systematics that probe the de-
cay of *>Mn, reveal time differences between formation (iso-
topic closure) of various meteoritic components on ~1 Myr
timescales. The use of these isotopes as chronometers is, how-
ever, predicated on two assumptions: (1) that the SLRs 2°Al
and **Mn were distributed homogeneously throughout the
Solar System at an early time and (2) the abundances of these
isotopes changed only because of radioactive decay, and were
not increased by continued contributions over Solar System
history. In other words, the use of SLRs as chronometers is
complicated if they are produced within the Solar System,
but SLRs can readily and validly be used as chronometers
if they are injected into the Solar System from an external
source, and then quickly mixed. The purpose of this paper
is to review the evidence for injection and rapid mixing of
SLRs.

This paper is organized into five sections. In Section 2
we review the meteoritic evidence for the one-time presence
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of SLRs in the early Solar System, especially the evidence
for injection and homogenization of these isotopes. In Sec-
tion 3 we discuss two models for the injection of SLRs from
a nearby supernova, the ‘“‘supernova trigger” model in
which a supernova triggers the collapse of a cloud core
and injects radionuclides into it, and the “‘aerogel” model
in which a supernova injects SLRs into an extant proto-
planetary disk. We discuss the subsequent mixing of iso-
topes in the context of these models in Section 4. In
Section 5 we offer predictions for the abundances of SLRs
and compare them to the meteoritic record. We conclude
in Section 6 that injection of SLRs by a nearby supernova,
and mixing within the disk, are completely consistent with
the predictions of theoretical models and with the meteor-
itic record.

2. METEORITIC EVIDENCE

Short-lived radionuclides have provided critical insights
into the formation and evolution of the early Solar System
in the four decades since they were first discovered. Follow-
ing the detection of excess '’Xe related to the in situ decay
of 1?°I in primitive meteorites by Reynolds (1960) — the first
evidence for the former presence of a SLR in the early Solar
System — approximately one dozen SLRs with half-lives
(T}p) ranging from ~0.1 to >100 Myr are now inferred to
have existed at the time most meteorites formed (Table
1). Whereas early Solar System abundances of short-lived
isotopes with relatively long half-lives like **Mn and
"82Hf might broadly reflect input from stellar sources over
the history of our Galaxy, the inferred levels of 4Ca,
A1, ©Fe and 'Be are too high to uniquely derive from
Galactic production (Jacobsen, 2005; Huss et al., 2008).
Their abundances require that these nuclides were synthe-
sized in a stellar environment and injected into the protoso-
lar molecular cloud at the time of its collapse or,
alternatively, into the active protoplanetary disk (Ouellette
et al., 2007a,b). The competing X-wind model proposes
that SLRs are the product of interactions of solar energetic
particles with gas and dust in the protoplanetary disk (Shu
et al., 1996, 1997, 2001; Lee et al., 1998; Gounelle et al.,

Table 1
Data on short-lived radionuclides.

Radionuclide ~ Reference isotope Ty (Myr) Initial value
41Ca 40Ca 0.10 14x 1078
3¢l 3¢l 0.30 3.0 x 107°
26A1 27A1 0.73 5-7x 1073
10 °Be 1.5 1.0 x 1073
OFe SoFe 1.5 3-10 x 1077
3Mn Mn 3.7 1-2x 1073
107pq 108pq 6.5 5.0x 1073
182Hf 180 9 1.1 x 107
205pp 204pp, 15 ~1.0 x 1074
1291 1271 16 1.4 x 107
“Nb “Nb 36 1x107°
1469m 144Sm 103 5% 107°

Adapted from Wasserburg et al. (1994), Birk (2004), Wadhwa et al.
(2007) and Baker et al. (2007).

2001; Gounelle, 2006). The reader is referred to these pa-
pers and Wadhwa et al. (2007) for a complete description
of this model. In this section, we briefly review the state-
of-the-knowledge regarding the initial abundances and dis-
tribution of key SLRs that impact the understanding of
their origin and injection mechanism(s) into the nascent So-
lar System.

2.1. The initial abundances and distribution of '°Be, 2°Al,
41Ca and *’Fe

2.1.1. "°Be-""B (T, ~ 1.5 Myr)

Beryllium-10 is unique amongst SLRs in that it is de-
stroyed by stellar nucleosynthesis and is formed by spalla-
tion reactions when energetic (>MeV/nucleon) ions
collide with and spall heavier nuclei, usually O. Beryl-
lium-10 thus provides unique information on irradiation
processes that affected early solar system processes. Excess
1B clearly linked to the in situ decay of '°Be was first de-
tected in a calcium-aluminum-rich inclusion (CAI) from
the Allende meteorite by McKeegan et al. (2000). Following
this discovery, a number of studies have demonstrated the
widespread distribution of '°Be in CAIs from various chon-
drites (Marhas et al., 2002; MacPherson et al., 2003; Chau-
ssidon et al., 2006), with inferred initial '°Be/°Be ratios at
the time of CAI formation ranging from
(0.440.1) x 107 to (1.8 + 0.5) x 107> Liu et al. (2007) re-
port an initial value of '°Be/’Be = (5.14+1.4) x 10™* in a
hibonite that did not initially contain measurable ZSAl,
and assert that factor of two variations in '°Be/’Be rule
out Galactic cosmic rays trapping of '°Be (see below). Still,
the number of analyses remains relatively small, and further
studies are needed to assess the statistical significance of the
observed variations in initial abundances of '°Be in CAIs. It
remains unclear whether they reflect variable production of
this nuclide by irradiation, spatial variation in GCR trap-
ping efficiency, a time difference in the formation history
of these objects or, alternatively, a late-stage perturbation.
Evidence for the former presence of '°Be has also been
found in hibonites from the Murchison meteorite, at levels
that are consistent with the initial '°Be abundance inferred
from various CAls. Importantly, the Murchison hibonites
show no evidence for the decay of *'Ca or 2°Al. Severe lim-
its on their initial abundances have been imposed (Marhas
et al., 2002) that are not apparently consistent with models
of the concurrent production of '°Be, *'Ca and %Al within
Solar System solids, such as expected from the X-wind
model (Gounelle et al., 2001). During the collapse of the
molecular cloud from which the Solar System formed,
low-energy Galactic cosmic rays that are the nuclei of
19B¢ atoms would have been trapped within it, at levels con-
sistent with the inferred initial abundances of '°Be (Desch
et al., 2004). This is consistent with the ubiquitous presence
of 1°Be even in the Murchison hibonites, and strengthens
the case for a later injection of *'Ca and %Al from a stellar
source.

2.1.2.2°A1-*Mg (Ty5 ~0.73 Myr)
Following the initial discovery for live Al in an Allende
CAI by Lee et al. (1976), it is now firmly established that
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26A1 was widespread and apparently homogenously distrib-
uted within the inner Solar System. Indeed, evidence for the
former presence of 2°Al has been documented using in situ
methods in a range of objects including various types of
CAls, chondrules and differentiated planetesimals, with
an inferred Solar System (apparently homogeneous) initial
26A1/% Al ratio of ~5 x 107> (MacPherson et al., 1995; Kita
et al., 2005; Srinivasan et al., 1999). Taking advantage of
improved methods for high-precision measurements of
Mg isotopes, recent reports — although not all (Jacobsen
et al., 2008) — have called for an upward revision of the ini-
tial 2°A1/%’Al ratio to ~6 x 107> (Young et al., 2005; Thra-
ne et al., 2006). Importantly, high-precision measurements
of Mg isotopes in bulk CAls now define an isochron with
a negative initial *°Mg abundance (**Mg*=-0.0317 +
0.0038%,) with respect to analyses of samples from Earth,
the Moon, Mars and chondrite meteorites (Bizzarro et al.,
2004, 2005; Baker et al., 2005; Thrane et al., 2006). This
observation unequivocally demonstrates that °Al was pres-
ent in the accretion region of terrestrial planets and plane-
tesimals at levels that are broadly comparable to those
present in CAls, thereby supporting the homogeneous dis-
tribution of 2°Al in the inner Solar System. Homogeneous
distribution can be readily achieved if °Al was produced
by stellar nucleosynthesis in a supernova, an asymptotic
giant branch star, or a Wolf-Rayet (WR) star, and injected
into the Solar System’s parental molecular cloud or, alter-
natively, into the active protoplanetary disk (Boss, 2007);
however, it is now clear that some primitive and refractory
objects like FUN-type (Fractionation and Unknown Nu-
clear effects) CAI inclusions contain no evidence for 2°Al
(upper limits 2°Al/*’Al <5 x 107%; Fahey et al.,, 1987),
and this is commonly interpreted as reflecting formation
prior to the injection and/or homogenization of 2°Al in
the nascent Solar System (Sahijpal and Goswami, 1998;
MacPherson, 2003; Thrane et al., 2008). These observations
collectively support a stellar origin for 2°Al and, hence,
chronological significance of the *°A1-**Mg clock.

