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ABSTRACT

Dust grains are classically thought to form in the winds of asymptotic giant branch (AGB) stars. However, there is increasing evidence
today for dust formation in supernovae (SNe). To establish the relative importance of these two classes of stellar sources of dust, it
is important to know the fraction of freshly formed dust in SN ejecta that is able to survive the passage of the reverse shock and be
injected in the interstellar medium. With this aim, we have developed a new code, GRASH_Reyv, that allows following the dynamics
of dust grains in the shocked SN ejecta and computing the time evolution of the mass, composition, and size distribution of the grains.
We considered four well-studied SNe in the Milky Way and Large Magellanic Cloud: SN 1987A, CasA, the Crab nebula, and N49.
These sources have been observed with both Spitzer and Herschel, and the multiwavelength data allow a better assessment the mass
of warm and cold dust associated with the ejecta. For each SN, we first identified the best explosion model, using the mass and
metallicity of the progenitor star, the mass of °Ni, the explosion energy, and the circumstellar medium density inferred from the data.
We then ran a recently developed dust formation model to compute the properties of freshly formed dust. Starting from these input
models, GRASH_Rev self-consistently follows the dynamics of the grains, considering the effects of the forward and reverse shock,
and allows predicting the time evolution of the dust mass, composition, and size distribution in the shocked and unshocked regions
of the ejecta. All the simulated models aagree well with observations. Our study suggests that SN 1987A is too young for the reverse
shock to have affected the dust mass. Hence the observed dust mass of 0.7-0.9 M, in this source can be safely considered as indicative
of the mass of freshly formed dust in SN ejecta. Conversely, in the other three SNe, the reverse shock has already destroyed between
10-40% of the initial dust mass. However, the largest dust mass destruction is predicted to occur between 10° and 10° yr after the
explosions. Since the oldest SN in the sample has an estimated age of 4800 yr, current observations can only provide an upper limit
to the mass of SN dust that will enrich the interstellar medium, the so-called effective dust yields. We find that only between 1-8% of
the currently observed mass will survive, resulting in an average SN effective dust yield of (1.55 + 1.48) x 1072 My, This agrees well
with the values adopted in chemical evolution models that consider the effect of the SN reverse shock. We discuss the astrophysical

implications of our results for dust enrichment in local galaxies and at high redshift.
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1. Introduction

It is observationally and theoretically well established that a
considerable amount of dust is efficiently formed in regions
around asymptotic giant branch (AGB) stars (e.g. Weigelt et al.
2002; Woitke 2006; Zhukovska et al. 2008; Olofsson et al. 2010;
Schneider et al. 2014; Dell’ Agli et al. 2015). This process is clas-
sically considered as the primary source of dust grains in galax-
ies (see however Schneider et al. 2014), and the typical forma-
tion timescale in the Milky Way is ~3 x 10° yr (Dwek & Scalo
1980; Gehrz 1989; Jones & Tielens 1994).

In contrast, supernova (SN) explosions in the interstellar
medium (ISM) trigger shock waves that are able to quickly pro-
cess dust grains and are considered the dominant mechanism of
dust destruction in the ISM (Barlow 1978a,b; Draine & Salpeter
1979a,b; Dwek & Scalo 1980; Seab & Shull 1983; McKee et al.
1987; Jones et al. 1994, 1996; Lakicevic et al. 2015; Slavin et al.
2015). A recent theoretical work on interstellar dust destruction
in shock waves led to an estimated lifetime of ~6 x 107 yr and
~3 x 108 yr for carbonaceous and silicate grains in our Galaxy,
respectively (Bocchio et al. 2014), which is much shorter than

Article published by EDP Sciences

the assumed dust formation timescale from AGB stars. This
leads to the conclusion that a large amount of dust must be re-
accreted from the gas phase. However, while there seem to be
viable mechanisms for re-formation of carbonaceous grains un-
der low temperature and pressure conditions (e.g. Dartois et al.
2005), silicate grains are harder to form under ISM conditions
(Jones & Nuth 2011).

Although SNe are believed to be efficient interstellar dust
destroyers, there is increasing observational evidence today for
the formation of non-negligible quantities of dust grains in the
ejecta of SNe (e.g. Matsuura et al. 2009; Dunne et al. 2009; Gall
et al. 2011; Gomez 2014). Given the relatively short timescale
between the explosion of two SNe (estimated to be ~40 yr in our
Galaxy, Li et al. 2011), this would lead to an effectively shorter
timescale for dust formation.

Rapid dust enrichment is also required by millimeter (mm)
and sub-millimeter (submm) observations of z > 6 galaxies
(Watson et al. 2015) and quasars (see Valiante et al. 2014 and ref-
erences therein), which show that their ISM has already been en-
riched with >10% M, of dust. Theoretical models and numerical
simulations show that these large dust masses require efficient
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Table 1. Observed and estimated physical properties of the four SNe compiled from the papers listed in column “Ref”.

SNR | Type Eex S6Nji Mo z Age 1o Mg Ref. Emed SONjmed - pgmed
[10°" erg] [Mo] [Mo] [Zo] [Years] [cm™] [Mo] [10°" erg] [Mo] [Mo]
1987A | I 1.1 0.075¢ 18-20¢ 0.4 27 1.5 07-09 f gh 1.0 0.075 20
CasA | IIb° 1-3 0.058-0.16°  13-20° 1 335 1.9 01-1  ijk 1.5 0.11 20
Crab | IIn-P 0.1 0.009-0.016¢  9—12¢ 1 960 1 0.1-0.25 1 0.5 0.014 13
N49 i 1.8 N/A 18-20 0.4 4800 09  0.1-04 m,n 1.5 0.075 20

Notes. The last three columns indicate the input parameters used in the simulations.

References.  Arnett et al. (1989);  Krause et al. (2008); * Eriksen et al. (2009); “” Smith (2013); © MacAlpine & Satterfield (2008);
() Matsuura et al. (2011); @ Indebetouw et al. (2014); ? Lakicevié et al. (2011); © Barlow et al. (2010); ¢’ Rho et al. (2008); ¥ Dunne et al.
(2009);  Gomez et al. (2012); ™ Park et al. (2012); ™ Otsuka et al. (2010).

grain growth in the dense phases of the ISM (Valiante et al. 2014;
Michatowski 2015; Mancini et al. 2015), with both SN and AGB
stars providing the first seed grains (Valiante et al. 2011).

One important source of uncertainty on the role of SNe as
efficient dust polluters is whether the dust formed in the ejecta
survives the passage of the reverse shock. The observed super-
nova remnants (SNR) are still relatively young (age < 5000 yr),
and the reverse shock has not reached the centre of the ejecta
yet. The measured mass of dust associated with the ejecta will
therefore not be entirely released into the ISM, but will be partly
destroyed.

It has been possible to estimate the amount of dust in the
ejecta in only four core-collapse SNe using observation from
Spitzer and Herschel: SN 1987A, Cassiopeia A, the Crab nebula,
and SNR N49. The photometer instruments on these two satel-
lites, which together cover a wide range of wavelengths from the
mid-infrared (MIR) through the far-infrared (FIR) and submm,
are able to measure the emission from both cold and warm dust
in SNe. However, to estimate the dust mass responsible for the
detected emission, correct assumptions must be made on the dust
composition, size, and temperature distribution. Depending on
the choice of the dust composition and on the size and tempera-
ture of the smallest grains, the dust mass estimate can vary by al-
most a factor of 6 (Mattsson et al. 2015). Furthermore, emission
from cold dust in the molecular cloud surrounding a SN con-
taminates the emission from freshly formed dust in the ejecta,
and different observations (e.g. polarisation measurements) are
therefore needed to distinguish the two components (Dunne et al.
2009). The difficulty in determining how much emission comes
from dust in the remnant and how much from the ISM was also
recognised in the recent analysis of a sample of SNRs in the
LMC by Lakicevi¢ et al. (2015): while they placed constraints on
the influence of the remnant on the nearby ISM, the data lacked
the resolution and sensitivity to study the amount of dust within
the remnants themselves.

