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ABSTRACT

The presence of short-lived radioisotopes (SLRs) in Solstesn meteorites has been inter-
preted as evidence that the Solar system was exposed torasupshortly before or during
its formation. Yet results from hydrodynamical models ofSinjection into the proto-solar
cloud or disc suggest that gas-phase mixing may notfbeient enough to reproduce the
observed abundances. As an alternative, we explore thetiorjeof SLRs via dust grains as
a way to overcome the mixing barrier. We numerically modelititeraction of a supernova
remnant containing SLR-rich dust grains with a nearby mdkeccloud. The dust grains are
subject to drag forces and both thermal and non-thermatesjng. We confirm that the ex-
panding gas shell stalls upon impact with the dense cloudlatdyas-phase SLR injection
occurs slowly due to hydrodynamical instabilities at theucl surface. In contrast, dust grains
of sufficient size £ 1 um) decouple from the gas and penetrate into the cloud withdityr.
Once inside the cloud, the dust grains are destroyed byespgt releasing SLRs and rapidly
enriching the dense (potentially star-forming) regionsr @sults suggest that SLR transport
on dust grains is a viable mechanism to explain SLR enrichmen

Key words. hydrodynamics — shock waves — stars:formation — superngsaeral — dust,
extinction — ISM: supernova remnants

1 INTRODUCTION and must therefore either be produced locally or quicklydra

. - ported through the interstellar medium (ISM) from a neartgsm
11 Short-lived radioisotopes sive nucleosynthetic sourcéde etal. 197Y. In the latter case,
Calcium—aluminium-rich inclusions (CAls) in chondritic ete- the presence of a nearby massive star provides constrairttgeo

orites are the oldest known Solar system solids, with ages ov birth environment of the Solar system, such as cluster gidarfis
4567 Gyr Amelinetal. 2002 2010. Spectroscopic analyses 2010 and dynamical evolutiorRarker et al. 2013 falzner 2013

of CAls reveal isotopic excesses due to timesitu decay of However, the conditions leading to enrichment are unaeriee
short-lived radioisotopes (SLRs).de et al. 197Y, so named be- initial SLR abundances in other planet forming systems are u
cause of their half-lifetimes of a few Myr (Russell et al. 2001 known, but conditions similar to those in the ESS may be commo
McKeegan & Davis 2008 The radioactive decay of these SLRs, (Vasileiadis et al. 2013)ura et al. 2013Young 2014.
particularly?6Al, was an important source of heat during the first

10 'V'Y_f _Of Solar system evoluti__orU(rey 1953, fueling the dif- The origin scenarios and initial abundances for SLRs are
ferentiation of planetesimalShijpal et al. 200yand the internal - g4y 3 matter of debate, but it seems likely that both solad a
melting of ice in rocky bodiesTfavis & Schubert 2006 The sus-  o,4ra_solar enrichment sources are required to explainliserved
tained aqueous state due to SLRs |n_these bodies may hampdllo variety. Local mechanisms such as solar radiation-indisyed-

the synthesis .of amino acids — the biomolecular precursorifé lation reactions can produce some SLRs (&%e) but not all
(Cobb & Pudritz 2014 (e.g. ®°Fe) Heymann & Dziczkaniec 1976Gounelle & Meibom

The initial abundances of some SLRs in the early Solar sys- 2008. Although recent estimates of the initid’Fe/5SFe ra-
tem (ESS) may be enhanced above the Galactic background levey;, argue against significarf®Fe enrichment ang & Dauphas
(Diehl et al. 2006 however, sedura et al. 2018 The presence of 2012, the enhanced®Al/2Al ratio probably requires external
live’ SLRs in the ESS seems remarkable; SLRs rapidly decay ¢ rces Nakide etal. 2018 Asymptotic giant branch (AGB)

star winds Wasserburg et al. 19%4 Wolf—Rayet (WR) winds
(Prantzos & Casse 19860r Type Il (core-collapse) supernova
* E-mail: mgoodson@unc.edu (SN) shock wavesGameron & Truran 1977could transport SLRs
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and contaminate the ESS at some phase of its evolution (@g. p
solar molecular cloud, pre-stellar core, or proto-planethsc).

1.2 Supernovaenrichment

Among the various enrichment sources, Type Il supernovae
(SNe) have received the most attention in the literature
(Cameron & Truran 1977 Foster & Boss 1997 Ouellette et al.
2005 Panetal. 2012 SNe are naturally associated with star-
forming regions, and predicted SLR yields from SNe matckoaa
ably well with ESS abundance estimatdtefer & Clayton 2000.
Additional evidence is provided by the anomalous ratio ofgen
isotopes (f2O]/[*70]) in the Solar system, which is best explained
by enrichment from Type Il SNeYpung et al. 2011

Following the discovery ofAl in CAls, Cameron & Truran
(1977 suggested that a nearby SN could have simultaneously in-
jected SLRs and triggered the collapse of the ESS. In this sce
nario, a single SN shock wave rapidly transports and depS&iRs
into an isolated marginally-stable pre-stellar core. Tieinging
shock wave compresses the core and triggers gravitatiolapse
while at the same time generating Rayleigh—Taylor (RT)abit
ities at the core surface that lead to mixing of SLRs with the s
lar gas.Foster & Bosg1997) first demonstrated the plausibility of
this scenario with hydrodynamical simulations, and subsatit-
erations of the experimenBss et al. 2010Boss & Keiser 2012
2013 2014 2015 have defined a range of acceptable shock wave
parameters (e.g. speed, width, density) for enrichmeris Titg-
gered collapse’ scenario requires nearly perfect timirg) @rore-
ography. The SN must be close to the pre-stellar cgre.{—4 pc)
at the time of explosion to prevent significant SLR radiosctie-
cay during transit; yet the SN shock must slow considerafioby(
> 2000 km s at ejection tog 70 km s at impact) to prevent de-
struction of the core, requiring either large separatioriQ pc) or
very dense intervening gas (L00 cnt?). Gritschneder et a(2012
demonstrated that injection at higher velocities (up to RT0s ™)
may be possible, but this is yet to be confirmed in three-dgioeral
models.

The amount of SLRs injected in the ‘triggered formation’
scenario is typically below observed values; b&tbss & Keiser
(2014 and Gritschneder et al2012 find SLR injection dicien-
cies< 0.01, compatible with only the lowest estimates for ESS
values Takigawa et al. 2008 Enrichment relies on hydrodynam-
ical mixing of the ejecta into the pre-stellar gas, primavia RT
fingers Boss & Keiser 201p However, the (linear) growth rates
of the involved fluid instabilities depend on the square afahe
density contrast@handrasekhar 19§ 1resulting in an inevitable
impedance mismatch between the hoffudie stellar ejecta and the
cold, dense pre-solar core.

One possible solution to this mixing barrier problem is to
concentrate the SN ejecta into dense clumps that can brlach t
cloud surface. The inner ejecta of Type Il SNe are found to be
clumpy and anisotropic in both observatiorSréfenstette et al.
2014 Boggs et al. 201pand simulations \Wongwathanarat et al.
2015. Pan et al(2012) explore injection and mixing of clumpy SN
ejecta into molecular clouds. The authors find that an oeesd
clump can penetrate up to 1 pc into the target cloud, leavavgeth
of enriched gas in its wake. Depending on the degree of cluesgi
the resulting enrichment can be comparable to ESS abunslance

1989. This prediction is supported by observations that findesom
SNe produce large amounts of dust@ 1 M®) soon after explosion
(Indebetouw et al. 203Matsuura et al. 2015 In addition, mete-
orites contain pre-solar grains that originated in massfeaes, in-
cluding SNe Clayton & Nittler 2004. Numerous authorsJlayton
1975 Ouellette et al. 2005Gaidos et al. 200chave suggested that
these dust grains will contain SLRs, and in fact some prarsol
grains show evidence fdn situ decay of?°Al (Groopman et al.
2015. If the dust grains survive transport to the pre-solar djou
they can dynamically decouple from the stalled shock fromt a
penetrate into the dense gas, possibly delivering SERadgreen
1981; Foster & Boss 1997

Ouellette et al(2010 have examined the role of dust grains
in enrichment, considering injection into an already-fethproto-
planetary disc. Although the disc’s small cross-sectioaces
strong constraints on the SN distance, the authors fouricbtiea
70 per cent of dust grains with radii greater thagy@m can survive
the passage into the inner disc where they are either stapyet
stroyed. Both fates contribute SLRs to the forming stargesting
dust grains may favorably enhance enrichment. Howevetiian
at the disc phase may be too late; CAls containing SLRs pigbab
formed within the first 300,000 years of Solar system fororati
(Young et al. 200} prior to the proto-planetary disc phase.