The competing X-wind model predicts a heterogeneous
distribution of 2°Al due to its formation by irradiation near
the Sun. In this model, the Al-Mg system has no chrono-
logical significance. For example, it predicts that CAls
and chondrules formed contemporaneously in spatially dis-
tinct regions close to the young Sun, and the observed dif-
ferences in their 2°Al/*’Al ratios reflect variable local
formation of 2°Al by solar-induced particle irradiation.
This debate can be resolved by confirming the ~2 Myr
age difference between the formation of CAls and chond-
rules that is inferred from the 2°Al->*Mg clock with a
long-lived decay system such as the U-Pb system, since it
provides ages that are free from assumptions of parent nu-
clide homogeneity. Connelly et al. (2008a) recently reported
an age of 4565.45 + 0.45 Myr for the formation of Allende
chondrules, an age that defines an offset of 1.66 + 0.48 Myr
between the formation of CAls and chondrules in CV chon-
drites. This age offset is in excellent agreement with the rel-
ative ages determined using the °Al-*Mg system for this
chondrite group. This is not a prediction of the X-wind
model for the origin of chondrules and CAls, and produc-
tion of 2°Al by solar-induced *He irradiation (Shu et al.,

2001; Gounelle et al., 2001), or any model of local irradia-
tion. Instead, the results of Connelly et al. (2008a) support a
stellar origin for 2°Al followed by injection into the nascent
Solar System from stellar winds or supernova debris,
requiring that our Sun formed in association with one or
several massive stars.

2.1.3. "'Ca-*"K (Ty ~ 0.1 Myr)

Calcium-41 is a nuclide that can be effectively synthe-
sized by either stellar nucleosynthesis or particle irradiation
processes. If of stellar origin, the initial abundance and dis-
tribution of *'Ca in early Solar System solids could provide
strong constraints on the timescale and mechanism for the
initiation and duration of collapse of the protosolar molec-
ular cloud. Clear evidence for the former presence of live
*1Ca in the early Solar System was demonstrated by Srini-
vasan et al. (1996), in a detailed K isotope study of CAls
from the Efremovka meteorite that defined an initial *'Ca
abundance of ~1.4 x 108, Sahijpal et al. (1998) confirmed
the former existence of *'Ca in the early Solar System, and
further established the presence of excess *'K due to in situ
decay of *!Ca in components from other carbonaceous
chondrites. Importantly, these authors demonstrated that
the former presence of *'Ca is correlated to that of 2°Al,
suggesting a common source for these two nuclides and,
by extension, a stellar origin for *'Ca in the early Solar
System.

2.1.4. ®°Fe-%°Ni (T ~ 1.5 Myr)

Iron-60 is a neutron-rich nuclide that is difficult to pro-
duce at significant levels by irradiation processes (there are
no abundant stable nuclei that can be spalled). Determining
its initial abundance is important to constrain the origin of
SLRs in the early Solar System. Hints of ®°Fe in the solar
system first came from excesses of **Ni (**Ni*) in CAls with
an inferred initial solar system ®°Fe/*°Fe [(*°Fe/*°Fe),] va-
lue of ~1.5 x 107® (Birck and Lugmair, 1988). However,
the evidence that °*Fe was present at time of CAI formation
remains ambiguous, given the lack of correlation of *Ni*
values with Fe/Ni ratios and the presence of anomalies in
other Ni isotopes. The first clear evidence for live ®°Fe in
the solar system was discovered in basaltic meteorites be-
lieved to have formed at the surface of the eucrite parent
body (EPB; Shukolyukov and Lugmair, 1993a,b). The ini-
tial abundance (*°Fe/*°Fe)y~ 1077 inferred from these
meteorites was low enough to be consistent with an initial
Solar System ®°Fe abundance resulting from long-term
galactic nucleosynthesis (Wasserburg et al., 1996). How-
ever, this interpretation is hampered by the extended and
complex thermal history of meteorites originating from
the EPB (Kleine et al., 2005). Initial attempts to confirm
traces of ®°Fe in more pristine objects such as primitive
chondrite meteorites using in situ methods were unsuccess-
ful (Kita et al., 2000). With continuous effort and improve-
ment in analytical methods, clear evidence for the former
presence of **Fe in chondritic components was reported
in troilite and magnetite (Tachibana and Huss, 2003;
Mostefaoui et al., 2005). These minerals yielded inferred
(®°Fe/°Fe), ratios ranging from (1-1.8) x 1077 for sulfides
from the Bishunpur and Krymka (LL3.1) chondrites
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(Tachibana and Huss, 2003) to ~107° for sulfides from
Semarkona (LL3.0) (Mostefaoui et al., 2005). Given that
the *°Fe—%"Ni systematics in sulfides can be easily disturbed
by mild thermal metamorphism or aqueous alteration, re-
cent attempts to determine the initial Solar System abun-
dance of ®°Fe have focused on silicate materials
(Tachibana et al., 2006). Ferromagnesian pyroxene-rich
chondrules from Bishunpur and Semarkona yielded in-
ferred (*°Fe/*°Fe), ranging from (2.2+1.0)x 1077 to
(3.7 + 1.9) x 1077, By applying the time difference of 1.5—
2.0 Myr between formation of these chondrules and CAls
inferred from 2°Al1-*Mg systematics, a Solar System
(°°Fe/*®Fe), of (5-10) x 1077 is derived. This new estimate
is inconsistent with the predicted steady state abundance of
Fe in the interstellar medium (Wasserburg et al., 1996;
Harper 1996), and requires that a nearby stellar source
interacted with the nascent Solar System.

Attempts to define the initial abundance of °Fe based in
iron meteorites have yielded conflicting results and interpre-
tations. Two papers have reported small resolvable anoma-
lies in ®°Ni and ®*Ni (Bizzarro et al., 2007; Regelous et al.,
2008), albeit with contrasting systematics, whereas a third
study suggests the absence of Ni isotope variability in iron
meteorites (Dauphas et al., in press). This highlights the
challenges involved in obtaining high-precision Ni isotopes
measurements using multiple collection inductively coupled
plasma source mass spectrometry, and the need for im-
proved inter-laboratory calibrations. Two recent reports
(Bizzarro et al., 2007; Quitté and Markowski, 2007), how-
ever, did not find the expected excess SN in SAH99555,
a basaltic angrite with a well-constrained Pb—Pb age of
4564.55 + 0.16 Myr (Connelly et al., 2008b) and evidence
for live 2°Al at the time of its crystallization (Baker et al.,
2005). The lack of significant levels of ®°Fe at the time of
accretion of the angrite parent body is inconsistent with ini-
tial Solar System °°Fe estimates inferred from Bishunpur
and Semarkona chondrules, suggesting decoupling in the
presence of 2°Al and *°Fe in some early formed planetesi-
mals. This could reflect heterogeneous distribution of *’Fe
in the protoplanetary disk (Regelous et al., 2008) or, alter-
natively, a late injection of ®°Fe into the protoplanetary
disk at a time when 2°Al was already homogenized (Bizzar-
ro et al., 2007). Assuming that 2°Al and *°Fe were injected
by a single star, the late injection model suggests that 2°Al
was delivered to the protosolar molecular cloud by the
winds of a WR star prior to the supernova explosion that
injected °°Fe into the protoplanetary disk. If correct, this
scenario places strong constraints on the nature and mass
of the star that interacted with the nascent Solar System.

2.2. A supernova origin for SLRs in the early Solar System

The initial abundances and distribution of 2°Al, *'Ca
and %°Fe in the early Solar System, deduced from the study
of meteorites and their components, provide overwhelming
evidence that they originated in a stellar nucleosynthetic
source; by extension, perhaps the majority of SLRs origi-
nated this way. Current models propose that either a
core-collapse supernova or a thermally pulsating asymp-
totic giant branch (AGB) star produced and delivered

%Fe as well as other SLRs to the nascent Solar System.
AGB stars, however, are old objects not associated with
sites of low-mass star formation. The probability of an
AGRB star injecting appreciable amounts of dust in a given
forming protoplanetary system is very low. AGB stars are
not associated with star-forming regions. A star enters the
AGRB stage after at least 10 Myr of evolution. The cluster
in which the star was formed has dispersed by this time.
Any association between an AGB star and a star-forming
region will be coincidental, and not a necessary conse-
quence of the observed star-forming process.