To estimate the dust mass that is released into the ISM after
the passage of the reverse shock, a numerical code that simulates
the dust dynamics and processing in SNe is needed. Using nu-
merical simulations, Nozawa et al. (2006, 2007) estimated that
depending on the energy of the explosion and on the density of
the ISM, the fraction of dust surviving the reverse shock can
vary between 0 and 80%. Bianchi & Schneider (2007, BS07)
estimated that depending on the density of the surrounding in-
terstellar medium, between 2 and 20% of the initial dust mass
survives the passage of the reverse shock.

In this work we present a new code called GRASH_Rev,
which treats dust processing in a supernova explosion. This code
couples all the dust processing included in the GRASH_EX code
(Bocchio et al. 2014) with the dynamics and structure of the SN
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as modelled by BSO7, but extending it to include the full dynam-
ics of dust grains within the ejecta and in the surrounding ISM.

This paper is organised as follows: in Sect. 2 we first present
the SN sample that we have considered to compare the model
predictions with observational data. In Sect. 3 we describe the
corresponding SN explosion models and the properties of dust
formed in their ejecta. In Sect. 4 we present the structure of
the numerical model, the grid used in the calculation, how we
describe gas and dust dynamics, and the physical processes in-
cluded in dust processing. In Sects. 5 and 6 we present the main
results and discuss their astrophysical implications. Finally, in
Sect. 7 we draw our conclusions.

2. Supernova sample

We considered the four core-collapse SNRs: SN 1987A,
Cassiopeia A, the Crab nebula, and SNR N49. In Table 1 we
report some of their physical properties, as obtained from the lit-
erature: the type of SN, the explosion energy (E.x), the mass of
%6Ni, the progenitor mass (Mprog), the estimated metallicity (Z)
of the progenitor star, the age, the number density of the circum-
stellar ISM (n), and the measured dust mass associated with the
ejecta (Mgys). Some of these quantities are directly estimated
from the data, while others are obtained by comparing the ob-
served properties with theoretical models. For example, the pro-
genitor mass and explosion energy of SN 1987A are obtained by
fitting the observed light curve and spectrum with a theoretical
model (Nomoto et al. 1994, 2006). Similarly, the mass of >°Ni
is estimated from comparison between theoretical and observed
light curves. The uncertainties or approximations of the models
are encoded in the final estimates of these physical quantities.

2.1. SN 1987A

SN 1987A is a young SN located in the Large Magellanic
Cloud (LMC). It exploded in 1987. Observational data in
Table 1 are from Gomez (2013) and references therein. The dust
mass estimate has been updated following the recent work by
Matsuura et al. (2015), leading to a total dust mass of ~0.8 M.
However, a recent and new analysis of the infrared emission
from SN 1987A by Dwek & Arendt (2015) points to a lower
dust mass of ~0.45 M, mostly composed of silicate grains.

2.2. Cassiopeia A

Cassiopeia A (CasA) is a Galactic SNR resulting from a SN ex-
plosion that occurred 335 years ago. The kinetic energy has been
estimated to be ~(2-3)x 10°! erg (Laming & Hwang 2003). The
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Table 2. Dust distribution parameters and masses for the four SNe in the sample.

1987A CasA Crab N49
ao o M us; ap o Mg ap o M s, ap o Mg
(nm) (Mo) (nm) (Mo) (nm) (Mo) (nm) (Mo)
Al,O4 7.5 0.14 2.57 x 1072 5.5 0.14 2.57 x 1072 4.7 0.01 5.18 x 1073 5.5 0.14 2.57 x 1072
Fe; 0,4 9.3 0.13 0.11 9.5 0.13 0.15 6.1 0.01 2.85%x 1072 7.0 0.13 0.11
MgSiO; 84.9 0.08 6.58 x 10°¢ 61.6 0.08 2.67 x 107 3.0 0.11 2.68 x 1073 61.5 0.08 2.74 x 1073
Mg, SiO4 68.9 0.11 0.43 50.5 0.11 0.43 4.3 0.13 8.60 x 1072 50.4 0.11 0.43
AC 90.4 0.13 7.15x 1072 105.2 0.13 0.12 26.0 0.14 0.11 103.2 0.13 0.12
Si0, 55.5 0.16 0.19 38.9 0.16 0.187 4.5 0.03 1.11 x 1072 39.0 0.16 0.187
Mot 0.84 0.92 0.245 0.88

mass of the shocked and unshocked ejecta is ~3—4 M, (Hwang
& Laming 2012), and the mass of gas swept away in the circum-
stellar medium is ~8 My (Hwang & Laming 2009; Patnaude &
Fesen 2009). Adding the mass of a neutron star remnant, the total
mass of the progenitor is estimated to be ~(15+3) M. The mass
of dust associated with the SNR inferred both from Herschel ob-
servations and 850 um polarimetry data is Mgy = 0.1—-1 M.
Given the large uncertainty in the mass of *°Ni, we adopted an
intermediate value as input parameter of the simulation.

2.3. Crab nebula

The small progenitor mass (§8—10 M), the low explosion en-
ergy (10°° erg) and mass of synthesized *°Ni (0.009-0.016 M),
which are significantly lower than the energy and nickel mass
expected for ordinary SNe, all suggest that the Crab could be
the result of an electron-capture SN event (Smith 2013). The
adopted °Ni mass for the simulation is intermediate between
the observed ones.

2.4. SNR N49

The estimated physical properties of N49 have been taken from
Park et al. (2012). Otsuka et al. (2010) reported a mass of warm
dust of ~0.1-0.4 M. Emission from a high mass of cold dust is
also observed, but it is not possible to separate the contribution
coming from dust in the unshocked ejecta from that in the parent
cloud.

For this source, no estimate of the *°Ni mass is available.
We therefore adopted the same value as we used to model
SN 1987A.

3. Structure of the ejecta and grain distribution

Starting from a homogeneous set of solar metallicity presuper-
nova models with masses in the range [13—-130] M, (Chieffi
& Limongi 2013) simulated by means of the FRANEC stellar
evolutionary code (Limongi & Chieffi 2006), we selected the
most suitable model for each SN according to the physical prop-
erties listed in Table 1. These four selected models were then
used as input for the dust formation code (BS07), where clas-
sical nucleation theory in steady-state conditions was applied.
Here we used the latest version of the dust formation model,
which implements an upgraded molecular network, as described
in detail in Marassi et al. (2015). We followed the formation of
six different dust grain species: amorphous carbon (AC), corun-
dum (Al,O3), magnetite (Fe30,), enstatite (MgSiOs3), forsterite
(Mg»Si0y), and quartz (SiOy).

In Table 2 we show the resulting dust composition and mass
distribution. The grains that condense and accrete in SN ejecta
follow a log-normal size distribution function of the form

|

where mp,y ; represents the distribution maximum, ay; is the cen-
troid, o; is the width of the distribution, and

logiy(a/ao,)
20’,‘2

ey

mi(a) = Mpyay,; EXP [—

Mausi = f mia) da ®)
0

is the total dust mass for the ith grain species. Table 2 shows ay,
o and Mgy for the six dominant grain species in each SN.

In this work we consider a carbon grain density p
2.2g cm~3. However, presolar grain measurements indicate a
wide range of density for carbonaceous grains formed in SNe
(e.g. Amari et al. 2005, 2014). We explore this scenario in
Appendix A.

