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Introduction: Understanding the origins of the
short-lived radionuclides (SLR) in the early Solar
System is key to understanding the origin and evolution of the Solar System itself. The presence of
60
Fe at the time of the formation of the Solar System, with an abundance of 60 Fe/56 Fe ∼ 0.3 − 1 ×
10−6 [1-3] indicates that it was near a massive star
that went supernova. No other source can plausibly explain the presence of this radionuclide. Its
half-life is too short (1.5 Myr) for it to have been
inherited from the interstellar medium [4]. As it
is a neutron-heavy isotope, irradiation models produce too little of it [5,6]. Asymptotic-giant-branch
stars have been suggested as a source of 60 Fe [7,8],
but these stars are not commonly found near starforming regions. The probability of an AGB star
contaminating the early solar system is less than
3 × 10−6 [9]. However, massive stars that will explode in a supernova are commonly found in close
proxmity to star-forming regions and protoplanetary disks, in regions like the Orion nebula[10], the
Carina nebula [11] or NGC 6611 [12] for example.
When these massive stars go supernova, the disks,
only a few ×0.1 pc from the explosion, will be pelted
with SLR-rich ejecta. In this abstract, we review
previous results from simulations of the interaction
between a protoplanetary disk and gaseous ejecta,
and then discuss new results regarding the injection
into the disk of SLR-bearing supernova dust grains
condensed from the ejecta.
Previous work by Ouellette et al. (2007) [13] has
focussed on the interaction between a protoplanetary disk and supernova ejecta hitting it face on.
A 2-D hydrodynamics code, based on the Zeus algorithms [14], was written to quantify this interaction. In addition to the features included in Zeus,
gas cooling was added to increase the accuracy of
the simulation, and a color ﬁeld was added to follow
the position of the gaseous ejecta in the simulation.
The adequacy of the numerical resolution used (typically 76 x 120 zones) was demonstrated by using
several global quantities to compare to a higherresolution run (156 x 240 zones). The quantities
(e.g., globally mass-weighted velocities and velocity
dispersions), identical to those used by [15] to test
for numerical convergence, plus quantities unique
to our case (mass injected into the disk, mass lost

from the disk), agreed to within 10% for the two
runs, indicating reasonable convergence. Simulations were made varying a number of parameters
including distance from the supernova, the supernova explosion energy and the protoplanetary disk
mass. It was found that, in all simulations, a bow
shock forms early on, protecting the disk as it deviates the gas around it. The disk easily survives
the collision with the gaseous ejecta with very little mass loss (< 1%). It was also found that some
of of the gaseous ejecta was mixed in via KelvinHelmholtz instabilities; however only a small fraction ∼ 1% of the intercepted ejecta ﬁnds its way
into the disk.
Most of the gaseous ejecta ﬂows around the disk,
with a very small fraction being injected into the
disk. If only the gaseous ejecta is considered, this
injected amount would be insuﬃcient to explain the
SLR ratios seen in meteorites by about two orders of
magnitude. However, SLRs in the supernova ejecta
will not be in the gas phase, but will have condensed
rapidly into dust grains long before they encounter
the protoplanetary disk. As the gas phase passes
the bow shock, gets deviated and ﬂows around the
disk, but the dust grains will decouple from it and
continue their trajectories towards the disk. Their
trajectories are governed by the gas drag equation
F = −πa2 CD ρg d | v d − v g | (v d − v g ),

(1)

where a is the radius of the dust, v d and v g are the
velocities of a dust grain and the gas in its vicinity,
and ρg is the local gas density. The drag coeﬃcient CD is a function of the relative velocities between gas and dust and the gas temperatures, but
approaches 2 at highly supersonic relative velocities [16]. As the dust travels towards the disk, drag
forces will heat it up, and heat will be radiated away
from it, cooling it down. Assuming radiative equilibrium, the dust temperature Td is derived from a
balance between frictional drag heating and cooling
by emission of infrared radiation:
σTd4 = σTr4 + ρg CH (Trec − Td ) ,

(2)

where σ is the Stefan-Boltzmann constant, and the
“recovery temperature” Trec and heating coeﬃcient
CH are functions of the gas temperature and the
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relative velocity between gas and dust [16]. Here a
wavelength-averaged emissivity  ≈ 0.8 is assumed,
and a lower limit to the grain temperature is imposed by including absorption of background radiation with characteristic temperature Tr ≈ 100
K. Using these equations, a program was written
to follow the trajectories of dust grain using the
gas characteristics taken from [13]. A dust grain
was positioned at every radial AU, from 4 AU (the
innermost boundary) all the way to 40 AU, and
followed until it was stopped inside the disk, left
the simulation boundary, or burned up by reaching
Td = 1500 K. For these simulations, we considered
4 grain diameters: 0.01, 0.1, 1 and 10 microns, consistent with the size distribution of presolar SiC X
grains from supernovae [17, 18].
Figure 1 shows the gas isodensity contours and
velocity vectors 100 years after the supernova ejecta
initially hit the disk, 0.3 pc away. Superimposed
on it are the dark lines showing the trajectories of
supernova grains with diameters of 0.1 µm. These
are hardly deﬂected after passing through the bow
shock and are injected with near perfect eﬃciency
into the disk. Larger grains are deﬂected less, but
smaller grains are deﬂected considerably more, a
consequence of their shorter stopping lengths. Figure 2 shows the percentage of dust grains that are
injected deep into the disk (ρg > 10−19 g cm−3 ) as
a function of dust diameter. Black denotes the percentage of grains that burn up upon entry. Larger
grains (∼ 10 µm) have a greater tendency to evaporate upon entering the disk than grains 0.1 − 1 µm
in diameter. Grains smaller than about 0.1 µm tend
to be deﬂected around the disk. The typical diameter of supernova X grains is 0.1 − 1 µm and the
mass-averaged injection eﬃciency is about 30%.
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The eﬃciency of dust injection is insensitive to
the distance of the supernova, and should be ≈
30% at a distance of 0.1 pc. If so, then the abundances of SLRs are readily explained. Using the
isotopic abundances of supernova ejecta from [19],
we calculate initial ratios 26 Al/26 Al = 4.4 × 10−5 ,
60
Fe/56 Fe = 3.7 × 10−7 , consistent with meteoritic
ratios. We are currently conducting a more careful
parameter study to better quantify the injection ratios as a function of distance from the supernova.
Future calculations will more careful consider the
fate of dust as it enters the disk, and investigate
mixing of injected radionuclides within the disk.
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