Using observational data, one can estimate the probabil-
ity of a protosolar system being polluted by an AGB star.
Using Infrared Astronomical Satellite data, Jura and Klein-
mann (1989) identified 70 high mass-loss AGB stars
(>107°* Mo yr™!) within 1kpc of the solar system, most
of them within 200 pc of the galactic mid plane. This results
in an average AGB star density of 70/(m x (1 kpc)* x
400 pc) = 1078 pc>. Assuming these stars have peculiar
velocities of 20 km s, a value representative of the radial
velocities of heavily mass-losing AGB stars within a kpc
of the Sun (Kastner et al., 1993), these stars would have
traveled 20 pc during their lifetime (1 Myr; Iben and Renz-
ini, 1983). Assuming a system will be sufficiently contami-
nated with SLR if the AGB star passes within 1 pc of it,
one calculates that 7 x (1 pc)® x 20 pc ~ 60 pc® will be con-
taminated by AGB stars. It follows that the fraction of vol-
ume in the solar neighborhood contaminated by AGB stars
is ~4 x 107°. Hence a little more than 1 part in 10° of the
volume within 1 kpc of the sun will receive the required
amount of SLRs every Myr. This basically shows that
AGB injection is quite improbable. More detailed calcula-
tions were done by Kastner and Myers (1994), using the po-
sition of known AGB stars with respect to molecular
clouds. They calculated the probability that some part of
a large molecular cloud be contaminated by an AGB star
within a 4 Myr period to be roughly 5%. However, the odds
of a specific newly forming solar system are much lower,
less than 3 x 107¢ per 4 Myr. This is still a generous upper
limit, as Kastner and Myers (1994) only require the AGB
star to pass within a few parsecs of the molecular cloud.
To contaminate the solar system at the levels measured in
meteorites, the AGB star would be required to pass as near
as 0.1 pc (Vanhala and Boss, 2000). Simply based on the
likelihood of AGB stars injecting any significant amount
of fresh SLR into the solar system, this nucleosynthetic
source can be ruled highly improbable. Moreover, the
®Fe yield from an AGB star (Wasserburg et al., 2006)
may not be sufficient to account for the Solar System initial
®Fe abundance inferred from some meteorite components
(i.e. Tachibana et al., 2006; Quitté et al., 2007).

On the other hand, as outlined by Hester et al. (2004)
and Hester and Desch (2005), supernovae are both spatially
and temporally associated with star-forming regions. Given
the short lifespan of massive stars (~3-30 Myr), it appears
inevitable in this astrophysical setting that supernovae will
contaminate nearby molecular clouds that are forming
stars, and will pelt the majority of newly formed disks, with
supernova-produced SLRs. Furthermore, supernova mod-
els can appropriately reproduce the relative abundances
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of most SLRs inferred to have been present in the early So-
lar System (Meyer, 2005; Huss et al., 2008; see Section 4).
We conclude that both meteorite studies and astronomical
observations point to a nearby supernova (or more than
one supernova) as the most likely source for SLRs in the
young Solar System.

3. SUPERNOVA INJECTION

For supernova injection to be a viable model for the ori-
gin of the SLRs in the solar system, a causal link must exist
between the explosion of a massive star and the formation
of the solar system. If no such link exists and supernova
injection is just happenstance, then the likelihood of the
forming solar system being contaminated at the appropri-
ate level becomes no better than if the SLR source was an
AGB star. Two models linking supernova and solar system
formation have been described extensively in published lit-
erature: the “Supernova Trigger” model, and the “Aerogel”
model. As observations of these injection mechanisms are
not possible due to the rarity of Galactic supernovae (~1
per century), numerical work is required to better under-
stand and test these models. These models will be described
in turn, followed by a description of the meteoritic evidence
with which they are consistent.

3.1. Supernova trigger model

3.1.1. Origin of the model

Well before its past existence in meteorites was estab-
lished, a stellar origin for 2°Al was recognized (Cameron,
1962). The discovery of evidence for the presence of the
SLR %Al in chondritic refractory inclusions by Lee et al.
(1976) led quickly to the suggestion that the 2°Al had been
synthesized in a massive star, expelled during its subsequent
supernova explosion, and injected into the presolar cloud
by the supernova shock wave (Cameron and Truran,
1977). Because of the short half-life of °Al (0.73 Myr), it
is likely that the time interval between nucleosynthesis of
the 2°Al (assuming homogeneous distribution of 2°Al) and
other SLRs and the formation of refractory inclusions
was no more than about 1 Myr. This relatively short time
interval suggested that the supernova shock front that in-
jected the SLRs also triggered the collapse of the presolar
cloud (Cameron and Truran, 1977). While the basic mech-
anism was suggested by Cameron and Truran (1977), their
suggestion was not accompanied by modeling of the pro-
cesses involved.

3.1.2. Numerical modeling

Boss (1995) was the first to present detailed three-dimen-
sional hydrodynamics simulations of the interaction of a
shock front with a target presolar cloud of solar mass,
determining the conditions required for simultaneous trig-
gering of the collapse of the cloud to protostellar densities,
as well as injection of significant shock wave material into
the collapsing cloud core. Boss (1995) found that only rela-
tively slow shock fronts (10-25 km s™!) were suitable for
simultaneously triggering collapse and injection, implying
that the presolar cloud core must be located at a distance

of several pc or more from the massive star, as supernova
shock fronts start out with speeds of order 1000 km s™'.
The shock wave would be slowed down to the appropriate
speed by the snowplowing of intervening dense interstellar
cloud material in the several pc between the massive star
and the presolar cloud core. Foster and Boss (1996) showed
that the shock speed must be less than about 50 kms™! in
order for the shock front to be treated as a nearly isother-
mal gas. Higher speed shocks dissociate the molecular
hydrogen necessary for cooling the post-shock gas, result-
ing in a more nearly adiabatic shock thermal profile, i.e.
post-shock gas with temperatures roughly 100 times hotter
than the pre-shock gas. Foster and Boss (1996) showed that
while isothermal shocks could lead to simultaneous collapse
and injection, adiabatic shocks failed to trigger collapse,
and instead led to shredding and destruction of the target
cloud. Foster and Boss (1997) showed that the shock wave
material is injected into the presolar cloud through Ray-
leigh-Taylor fingers, which occur when a dense fluid (the
post-shock gas) is accelerated into a less dense fluid (the tar-
get cloud). Vanhala and Boss (2000) showed that these fin-
gers persist and become better resolved in calculations with
increasingly higher spatial resolution, confirming the reality
of this physical mechanism for injection. Injection can also
occur if the SLRs are carried by dust grains that can be shot
through the shocked gas into the target cloud (Boss, 1995),
but the Rayleigh-Taylor fingers mechanism allows even
post-shock gas and sub-micron dust grains carried along
with the gas to be injected as well into the collapsing cloud
that will form the solar system.

The highest spatial resolution models (Fig. 1, Vanhala
and Boss, 2002) imply that the Rayleigh-Taylor fingers per-
sist during the collapse down to ~30 AU scales, where the
SLRs would be injected in a spatially heterogeneous man-
ner on the scale of the solar nebula. While these models
are restricted to two spatial dimensions (axisymmetry about
the vertical axis seen in Fig. 1), the fingers appear to be well
resolved by the numerical code and so imply that the injec-
tion process will be spatially heterogeneous. Achieving a
more homogeneous distribution of the SLRs requires rapid
mixing of the SLRs (see Section 4.1). The SLRs injected
into the solar nebula would be a combination of those car-
ried along by the supernova shock front, as well as SLRs
ejected from deeper shells, which have time to catch up with
the slowed down leading edge of the shock and to be in-
jected into the nebula, and isotopes that have been swept
up by the intervening interstellar cloud material between
the massive star and the presolar cloud. In particular, if
the massive star was a W-R star that previously ejected sig-
nificant 2°Al during its stellar wind phase, these SLRs will
be swept up and injected as well. Given that ®Fe is also
synthesized in supernovae, this scenario can explain both
the injection of ®Fe from a supernova, as well as *°Al de-
rived from either the supernovae or a previous W-R star
phase. The formation of the FUN inclusions, without evi-
dence for live *°Al, has been suggested to result from the
formation of the first refractory solids in the nebula, prior
to the somewhat delayed arrival of the first Rayleigh-Tay-
lor fingers carrying the freshly synthesized 2°Al and other
SLRs (Sahijpal and Goswami, 1998).
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Fig. 1. Development of Rayleigh-Taylor fingers during triggered collapse of the presolar cloud (Vanhala and Boss, 2002). A 20 km s~! shock
front has struck the presolar cloud from above, triggering the collapse of the solar-mass cloud on the time scales shown. The thin contours
represent the target cloud, while the thick contours delineate the shock front material (color field), which forms multiple well-defined fingers,
allowing shock wave material to be injected into the presolar cloud and sprayed onto the surface of the solar nebula. (For interpretation of
colour mentioned in this figure, the reader is referred to the web version of this article.)