Injecting dust grains at the pre-stellar core phase may bre mo
difficult. For grains impacting a dense pre-stellar core of numbe
densityn > 10° cm3, only grains with radiia > 30 um are
able to penetrate the stalled shock front and deposit SLRs in
the core Boss & Keiser 201 30 um is greater than either simu-
lated Sarangi & Cherchrfé2015 or meteoritic Clayton & Nittler
2004 SN grain radii (typicallya < 1 um). Therefore, if injection
via dust grains is to be a viable scenario, it must occur atvan e
earlier phase.

Enriching the pre-solar molecular cloud prior to core forma
tion has been suggested by several auth@aidos et al. 2009
Gounelle et al. 2009Young 2014 but remains largely untested
with simulations. In this scenario, one to several masges spos-
sibly across multiple generations, contribute SLRs to gdaatar-
forming region. The Solar system then forms from the endajes,
eliminating the need for injection into a dense core. To cowK-
edge, the only numerical simulations of this scenario aesgmted
by Vasileiadis et al (2013, with a follow-up by Kuffmeier et al.
(2019. The authors follow the enrichment of a massivel(® Mo)
star-forming region over 20 Myr. A turbulent periodic boxak
lowed to evolve subject to star formation and SN feedbacle Th
combined &ect of numerous explosions leads to an overall enrich-
ment of?5Al and %°Fe in star-forming gas. The authors used passive
particles to track SLRs, and they relied on numericéliudion to
mimic the mixing between SN ejecta and cold gas. While the re-
sulting enrichment is broadly consistent with observed E8&es,
a more detailed understanding of the injection mechaniseyshba
of interest.

1.3 Motivation

We attempt to bridge the gap between the small-scale iojecti
scenario ofBoss et al. and the global, large-scale approach of
Vasileiadis et al.by studying the interaction of a single SN rem-
nant with a large, clumpy molecular cloud. We focus on thaitket

Here, we explore an alternative mechanism to overcome the of the injection mechanism, investigating in particulae tiole of

mixing barrier: the injection of SLRs via dust grains. Theatf
from both stellar winds and SNe have been predicted to casden
and form dust graingGglayton 1979EImegreen 1981Kozasa et al.

SLR-rich dust grains. We use hydrodynamical simulationfko
low the evolution of the gas and dust over 0.3 Myr. The dusihgra
are decelerated by drag forces and destroyed by thermalamd n
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thermal sputtering, releasing SLRs into the gas phase. Weats Table 1. Summary of model parameters. Fiducial values are given lsh bo
the amount of SLRs injected into the cloud and determine ¢ d  where necessary.

grain radii needed for successful injection to occur.

We conclude from our simulations thatfBaiently large & > Parameter  Definition values
1 um) dust grains can rapidly penetrate the cloud surface and de - a—
posit SLRs within the cloud, long before any gas can hydradyin Mo Ambient number density (cn) 1
To Ambient temperature (K) 4910.58

cally mix at the cloud surface. Nearly half of all incidentstigrains

sputter or stop within the cloud, enriching the dense (gmm % Cc::gag Liﬁubse(rpdcgnsity (crd) 0.4ng ff2_33
star-forming) gas. Our results suggest that dust grédiies a viable T, Cloud temperature (K) 116.02
mechanism to deposit SLRs in dense star-forming gas and may b g, Clump radius (pc) 0.08 = 0.44
the key to reproducing the canonical Solar system SLR amoesa Nl Clump number density (cm) 423.25
We outline the numerical methods, including initial coratits Tel Clump temperature (K) 11.60
and dust grain physics, in Secti@anWe describe measures and an- ¢ Cloud volume filling factor 0.1,0.35,0.7,0.9
alytic estimates for the injectiorfiiciency in Sectior8. We present Nr Number of cells per cloud radius 12, Z®), 100
the results of our simulations in Sectidrand discuss the implica- Esn SN explosion energy (erg) b
tions for enrichment scenarios in Sectf@rFinally, we summarize g';i 2":: ?::Eiitr?rﬁ;(ﬁbdius 9 1?1 5
; ; ; NR -
our conclusions in Sectiof d Distance from SN centre to nearest 17.6
cloud edge (pc)
od Dust grain density (g cnv) 3.0
a Dust grain radiusyg(m) 10, 1,0.1,0.01
2 METHODS Np Number of particles of each radius Ja0t, 10°
We use a modified version ofrAena (Stone et al. 2008/ersion 4.2
to solve the equations of ideal, inviscid hydrodynamicduding
heating and cooling: 2.1 Setup and initial conditions
dp FV-(u) = O 1) We initialize a spherical gas cloud in a uniform ambient roedi
ot We use a single fluid approximation with a mean atomic weigdht o
d(pu) u =1, treating all the gas as neutral hydrogen. The backgrosind i
ot +V-lpuu+Pl) = 0 @ in thermal equilibrium with temperatur® ~ 4900 K and number

0E densityny = 1 cn3, consistent with average values for théake
ot TV (E+ P n(l" - nA) ) ISM (McKee & Ostriker 197}. The simulation domain extends

ot
. . . ) from -53 to+35 pc inx and from -22 to+22 pc iny andz. Our fidu-
with the gas density, the fluid velocity vectou, the gas pressure cial simulation (run F) has a resolution &f = 6, = o, ~ 0.17 pc,

P, the unit dyad, the total energy density corresponding to roughly 50 cells per cloud radiNg € 50). Table
1 summarizes our simulation parameters and values.

P 1
E= g+ 3P (4)

the number density = p/(umy), the mass of hydrogemy;, a mean

atomic weighiu = 1, a heating rat€, and a volumetric cooling rate 211 Target molecular cloud

A. We also evolve several passive tracer fields: The target molecular cloud is stationary and centred at ttugno
90C with radiusR; = 8.8 pc. To approximate the substructure observed
Pc . L
otV (Ceu) = 0 (5) in molecular clouds, we model the cloud as a distributionnols
9pCs spherical clumps of number density ~ 420 cnt® and sizeR, =
m +V-(Csu) = 0 (6) 0.05 R, = 0.44 pc, embedded in an intercloud medium (ICM) of
dpq number densityn, = 0.1 ny. The clumps are generated randomly
— +V-(ogu) = O ) within the cloud radiusx; up to the desired volume filling factor
o ¢ = 0.5. The clumps can overlap, but the density is not cumulative.
using colour fieldC. to follow cloud material, colour fiel®s to The density profiles of both the cloud and the individual gbsm
follow gas-phase SN ejecta, and four passive density fields are smoothed at the edges, and both the cloud and clumps are in
track sputtered particle mass (see Sec#igh). pressure equilibrium with the backgroundrikg ~ 4900 K cnr3.