4. GRASH_Rev code
4.1. Gas dynamics

The dynamics of the expansion of a supernova is classically di-
vided into three main stages (see Fig. 1):

1. Ejecta-dominated (ED) expansion phase: as the supernova
explodes, a shock wave is triggered and propagates into the
ISM (forward shock, FS). At the same time, a reverse shock
(RS) propagates into the ejecta. The ejecta is in free expan-
sion.

Sedov-Taylor (ST) phase: the mass of the interstellar material
swept up by the shock wave becomes comparable to the mass
of the ejecta. The ejecta is in adiabatic expansion and the
radiative cooling is negligible (Taylor 1950; Sedov 1969).
Pressure-driven snowplough (PDS) phase: the shock wave
slows down to velocities <200kms~! and radiative cooling
becomes the main cooling process. The outermost shell of
the ejecta is pushed into the ambient medium by the pressure
of the hot gas inside it.

Finally, when the velocity of the shock front becomes low
enough (~10kms~!), the remnant merges with the ISM.

A unified and self-similar solution for the evolution of a SNR
from the ED phase through the ST phase was found by Truelove
& McKee (1999) by comparing with the results of a hydrody-
namical non-radiative simulation. They considered the following
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Fig. 1. Position of the forward and reverse shocks (black lines) as a

function of time from the ED phase through the PDS phase. In the inset

we compare the position (solid line) and velocity (dot-dashed lines) of

the forward shock computed using the analytical solution (black lines)

with the simulation by Slavin et al. (2015; red lines).

characteristic scales of length and time:

1/3 -1/3
R = M p'",
— —1/2345/6 ~1/3
Ich =Eex/ Mej/ ,00 / s (3)

where M, is the mass of the ejecta, po is the ISM density, and
Ecx is the explosion energy. The position of the forward (Rps)
and reverse (Rrs) shocks with respect to the centre of the ejecta
for uniform ejecta are well described by

-2/3
Rgs (1) = 2.01R4t" (1 n 1.72t*3/2) P

-2/3
Rgs (t*) = 1.83Rcnt” (1 n 3.26t*3/2) B

“)
during the ED phase, while during the ST phase these two quan-
tities can be approximated by

Rps () = Ry, (1.421° — 0.254)*3 |
Rgs () = Rant* (0.779 — 0.1067* — 0.533In7"), (5)

where 1 = t/t..

When the forward shock reaches velocities <200kms™,
these equations no longer represent a good approximation, and
radiative cooling must be taken into account. Cioffi et al. (1988)
found the fiducial time for the onset of the PDS phase to be

3/14

_ 4 51
tpps = 1.33x 10 W yr, (6)
m 0

where Es; = E../10°! erg, £y, = 1 for solar abundances and ng is
the ISM number density. They also found that the forward shock
can be approximated with the following analytical expression:

4 1\3/10
Rgs = Rpps (gf;Ds - 5) , (7)
where ¢ = t/tpps and
2/7
_ E5y
Rpps = 14—+ (8)

pc
/7 3/7
ot 1y

is the position of the forward shock at the time #pps.
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The validity of these analytical solutions is guaranteed by
the comparison with hydrodynamical simulations by Cioffi et al.
(1988) and Truelove & McKee (1999). As a further check, we
compared the analytical approximations with recent hydrody-
namical simulations (Slavin et al. 2015). In the inset in Fig. 1 we
show the analytical forward shock position and velocity (black
lines) and those retrieved from Fig. 2 in Slavin et al. (2015; red
lines). The analytical solution is a good approximation through-
out the considered time interval, and the discrepancy in the po-
sition of the forward shock is never larger than ~2%.

4.2. Simulation grid dynamics

We divided the ejecta into Ny spherical shells and assumed that
they all have the same width AR = R.j/N;, where R, is the ejecta
radius. The velocity of each shell is initially determined by the
homologous expansion of the ejecta:

R; 10E,
= vyt %:thﬁ ©)
ej ej

where v; is the velocity of the jth shell and v is the velocity
of the ejecta radius. Additional N, spherical shells are defined
to model the ISM around the expanding ejecta. We considered
a maximum distance of Ryax ~ 200pc from the centre of the
ejecta and divided the space between R.j and Ry.x in Ny shells
of equal width ARism = (Rmax — Rej)/Ns. At the beginning of the
simulation, these ISM shells are at rest.

We then let the system evolve. The simulation time step, Af,
is uniquely determined by the dynamics of the reverse shock. It
is defined as the time interval during which the reverse shock
crosses one shell inside the ejecta, until it reaches the centre of
it. At each given time, shells that have not yet been crossed by
the reverse shock continue to expand homologously and adia-
batically. This implies that the external and internal boundaries
of each shell expand at their initial velocity, leading to a larger
volume and to a lower density. The gas temperature in the shell
changes according to

/ v 1y

Tj = Tj 7 N
J
where T; and V; are the temperature and volume of the jth
shell at a given time ¢, the primed variables are the same quan-
tities at time 7 + Az, and vy is the adiabatic index (assumed to be
vsn = 1.41, Chiefi & Limongi 2013, for the gas in the ejecta
and yism = 5/3 for the ISM). Similarly, shells in the ISM that
have not yet been crossed by the forward shock remain at rest
and their gas properties remain unchanged.

In contrast, when a shell is invested by the reverse or for-
ward shock, it experiences strong variations in density, velocity,
and temperature that are well described by the standard Rankine-
Hugoniot jump conditions:

(10)

,_y+1

Pj—)?lpj,

, 2

Uj = vj = o U (11
y—=1 m ,

where p;, v;. and Tj’. are the density, velocity, and temperature of

the jth shell (whether in the ejecta or in the ISM) after the pas-
sage of the shock, m is the mean particle mass, kg the Boltzmann
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constant, and vy, is the velocity of the shock in the reference
frame of the shell before it is invested by the shock. This ve-
locity corresponds to Drs and vgg for the reverse and forward
shocks, whose analytical expressions can be found in Truelove
& McKee (1999).

The velocity of shells between the reverse and forward
shocks (hit by a shock at earlier times) is obtained by interpo-
lating between the velocity of the reverse and forward shock.
As in Bianchi & Schneider (2007), we compared the dynamical
evolution predicted by the model with the output of numerical
simulations by van der Swaluw et al. (2001) and Del Zanna et al.
(2003); they agree well until ¢ ~ 10* yr.

The reverse shock velocity in the reference frame of the un-
shocked ISM reaches an inversion point at t = f., and then
achieves negative velocities, causing the implosion of part of the
ejecta. This process has been investigated in detail through nu-
merical simulations by Cioffi et al. (1988). Before reaching the
centre of the ejecta, the temperature and pressure in the core of
the ejecta increase, effectively reflecting the reverse shock, and
lead to the so-called echoes of thunder described in their work.
To qualitatively reproduce this mechanism, we made the follow-
ing approximation: for all the shells of the ejecta that are invested
by the reverse shock after ., (j < j* with j* the shell invested
by the reverse shock at t.,), we set the shell velocity to zero,
therefore assuming that the bouncing of the reverse shock would
effectively cancel out the inward velocity. The velocity of these
shells will remain zero until the end of the simulation, and shells
in between the jth shell and the forward shock have velocities
obtained from interpolation. During this phase, radiative cool-
ing of the gas by atomic processes starts to be important and is
taken into account using the cooling function by Raymond et al.
(1976). The error made on the position of the outermost shell of
the ejecta computed by this model is always smaller than a factor
of ~2 when compared with the results of numerical simulations
(Cioffi et al. 1988). Moreover, since only a quarter of the ejecta is
invested by the reverse shock after 7.y, all these approximations
affect only $2% of the dust mass.