It remains to be seen how the injection process will work
with a fully three-dimensional cloud, and with a detailed
treatment of the shock front thermodynamics. The latter
point is especially germane, as Vanhala and Cameron
(1998) were unable to achieve simultaneous injection and
triggered collapse when they studied nonisothermal shock
fronts. Extending the triggered collapse calculations all
the way down to the scale of the solar nebula is another
challenge for the future, in order to better understand
how the disk injection and mixing processes occur and
interact with each other.

3.2. Aerogel model

3.2.1. Origin of the model

Looking at images of star-forming regions like the Orion
nebula (McCaughrean and O’Dell, 1996), the Carina nebula
(Smith et al., 2003), or NGC 6611 (Oliveira et al., 2005), one
can see low-mass stars forming in close proximity to massive
stars. This is not a situation unique to these few examples;

formation of Sun-like stars is very common in massive clus-
ters. Lada and Lada (2003) have conducted a complete cen-
sus of embedded protostars within 2 kpc of the Sun and
have concluded that 70-90% of protostars form in clusters.
Integration of the cluster initial mass function indicates that
out of all the stars born in clusters of at least 100 members,
about 70% will form in clusters with at least one star massive
enough to explode as a supernova (Adams and Laughlin,
2002; Hester and Desch, 2005). Hence more than 50% of
low-mass stars will form in association with a supernova.
As the massive star explodes, SLR-bearing ejecta will hit pro-
toplanetary disks within a few parsecs of the supernova. If the
disk survives the collision with the ejecta, some of the radio-
activities may be injected, most likely in the form of dust
grains (Ouellette et al., 2005). This scenario has been dubbed
the “aerogel” model, as the SLRs are injected in the disk in a
manner similar to interplanetary dust particles being col-
lected in aerogel.

The likelihood of the aerogel model has been called into
question recently by Williams and Gaidos (2007) and by
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Gounelle and Meibom (2008). These authors conclude the
probability of a disk being injected with Solar System levels
of SLRs during its first 1 Myr of evolution is <1%. They
base these conclusions on the improbability of a protoplan-
etary disk forming ~4 Myr after the supernova progenitor,
close enough to it to receive sufficient SLRs, but not so
close to be destroyed by the supernova explosion or (in
the Gounelle and Meibom, 2008 paper) photoevaporation
by the supernova progenitor. In fact, star formation is
widely recognized to be triggered in clusters with massive
stars, and to be an ongoing process (see Hester and Desch,
2005). Massive stars emit copious amounts of UV radiation
that ionizes surrounding gas and drives shocks into the gas;
these shocks locally and transiently increase the pressure,
which triggers star formation. This obviates concerns about
photoevaporation, because at typical rates of photoevapo-
ration (e.g., Gy <3 x 104, equivalent to being 1 pc from
an 06 star like ' Ori C, the central star in the Orion Neb-
ula), as calculated by Adams et al. (2004), more than 4 Myr
is required to strip gas down from <40 AU. Extrapolating
from their results, we estimate that even at 0.3 pc from such
a massive star, photoevaporation of a disk to <40 AU in a
radius would take longer than the assumed age of the disk,
<1 Myr. A dramatic example of this is the proplyd reported
in NGC 6357 by Hester and Desch (2005), which lies
~0.4 pc from an O If x star, which has already evolved
off the main sequence and will explode in <1 Myr. Prop-
lyds, rapidly photoevaporating protoplanetary disks, are
detectable only because they are still in the earliest stages
of photoevaporation, <10° yr old (Hester et al. 1996). The
disk in NGC 6357 will be peppered by ejecta from a close
(<0.4 pc) supernova within the first 1 Myr of its evolution.
The likelihood of this event depends on the typical proxim-
ity of new disks to massive stars, determination of which
awaits more complete data about the spatial distribution
of triggered star formation in massive clusters, which is
an active area of astronomical research. This issue is further
complicated by the fact that supernova ejecta are quite
clumpy, as in SN 1987A (Wooden et al., 1993) and Cas A
(Fesen et al., 2006); clumps of ejecta can significantly con-
taminate distant disks even as nearby disks are completely
missed by the ejecta. So it is premature to declare injection
of SLRs into disks to be improbable.

We note in passing that it may yet be the case that injec-
tion into disks, as in the aerogel model, is something that
happens to ~1% of disks, as calculated by Williams and
Gaidos (2007) and Gounelle and Meibom (2008). Even
so, this is a probability that should be compared only to
other models that successfully explain the abundances of
SLRs inferred from meteorites, especially ®°Fe because it
cannot be produced sufficiently within the Solar System.
AGB stars can produce %OFe, but are four orders of magni-
tude less probable than supernova injection into a disk. The
likelihood of injection of supernova material into a molec-
ular cloud, as in the supernova trigger model, has not been
assessed. Gounelle and Meibom (2008) reject the aerogel
model because of its perceived improbability, but their
alternative suggestion, inheritance of ®°Fe from the inter-
stellar medium, is not just improbable but impossible, as
0Fe injected by supernovae into the hot phase of the inter-

stellar medium decays completely before the gas can cool
and condense into molecular clouds (e.g., Harper, 1996;
Wasserburg et al., 1996; Jacobsen, 2005). This is to say that
improbabilities such as those calculated by Williams and
Gaidos (2007) and Gounelle and Meibom (2008) are only
meaningful in a comparative way, in the proper context.
And as stated above, it is not yet clear whether injection
into disks is as rare as they claim.

3.2.2. Disk survival

A disk sitting a few tenths of a parsec from a supernova
will be hit by fast moving ejecta, travelling a few -
10° km s~ !. Shocks of these velocities tend to shred apart
molecular cloud cores (e.g., Nittmann et al., 1982), and
numerical simulations show that only if the shock is sub-
stantially slowed can it compress the cloud core and trigger
star formation without shredding it (Vanhala and Boss,
2000; see Section 3.1). Protoplanetary disks differ from
cloud cores, however, in that they are much denser, more
compact structures, thanks to the gravitational pull of the
already formed protostars at their centers. The aerogel
model for SLR injection is therefore viable, provided one
can demonstrate that protoplanetary disks are largely resis-
tant to shocks.

Chevalier (2000) used momentum arguments to demon-
strate that disks will be partially stripped by, but will largely
survive, the impact of supernova ejecta. He argued that if
enough momentum from the ejecta could be transferred
to gas in the disk, the resulting disk gas velocity could be
greater than the local velocity of escape from the protostar,
which would lead to disk destruction. Simply put, the disk
may be stripped anywhere M;Vei/4nd” > XyqVese Where M,;
is the ejected mass, V;is the ejecta velocity, d is the distance
to the supernova, X4 is the surface density of the disk
[Zq=1700 (r/1 AU)""* gcm ™2 for a minimum mass disk,
Hayashi et al., 1985] and V. is the escape velocity in the
disk. Taking a supernova ejecting 20 M® isotropically at
a Ve = 2000 km s~!, sitting 0.1 pc from a disk, calculations
show that disk gas within ~30 AU of the central star should
survive, and only material outside 30 AU would be stripped
away. Comparable conclusions were reached using 1-D
hydrodynamic simulations (Ouellette et al., 2005).

Recent 2-D hydrodynamic simulations have shown that
disks are even more robust (Ouellette et al., 2007a). Simula-
tions have considered a variety of distances from the super-
nova, explosion energies and disk masses. A snapshot of a
disk being hit by ejecta can be seen in Fig. 2, and reveals
effects that are not considered by Chevalier (2000) or Ouel-
lette et al. (2005), that only manifest themselves in multidi-
mensional calculations. First, a bow shock forms around
the disk, slowing down the incoming gas and deflecting it
laterally, reducing the effective momentum imparted to
the disk. Second, the high pressures past the bow shock
compress the disk to a smaller size, making it less vulnera-
ble to stripping by the rapid-moving ejecta. It was found
that a 40 AU disk would survive almost intact a supernova
explosion 0.1 pc away, losing only 1% of its mass. However,
very little gaseous ejecta are injected in the disk during this
process: only about 1% of the gaseous ejecta intercepted by
the disk will make its way into the disk. If the SLRs are
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Fig. 2. Isodensity contours of protoplanetary disk being hit by
ejecta. Contours are spaced a factor of 10 apart, with the outermost
contour representing a density 107> gcm ™. Contours alternate
between full lines and dashed lines. The disk is substantially
deformed by the high pressures in the surrounding shocked gas.
Arrows indicate gas velocities as the ejecta are deviated around the
disk.

found in the gas phase of the ejecta, this model fails to ex-
plain the ratios seen in meteorites by roughly two orders of
magnitude.