We use the directionally unsplit van Leer (VL) integrator ~ The clumps have a temperat(Fg ~ 12 K, which also guarantees
(Stone & Gardiner 2009with second order reconstruction in the  thermal equilibrium. The ICM is slightly warmeF{ ~ 120 K) and

primitive variables Colella & Woodward 1984 and the HLLC is not in strict thermal equilibrium, but the subsequentlicapis
Riemann solverToro 2009. Simulations are performed on Carte-  negligible and does noffzct the dynamics.

sian grids in three dimensions. We use an adiabatic equeft&tate The cloud edge is smoothed using the profile

with the ratio of specific heatg = C,/Cy = 5/3. Heating and no—n

cooling are included via composite curves (see Se@ign As the n(r) =ng + ciokn 8
cooling breaks the total energy conservation, we find it ssaey 1+(r/R)

to include first-order flux correctionLémaster & Stone 200%s wherer is the radius from the origin ankj, controls the steepness
well as internal energy fallback (see Sectihf) to maintain posi- of the profile. We usé&, = 20 to give a steep profile. Each clump is
tive states. Gravity, magnetic fields, and thermal conduaciire not given a similar profile by lettingy — n¢, ne — Ny, andR;, — Ry.
included. A summary of modifications made toufna is given in To trace cloud material, the passive colour fi€ldis set to unity
AppendixA. wheren > n. and zero otherwiseShin et al. 2008
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2.1.2 Supernova remnant

We initialize the supernova remnant (SNR) at the start of the
energy-conserving phase. The shock front has expandegl o=
(SMEJ'/(47T[)0))1/3 after time tsnr [RSNR(1.9OESN/pO)‘1/5]5/2,
whereMg; is the mass ejected from the SN aBg, is the total en-
ergy of the SN explosion. We sbfs; = 10 Mo andEsy = 10° erg,
resulting inRsyr ~ 4.6 pc andisyg ~ 1000 yr. We numerically cal-
culate profiles for the density, radial velocity, and presdased on
the Sedov—-Taylor (ST) blast-wave solutio@ylor 1950 Sedov
1959 and interpolate these quantities on to the computational g
using a cubic spline. Aena uses a finite-volume method; hence if
we sample only the cell-centred location (as is usually yothe
resulting SNR will stfer distortion from grid fects. We find it
necessary to sub-sampl& $upport points within each cell to con-
struct the volume-averaged cell-centred conserved Vagab

The SNR is centred at a distande= 2 R. ~ 18 pc from the
near edge of the cloud along the negativaxis. This is broadly
consistent with the separation distance of central staf3Bras-
sociations from bordering molecular gas, such as in Cepb8&%
(Patel et al. 1998 For our target (cloud) parameters, the ‘radioac-
tivity distance’ (equation 2,Looney et al. 2006for uniform 26A|
enrichment to the initial solar system abundance is (giverer
tainties in SN yield) between 10 and 20 pc. As our distancéttsea
upper end of this range, our enrichment estimates shoulaie c
sidered lower limits, as decreasing the separation wouldae the
geometric dilution (see Secti@?2).

To follow the SN gas-phase ejecta, we initialize the passive
colour fieldCs to unity within Rsyr and zero elsewhere. For the
dust-phase ejecta, we randomly plade = 10° particles of each
of the four radius groups (see Secti®dm.1) within 0.9 Rsng, for
a total of 4x 10° particles. The particle input radius is truncated
to prevent interpolation errors at the discontinuity. R&s are ini-
tialized with a radial velocity determined from the ST sauat

~

2.2 Thermal physics

On the time and distance scales considered here, the dysmiamic
of the SNR should not be stronglyfacted by radiative cooling.
Cioffi et al. (1988 and Blondin et al. (1998 have estimated the
time and location for SNR transition from the Sedov—-Tayloage

to the radiative phase. For our SN parametégy(= 10°! erg,

no = 1 cn3), the transition radius is approximately 19 pc, slightly
further than the distance from the SN to the cloud surfacev-Ho
ever, radiative cooling is expected to strongijeat the dynam-
ics of the shock-cloud interactioMelioli et al. (2005 have shown
that cooling reduces the fragmentation and destructioneo¢ioud,
andBoss et al(2008 find cooling by molecular species is essen-
tial to successfully inject SLR material into the pre-satboud. It

is therefore critical to include radiative heating and aopkfTects.

The temperatures in our simulation span over eight orders of
magnitude, from the hot SN ejectd & 10° K) to the cold molec-
ular gas T < 10 K). To cover this temperature range, we com-
bine three standard composite cooling curves into a sirghéng
function, shown in Figl. For temperature¥ < 10* K, we use a
modified version of equation (4) ikoyama & Inutsukg2001):

—-118400

T + 1000
-2275

max[10, (T — 4.0)]
This is a fit to the cooling rates af/olfire et al.(1995. For tem-

Axi(T) = 2x 102 (10" exp

+0.014VT exp tergstcm®.  (9)

log A [erg s cm?]
e
oo b b b Ny

log T [K]

Figure 1. Volumetric cooling rate\(T) (solid line) as a function of temper-
atureT from 3 to 1@ K. This composite cooling curve is constructed by
blending three cooling functions from the literature: Tox 10* K, a mod-
ified version of equation (4) frofloyama & Inutsukg2001); for 10* K <

T < 1085 K, the C.I.E. rates fronSutherland & Dopita(1993; and for

T > 1035 K, the free—free rate of equation (5.15b)Rybicki & Lightman
(1985.

peratures 10K < T < 10°° K, we use the collisional ioniza-
tion equilibrium cooling rates for solar metallicity given table

6 of Sutherland & Dopita1993. For temperature§ > 10°° K,
we use the free—free cooling rate given by equation (5.18b) i
Rybicki & Lightman (1985:

ArL(T) = 1.42554x 102" g VT erg s* cn?’, (10)

with a Gaunt factorg = 1.5. The transition between regimes is
smoothed with a hyperbolic tangent function. For heating,use
I(T) = 2x 10?° erg s* below 10 K and smoothly transition to
I'(T) = 0 above 16 K.

Heating and cooling are implemented as source terms for
the total energy (and internal energy). The cooling timaleds
typically much shorter than the hydrodynamical time-steg
therefore use an iterative explicit method (adaptive RuKgkta—
Fehlberg) to integrate the source terms in time. The updaper-
formed each time step via operator splitting.

2.3 Dual energy formulation

The cooling function requires the temperatiirewhich is propor-
tional to the internal energy densigy= P/(y — 1) via the ideal gas
law. Ariena evolves the total energy densigy and the internal en-
ergy is evaluated by subtracting the kinetic enefgy = p|ul?/2
from the total energy. In regions where the kinetic energy $&3-
nificant fraction of the total energy, thefiiirence will be suscep-
tible to numerical errors and the internal energy returney e
non-physical ¢ < 0). Therefore, we simultaneously solve the inter-
nal energy equation:
2—?+V-(w):—PV-u+n(l"—nA).
If the internal energy is a small fraction of the total enefgfE <
10°%), we revert to using rather thanE — Ey,. This ‘Dual En-
ergy Formulation’ is also used innzo (Bryan etal. 201% and
Frasu (Fryxell et al. 2000. Further details of our implementation
are given in AppendiB.

(11)
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24 Dust grains

Dust grains are modelled using Lagrangian tracer partiglbere
each simulated particle represents a collection of dushgjraith
similar properties and motions. Trajectories of the plati@re in-
tegrated using the fully implicit method ddai & Stone (2010,
which we have incorporated into the VL integrator imaéna. In
a Cartesian coordinate systemguéna solves an equation of mo-
tion for each particle given by

dVi B
dt
with v; the velocity vector of particlé, u the local gas velocity
vector, andsp the particle stopping time due to gas drag. Neglect-
ing grain charges and assuming only pure hydrogen gas, ¢l (c
sional) drag law is given byOraine & Salpeter 1979

Vi—Uu

: (12)
tstop

dv  27a’nksTGo(s)

@ @ =
with

88 1, Tonp

Go(s) =~ 3 \/;(1+ 64s2) (14)
and

_ rmVrzel 1/2

5=(2k.7) , (15)

wherea is the dust grain radiukg is the Boltzmann constant,
is the temperature of the gas,is the gas number densityy is
the internal density of the dust (which we treat as constap} &
3.0 g cnT3), my is the mass of hydrogen, amg = v; — u is the
relative velocity dfference between the dust and gas. The stopping

distance is evaluated as
_ vr apd Oy, ~1/2
tsiop = W n\/W(1+ 128<BTvre') . (16)

The gas properties)(T, u) at each particle’s location are calculated
from nearby grid points using a triangular-shaped cloudQ)ia-
terpolation schemeHockney & Eastwood 1988 There is no mo-
mentum feedback from the particles on the gas.

24.1 Dustgrainsizes

The drag force and the sputtering rates depend on the dust
grain radiusa. Since the size distribution of grains formed
in SN ejecta is still a matter of debateClayton & Nittler
2004 Bianchi & Schneider 20Q7 Nozawaetal. 2007
Sarangi & Cherchn® 2015 Marassietal. 2015 we follow

the approach ofuellette et al. (2010 and implement an initial
‘distribution’ of four radii:a = 10, 1, 0.1, and 0.0am. Each radius
group is initialized with the same number of particlél & 10°),

and the sputtered mass from each radius group is tracked asin
separate passive scalar field,(see Sectio2.4.2).