4.3. Dust coupling

The dynamics of dust is governed by its coupling to the gas.
Initially, dust is coupled to the unshocked ejecta and uniformly
distributed. For a given shell, j, both gas and dust have the same
velocity, v;. The passage of the reverse shock in the jth shell of
the ejecta will affect the dynamics of both gas and dust in that
shell. The gas is instantaneously modified according to Eq. (11)
and takes a velocity v}, while dust grains, having more inertia,
decouple from the gas and move with an initial velocity (see
Eq. (11)) of

|oret] = [0, = v,
2

_)/+lvsh

12)

with respect to the shocked gas.

In the model by BS07 dust grains were kept in the same shell
for the whole simulation without considering their full dynam-
ics. In addition, once the reverse shock invested a given shell,
the grains in that shell were assumed to be at constant velocity
(given by Eq. (12)) to take the grain erosion upper limit, with-
out considering the action of drag forces. However, depending
on the gas and dust properties, dust grains modify their velocity

3:
T L
c L
S I
0 [
S 2F
o [
[=) L
L L
s L
| 1
«© r
e I
o L
L L
ot
10° 107 108
Tgas (K)

Fig. 2. Ratio between plasma and collisional drag as a function of the
gas temperature for different grain radii. Drift velocities are indicated
by the line style (Vi = 10, 100, and 1000 kms~' for solid, dotted, and
dashed lines, respectively).

according to the following equation (McKee et al. 1987):

Fp
b
Mgy

Yot _ dX Yol _

dr — dr 2y

13)

where y is the shock compression, Fp the coupling force and mg,
the grain mass. The first term on the right-hand side is known as
betatron acceleration (Cowie 1978; Shull 1978). In the presence
of a magnetic field, B, charged (with charge |g|), dust grains gy-
rate around magnetic field lines with a trajectory determined by
the Larmor radius:

MgrUrel, 1
lq1B

where vy, is the component of the relative velocity between
gas and dust which is perpendicular to magnetic field lines. A
rapid increase in the gas density due to shock compression will
then lead to an enhancement of the magnetic field strength and a
consequent (betatron) acceleration and reduction of the Larmor
radius. In contrast, the coupling term reduces the grain velocity
as a result of the combined effect of collisional (direct) coupling
and of plasma drag (Draine & Salpeter 1979b):

(14)

r, =

Fp = Fp(collisional) + Fp(plasma). (15)
The relevant relations that define plasma drag are reported in
Egs. (3)—(6) of Bocchio et al. (2014).

In this model we do not describe the ionisation state of the
gas. However, for a sufficiently high gas temperature we can con-
sider the gas to be fully ionised. Therefore the shocked gas is
assumed to be composed by H*, He™* and O, which represent
the most abundant species. In Fig. 2 we show the ratio between
plasma and collisional drag as a function of the gas temperature
and for different grain sizes and drift velocities. Plasma drag
has a negligible effect on the dynamics of small grains, while
it exceeds collisional drag for ~100 nm grains at gas tempera-
tures <5 x 10° K. However, if the velocity is sufficiently high
(el ~ 1000 km s™1), plasma drag is negligible at all gas temper-
atures and for all grain sizes.

It has been shown that betatron acceleration efficiently
affects the dynamics of interstellar dust grains invested by
supernova-triggered shock waves (Jones et al. 1994, 1996;
Bocchio et al. 2014). However, this process is probably not rel-
evant for dust produced in SNe. There is evidence for magnetic
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field lines distributed radially inside the ejecta both from po-
larimetry observations (e.g. Dunne et al. 2009) and from numer-
ical simulations (e.g. Inoue et al. 2013; Schure & Bell 2014). In
the case of symmetric ejecta, the velocity of grains is mostly ori-
ented radially and betatron acceleration is therefore negligible
inside the ejecta. In the ISM, shock compression is important
during the PDS phase, when the shock front is at low velocities
(vsn < 200kms™!) and the gas cools as the result of the emission
of radiation. However, dust grains ejected from the interior of the
SN are almost at rest with the post-shock gas during this phase
(see Sect. 5), and they are therefore not affected by the betatron
acceleration. Hence we do not include betatron acceleration in
this version of the code.

4.4. Dust grain number matrix

to keep track of all the grains in the simulation, we defined a
matrix, 9, where — for each of the 2/ shells and for each rel-
ative velocity between grains and gas in the shell — we stored
the number of grains together with their size and composition.
Initially, the grains occupy the matrix elements corresponding to
the shells in the ejecta and zero relative velocity. At each time
step, grains are displaced according to the laws described above
and the matrix elements are updated. Particular care is required
when drag forces are too strong and grain velocities change too
quickly during one simulation time step. In that case the time
step is divided into n; = 50 time intervals (each of duration ot),
and the grain velocity, v.,a,, and position, d; s, are determined
by a sub-grid model following:

n;
dv
UrtAr = Vg + Z (E)A&,
=1 !
n;
diynr = dy +

Vit (16)

i=1

where v; is the intermediate velocity at each time ¢ + iot.
Computing the change in grain radius, a, at each of the n; time
intervals would have been too time-consuming, and we therefore
accounted for the grain erosion in this way:

) >
U=Ur+A¢
da

where G is the grain radius derivative calculated as described
in Sect. 4.5 and the subscript indicates the velocity at which
the processing is calculated. The grain radius generally does not
change very rapidly and a division into sub-grid time intervals is
not necessary.

da

— 17
ot (17

1 (da
Arepr = Ay + s\

4.5. Dust processing

We considered four main physical processes:

1. Sputtering due to the interaction of dust grains with particles
in the gas;

2. sublimation due to collisional heating to high temperatures;

3. shattering into smaller grains due to grain-grain collisions;
and

4. vapourisation of part of the colliding grains during grain-
grain collisions.

The sputtering process can be estimated following the formalism
by Tielens et al. (1994) as revisited by Bocchio et al. (2014). The
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Table 3. Parameters for the analytical modelling of the size-dependent
sputtering.

AlLL,O; Fe;O, MgSiO; Mg,Si0, AC  SiO,

p1 1.1 1.2 1.0 1.5 49 085

P2 0.39 0.55 0.50 1.2 0.55 1.2

P3 1.1 1.0 1.0 0.57 0.77  0.56

P4 1.9 1.9 1.8 1.1 4.7 1.1

Ps 2.1 2.0 2.1 0.52 3.0 1.6

Ps 0.78 0.80 0.76 0.37 1.2 0.29
sputtering rate is expressed as
dNyp, )
? =2na Zl: n,’<Y,’U>, (18)
where dgl—;" is the number of sputtered atoms per unit time, a is

the grain radius, n; the number density of the ith ion and

(Yiv) = f Yivfaam(v)do, (19)
where Y; is the sputtering yield (assuming a semi-infinite tar-
get) of the ith ion, v is the relative velocity between grain and
gas particle (a combination of the thermal and drift velocities),
and fym(v) is the skewed Maxwellian distribution (Shull 1978;
Guillet 2008; Bocchio et al. 2014). We used the same sputtering
yields as derived by Tielens et al. (1994) and used by BS07 and
Nozawa et al. (2006, 2007).