3.2.3. Dust injection

All of the SLRs inferred from meteorites are relatively
refractory elements (even Cl is only moderately volatile;
Lodders, 2003). These elements should condense out of
the supernova ejecta as dust grains before colliding with a
disk. Colgan et al. (1994) observed the production of dust
640 days after SN 1987A, strongly suggesting that the Fe
and other refractory elements did condense out of the cool-
ing supernova ejecta, in less than 2 years. IR observations
of supernova remnants detect minimum dust masses on
the order of 107* M® (Dwek et al., 1992; Wooden et al.,
1993 for SN 1987A, Elmhamdi et al., 2003 for SN
1999em), or even >10">M® (Sugerman et al., 2006 for
SM 2003gd; Rho et al., 2008 for Cas A). The amount of ac-
tual dust present must be higher if the ejecta are clumpy and
the dust is hidden in optically thick clumps, as is commonly
observed (e.g., Wooden et al., 1993 for SN 1987A). Sub-
millimeter observations (which see into the clumps that
are optically thick in the infrared) of the galactic remnants
Cas A and Kepler suggest important quantities of dust
could be present, up to ~1 M® (Dunne et al., 2003; Mor-
gan et al., 2003).

The sizes of supernova dust grains are difficult to deter-
mine from astronomical observations. Solid-state emission
features from the dust in the Cas A remnant have been ob-
served and constrain the diameters of the dust grains to no
more than ~1 pm (Rho et al., 2008), but without imposing
a lower limit. From studies of presolar SiC X grains (from
supernovae) in the Murchison meteorites, a distribution of
sizes is inferred, consistent with a log-normal distribution
centered on 0.4 pm (Amari et al., 1994; Hoppe et al.,
2000). Other dust grains from supernovae observed in other
meteorites have similar sizes (Bernatowicz et al., 20006).

Such analyses from meteorites are necessarily restricted to
particles >0.01 um in size, and it is certainly possible that
supernovae produce smaller grains in abundance; indeed,
some condensation models (e.g., Kozasa et al., 1991) tend
to predict such small sizes. But we interpret the observed
turnover in X grain abundance at sizes <0.4 um to be reflec-
tive of the size distribution of supernova dust grains. In that
case, the vast majority of the mass of supernova dust resides
in larger particles ~1 pm in size.

Dust grains should be dynamically coupled to the super-
nova ejecta as they travel towards the disk. However, as
they cross the bow shock, the dust grains will feel a drag
force and may be deflected around the disk similarly to
the gaseous ejecta. However, simple calculations show that
this will not be the case. The dust trajectory can be sepa-
rated into two components: its vertical motion towards
the disk, and its radial motion away from the disk’s axis.
This radial motion will be due to the gas flowing around
the disk. The drag force F on a small highly supersonic par-
ticle in a rarefied gas is given by F = m‘ngvthAv, where r is
the dust radius, p, is the gas density, vy, is the gas thermal
velocity and Av is the velocity difference between the gas
and the dust. As initially the dust has no radial velocity,
Av can be approximated by the radial velocity of the gas-
eous ejecta flowing around the disk. Modifying this equa-
tion to obtain a, the acceleration experienced by a dust
grain, we get

- T p v Av 3 pyvnAy

(1)
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where p; is density of the dust grain. The dust grain will feel
this acceleration in the radial direction until it completes its
vertical trajectory from the bow shock to the edge of the
disk. The time taken for the dust to complete this trajectory
can be approximated as Ar = Az/v,;, where Az is the dis-
tance between the bow shock and the disk (~20 AU accord-
ing to Fig. 2), and v, is the velocity of the supernova ejecta,
the dust being coupled to it (~2000 km s~'; Ouellette et al.,
2007a). In that time, the gas flowing around the disk will
have deflected the dust grain a distance

Ay PA2 3 pvanvAZ @)
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From the simulations done in Ouellette et al. (2007a),
Av~200km s~ and pg~ 107"® gem™? in the bow shock
a few years after the initial collision between the ejecta
and the disk. In the bow shock, the gas temperature is
~108K, resulting in a gas thermal sound speed of
Ve ~ 2000 km s~ Assuming p;~25¢g cm3, a density
typical for silicates, the dust displacement in the radial
direction can be approximated by

-1
-
Ax =~ 1(] Mm) AU. (3)
From this simple calculation one can see that even small
grains, 0.1 pm in diameter, should not be deflected more
than 10 AU, and still make their way into the disk.

Of course, this is a simple calculation that assumed dust
grains will not slow their vertical motion towards the disk.
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In reality, gas drag will slow their velocity, and they will
spend more time in the bow shock than assumed in the pre-
vious paragraphs. In addition, the dust may stop in the
upper layers of the disk and be stripped away by the super-
nova ejecta flowing around it. Hence a numerical code was
written to compute the trajectories of the dust grains as they
travel through the bow shock towards the disk (Ouellette
et al., 2007b). Using the gas densities and velocities com-
puted in the Ouellette et al. (2007a) simulations, the trajec-
tories of dust grains of 4 different sizes (10, 1, 0.1 and
0.01 um) were followed. The drag coefficient used to com-
pute the drag forces on the grains were taken from Gom-
bosi et al. (1986). Their temperature is calculated using
assuming a balance between drag heating (Gombosi et al.,
1986) and radiative cooling. This was done for a variety
of impact parameters, every 0.5 AU between 4 and
30 AU, and every year until the gaseous ejecta no longer
hit the disk, 900 years after the initial contact. The dust is
followed until it stops, leaves the simulation boundary, or
vaporizes, when it reaches a temperature set to 1500 K.
The dust grains were considered injected if they vaporized
or stopped after they reached a depth in the disk where
the density is greater than 107'¢ g cm ™, which is within 3
scale heights of the midplane. At this depth, disk processes
dominate over the effect of the disk-ejecta collision, and the
dust should be protected from stripping by the supernova
ejecta.

The results of the computation can be found in Figs. 3
and 4. Integrating the results of the simulations over
900 years, it was found that more than 90% of the dust
grains larger than 1 um were injected. Even the smaller
0.1 pm dust grains were injected at a 70% efficiency. Only
the smaller 0.01 um dust was almost completely deflected.
Using these injection efficiencies and the grain size distribu-
tion described in Amari et al. (1994), it is possible to esti-
mate the percentage of the mass that will be injected in
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Fig. 3. Trajectories of 1 pm dust grains initially entrained in the
gaseous ejecta. This figure represents a zoom in of Fig. 2, with the
full and dashed lines representing the same density contours, and
the arrows indicating gas velocities. The thick lines represent the
trajectories of 1 pm dust grains moving towards the disk. The dust
grains decouple from the gaseous ejecta as they reach the bow
shock, and continue their trajectories towards the disk, in which
they are efficiently injected.
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Fig. 4. Trajectories of 0.01 pm dust grains initially entrained in the
gaseous ejecta. The lines and arrows are the same as in Fig. 3,
except the thick lines, which now represent the trajectories of
0.01 um dust grains. As it crosses the bow shock, the dust is
deflected away from the disk, flowing around it.

the disk. On average, more than 90% of the dust mass is in-
jected deep into the disk. If this size distribution of dust
grains condensed from the supernova ejecta is similar to
what is observed in meteorites, the majority of the SLRs,
condensed into dust grains, should make it into the disk.
Even if the average dust grain size is smaller, ~0.1 pm,
more consistent with the size distribution of interstellar
grains (Mathis et al., 1977), about 70% of the SLR bearing
dust grains should be injected into the disk. The lower dust
injection efficiency can be offset if the protoplanetary disk is
situated closer to the supernova, intercepting a larger
amount of ejecta, or if the disk is hit by a denser clump
of ejecta from an inhomogeneous explosion.

3.2.4. Matching meteoritic observations

The aerogel model can easily explain the existence of
FUN inclusions devoid of 2°Al, as the disk is already
formed when the SLRs are injected, allowing ample oppor-
tunity for the first solids to form in a SLR-free environment
prior to the injection. In addition, this scenario could be
consistent with a decoupling of *°Fe and 2°Al if the super-
nova progenitor was massive enough to enter a Wolf-Rayet
phase before exploding (Bizzarro et al., 2007). During a
Wolf-Rayet phase, powerful winds from the star will eject
large amounts of 2Al from the star; later, during the super-
nova proper, ®°Fe is ejected in the explosion. One can con-
sider a “hybrid” model where Wolf-Rayet winds trigger the
collapse of a molecular cloud core, injecting *°Al in the pro-
cess, and the following supernova injects the °°Fe in an al-
ready formed disk. The details of this hybrid model have
not yet been worked out.