242 Sputtering

The dust grains will be eroded by both thermal and non-therma
(kinetic) sputtering. We use sputtering rates estimateuh fthe re-
sults of Nozawa et al(2006), neglecting the slight dlierences in
sputtering rate due to dust composition.

Non-thermal sputtering results from high-speed collisioha
dust grain with gas molecules and depends on the magnitutie of
relative velocity|v,e| between the gas and the dust. For simplicity,

MNRAS 000, 1-15 (2016)

Chemical enrichment by dust grains 5
log T [ K] (thermal sputtering)
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log v, [ km s ] (non—thermal sputtering)

Figure 2. Polynomial fits to the thermal (solid red line) and non-tharm
(dashed blue line) sputtering rates, estimated from fig. Rafawa et al.
(2006. The non-thermal sputtering varies with the relative e#jo|v el
between the dust and the gas (bottom axis), and the thermiééspg varies
with the gas temperatufE (top axis). Both rates depend on the gas number
densityn and are given in volumetric unitgifi yr-! cm?).

we adopt the polynomial fit oDuellette et al(201Q egs. 13,14)
to the non-thermal (kinetic) sputtering rates\aizawa et al(2006
fig. 2b):

Yk = —0.1084%} + 1.7382¢ — 10.5818¢ + 281292
—-327024 (17)

with X = log;4(IVrel/1 km ) and

& "
dt 1cm3

with the velocity diference between the dust and the fyag in
km s, and the gas number densityFig. 2 shows the volumetric
non-thermal sputtering rate(da/dt) (solid blue line) as a func-
tion of the relative velocityvq| (bottom axis).

Thermal sputtering is due to the thermal motion of the gas and
depends on the temperatufe Similar to the procedure used by
Ouellette et al(2010 for the non-thermal sputtering rate, we gen-
erate an average fit to the thermal sputtering ratééozlawa et al.
(2006 fig. 2a) with the polynomial

)k = —10% ( ) umyr, (18)

yi = —0.00191% + 0.12275¢ — 2.4011%° + 18.6752
- 562785 (19)

with % = log,(T/1 K) and

da .
(a)t =-10" (

Fig. 2 also shows the volumetric thermal sputtering rate(da/dt)
(dashed red line) as a function of the temperafufeop axis).

We treat thermal and kinetic sputtering independentlyjragid
the contributions to determine the erosion. However, teental
motions of the gas will skew the relative velocityffdgrence be-
tween the dust and the gas, particularly at high tempersatike
note that the more detailed treatmenBaftchio et al(2014) leads
to slightly lower sputtering rates in the high temperatiegime,
suggesting that our sputtering rates are overestimatechande

n

1cms3 (20)

yumyrt,

1 Note thatOuellette et al(2010) contain a typographical error in the defi-
nition of x; cm s'! should be km st
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our injection dficiencies should be considered lower bounds in this 3.3 Injection efficiency
regard.

The erosion rates (equatiod8 and 20) are applied at first
order via operator splitting. A particle is assumed to be com

pletely destroyed when its radius decreases to 1 A. As the par . . :
ticles are eroded, they release SLRs back into the gas phase. Pittard et al. 200pand in Solar ;y;tem enrichmeiilss & Kelser.
continue tracking the sputtered SLRs in gas phase, we deposi ?01.2 O_uellette etal. 2010 Defining a good measure of the mix-
the sputtered dust mass into a passive density figdThis field ing is difficult and depends on the context. We therefore quantify
S . . S the mixing in two ways.

is initially set to zero and is advected with the gas. Eachiaini . . . Lo
grain radius group has its own unique passive density fighé T For Fhe shock-cloyd'mteractlon, the mixing fractlor! ISityp
mass is distributed into nearby cell-centred field locatiosing ;:al_lyl defl_nedthby tlhe(;jllutllon cf)f fIOUd (r:naterlal :nto amble_nii-m
the same TSC interpolation scheme used to determine gasrprop erial, using the cloud colour field). Conversely, we are inter-

. . . . ested in the mixing of incident ‘shock’ material (SN ejedtad the
ki E 1 Furth | Ap- . L
ties (Hockney & Eastwood 1988Further detalls are given in Ap cloud. We therefore define the colour-based injectifficiency n®

The mixing of incident material with a target has been thgexib
of much previous numerical work, both in the context of thenst
dard shock-cloud interactiorX(1 & Stone 1995 Shin et al. 2008

pendixC. as the total mass of SN ejecta in cells containing at leasef0gnt
cloud material (i.eC. > 0.1), normalized by the initial ejecta mass
and the incident ejecta fractiongton). If all of the ejecta incident
3 ENRICHMENT ESTIMATESAND MEASURES on the cloud cross-section are ‘injected’ into the clopé, 1.
) In the context of Solar system enrichment, we are most in-
3.1 Dust production terested in enriching the densest (potentially star-foghregions

We are interested in enriching a molecular cloud with SLRs Of the target cloud. BotBoss & Keiser(2012) andOuellette etal.
from a nearby SN. The quantity of SLRs produced by a (2010 consider ejecta to be ‘injected’ above an .abslolu.te density
SN varies with progenitor mas<hieffi & Limongi 2013, and threshqld. We therefore calculate an aIFernat_e m;ect(ﬁqlency, _
any estimate is dominated by uncertainties in reactionsrate 7" defined as the total mass of SN ejecta in cells with density
(liadis etal. 201) and progenitor models\Woosley & Heger grgater than the IC.M density (|'.e.> nc), also normalized by the
2007. Of this amount, some fraction will condense into dust incident mass fractioneon). This measure only probes the dense
grains of various sizesS@rangi & Cherchrfé 2015 Marassi etal.  clumps; thus ifp! < 7°, most of the ejecta are infilise cloud
2019. Furthermore, the dust grains that form behind the Material. S

SNR forward shock will subsequently be processed by the ~Forboth measures, we uggfor the gas-phase injection and
reverse shock Bianchi & Schneider 2007Nozawa etal. 2007 74 for general dust grain injection (note thatands* are diferent
Biscaro & Cherchng 2016 Bocchio et al. 201p Calculations of quantltles). We further determine the dust injection fatesdius
dust grain processing in the reverse shock predict survétab of group, usingyio, 711, 701, @ndroos for thea = 10, 1, 0.1, and 0.01
0-100 per cent, depending on the grain size, grain composéind pm dust_gral_ns, resp_ectlv_ely. Further details concernimginiec-
local gas densityNozawa et al. 20Q7Bianchi & Schneider 2007 tion efficiencies are given in AppendQ.

Silvia et al. 20102012. Additionally, inhomogeneities inthe SNR ~ The unknown quantities discussed in Sect® (e.9. SLR
produce small clumps of higher density that may shield theiiog yield, dust production, dust destruction) can then be bietlwhen
dust grains from destructiorBiscaro & Cherchn@é 2014 2016 estimating final SLR abundances. Note that we do not account f

Micelotta et al. 2015 For simplicity, we assume a homogeneous 'adioactive decay during transit. The half-life 8l is t, ~
SNR and background medium. Because we begin our simulations©-7 Myr. For our fiducial SNR, the shock impacts the cloud after

at the end of the free-expansion phase, we neglect progdssihe roughly 0.03 Myr; therefore only 3 per cent of the total ejected
261 will have decayed by that time. Over the full duration ofrou

reverse shock. We therefore assume at least some amounstof du ) yed by g

has survived and is still well-coupled to the gas, conststeth 1D simulation (0.3 Myr),~ 25 per cent of th&°Al will have decayed.

simulations Biscaro & Cherchng 2016 Bocchio et al. 2016 Our The short half-life oP°Al underscores the need for both rapid trans-

calculations are normalized such that the condensaticiesicy port and incorporation into the molecular cloud.

and survival rate do notfect the evolution.