Energetic ions can have a penetration depth that is compa-
rable or even larger than the smallest grains considered in this
work. For example, a ~1 keV He* ion (corresponding to the en-
ergy of an ion in a hot gas with Ty ~ 8 X 10° K) has a penetration
depth R, ~ 10nm in graphite and therefore it is likely to cross
grains of radius smaller than R, without leading to any sputter-
ing of the target. This effect was taken into account in models
by Jurac et al. (1998) and Serra Diaz-Cano & Jones (2008) and
then adopted by Bocchio et al. (2014) for sputtering of interstel-
lar carbonaceous grains in supernova-triggered shocks. Using a
similar approach, here we extend the latter study to simulate this
effect for all the target materials considered in GRASH_Rev. The
sputtering yield, Y,, of a grain of radius a is then expressed as

wf(x),

where Y, is the sputtering yield for a semi-infinite target, x =
a/(0.7R,) and f(x) is a function that can be parametrised as

Y, = (20)

(Inx/p2)®

— paexp|—(psx —pe)’|. (21)
S| e[t

F0) = 1+ piexp [—

The function f(x) depends on the target material, and the six pa-
rameters we used are reported in Table 3. In general, this func-
tion tends to unity for sufficiently large grains (with respect to
Ry, i.e. x — o0) and tends to zero for small grains (i.e. x — 0).
For grain radii comparable to the ion penetration depth, the sput-
tering yield is enhanced and can reach values Y, ~ 4Y, for
graphitic-type grains. For a detailed explanation of the method
used to retrieve the parameters involved in Eq. (21), we refer
to Appendix B. Finally, since the mass of (sub-)nanoparticles
is negligible for all the SN models considered, we did not im-
plement any molecule dissociation process (e.g. Micelotta et al.
2010b,a) as was done in Bocchio et al. (2014).
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Sublimation is implemented with the same method as
described by BS07, using the thermal sublimation rates by
Guhathakurta & Draine (1989) and Draine & Hao (2002). In
agreement with BS07, we find this process to provide a negli-
gible contribution to dust destruction for all the SN models.

Grain-grain collisions lead to the formation of craters in the
two colliding grains. The matter ejected from the crater is frag-
mented or even vapourised and brought back to the gas phase.
Shattering and vapourisation processes were implemented fol-
lowing equations by Jones et al. (1994, 1996). However, some
of the grain materials present in this work were not in the origi-
nal papers. We adopted values from the literature for the different
grain properties (see Table B.1). For a detailed description of the
computation of the relevant quantities we refer to Appendix C.

Given the low density of dust in the ejecta, grain-grain colli-
sions are rare, and shattering and vapourisation lead to minor
processing with respect to sputtering. This result can be bet-
ter understood if we calculate the timescale between grain-grain
collisions, Aty . Particles with a mean number density 7 and a
typical radius a, in motion in a given volume will have a mean
free path:

1

A= 5 (22)
wai

and the timescale between two collisions is given by

Ateon = -, (23)

<

with 7 the typical relative velocity between particles. As an ex-
ample we considered a SN ~ 10*yr after the explosion. The
volume occupied by dust is roughly a sphere of radius 10 pc.
Assuming 0.5 M of silicate grains with an average radius of
50 nm, the mean grain number density is 7z ~ 10~'! cm~3. Then,
considering a mean relative velocity of 7 ~ 500kms~!, the
timescale between grain-grain collisions is Afeoq ~ 8 X 107 yr,
showing that these events are rare. Furthermore, with the expan-
sion of the ejecta and the dispersion of grains into the ISM, the
frequency of collisions is even lower.

At each time step in the simulation, the grains in all the cells
of the matrix Mt are processed by the four mechanisms described
above and the matrix is updated.

5. Results

We ran the GRASH_Rev code for four SNe with the following
input parameters: the number density of the surrounding ISM,
the explosion energy, the progenitor mass (g, EQ}(‘;;‘, M;;;gg listed
in Table 1), and the initial dust mass, composition, and size dis-
tribution (Myyg, ag, o for each grain species listed in Table 2).
The number of shells used for the simulation grid was fixed and
equal to 2N; = 800. However, we note that this represents a ro-
bust parameter; halving or doubling the number of shells, the
simulation output remains unchanged.

In the following sections we present the results of the
simulations.

5.1. Test particle dynamics and processing

To better understand the behaviour of individual dust grains, we
first illustrate the dynamics of a few test particles, giving as an
input to the code their initial position, size, and material.

We considered the simulation of SNR N49 and defined
six test particles made of Mg,SiO4 with radii of 10, 100,
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Fig. 3. Mg,SiO; test particle trajectory, size, and velocity in the ejecta
of SNR N49. Green and red lines indicate particles initially placed at
one-forth and half of the radius of the ejecta, respectively. The initial
size of particles is 10, 100, and 1000 nm for dotted, solid and dashed
lines, respectively. In the top panel, black lines indicate the positions of
forward and reverse shock, and the blue line is the boundary between
the ejecta and the ISM.

and 1000 nm initially placed at a distance of one-forth and half
of the initial radius of the ejecta. In Fig. 3 we show their trajecto-
ries (upper panel), the size evolution (central panel), and relative
velocities with respect to the gas. The positions of forward and
reverse shocks are indicated by black lines, while the position of
the boundary between the ejecta and the ISM are plotted by the
blue line.

Initially all the particles are at rest with respect to the ejecta.
When the reverse shock reaches the shell where the particles re-
side, the gas undergoes a jump in conditions (Eq. (11)), while
dust grains are not instantaneously coupled and assume a veloc-
ity given by Eq. (12) with respect to the gas. Immediately after
the passage of the reverse shock, depending on the gas condi-
tions and grain size, dust grains are slowed by drag forces and
processed by collisions with gas particles and other grains.

Small grains (¢ = 10 nm, dotted lines) are quickly stopped
and destroyed within the ejecta, while larger grains (¢ =
100, 1000 nm, solid and dashed lines, respectively) are eroded
to a lower extent. Furthermore, 100 nm grains that were initially
placed at one-forth of the ejecta (green lines) have enough in-
ertia to cross the forward shock, while 100 nm grains initially
placed at half of the ejecta (red lines) are stopped and destroyed
in ~10° yr.

As soon as a grain crosses the forward shock, its relative
velocity with respect to the unshocked ISM gas, vg,,, is en-
hanced to

Uism = UISM + Ush, (24)
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Fig. 4. Dust mass evolution as a function of time for the four SNe con-
sidered in this study (1987A: black, CasA: green, Crab: blue, and N49:
red). Solid lines represent GRASH_Rev results and dashed lines the re-
sults obtained by BSO7 model using the same initial conditions. Data
points represent the observed dust masses, and the shaded region indi-
cate the time interval when dust processing fades out.

where vigy is the relative velocity between the grain and the
shocked ISM and vy, is the shock velocity. Because of the effect
of drag forces, grains will again slow down in the unshocked
ISM. If the velocity of a grain is too low in this medium (e.g.
green solid line in Fig. 3), it can be reached by the faster for-
ward shock and will cross the shock front a second time. This
time, the relative velocity between grain and gas is reduced and
the grain is almost at rest in the shocked gas, therefore avoiding
further processing.

Hence, it is clear that the fate of individual grains depends
not only on its initial size but also on its initial position within
the ejecta.

5.2. Dust mass evolution

In Fig. 4 we show the time evolution of the dust mass follow-
ing the SN explosion. The evolution starts at the end of the dust
nucleation phase. Each line represents the evolution of a single
SN (1987A: black, CasA: green, Crab: blue, and N49: red), and
the data points illustrate the dust mass estimated from the obser-
vations (see Sect. 2). As a comparison we also show the mass
evolution computed using the model by BS07, assuming no drag
forces (dashed lines). In the inset we highlight results for the
time interval f = 10°—10° yr on a logarithmic scale.