4. MIXING IN THE DISK

The initial distribution of SLRs in the solar nebula is ex-
pected to be highly non-uniform, whether the SLRs are de-
rived from supernova triggering and injection or from the
aerogel scenarios. Use of SLRs such as 2°Al as nebula chro-
nometers requires an initially nearly homogeneous distribu-
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tion of SLRs. Mixing of these SLRs in the disk may occur
on the large scale in the disk, via disk instability, or on the
smaller scale, via turbulent diffusion. In this section, the
physics driving these mixing mechanisms will be described,
and their efficiency at mixing inhomogeneously injected
SLRs in the disk will be discussed.

4.1. Disk instability

An attractive means for explaining isotopic homogeniza-
tion is through the large-scale transport and mixing associ-
ated with the dynamics of a marginally gravitationally
unstable disk of the type that seems to be necessary to form
Jupiter by either the disk instability or core accretion mech-
anisms for gas giant planet formation (Boss, 2004). Three-
dimensional models of the evolution of the solar nebula
show that such a disk is likely to form multiple spiral arms,
capable of the rapid inward transport of gas and dust to the
central protostar, as well as the outward transport of angu-
lar momentum and a smaller fraction of the disk’s gas and
dust. SLRs injected onto the inner disk can be transported
inward onto the central protostar and outward to the edge
of the disk on time scales of only 1000 yr by these vigorous
gravitational torques (Figs. 5 and 6).

In addition to rapid transport, marginally gravitation-
ally unstable disk models show that the initially strongly
heterogeneous distribution of newly injected SLRs are
equally rapidly homogenized by the mixing accompanying
the large-scale transport of the disk gas and dust. Any dust
grain smaller than about 1 cm will be effectively tied to the
gas during such short time scales and so can be transported
over distances of 10s of AUs and homogenized to a high de-
gree as well. The evolution of the dispersion of the number
density of injected SLRs to the mean density shows that the
initial heterogeneity decays to a level of homogeneity of or-
der 10% within a few thousand years as a result of the grav-
itational torques (Fig. 7). This level of homogeneity and
rate of homogenization appears comply with the homoge-
neity required for use of 2°Al as a chronometer and is con-
sistent with the homogeneity observed in the three stable
oxygen isotopes (Clayton and Mayeda, 1996; Boss, 2007).
This mixing and transport occurs via clearly defined physi-
cal processes and appears to be a natural outcome of the
same processes that lead to gas giant planet formation. It
also acts independently of turbulent diffusion, but turbulent
diffusion also may operate and further mix on small scales.

4.2. Turbulent diffusion and radial flows

To the extent that turbulence exists in protoplanetary
disks, it seems inevitable that small grains will be diffused
by the turbulence. A detailed review of the relevant pro-
cesses has been given by Cuzzi and Weidenschilling
(2006). The evidence for turbulence in protoplanetary disks
is quite strong. Observations show that not only do proto-
planetary disks accrete mass onto their central stars; in the
absence of external effects (e.g., photoevaporation), disks
also grow in size over time (their outer radii increase) in a
manner consistent with viscous spreading (Hartmann
et al., 1998; Calvet et al., 2005). Models of viscous radial

CPMAX=10.1000 CONDIF= 0.1000 R= 0.30E+15

T—r—T—T R T T T

Fig. 5. Logarithmic contours of the color field density divided by
the disk gas density (e.g., log of the abundance ratio 2°Al/>’Al) in
the disk midplane at a time of 227 yr after the color was sprayed
onto the disk surface into a ring 90 degrees in azimuth centered on
6 AU (labeled box with “i”’) from Boss (2007). Contours represent
changes by factors of 1.26 up to a maximum value of 10.1, on a
scale defined by the gas disk density. The region shown is 20 AU in
radius with a 4 AU radius inner disk hole. The color/gas density
ratio is highly non-uniform at this early phase, before the
marginally gravitationally unstable disk has had a chance to
transport the color field radially inward and outward and to mix
the field with the disk gas. (For interpretation of colour mentioned
in this figure, the reader is referred to the web version of this
article.)

R= 0.30E+15
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Fig. 6. Same as Fig. 5, except at a time of 3484 yr, from Boss
(2007). Contours represent changes by factors of 1.26 up to a
maximum value of 8.0, on a scale defined by the gas disk density.
The abundances of SLR injected by a supernova are rapidly
homogenized, except for inside very low gas density regions
adjoining the artificial inner and outer boundaries.

spreading (e.g., Lynden-Bell and Pringle, 1974) invoke a
vertically averaged turbulent viscosity parameterized as
v = acH, where c is the local speed of sound, H is the local



4956 N. Ouellette et al./ Geochimica et Cosmochimica Acta 73 (2009) 49464962

1.5 g T
i
>
o
@
£ 1f :
o
w
]
]
~
™
)
o
o
© 05 | .
1]
7]
o
a =0 or0.0001
5 S S S S S S S S ——
0 1000 2000 3000 4000

time in years

Fig. 7. Time evolution of the dispersion from the mean (i.e.
standard deviation, or the root of the sum of the squares [RSS] of
the differences from the mean) of the color field density divided by
the gas density (e.g., 2°Al/*’Al abundance ratio) in the disk
midplane for the model shown in Figs. 5 and 6 from Boss (2007).
The color field is sprayed onto the disk surface at a time of 200 yr.
Starting from high values (RSS at 200 yr is >>1), the dispersion
decreases on a timescale of ~1000 yr and approaches a steady state
value of ~10%, independent of the presence of turbulent diffusion
of the color field with respect to the gas (varied alpha values).

scale height of the disk gas, and « is a dimensionless param-
eter (<1) that measures the degree of turbulent mixing and
turbulent transport of angular momentum in a disk. Obser-
vations of protoplanetary disks in the Taurus Molecular
Cloud suggest that o ~ 1072, at least for disks in that region
(Hartmann et al., 1998). Both gravitational instabilities and
magnetorotational turbulence are consistent with this value
of o. (Gammie, 1996; Gammie, 2001).

Within protoplanetary disks, the orbital velocities of
annuli of gas scale as 2, 50 that adjacent annuli are gen-
erally sliding relative to each other; the role of turbulent vis-
cosity is to couple these annuli so they can exchange
angular momentum. As one annulus gives up angular
momentum and spirals into the star, an adjacent annulus
gains angular momentum and spirals outward. The total
gravitational potential energy of the annuli always de-
creases and is dissipated as frictional heat by the viscosity,
but gas can radially diffuse because the annuli are forced to
spread apart radially. Because this process describes a diffu-
sion of mass, the net flow of gas depends on the distribution
of the mass in the disk, but is shown to be
V.=3(p+ q — 2)v/r, where the disk surface density falls
as X(r)~r? and the temperature falls as T(r) ~r ¢
(Desch, 2007). If the surface distribution does not fall off
too steeply with radius, then the net motion is inward, with
magnitude of 1-10% cm s~! for typically assumed parame-
ters. The typical advection timescale of SLR-bearing grains
in the protoplanetary disk is therefore ~r/V, ~ r*/v, ~(r/
H)*/(0Qg), where Qg is the Keplerian orbital frequency.
Assuming r/H ~ 20 and « =0.01, the advection timescale
is ~0.3 Myr.

Very small solids are entrained in the gas, but larger par-
ticles tend to spiral in towards the star, relative to the gas,
due to gas drag. Because the gas pressure decreases with
heliocentric distance, gas feels an outward force that coun-
teracts gravity and causes it to orbit slightly slower than the
Keplerian velocity (Weidenschilling, 1977). Weidenschilling
(1977) calculated the inward drift rates for bodies of differ-
ent sizes and found that ~meter-sized bodies drifted inward
the fastest, typically at rates equivalent to the difference in
the gas orbital velocity and a Keplerian orbital velocity
(AV ~ 10-100 m s~1). For smaller particles, such as those
considered here, Cuzzi and Weidenschilling have shown
that the drift velocity can be approximated by
Voqa ~ —25tpVk where B is AVIVg, which likely falls in
the range of 0.001-0.01, and S? is the dimensionless Stokes
number, the ratio of the particle’s aerodynamic stopping
time £ = psc/pga (Where p; is the density of the solid whose
radius is a, and p, is the local density of gas) to the overturn
timescale of the largest eddy, assumed to turn over on a
time fp = 1/Qg. For micron-sized grains, the gas drag in-
duced velocity is <1 cm s~!, meaning it would take nearly
10 Myr to travel inward 30 AU. These timescales are re-
duced, however, as micron-sized grains are incorporated
into larger particles, decreasing to ~10* years for meter-
sized bodies.