4 RESULTS
3.2 Geometric dilution

4.1 Dynamical evolution
As the SNR expands, the ejecta become distributed over arlarg

surface area. For a spherical target of radiuat a distancel from We follow the evolution of the SN remnant and its interactiath
the SNR centre, the fraction of the total ejecta incidentertarget ~ the pre-solar molecular cloud for 0.3 Myr. Fig.shows the first
cross-section is 0.03 Myr of time evolution of the fiducial simulation (run FAs

the ST solution is initialized with both kinetic and therneslergy,

Tgeom = ”_R22 (21) the pressure discontinuity at the edge of the SNR launchbescks
4rd wave (forward shock) into the ambient medium. Because tke ga
For our fiducial set-upd ~ 18 pc andR = 9 pc; thenngeom = phase ejecta are traced with a passive colour fielyl they instead
0.06. This factor is used to normalize our injectidfi@encyn (see follow the contact wave, which lags behind the forward shddie
Section3.3). dust grains begin with the ejecta velocity and thereforéaity
travel with the expanding gas, experiencing no drag or henatal
sputtering. However, the high temperatures in the SNR csigse
2 Note that this is a passive density, rather than a colourcgmuination), nificant thermal sputtering. Fig.shows the ratio of sputtered mass
field. The density is a conserved quantity, whereas the ctrat®n is not. to total mass for each grain radius group over time. At eamgs,

MNRAS 000, 1-15 (2016)
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Figure 3. Time evolution of our fiducial simulation (run F) at early gés (the first 0.03 Myr). Each image is a mid-plane slice :at0. The top row shows
the total number densityin cm3. All other rows show the mass fraction of each tracer on a glébasis relative to the initial tracer mass. The second row
is the gas-phase ejecta, traced by the colour fildThe remaining rows are the sputtered mass of dust grains éach radius group. The black contour
traces the cloud boundary, defined where the cloud colowt @gl> 0.1. The particles located within the central midplane slie&;(2 < z < +§,/2) are
overlaid in grey according to their initial radius group.€f$mallest grainsa(= 0.01 um) remain well-coupled to the inner ejecta by the drag formbsputter
almost completely before impacting the cloud. Thi@m grains outpace the inner ejecta but stall in the forwardlshdhe large ¢ > 1.0 um) dust grains
decouple and outpace the shock front due to their largetianeeaching the cloud and depositing SLRs before the shopkcts the surface. The sputtering
of individual particles is visible in the form of radial coails from the SN centre.

thermal sputtering dominates and erodes nearly 80 per ¢¢hé o with the results oBocchio et al(2016. The authors performed 1D

smallest & = 0.01 um) grains. simulations of the growth and erosion of dust in SNRs ineigdi
As the remnant expands into the ambient medium, the forward Multiple grain compositions, plasma drag, and detailedtspog.
shock accumulates more material, eventually slowing antirg Despite using simplified dust physics, we obtain very sinéaults
into a dense shell. The smallest graias=<(0.01 xm) remain well- to the evolution of MgSiO, presented in fig. 3 oBocchio et al.
coupled to the inner gas ejecta. Slightly largee(0.1 um) grains (2018: (1) small grains = 0.01 um) are highly eroded in the
outpace the inner ejecta but stall in the dense forward sHEvk remnant and remain within the ejecta region; (2) slightigéa
relative velocity diference then generates non-thermal sputtering, (@ = 0.1 um) grains pass through the ejecta but remain within the
which contributes almost equally to the destruction of tHe forward shock; and (3) the largea & 1.0 um) grains are eroded
grains (compare the dashed and dash—dotted green lineg. #) Fi very little and eventually move beyond the forward shock.
Both of the smaller grain groups are almost completely stdgmd Fig. 5 shows the evolution of the simulation after forward-

destroyed by sputtering within the remnant. In contragt,léhger  shock impact. As noted in Secti@r2, the SNR is only just starting
grains @ > 1.0um) remain largely intact and dynamically decouple  to cool when it impacts the molecular cloud surface. The expa
from the ejecta due to their higher inertia. The large gralss pass sion velocity of the shell is still supersonie 350 km s?) at im-

through the forward shock and ballistically impact the ddefore pact. The hot, dfuse gas encounters a cold, dense wall and deflects
the shock arrives. Once in the cloud, the grains rapidly siog around the edges, ablating material. A slower shock is tnéttel
kinetically sputter due to the increased densities and regtive into the cloud, and the clumpy substructure provides cHarared
velocities. gaps for the gas to enter the cloud. Both the clumpy substrict

The behaviour of the dust grains in the SN remnant agrees well and the éicient radiative cooling prevent the formation of a stand-

MNRAS 000, 1-15 (2016)
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Figure 4. Fraction of total particle mass eroded by thermal sputgerin
(dashed), non-thermal sputtering (dash-dot), and the twtibn of both
(solid) during the first 0.1 Myr of the fiducial simulation (rdF). colours
indicate the initial radius group (red: 10n; orange: lum; green: QL um;
blue: Q01 um). The 001 um grains are rapidly and significantly eroded,
predominately by thermal sputtering in the hot SNR. Over&0cent of the
total mass is lost in the first kyr, and nearly 100 per cent éfitst 10 kyr.
The Q1 um grains also experience rapid destruction but with almgsak
contributions from both thermal and non-thermal sputtgrand nearly all
are destroyed. The larger grains fare better, with roug@lsid 10 per cent
destruction rates for the 1 and &fh groups respectively. In both instances,
the destruction is dominated by non-thermal sputteringhasgtains pass
through the shock front and into the cold, dense cloud.

off shock, which is usually observed in the adiabatic shockietlo
interaction Nakamura et al. 20Q6and could drastically limit the
SLR injection (see Sectioh6). At late times, the Rayleigh—Taylor
instability begins to manifest at the cloud surface, dgvimgers
into the cloud that will eventually mix and inject SLRs in thas
phase.

In contrast to the hydrodynamical (gas-phase) mixing, the
large dust grains rapidly inject SLRs throughout the cldtid. 6
shows the evolution of the dust grains, as well as a combirexd v
of the sputtered mass from each initial radius group. Thgekstr
(a = 10 um) grains penetrate furthest, sputtering most of their
mass in the leading edge of the cloud. The smaller grainsiiese
largely stopped and sputtered before entering the cloul. t8é
SLR contents of the.@ um grains have outpaced the inner ejecta
and mix into the dense gas0.05 Myr earlier. Nearly all grains in-
cident on the cloud are sputtered and stopped within thedcicel
only grains at grazing angles can re-emerge from the claedian.

4.2 Injection of SLRs

We are interested in the enrichment of the densest (evéntiaf-
forming) gas. Therefore, we analyse the SLR deposition ase: f
tion of density (Fig7). Comparing the dust ejecta to the gas ejecta,
the gas ejecta are mostly distributed in thffudie SNR and back-
ground ISM. In contrast, the 10m grains deposit a significant
fraction of mass into the densest gas, and smaller partielpssit
smaller fractions in the dense gas. Thifeet is further quantified
in Fig. 8, which compares the injectiorffiziencyn of both dust and
gas as a function of time. At late times, the colour-baseeciipn
efficiency is roughly equivalent for all grain sizeg (~ 0.5), indi-
cating that nearly half the incident material has been mintxthe
cloud. However, the density-based injectighdecreases with de-
creasing grain size, to the point that the smallest graidgyas de-

posit only negligible amounts of ejecta in the densest regidhis
agrees qualitatively witBoss & Keiser(2012), who found only a
small fraction of incident gas-phase material is injected a dense
pre-stellar corerjfgj ~ 0.03). This indicates that only the large grains
are able to enrich the densest gas-(n.). Table2 provides a sum-
mary of final injection @iciencies from all simulations performed.
Because the SLRs decay, the enrichment needs to occur
rapidly. As seen in both Figé and8, the particles are able to de-
posit SLRs in the cloud 0.1 Myr before gas phase mixing occurs.
For all dust grain sizes, the injection of SLRs occurs rapidach-
ing peak values in less than 0.1 Myr. This is contrasted with t
gas, which slowly mixes and is still increasing its injeatenmount
when the simulation ends. The gas injectidificiency only be-
comes comparable to the dust injectidghicéencies after 0.2 Myr.