The dust mass estimated using GRASH_Rev simulations
agree well with the observations, except for SNR N49, for which
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Fig. 5. Dust mass distributions for CasA, Crab, and N49 at formation
(solid lines) and observation times (histograms). In each panel we show
the three dominant dust species: Fe;O4 (green), Mg;SiO4, and SiO,
(summed together in orange) and AC (blue).

the dust mass predicted by GRASH_Rev is ~15% higher than
the upper mass limit of the range of values inferred from obser-
vations (0.4 M, see Table 1 and Sect. 5.3). A more detailed com-
parison between model predictions and observations is given in
Sect. 5.3.

At times ¢ ~ 103-10%yr the reverse shock destruction pre-
dicted by GRASH_Rev is less important than that predicted by
BSO07. Because of the passage of the reverse shock, dust is de-
coupled from the gas during this time interval and travels in be-
tween the reverse and forward shocks where the gas conditions
are milder. For ¢ 2 10*yr, most of the grains reach regions be-
hind the forward shock where gas conditions are harsh and dust
erosion is efficient. For all the four SNe, we predict final dust
masses that are ~5-50% of those estimated using the model by
BS07, where the displacement of grains and the effect of the for-
ward shock were neglected.

5.3. Dust mass distribution

In Fig. 5 we show the predicted mass in different dust species as
a function of the grain size for CasA, Crab, and N49. The initial
mass distributions (obtained as described in Sect. 3) are shown
with solid lines, while the dust mass distributions at the time
corresponding to the age of these SNe, #,s, is represented by the
histograms. Only the most abundant species are displayed here:
Fe;04, Mg,Si0y4, and SiO, and AC. We do not show the results
for SN 1987A because the reverse shock has not yet affected the
mass of dust formed in this SN (see Fig. 4).

The dust mass distribution at the observation time is
shifted towards small grains and reduced in mass as a result
of dust processing (compare the entries in Tables 2 and 4).
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Table 4. Dust masses (expressed in M,,) at the observation time, f,, and at the end of the simulation, #q.

1987A CasA Crab N49
Lobs Tend Tobs Tend Tobs Tend Lobs Tend
Mano, 257x102  124x10° 214x102%  3.00x10° 3.66x103 151x10° 6.19x10° 3.93x10°
Mpe,0, 0.11 1.46 x 1073 0.13 6.78 x 107° 1.58 x 1072 2.00 x 107° 3.02 x 1072 2.27 x 1073
Myigsio, 6.58 x 1076 5.91 x 1078 2.4 %107 1.65 x 107° 1.80 x 1073 1.87 x 107° 1.84 x 107 1.70 x 1077
Myig,sio, 0.44 2.10 x 1073 0.40 1.34x 1073 6.19 x 1072 1.38 x 107* 0.28 1.48 x 1073
Mac 7.15x 1072 850x 1073 0.12 1.07x 1072 7.85x1072 257x107™* 0.11 3.86 x 1072
Msio, 0.19 1.26 x 10~ 0.16 6.15x10°%  6.80x1073 208x107 9.65x1072 3.51x10™*
Mror 0.84 1.07 x 1072 0.83 1.07 x 1072 0.17 421 x 107 0.52 4.02 x 1072

This effect is more evident for the oldest SN remnant, N49.
Furthermore, small grains are more affected by processing than
large grains, reflecting the behaviour of test particles seen in
Fig. 3.

In what follows, the dust size and composition predicted
by GRASH_Rev for these three SNe at their respective ages is
compared with the dust properties adopted to estimate the dust
mass from IR and submm observations.

For CasA our model predicts little destruction, and the three
dominant species are characterized by a mass distribution that
is similar to the initial one. About 0.77 My of dust is still un-
shocked, and therefore only 0.06 M., of dust is likely to be warm
and collisionally heated by the hot post-shock gas. These values
agree well with the mass of cold and warm dust obtained from
fitting observations (0.1-1 Mg from Herschel and polarimetry
observations and 0.02—0.054 M, from Spitzer data, Rho et al.
2008; Arendt et al. 2014).

The Crab nebula has been observed with Herschel at wave-
lenghts between 51 and 670 um by Gomez et al. (2012). They
fit the observed emission with two-temperature blackbodies, in-
ferring a dust mass of 0.11 (0.24) M, when carbonaceous (sil-
icate) grain optical properties are used to fit the data. At the
time corresponding to the age of this SN, we predict a total dust
mass of 0.17 M, in good agreement with the observations, with
an almost equal contribution from silicates (~0.09 M) and car-
bon grains (~0.08 M;). However, the predicted grain composi-
tion is more complex than assumed to fit the data. The simu-
lation predicts that ~0.023 M, of dust lies between the forward
and reverse shock, probably emitting at high temperatures, while
the warm dust mass inferred from the data is estimated to be
6-8 x 1073 M. However, to fit the data, all grains were as-
sumed to be either at high (T, ~ 55—-63 K) or low temperature
(T. ~ 28-33 K). Given the wide range of predicted grain sizes,
this assumption is likely to be a very poor approximation.

Observations of warm dust emission in N49 by Otsuka et al.
(2010) indicate a dust mass of 0.1 (0.4) My, if carbonaceous (sil-
icate) grains are assumed as the main constituent of dust. The
cold component is hard to detect observationally as it is strongly
contaminated by the emission of dust in the parent cloud at a
similar temperature. Only a single dust temperature has been
used to fit the data (Otsuka et al. 2010), and this could lead to
a large uncertainty in the estimated dust mass (Mattsson et al.
2015). The GRASH_Rev simulation predicts that in SNR N49
the reverse shock has already processed much of the ejecta and
only 0.04 Mg of dust is still in the unshocked region, emitting
as cold dust. Hence, we predict a warm dust mass of ~0.48 M,
dominated by silicate grains, which is only ~15% higher than
the observed warm dust mass when silicate optical properties
are assumed.

Given the uncertainties in inferring the dust mass from the
data, we can conclude that the model predictions provide a rea-
sonable estimate of the mass of dust that has survived the pas-
sage of the reverse shock. Based on our simulation, we can con-
clude that a dust mass of [0.7—0.9] M, such as the one observed
in SN 1987A, can be safely considered to be representative of
the efficiency of dust production in massive stars, as the ejecta
have not yet been invested by the reverse shock. This conclusion
does not apply to the other three SNe that we have considered,
where — at the estimated time from the explosions — between 10
and 40% of the freshly formed dust has already been destroyed.
However, for none of the SNe considered, the reverse shock trav-
elled to the centre of the ejecta. This implies that current obser-
vations cannot be used to estimate the mass of dust that will be
injected in the interstellar medium, the so-called effective dust
yield.

5.4. Effective SN dust yields

The final time of the simulation was assumed to be fo,q = 10% yr
where the velocity of the forward shock is vy, < 10km s~ and
dust grains are either destroyed or embedded in the ISM gas.
Table 4 illustrates the predicted dust mass at the end of the simu-
lation. We find that the effective dust masses injected in the ISM
from these SNe will be significantly lower than inferred from
present observations: ~1% of the currently detected mass for
SN 1987A and CasA, ~8% for N49 and less than 1% for the Crab
nebula. The resulting dust yields depend on the progenitor mass,
explosion energy, and the age of the SN, and lie in the range
[4.21 x 107*-4.02 x 1072] M. Grains in the Crab nebula suffer
the largest destruction. The Crab nebula has a lower explosion
energy and progenitor mass than the other SNe. This leads to the
formation of smaller dust grains (e.g. AC grains have an average
size of ay = 26 nm, in the other three SNe qy ~ 90—100 nm)
and to a lower dust mass. For the same reason, silicate grains
are destroyed more efficiently. As a result, more than 60% of the
dust mass that will be injected in the ISM is in the form of car-
bonaceous grains. These grains, being larger than grains of other
species, have more inertia and, depending on their initial posi-
tion, can cross both the reverse and forward shock, reaching the
unshocked ISM and surviving the explosion.