In addition to being advected in an average sense, the
distribution of grains within the disk will also diffuse be-
cause of the turbulence. Diffusive transport of gas and of
solids entrained in the gas is a distinct process from angular
momentum transport and the net motion of the gas. The
coefficient parameterizing the diffusion of gas is
D =(Sc)~' v, where Sc is called the Schmidt number; it is
a dimensionless number of order unity, but is not identical
to 1, and must be computed for each mechanism consid-
ered. If the turbulence is due to the magnetorotational
instability, computer simulations show Sc=4.6 «**° for
diffusion in the radial direction, and Sc = 23.5 o>*° for dif-
fusion in the vertical direction (Johansen et al., 2006). How-
ever, for « =0.01, this implies Schmidt numbers on the
order of 1.5-3, and the timescale for diffusion, ~r?/D, is
comparable to the timescale for advection. Very small par-
ticles are dynamically well coupled to the gas and diffuse
equally fast, but larger particles diffuse more slowly. The
diffusivity of dust particles is D/(1 + St). This reduction in
diffusivity is important for larger particles, but for mi-
cron-sized SLR-bearing supernova grains considered here,
St <<1, and diffusion and advection work equally fast,
on ~Myr timescales.

Radial advection, especially in the one-dimensional pic-
ture considered above, more or less preserves compositional
gradients in the disk and is not expected to homogenize
material. Diffusion, on the other hand, will mix material
on scales comparable to the sizes of the turbulent eddies
doing the mixing. To first order, turbulent diffusion can
be considered to mix dust efficiently in the nebula on time-
scales ~ 0.3 Myr (2/0.01)~! Myr. Several caveats must be
kept in mind, however. Gas drag will radially sort grains
of different sizes; growth of particles will greatly complicate
the analysis. Exchange between solids and gas will also be
significant. Ciesla and Cuzzi (2006) explicitly modeled the



Injection mechanisms of SLRs and their homogenization (54 characters including spaces) 4957

combined effects of diffusion, advection, particle growth,
and gas drag migration of water-bearing species in an
evolving protoplanetary disk. It was found that the com-
bined action of all these processes would lead to large-scale
mixing, but that radial gradients in the concentrations of
water developed that varied with time. Whether such gradi-
ents would be recorded in the chondritic meteorites or
planetesimals would depend on how the timescale for the
formation of these bodies or their components compared
to the transport times identified above. If the formation
timescale was short, then these bodies would be more likely
to record concentration gradients, whereas longer forma-
tion timescales would likely record a more uniform, homog-
enized nebula. What is clear from this analysis is that radial
mixing is not straightforward to understand.

An additional complication is worth noting. Thus far
mixing calculations have largely considered one-dimen-
sional (radial) models for mixing in the solar nebula. Re-
cently, Ciesla (2007) demonstrated the importance of
considering the vertical structure of the nebula when look-
ing at large-scale radial mixing. Because the gas properties
(density, pressure and their respective gradients) vary with
height above the disk midplane, the viscous stresses and
the interactions of the solids with the gas are expected to
not only vary with radial distance from the star, but also
vertical location as well. If one makes the simplifying
assumption that Reynolds stress scales as the local gas pres-
sure times a uniform o, it is possible to show that material
would be transported outward along the midplane more
efficiently than recognized in previous models, whereas in-
ward transport is more efficient along the surfaces at high
altitudes. Given that the injected material will likely come
to rest 3-4 scale heights above the disk midplane, this sug-
gests that delivery of injected material to the inner solar sys-
tem could be more rapid than the timescales quoted above.

Turbulent diffusion is likely to mix SLRs throughout the
disk very effectively, on short timescales (~0.3 Myr), but
quantification of this mixing requires much additional work
and a better understanding of the causes of turbulence in
disks.

5. INJECTED SLRS AND EXPECTED ABUNDANCES
5.1. SLRs abundances

Incorporation of fresh stellar matter into the solar cloud
or the Sun’s protoplanetary disk will alter pre-existing iso-
topic abundances. We typically may write

Ni - Aj fMI(.ej)ef/l,A

~ 4
N, 4, MOx @

J

Here, N is the abundance of a given species, fis the fraction
of bulk supernova ejecta that is incorporated into the disk,
M is the mass of a species in the ejecta that can be incor-
porated into the Solar System, M is the mass of pre-injec-
tion material, A is the decay rate, A is the decay interval and
X is the mass fraction of a species. The subscripts i and j de-
note different species. As an example, we consider the
26A1/77 Al system. We take isotope i to be 2°Al and isotope
j to be *’Al. The Solar System mass fraction of ?’Al is

5.80 x 1073 (Lodders, 2003). For discussion, we consider
the case in which the bulk ejecta from a well-known 25 solar
mass stellar model (Meyer et al., 1995) are solely responsi-
ble for the short-lived radioactivities in the early Solar Sys-
tem. In this model, the bulk ejecta contain 10~* solar
masses of 2°Al. To explain the canonical ratio 5 x 107> in
early Solar System minerals (MacPherson et al., 19995),
then, we require that a fraction

f=28x107 x MO x 072 (5)

(where A is in Myr) of the 23.5 solar masses of ejecta mix in
with the M® solar masses of pre-incorporation material. If
M® =1 solar mass and A = 1 Myr, we find f=7.4 x 107%.
This suggests a fraction F = 1.7 x 107> of the Solar System’s
mass came from the last incorporation event. If the stellar
matter were incorporated into a 0.01 solar mass protoplane-
tary disk after formation of the Sun, f=7.4 x 107® with a
1 Myr decay interval. In this case again, a fraction
F=1.7 x 1073 of disk matter is due to the late incorporation
of matter.

Although the picture of injection of a fraction of the
bulk ejecta from a massive star provides an order of magni-
tude estimate of the abundance effects we can expect, it is
not a particularly plausible model. It is certainly more likely
that only certain stellar layers get injected into the Solar
cloud or protoplanetary disk either due to hydro-dynamical
processes in the stellar outflow or the injection event or to
preferential injection of particular chemical forms of the
stellar ejecta. The simplest elaboration is to consider that
only the stellar layers outside an injection “mass cut” can
be incorporated into the early Solar System. Such a mass
cut is plausible on physical grounds since the outer stellar
layers are the most likely to be injected; however, its pres-
ence has also been suggested to avoid injection of too much
3Mn into the early Solar system (Cameron et al., 1995;
Meyer and Clayton, 2000; Meyer, 2005).

More complex models have been suggested in an attempt
to better match the ratios predicted from supernova injection
to the ones measured in meteorites. The use of a supernova
with mixing-fallback, where the inner region of the exploding
star experience mixing, then a fraction of this material gets
ejected while the rest undergoes fallback onto the core, has
been suggested as a way to better match the meteoritic abun-
dances (Takigawa et al., 2007; Miki et al., 2007; Tachibana
etal., 2007). Agreement to within a factor of 3 can be reached
for 2°Al, *'Ca, >*Mn, and ®°Fe with this type of supernova.

Recent work by Ellinger et al. (2007) goes beyond a sin-
gle mass cut used in previous models in an attempt to sim-
ulate the effect of inhomogeneous mixing of the ejecta.
Instead of using a single mass cut to delimitate the bound-
ary between material ejected in the explosion and material
falling back on the star, the model uses three different mass
cuts, separating three different shells. The position of these
mass cuts and the relative amount of each shell injected in
the disk is computed to best fit the observed SLR ratios.
The results of these calculations can be seen in Table 2.
Most of the ratios predicted by the computation match
the adopted abundances to within 10%, demonstrating that
a single supernova can plausibly explain the abundances
observed in meteorites.
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5.2. Stable isotopic anomalies

We now consider the possible stable isotopic anomalies
that might arise from an inhomogeneous incorporation of
fresh stellar matter into the Solar System. If some Solar
System body (for example, the Sun itself, a meteorite parent
body, or simply a primitive mineral later incorporated into
a larger object) formed out of pre-injection matter, it would
have an isotopic anomaly with respect to Solar System
average material, which arises from the mixture. The result-
ing anomaly would have the magnitude

s = [ g =] < o0
- {f(loi%;o?)} % 1000 (6)

where F'is the fraction of the final mass of the mixture con-
tributed by the stellar matter and O; = X% /X, is the over-
abundance of species i in the fresh stellar ejecta
incorporated into the Solar System using per mil notation.
To get some idea about the magnitude of such anomalies,
we consider injection of a fraction of the bulk ejecta from
the 25 solar mass model discussed above (Meyer et al.,
1995). For a time delay of 1 Myr, the f required to explain
the early Solar System abundance of °Al was found to be
1.7 x 1073, From the same stellar model, we would expect
bulk overabundances of '°0O and O of 14.4 and 10.5,
respectively with respect to solar system abundances (Lod-
ders, 2003). Should one find a sample composed of purely
pre-mixed material, the expected anomaly in oxygen would
be 870 =+6.9 per mil. A stable isotope anomaly of this
magnitude is certainly observable, and the lack of such
anomalies in meteoritic materials has been used to argue
against an inhomogeneous distribution of short-lived radio-
activities arising from injection of fresh stellar matter to ex-
plain the abundance of Al in the early Solar System. More
recently the possible presence of such anomalies in oxygen
in the Sun relative to meteorites has been suggested as a
possible test of the model of injection of short-lived radio-
activities into the protoplanetary disk (Gounelle and Mei-
bom, 2007).