4.3 Resolution convergence

In inviscid hydrodynamics, the degree of mixing is congdllby
numerical viscosity. As the numericalfflision decreases with in-
creasing resolution, adequate resolution is necessaryogepy
capture the dynamics. In the two-dimensional shock-cloudri
action, previous work has found that about 100 cells perc:tad
dius (Nr > 100) are necessary for convergence of global quan-
tities (Klein et al. 1994 Nakamura et al. 2006 This requirement
may be reduced in three-dimensional simulationblgo> 32— 64
(Pittard & Parkin 201§ and our fiducial simulation falls within
this range Kr ~ 50). However, because the instabilities tend to
grow fastest on the smallest scales, the details of the sualé
mixing could be dominated by resolutioffects.Shin et al(2008
found that all quantities except the cloud mixing fractibow con-
vergence, and our definition of the injectiofiieiency is similar to
their mixing fraction.

Fig. 9 compares the fiducial result to simulations performed
at both lower and higher resolution (runs R1-R4), up to 103 ce
per radius (1024 512x 512 grid points). The injectionfgciency
of the larger grainsg > 0.1 um) increases only slightly with in-
creasing resolution. In contrast, the injection of smalgwins
(a = 0.01 um) and the gas ejecta decreases as the resolution in-
creases. The larger injectioffieiencies at lower resolution may be
attributable to increased numericattfdsion, leading to increased
mixing at the cloud interface. Overall, the trend istsiently flat
to conclude our three-dimensional simulations are wedbheed at
Nr = 50, in agreement witRittard & Parkin(2016).

In the previous resolution test, we kept the number of parti-
cles fixed alN, = 10°. We do not expect the particles to be strongly
affected by simulation resolution. However, the number ofipart
cles used may alter the injection. As the particles are plaae-
domly within the SNR, a dicient number of particles are required
to eliminate any gaps when the shock wave encounters the clou
surface. We repeat our fiducial simulation varying the nundje
particles fromN, = 10* (run N1) toN, = 1C° (run N2). We find
no significant variation in injectionfeciency with particle number
(see Table).

4.4 Effect of supernovaremnant model

We have also performed a simulation using the standard #ierm
pulse to initialize the SNR rather than an exact ST solutlan.
this model (run FT), we injecEsy = 10°! erg of thermal en-
ergy andMg; = 10 Mo uniformly into a spherical volume of ra-
dius 20 cells. With sflicient resolution, this approach has been

MNRAS 000, 1-15 (2016)
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Figure 5. Same as Fig3, but at later stages. The forward shock impacts the clouidinvit 0.03 Myr, but the inner ejecta does not arrive until 0.06 Myr.
The clumpy substructure of the cloud creates channels éntpinging gas to penetrate and mix. At later times, Raleigylor instabilities lead to injection
of gaseous SLRs through the cloud surface. After 0.3 Myrlpedl the grains within the cloud have either been stoppespattered. Nearly half of the dust
grains incident on the cloud are captured, and the largesigpenetrate furthest.

t=_0.005 Myr t = 0.050 Myr . t=_0.150 Myr t=_0.300 Myr
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Figure 6. Time evolution of the fiducial simulation (run F) illustrag the spatial stratification of the dust grains (top row) apdttered SLRs (bottom row)
due to initial grain radius distribution. As in Figsand5, the images are mid-plane sliceszat 0. In the top row, particles located froms/2 < z < +6/2
are overlaid on a desaturated map of number density. Eatlychis group is colour-coded by initial radius (red: 4f; orange: Jum; green: QL um; blue:
0.01um). The same colour scheme holds in the bottom row, now shpthi| sputtered SLR mass fraction, relative to the initiatér mass. The grey contour
defines the cloud edge. As the simulation proceeds, the daisisgseparate spatially based on initial radius, with #éngdr grains travelling further into the
cloud. This stratification could help explain anomalies iserved Solar system abundances, such as th&%kegi?®Al ratio.

MNRAS 000, 1-15 (2016)



10 M. D. Goodson et al.
log M/M,
[ : ] T
-4 -3 -2 -1 0
4 ‘ 1
2 :
g 1
—_ O —
c 1
8 -2F 1
_al 1
4 r10um ejecta §
T 2 -
5 | :
= 0 .
< F 4
8 -2f s
_al ‘ 1
4 rlum ejecta :
T é
lE‘ 0; — .- = ?
8 -2fF E
_al ‘ 1
470.1um ejecta 1
2F .
AN |
B E ]
c i ]
8 -2f -
_al 1
410.01um ejecta ‘ 1
E L ]
—_ O - —|
c 1
g -2 \_q
—4f
0.00 0.05 0.10 0.15 0.20 0.25 0.30
t [Myr]

Figure 7. Tracer mass fraction binned logarithmically by densityoasr
time for the fiducial simulation (run F). The top panel sholws SNR

gas tracer{Cs). The rest of the panels show the mass deposited into gas
phase by dust grain sputteringyj for each initial grain size (10, 1, 0.1, and
0.01um). While hydrodynamical mixing is largely restricted todatimes

and low cloud densities (top panel), the large>(1 um) dust grains enrich
higher densities at earlier times. Only the smallest gréinsot reach higher
densities. The prominent horizontal linerat= 1 cn 3 corresponds to the
ambient medium, while lower densities are located in tlfiise SNR.

shown to evolve approximately into the ST solution afteydhkyr
(Kim & Ostriker 2015 and is therefore often used for its simplicity
(Vasileiadis et al. 2013 Because the SNR has no initial kinetic en-
ergy, injecting the particles at the start of the simulati@uld gen-
erate non-physical drag. We therefore let the thermal peNsére
for 3 kyr before injecting the particles, which are then pldn the
forward shock with the local gas velocity.

The final state of the simulation is displayed in the secomd co
umn of Fig.10. Overall, the result obtained using the thermal pulse
is almost indistinguishable from the ST model — the shockkthi
ness, velocity, and arrival time are approximately the samnd the
injection dficiencies at simulation termination are nearly identical
(see Table?). There is a small dierence in the dust grains due to
the initialization; because we wait 3 kyr to insert the dusthie
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Figure 8. Injection ficiencyn as a function of time for the ejecta in our
fiducial simulation (run F). Injection is measured using theud tracer
(solid) and density threshold (dashed). Each tracer isicaloded as in Fig.
3 (purple: gas; red: 1@m; orange: lum; green: QL um; blue: Q01 um).
The largest grainsa(> 1 um) arrive within the first 0.01 Myr and rapidly
deposit a substantial fractior (20 per cent) of their SLR mass within 0.1
Myr. The intermediate grainsa(= 0.1 um) are sputtered and stopped in
the forward shock and arrive slightly ahead of the gas. Thallsst grains
(a = 0.01 um) sputter significantly before entering the cloud, yetdtin

of SLRs from these grains continues as gas at the leadingcédige cloud

is subsequently mixed by Rayleigh-Taylor instabilitieshi% the colour-
based injection is approximately the same# 0.4) for all ejecta types, the
density-based injectiom?) decreases with grain radius, indicating most of
the smaller grain deposition is inftlise intercloud gas.
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Figure9. Injection dficiencies; as a function of simulation resolution, rep-
resented by the cells per cloud radNg. ; is evaluated at simulation ter-
mination ¢ = 0.3 Myr) using the cloud tracer (solid) and density threshold
(dashed). Each tracer is colour-coded as in Bigpurple: gas; red: 1gm;
orange: 1um; green: QL um; blue: 001 um). The injection #iciency of
the largest grains increases slightly for both measureheadensity peaks
within the clumps are better resolved and capture more mahtarjection
decreases for the smallest grains and the gas due to detneaserical
diffusion at the cloud surface.

thermal pulse model, the grains experience less therm#ising
and arrive later.