6. Discussion and astrophysical implications

The dust mass obtained from fitting observations was deter-
mined under several assumptions that make the measurement
rather uncertain.

1. Often, a single dust material and size is used to repro-
duce the dust emission. However, dust in SNRs is rich in
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composition, and each material has a wide size distribu-
tion. This is reflected in the dust temperature distribution:
for example small grains are heated to higher temperatures
than larger grains, and their emission per unit mass will
be higher. Mattsson et al. (2015) noted that depending on
the grain size/temperature distribution, the measured dust
mass can vary by up to six times the original value, but that
most of the complication derives from the assumed grain
material.

2. In many cases and especially in young SNe, most of the dust
mass resides in the unshocked ejecta and is therefore likely
to be cold with a similar temperature to that of dust in the
parent cloud (radiative transfer calculations in SN 1987A
predict temperatures Tgue = 15—20 K; Wesson et al. 2015).
The emissions from these two sources come from the same
spatial region and are therefore entangled, and further multi-
wavelength observations are therefore needed for a correct
dust mass evaluation.

3. For CasA and the Crab nebula, recent observations suggest
that the unshocked ejecta have a clumpy density distribution
(Lee et al. 2015; Owen & Barlow 2015). When this is taken
into account, the inferred dust masses are generally higher.
In dust formation and destruction models, a clumpy ejecta
would also favour a higher dust mass as (i) the formation of
dust grains would be more efficient, therefore creating larger
grains; and (ii) the higher contrast in density between the dif-
fuse and clumpy gas would slow the reverse shock, leading
to less dust processing.

In addition, the mass of the progenitor stars and the explosion
energy for some SNe are also difficult to reconstruct from the
available data. These do not affect the estimated mass of freshly
formed dust', but they may affect the destruction efficiencies by
the reverse shock. As an example, assuming an increase in the
explosion energy by a factor 2 for CasA leads to a 60% lower
dust mass at 7y than the value reported in Table 4. However,
as is clear from Fig. 4, this model would still agree with the
observed dust mass, given the large error bars. Hence, the uncer-
tainties that affect the measured dust mass encompass the range
of dust masses predicted by the model for different initial explo-
sion parameters.

Given these uncertainties, the models described in this paper
appear to reproduce the dust masses in the four SNe well. The
average effective dust yield is estimated to be (1.55 + 1.48) x
1072 My, This agrees well with the dust yield used in chemical
evolution models based on BSO7 dust yields with moderate de-
struction by the reverse shock. For a Salpeter initial mass func-
tion (IMF), the average dust mass injected by SNe in the ISM
is (2.50-2.73) x 1072M,, for SN progenitors with metallicities
0.1Z, < Z < 1Z and a circumstellar medium density of 1 cm™
(Valiante et al. 2009, 2011, 2014; see also Fig. 6 in Schneider
et al. 2014).

In the Milky Way, the timescale between the explosion of
two SNe has been estimated to be ~40yr (Li et al. 2011). Using
the mean effective dust yield that we have obtained leads to a SN
dust production rate of (3.9 +3.7) x 10~ Mg, yr~'. This value can
be compared to the dust production rate by AGB stars. Because
of source confusion in the Galactic plane, surveys have targeted

' As an example, changing the explosion energy adopted for CasA
from 1.5 x 10°'erg to 3 x 10%erg induces only a 5% difference in the
dust mass. A similar difference is found if we increase the Ni’® mass
adopted for the Crab from 0.014 M, to 0.058 M.
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the Magellanic Clouds to make a global census of dusty AGB
stars, inferring dust production rates of ~ 2 x 107> My/yr for the
LMC, Riebel et al. (2012) and of ~8 x 1077 M/yr for the Small
Magellanic Cloud (Boyer et al. 2012), with variations among the
results of different surveys (Matsuura et al. 2013), and in good
agreement with theoretical predictions (Ventura et al. 2012b,a,
2014). Hence, even in the LMC, the current dust production rate
by AGB stars appears to be more than one order of magnitude
lower than that estimated from our sample of four SNe. But the
relative importance of AGB stars and SNe as dust producers de-
pends on the initial mass function and on the star formation his-
tory of each galaxy (Valiante et al. 2009).

The importance of stellar sources of dust is limited by grain
destruction in SN-driven interstellar shocks, however. The dust
destruction timescale in the Milky Way has been estimated to
be Tgesmw ~ 108, 10° yr by Bocchio et al. (2014) and Slavin
et al. (2015), respectively. Rescaling these values by the ra-
tio between the ISM mass in the Milky Way and in the LMC
(Mismmw/Mismimce = 100), the dust lifetime in the LMC can
be estimated as ~10°=107 yr, in agreement with the recent ob-
servational study by Lakicevi¢ et al. (2015), which leads to
TdesLMC ~ 2 X 107 yr. Then, assuming a total interstellar dust
mass in the LMC of Mg = 7.3 X 10° My (Gordon et al.
2014), the resulting dust destruction rate is dMgyesimc/dt ~
3 x 1072=7 x 107! My yr~!'. These values are higher than the
inferred dust production rates for SNe and AGB stars by a factor
of >100, therefore requiring dust accretion in the gas phase of
the LMC. Even if the dust formation timescale in AGB stars and
SNe appears to be longer than the destruction timescale, stellar
dust production is nevertheless an important mechanism to pro-
vide the seeds for grain growth through gas accretion in denser
regions (see however Jones & Nuth 2011).

The result of our study suggests that of all the different dust
species that are formed in the ejecta of SNe, carbonaceous grains
suffer the least destruction by the reverse shock, which means
that they provide the dominant contribution to the effective SN
dust yields. This implies that carbon dust may be present even
in the ISM of young galaxies, with relatively unevolved stel-
lar populations. This selection effect is even more pronounced
if carbon grains are preferentially formed with densities lower
than graphite (o < 2.2 g cm™3, see Appendix A).

Finally, it is not straightforward to use the results of this
study as a way to estimate the mass of dust produced by SNe
in galaxies at high redshifts. Although very little is known about
their ISM conditions, if these SNe explode in a circumstellar
medium of larger density, they experience a harder reverse shock
and presumably a stronger dust destruction. As an example, if
exploded in a circumstellar medium density of ng ~ 15cm™ —a
factor 10 larger than assumed here — the same simulation used to
describe SN 1987A predicts a final dust mass of 3.4 x 107 M,
which is ~30 lower than our standard run.

7. Conclusions

We have presented GRASH_Rev, a new code that describes
dust processing in a SN explosion, improving the existing BS07
model by treating the full dynamics of dust grains within the
ejecta and in the surrounding ISM. We applied the model to four
well-studied SNe in our Galaxy and in the LMC: SN 1987A,
CasA, the Crab nebula, and N49. Multi-wavelength observations
with Spitzer and Herschel allow inferring the mass of warm and
cold dust associated with the ejecta.
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We find that our models are able to well reproduce the ob-
served dust mass and can therefore be used to estimate the effec-
tive dust yield, hence the mass of dust produced by SNe that is
able to enrich the ISM.

For SN 1987A, the ejecta have not yet been reprocessed by
the reverse shock. Hence, the currently observed dust mass of
[0.7-0.9] M, is indicative of the efficiency of dust formation in
SN ejecta. Conversely, between 10 and 40% of the newly formed
dust has already been destroyed in the other three SNe. The sim-
ulations show that sputtering due to the interaction of dust grains
with particles in the gas represents the dominant destruction pro-
cess because physical conditions in the ejecta cause sublimation
to be almost negligible and grain-grain collisions to be extremely
rare.