The use of oxygen isotope anomalies as a test of injec-
tion models is, unfortunately, complicated by many factors,
not least of which is the discovery of pristine pre-injection
samples. Even if such samples were found and an isotopic

Table 2
SLR ratio using an optimal mix of shells.

Ratio Adopted value Predicted value
26A1/77Al 4.5 %107 4.1x%107°
c1/2°Cl 3.0x 107° 33 %107
ca/*Ca 1.4 x 1078 1.5%x 1078
3Mn/>Mn 2.0x 1073 2.0x 1077
OFe/>°Fe 1.0 x 107° 9.3 x 1077
107pq/1%8pq 5.0x 1073 72 %1073
1821 f/1804 £ 1.1 x 107 1.5x 107

Injecting ejecta from a 21 M, supernova (Rauscher et al., 2002)
into a solar composition disk (Lodders, 2003) (A = 0.8 Myr).

shift measured, it would be difficult to disentangle the isoto-
pic shifts from mixing from other chemical isotopic frac-
tionation processes. It is not even clear what isotopic shift
should accompany injection of short-lived species into the
solar cloud or protoplanetary disk, as we now discuss.

First, the predicted stable isotope anomalies will cer-
tainly depend on which stellar layers are injected. With
exceptions for certain key isotopes like 70, the degree of
production of isotopes in a star is most pronounced in
the innermost layers and decreases outward. Injection of
only the outermost layers would thus result typically in
smaller anomalies than would result from injection of a
fraction of the bulk ejecta (Nichols et al., 1999a). This is
not true for 7O for the 25 solar mass model discussed
above, however, since the largest overabundance of 70 is
in the outer envelope. Indeed, the predicted 7O anomaly
becomes 3(170/'80) = —25 per mil if only the outer stellar
envelope is injected.

The second caution is that abundance yields from stellar
models have uncertainties due to uncertainties in the input
physics for the models, and these can have significant effects
on the resulting predictions of stable isotope anomalies
accompanying injection of fresh stellar matter. For exam-
ple, the cross sections for reactions on '"O have been re-
vised (Angulo et al., 1999; Blackmon et al., 1995) over the
last ten years leading to nearly ten-fold reductions of the
yields of 'O from models of massive stars (Limongi
et al., 2000; Rauscher et al., 2002). On the other hand,
the cross sections for reactions governing the 'O abun-
dance were on firmer ground, so the massive star '°0 yields
have not changed much. As a consequence, the improved
nuclear physics input to the stellar models leads to a four-
fold increase in the expected '70O/'®0 anomaly arising from
an inhomogeneous distribution of short-lived radioactivi-
ties in the early Solar System if we assume injection of bulk
stellar ejecta. If we instead assume injection of only the out-
er envelope of the star, however, the anomaly drops from
—25 per mil to about —1 per mil because the outer layers
in massive stars are now little enriched in 'O and only
slightly depleted in '°O.

Another caveat is the possible discrepancy between the
initial composition of the stellar models and that of the
pre-injection cloud or disk composition. The stellar model
yields we use are from models that begin with a solar abun-
dance distribution. The Solar abundance distribution, how-
ever, is a result of the mixture of stellar debris and the pre-
injection cloud or disk, so we would not in general expect
the injecting star to start with this particular mixed compo-
sition. This discrepancy is not typically a problem for the
question of the short-lived radioactivities because the cloud
or protoplanetary disk did not contain much of the short-
lived species prior to the injection and the abundance of
the reference stable isotope is only altered a small amount
by the incorporation of fresh stellar matter. For stable iso-
topes, however, the effect can be important.

One approach to addressing this inconsistency is to rede-
fine the solar composition to be that resulting from the mix-
ture of pre-injection matter, which can be taken to have the
solar composition, and fresh stellar debris. The overabun-
dances O; then are to be computed from the post-mixture
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mass fractions. This aligns the initial compositions of the
star and the cloud or disk.

Nevertheless, the effect of systematic errors in the input
to the stellar models remains. There is no guarantee that the
solar abundance distribution used as the starting composi-
tion in the above procedure is consistent with the stellar
models. In particular, we know that it is not possible to
reproduce the solar abundance distribution with Galactic
chemical evolution models and current stellar model yields
(Nichols et al., 1999b; Timmes et al., 1995).

An approach to handling the stellar model errors is to
run a chemical evolution model of the Galaxy. This proce-
dure provides a proxy composition into which we can mix
the fresh stellar debris (Nichols et al., 1999a). The idea is
that systematic errors in the input to the stellar models will
appear in both the composition of the pre-injection cloud
or disk and in the stellar ejecta. This “normalization” pro-
cedure helps provide a more realistic estimate of the magni-
tude of stable isotope anomalies accompanying injection of
fresh stellar matter; however, one must recognize that it can
introduce its own errors (Meyer et al., 1999), and the dis-
crepancy between the initial compositions of the disk or
cloud and that of injecting star remains.

The ideal procedure for estimating the magnitude of sta-
ble isotope anomalies arising from an inhomogeneous dis-
tribution of fresh stellar ejecta in the early Solar System is
a boot-strapping Galactic chemical evolution model that
computes the yields for the next generation of stars from
those in the current generation. Unfortunately, this is prob-
ably several years away. Until these models are available,
we should continue to keep in mind the subtleties that exist
in our estimates of stable isotope anomalies from injection
of fresh stellar matter.

6. CONCLUSION

Short-lived radionuclides provide an important window
into the past of the Solar System. They can be used to time
events in the early Solar System, provided that their abun-
dances were determined by an event with a finite extent in
time, and that their abundances were uniform throughout
the protoplanetary disk. These requirements are predictions
of two models for the origins of SLRs. One, the supernova
trigger model, hypothesizes that a local supernova triggered
the collapse of the Sun’s molecular cloud core at the same
time it injected radionuclides into it. The other, the aerogel
model, hypothesizes that the Solar System disk had already
formed when it was pelted by dust grains from a supernova
<1 pc away. In each model, the injection of SLRs occurs
rapidly and before most of the disk’s evolution.

Both models are consistent with the finite temporal ex-
tent of the injection. This is to be compared to models in
which SLRs are continuously created over the lifetime of
the disk, such as the X-wind model (Gounelle et al.,
2001). Both models are also consistent with the existence
of FUN inclusions, which contain no 2°Al, and presumably
formed before the injection. Both models are also poten-
tially consistent with homogenization within the disk. Both
turbulent diffusion and gravitational instabilities can
homogenize SLRs within disks on rapid timescales, ~10°

years or less. Better quantification of the rates of homoge-
nization will require a more complete understanding of
the processes at play in disks. It has not yet been established
that protoplanetary disks are gravitationally unstable or are
subject to the magnetorotational instability; however,
observations of viscous spreading of disks suggests one or
both of these mechanisms operates in protoplanetary disks.

An origin of SLRs in supernova ejecta is consistent not
only with the rough magnitude of the SLR abundances, but
with the relative proportions of SLRs as well. If only mate-
rial outside of a given “mass cut” is injected, the relative
proportions of all the SLRs (except '°Be, which has a sep-
arate origin) are reproduced to within factors of 2 or so. Of
course, imaging of actual supernovae show that the explo-
sions are highly anisotropic and clumpy. By injecting vary-
ing proportions of ejecta from three distinct regions in the
supernova, the SLR abundances can be reproduced to with-
in 10%, which rivals the accuracy of the meteoritic
measurements.

The injection of SLRs will lead to “collateral damage”,
as anomalous abundances of stable isotopes will be injected
as well. The lack of an observed anomaly in A'’O has been
invoked as evidence against supernova injection by Goun-
elle and Meibom (2007). However, observations of super-
novae show that not all layers of the supernova will be
injected into the solar nebula with equal efficiency. More-
over, the extent of the stable isotopic anomalies within
the ejecta is difficult to calculate, due to uncertainties in
reaction rates. Depending on the details of the injection
of supernova material, no anomaly in A'’O need accom-
pany injection of other SLRs like 2°Al.

In conclusion, theoretical models of injection and mix-
ing show that SLRs in supernova ejecta can easily be in-
jected into the solar nebula — either through triggering of
the collapse of the Sun’s cloud core, or by injection into
the disk. Homogenization is rapid. The use of SLRs as
chronometers appears justified. The existence of SLRs like
26A1 and ®°Fe points to the Sun’s birthplace as being in the
neighborhood of a massive star that exploded as a
supernova.
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