4.5 Effect of sputtering

We compare the fiducial results to a simulation run withouttsp
tering (run NS). The third column of Fid.0 shows the result at
simulation termination. The hydrodynamics and the gatreld

are not &ected by the lack of sputtering, since there is no feed-
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Figure 10. Similar to Fig.6, but comparing dferent simulations at= 0.3 Myr. From left to right, the columns show (a) the fiducial siation (run F); (b)
the SNR initialized as a thermal pulse rather than a ST swiutiun FT); (c) no sputtering of dust grains (run NS); andr(d)thermal physics, i.e. purely
adiabatic with no heating or cooling (run NC). The middle vows the gas ejecta tracer field. Comparing the fiducialeahtermal pulse, the initialization
of the SNR does not appear to drastically alter the evolutionjection. Without sputtering, there are no SLRs reldasegas phase; hence the bottom panel
is blank. The 1Qum dust grains are not stopped in the cloud by drag and re-@m@fithout cooling, the impact of the SNR creates a bow shioakdeflects
incoming gaseous ejecta. The large, intact grains stilbdele and penetrate the cloud surface, injecting SLRs.

back from the particles to the gas. The drag force dependbeon t
dust grain radius, and therefore the dust dynamics aresdlt®rthe
lack of sputtering. The largest grains pass almost entttelyugh
the target cloud. The rest of the grains also travel furth&y the
cloud but are eventually stopped by the drag force. Sinae tkeno
sputtering, no SLRs are released into the gas phase angebian

is measured solely by the stopped grain criterion (see Agiped).

4.6 Effect of radiative cooling

We compare the fiducial results to a simulation run withodtaa
tive heating and cooling (run NC). As seen in the fourth caluh
Fig. 10, the behaviour of the gas is radically altered. As the shock
wave impacts the cloud surface, the purely adiabatic eguatf
state results in the formation of a stanfil<hock at the leading edge
of the cloud, diverting impinging material and preventingimg.
The gas-phase ejecta and the smaller grains (which are eithe
pled to the gas or sputtered) do not mix at all with cloud maker
and the injectionficiency is essentially zero (see TaB)eCooling
lowers the fective adiabatic index of the shock-cloud interaction.
As the gas is compressed, the strong radiative losses reédece
shock stand-6 distance, allowing mixing of phases and enhancing
injection. The larger dust grains are legeated as they are largely
intact at impact and still penetrate the cloud surface.

4.7 Fillingfactors

In contrast to previous shock—cloud and SN injection sitirte,
we include substructure in the target cloud through highsig
clumps randomly embedded in an ICM. The fiducial simulatias h
a cloud volume filling factor ofp = 0.5. We expect the SN shock
wave to interact dferently as the filling factor is varied. Clumps at
the cloud surface provide channels for injection, redutiregneed
for Rayleigh—Taylor fingers. We examine th@eet of varying the
filling factor from ¢ = 0.1 to Q9 (runs F1-F9); results are given

MNRAS 000, 1-15 (2016)

in Table2. Overall, the dust grain injection is largely dfected by
the filling factor. A higherp leads to slightly increased injection ef-
ficiency, most notably in the 1@m grains, as the additional clumps
capture grains on trajectories near the periphery of thedclo

5 DISCUSSION
5.1 TheRoleof dust grains

We investigate the role of SN dust grains in enriching a nearb
molecular cloud with SLRs. Our results indicate that dustirgs
formed in SN ejecta can survive transport through the ISM and
significantly enrich neighbouring clouds. We find thaffsiently
large grains 4§ > 1 um) decouple from the expanding SN rem-
nant, pass through the shock front and cloud surface, arasdep
significant fraction of their SLR mass into the cloug & 0.4). In
particular, large dust grains enrich the dense gas ragitdyenting
significant SLR decay. Smaller graires£ 0.1 um) sputter and stall
in the SNR and contribute SLRs predominately through gaseh
mixing. The gas-phase ejecta mix slowly through hydrodyinam
and thermal instabilities at the cloud surface.

Our results agree with those Gfuellette et al(2010) despite
using very diferent targets (molecular cloud versus proto-stellar
disc) and SN distances (18 pc versus 0.1-2 pc). The authansl fo
that a considerable fractiom (> 0.8) of grains larger than Am
are injected into the target, which compares favorably withes-
timates {4 > 0.4). Similarly, the smallest graina & 0.01 um) are
slowed and completely destroyed. We also find approximatseag
ment with our estimate for gaseous injecti@uellette et al(2010
estimatedy, < 0.01, while we findy ~ 0.1.

5.2 S9Fg/5Al ratio

We observe that the dust drag and sputtering naturally lead t
a spatial stratification between grains offfdient sizes, illus-
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Table 2. Summary of simulations and results.

Runname ¢ Nr  No 0§ 5,  n§ e M Mg M1 Moo
F 0.5 50 16 045 0.39 0.48 0.45 0.46 0.065 0.36 0.37 0.23 0.011
R1 0.5 12 16  0.59 0.38 0.42 0.46 0.47 0.083 0.36 0.25 0.13 0.030
R2 0.5 25 16 049 0.38 0.44 0.43 0.45 0.11 0.36 0.31 0.19 0.048
R4 0.5 100 16 0.39 0.39 0.50 0.46 0.34 0.11 0.36 0.42 0.30 0.031
N1 0.5 50 16 044 0.38 0.47 0.44 0.44 0.066 0.35 0.37 0.23 0.012
N2 0.5 50 16 0.45 0.38 0.47 0.44 0.44 0.066 0.35 0.36 0.22 0.011
FT 0.5 50 16 030 041 0.51 0.46 0.29 0.045 0.38 0.41 0.31 0.056
NS 0.5 50 16  0.45 0.00 0.0012 0.011 0.029 0.065 0.00 0.0012 0.0096 0.011
NC 0.5 50 16 0.00 0.37 0.30 0.00033 0.00 0.00 0.29 0.043 0.000 0.000
F1 0.1 50 16  0.46 0.34 0.49 0.45 0.47 0.052 0.23 0.36 0.22 0.0081
F3 0.3 50 16 045 0.37 0.48 0.45 0.46 0.057 0.32 0.36 0.22 0.0092
F7 0.7 50 16  0.43 0.40 0.48 0.44 0.44 0.071 0.38 0.38 0.23 0.012
F9 0.9 50 16 042 0.40 0.48 0.44 0.42 0.071 0.39 0.39 0.24 0.010

trated in Fig.6. One of the leading arguments against a SN en-

richment source is that the SLR abundances in our Solar sys-

tem do not precisely match predicted SN yields. In particula
some estimates of the ratio 6PFe?°Al in the ESS are or-
ders of magnitude lower than expected in SNang & Dauphas
2012, casting doubt on a SN origin for 26AGounelle 201k
However, if the primary carriers of°Fe and ?°Al condense
into grains of diferent characteristic radii, these isotopes may

sive stars form in clustered environments, e.g. OB assonit
(Lada & Lada 2008 and in multiple system<Z{nnecker & Yorke
2007). Indeed, it is likely that multiple SNe over one or more gen-
erations contributed SLRs to the pre-solar clovdgleiadis et al.
2013 Young 2013.

Cloud morphology may also play a considerable role in gas
injection. We introduce static, clumpy substructure in theget
cloud. The substructure prevents a symmetric stehdhmck from

not end up in the same dense gas reservoirs. In addition, theforming after impact and provides ftlise channels for injection

ejecta of SNRs are not spatially homogened@sefenstette et al.
2014. Both observationalQjeLaney et al. 2010and simulation
(Wongwathanarat et al. 201Besults indicate that iron-group ele-
ments may be preferentially ejected in a particular dicectlf the
pre-solar cloud was not in this narrow window, it would reediar
less®°Fe than predicted, and a SN may still be the injection source.

5.3 Other considerations

We do not consider the evolution of the SN progenitor prior to
explosion. The progenitor’'s stellar wind and ionizing egiin

will shape the circumstellar environment, resulting in eatst
fied medium § o« r?) rather than a uniform medium. This den-
sity gradient will dect the transit of the shock wave and grains
through the intervening gas. Furthermore, the stellar vl
contain dust grains that may also be enriched with certaiRsSL
such as?®Al, produced during main sequence and post-main se-
quence evolutionLimongi & Chieffi 2006 Palacios et al. 2005

through the dense filaments. The break-up of the shock also ge
erates turbulence and mixing. We have neglected dynameral p
turbations (velocity substructure); however, moleculauds are
probably turbulentElmegreen & Scalo 20Q4and introducing tur-
bulence could further enhance the mixing at the cloud seréa
increase injection of the smaller grains and gas.

We do not include gravity in our simulations. The potential
effect of gravity can be estimated by comparing the local fedle-f
time ty = [37/(32Gp)]¥2 to the simulation time. For the dense
clumps withng ~ 400 cm®, ty ~ 2 Myr — much longer than
the time-scales considered here (0.3 Myr). However, we tiate
compression by the SN shock wave, as well as fragmentatien du
to thermal instability, will create higher densities andyntdgger
collapse. Due to the global nature of our simulation, we ianged
to measuring injectionficiencies at large scales within the cloud.
Following the enrichment and mixing down to individual mtedlar
cores (sub-parsec scale) will require gravity and addiioasolu-
tion (possibly through mesh refinement). While the densastig

These enriched dust grains will be swept up by the passage ofharder to penetrate, collapsing cores could receive SLReOet-
the subsequent SNR and may further enhance SLR enrichmenting enriched dtuse gas during collaps&¢ffmeier et al. 2015

(Gounelle & Meynet 201
We consider only one set of parameters for the SN (explosion
energyEsy = 10°* erg and ejected madde; = 10 Mo) at a single

In our dust drag law, we consider only neutral grains and
ignore the Coulomb drag force [second term in equation 4 of
Draine & Salpete(1979]. However, dust grains will be charged by

distanced = 18 pc). The SN parameters are somewhat constrained collisions with ions Draine & Salpeter 1979 The Coulomb term

and only slightly &ect the initial condition. The SN distance is
limited by the estimated SLR yield of SNe, the geometrictibiu
of ejecta, and the radioactive decay of SLRs. As noted ini&ect
2.1.2 our chosen separation is at the upper limit of the ‘radioac-
tivity distance’ for?®Al enrichment Looney et al. 2006 Reducing
the distance from the SN to the pre-solar cloud may increase i
jection due to decreased geometric dilution, increasedksppeed
at impact, decreased time for radioactive decay of SLRs,dend
creased sputtering. Therefore our estimates may be coedide
lower limit in this regard.

We also only consider a single SN. However, most mas-

will become large when the relative velocity approachessthend
speed and may significantlyfact the grain dynamics at low rela-
tive velocities. Within the SNR, the dust-to-gas relatiedoeity is
low and the gas temperature is high; hence the Coulomb (plasm
drag may be several times larger than the collisional drag Zfi
Bocchio et al. 2016 Reducing the dust grain velocities may re-
duce the injection, and therefore our estimates of enrichmmay
be upper limits. Charged grains will also interact with arggmetic
fields present in the gas, which we neglect. Within the SNtajec
the dust grains may be largely dfected by magneticfiects, as
there is observational and numerical evidence that the ifetd-
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dially aligned Dunne et al. 2009Reynoso et al. 2013noue et al.
2013. However, the field orientation may shift at the SN shock
front; as noted byFoster & Boss(1997), gas—grain de-coupling
may be suppressed or even prevented by fields in the shodk fron
which could drastically reduce the enrichment. Magneffeats
could also alter the grain dynamics within the target clditte av-
erage magnetic field increases with column density in derdean
ular gas Crutcher 2012 hence the fect on grains also increases
near star-forming clumps. Future work on the subject shoald
sider the combinedfkects of grain charging, Coulomb drag, and
magnetic fields.

6 CONCLUSIONS

A nearby SN remains a possible candidate as the source ofiBLRs
the early Solar system. The main challenge in this ‘dirgetition’
scenario is overcoming the impedance mismatch betweenothe h

diffuse SNR gas and the cold, dense pre-solar gas, as demahstrate_. . ) . . )
9 P 9 Bianchi S., Schneider R., 200Monthly Notices of the Royal Astronomical Society

amply in the literature Boss & Keiser 2012 Gritschneder et al.
2012 Panetal. 2012 We explore whether dust grains formed
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APPENDIX A: MODIFICATIONSTO ATHENA

We have added passive particles to the VL integrator
(Stone & Gardiner 2009 in Aruena (Stone etal. 2008 The
particle update is performed using the predictor valuesng@o-
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isons with the CTU integrator, which includes particles leyedlt,
show nearly absolute agreement. To include sputtering, ave h
modified the particle implementation to track individualrtpde
radii.

APPENDIX B: DUAL ENERGY FORMULATION

In regions of high kinetic energy, the calculation of intren-
ergy via subtraction from the total energy can lead to negaties-
sures, specifically during reconstruction. We have theesiople-
mented a procedure nearly identical to that described iticsec
4.1.1 ofBryan et al.(20143. We simultaneously solve the internal
energy equation (equatidri) for every cell in our domain. In cells
where the internal energy is a small fraction of the totalrgne
(E - pIVI?/2)/E < 1072, we revert to using, as in equation (44) of
Bryan et al.(2014). This check is performed any time the internal
energy (or pressure or temperature) are required, suchagata
ing the pressure at cell interfaces as inputs to the Riemalvers
We prefer the dual energy formulation over a pressure or éemp
ature floor in our models; while reverting the pressure to alkm
number ¢ 1072%) may not dfect the dynamics in most situations,
the cooling depends very sensitively on the temperature.

The internal energy equation (equatitf) is not conserva-
tive. The left-hand side can be treated as an advection iequat
for e/p. We therefore use the density flux returned from the Rie-
mann solver to advect the internal energy, treatras a passive
colour field. The source term is calculated and applied &iceel
tres using a monotonic centralfidirence to evaluate the gradients
of the velocity in each direction. In contrastBoyan et al.(2014),
we use the updated pressure [calculated fRm ey — 1)] when
applying the source term at the full time-step update in thérte-
grator. The non-conservative formulation can lead to laigerep-
ancies from the correct internal energy if the equation leasd
to evolve on its own. Therefore, we follow the recommendatd
Bryan et al.(2014 and synchronize the internal energy using the
total energy when deemed safe to do so. We resetE — p|v|?/2)
if €/ Emax > 0.1, whereE,« is the maximum total energy of the cell
and its immediate neighbours [equation (45Boyan et al.(2014)
with 7, = 0.1].

APPENDIX C: SPUTTERED MASS

As each particle is eroded by sputtering, it releases masshe
gas phase. We keep track of the sputtered material by deppsit
the mass into a passive density field. This field is initiabyazand

is advected with the flow.

At each time-step, the mass lost by each particle is given by
AM, = 4”—?’[:;13 ~(a-Aa), (c1)
wherea is the current grain radiug\a = [(da/dt)y + (da/dt);] dt
is the total change in radius due to both non-thermal andrthler
sputtering,M, is the mass of each particle, apglis the density of
each particle. Itis important to note that+ pq, as each particle in
AtHeNA represents a collection of many individual dust grains. As
the density of each dust grain is fixedsgt= 3.0 g cnT?, the exact
number of dust grains per particle depends on the dust mdgban

3 We write the internal energy densigy which is equivalent tge in the
notation ofBryan et al.(2014)
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number of particles used; e.g. for 1avf 1 um dust distributed in
10° particles, each particle represertd0*° dust grains. For sim-
plicity, we normalize such that each particle has an initiaks of
unity. Hence, if every particle of a given radius group is pbetely
destroyed, the total mass of the passive density fie\t].igVith this
simplification,pp, = 3/(47a3), wherea, is the original radius of the
particle, and

3 _ —A 3
AM, = w (C2)
&
APPENDIX D: INJECTION EFFICIENCIES

The gas injectionféiciency is defined as the mass ratio of ‘injected’
gas phase SN ejecta (as traced by the passive colouCfigtd the
initial amount of gas-phase SN ejecta that is incident orctbed
surface:

J;/ (pCs)injected
Tlgeom L (0Cs)t=0 ’

where ‘injected’ material is defined using either the clootbar
field (C. > 0.1) or the densityrf > n.).

For the dust grain injectionféciency, we must include both
sputtered material (traced by the passive density figldand in-
tact grain material. Further, we only consider dust grdias have
been stopped, i.e. decelerated to a relative velocity hess 10 per
cent of the local sound speed. For each initial radius grtigp,
dust grain injectionficiency is calculated as the mass ratio of both
stopped and sputtered material to the initial total pagtiobss in-
cident on the cloud surface (which we have normalized to be th
number of particled\,):

Mg = (D1)

Np
_ [Z(Mp)vrelsolcs +L(pd)]injected

Np
ngeomZ(Mp)t:O

1d (D2)

This paper has been typeset fromgX/IATEX file prepared by the author.
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