Since the largest dust destruction occurs between 103 and
10° yr after the explosion, current observations that sample rel-
atively young SNe (with age <4800yr) only provide an upper
limit on the effective dust yield. Our models indicate that only
between 1 and 8% of the currently observed dust mass will
contribute to the enrichment of the ISM, with an average SN
effective dust yield of (1.55 + 1.48) x 1072 M, largely domi-
nated by carbonaceous grains. This agrees well with the IMF-
averaged yields adopted in chemical evolution models (Valiante
et al. 2009, 2011, 2014; de Bennassuti et al. 2014; Schneider
et al. 2014) that account for SN reverse-shock destruction. When
compared to dust destruction efficiencies in SN-driven inter-
stellar shocks that were recently estimated by theoretical mod-
els (Bocchio et al. 2014; Slavin et al. 2015) and observations
(Lakiéevié et al. 2015), these figures imply that SNe may be
net dust destroyers, pointing to grain growth in the ISM as the
dominant dust enrichment process both in local galaxies and at
high redshifts (Valiante et al. 2014; de Bennassuti et al. 2014;
Michatowski 2015; Mancini et al. 2015).
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Fig. A.1. Dust mass distribution assuming graphitic-type (o =
2.2g cm™3, black line) or amorphous carbon (p = 1.6 g cm™>, red line)
grains.

Appendix A: Carbonaceous grain density

Carbonaceous grains formed in SNe exhibit a wide range of den-
sity (1.6 to 2.2 g cm™3), as is revealed by various measurements
from presolar grains (e.g. Amari et al. 2005, 2014). We assumed
graphitic-type grains with a density of 2.2 g cm™3. In this ap-
pendix we consider low-density (0 = 1.6g cm™) amorphous
carbon grains and show the effect of this change on the amount
of carbonaceous dust surviving the explosion of a SN.

We considered as an example SN 1987A and reran the
dust formation model, lowering the density of carbonaceous
grains. In Fig. A.1 we show the initial dust mass distribution
for graphitic-type (p = 2.2g cm™>, black line) and for low-
density amorphous carbon grains (o = 1.6g cm™3, red line).
While the total carbonaceous dust mass formed in the two
cases is very similar (Mtor = 7.15 X 1072 M, and 7.02 x
1072M,, for high- and low-density carbon grains, respectively),
the mass distribution for a lower density is shifted towards larger
grains (ap is shifted from ~90nm to ~160nm for low-density
grains).

We then updated the GRASH_Rev code taking into account
the carbonaceous grain processing described by Bocchio et al.
(2014). In particular, the lower density of the material shows its
strongest effect on the sputtering yield, which is enhanced by up
to an order of magnitude over a wide range of energies and grain
sizes (see Figs. 3 and 4 in Bocchio et al. 2014). However, the
mass distribution of low-density carbon grains is shifted towards
larger grains, which are therefore less affected by sputtering than
smaller, higher-density grains. This cancels out the enhancement
of the sputtering yield. The resulting mass of carbon dust surviv-
ing the explosion of SN 1987A is then enhanced by a factor ~3
from Mac = 8.5 % 1073 My to 2.5 x 107 Mo,

Appendix B: Size-dependent sputtering

With the use of the Stopping and Range of Ions in Matter soft-
ware” (SRIM, Ziegler et al. 1985), it is possible to simulate
the sputtering of targets of different materials as they are hit
by projectile ions. The simulations provide both the sputtering
yield (for a semi-infinite target), Y., and the position (x, y and

2 SRIM is a collection of software packages that calculates the trans-
port of ions in matter, calibrating the results on the available experimen-
tal data.
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Fig.B.1. Ratio Y,/Y. as a function of x = a/Rp for graphitic-type
target material and for impinging He ions. Plus signs represent results
from SRIM simulations, while the red solid line indicates the analytical
approximation.

z coordinates) of the impinging ions after their interaction with
the target.

The target materials and densities used in GRASH_rev are
listed in Table B.1. We considered He ions with an energy of
1 keV as projectiles. To estimate the position of the displaced
target atoms, we followed the same approximation as adopted
by Serra Diaz-Cano & Jones (2008): a projectile loses most of
its energy at a depth of Rp ~ 0.7R,,. We then assumed that tar-
get atoms are displaced to a distance of Rp from their original
position. In this way, we approximately reconstructed the distri-
bution of displaced target atoms.

We simulated the bombardment of ntor = 10° ions for each
material. At the end of the simulation we then have the 3D coor-
dinates of the impinging ions and targets. We considered differ-
ent grain radii, a, and counted the number of impinging ions, n;,
that are enclosed in a sphere of radius 2a around the grain centre.
In this way, we only account for ions that triggered a collisional
cascade in the target and exclude transmitted ions. Furthermore,
we counted the number of targets, n;, whose position is outside
the grain volume and that are associated to ions that triggered
collisional cascades in the target. We then estimated the correc-
tion to the sputtering yield due to the effect of the grain size as

Ya:(”i_”‘Ym+ - ) (B.1)

nror nror

In Fig. B.1 we show the resulting ratio f(x) = Y,/ Y as a func-
tion of x = a/Rp (plus signs) for graphitic-type grains. We then
fit our results (red line) with the parametric function in Eq. (21).
The parameters resulting from the fit are reported in Table 3 for
all the materials.

Appendix C: Shattering and vapourisation
parameters

Shattering and vapourisation parameters were calculated follow-
ing the method by Tielens et al. (1994) and Jones et al. (1996)
and based upon material properties found in the literature. The
critical energy density for vapourisation, €y, was calculated
starting from the surface binding energy, Ey, as follows:

Ey

€y = 2—,

Y (C.1)
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Table B.1. Grain density and critical parameters for shattering and vapourisation for all the grain materials considered in the model.

Parameter Al,O; Fe;O4 MgSiO; Mg,Si0, AC SiO,
polgem™] 3.83¢  5.12¢ 3.18° 3.32° 22 2.65¢
co [kms™] 6.91¢ 6.7 6.0° 6.0° 1.8 3.68
s 1.44¢ 1.36¢ 1.13% 0.86" 123 2.12°¢
Shattering
e [x10"ergg™'] 324 6.13 105 105 0.08  6.31
P [x10" dynem™] | 37.0¢  20.8° 9.0/ 9.0/ 02  6.0¢
vy [kms™] 16.1 7.0 28.9 28.9 0.9 7.1
Vapourisation

€, [x10"ergg™'] 8.1" 9.6 7.7 7.7 64.0  30.0°
P} [x10'" dyncm™] 1.7 6.8 5.4 5.4 58.0 23.0
v} [kms™] 8.1 8.8 7.8 7.8 23.0 150

References.  Marsh (1980); > McQueen et al. (1967); © Melosh (2007); ” Figiel et al. (2011); © Krzyzanowski et al. (2010); ¢ Turcotte &
Schubert (2014); @ Petersen (1978); ™ Zhou & Wang (2007); © JANAF tables (http://kinetics.nist.gov/janaf/); ) May et al. (2000).

where m, is the proton mass and M is the molar mass of the
considered material. Then, the critical relative velocity between
grains to set the vapourisation process is given by

2
oy =2(2€) (C2)
and the corresponding pressure in the shocked solid is obtained
as (Tielens et al. 1994)

_ Poviny (Uiny — €0)

Pth,v - (C3)

N

The critical pressure, Py sh, above which grains undergo frag-
mentation was assumed equal to the Young’s modulus of the
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material. The critical velocity for the onset of crater formation is
given by (Jones et al. 1994)

P
binen = VA3, (C4)
PoCo
and the critical energy density results to be
1 (Vihsh\?
sh==(—] - Cs5
€th,sh ) ( 3 ) (C.5)

In Table B.1 we report all the values for vapourisation and shat-
tering critical parameters that we adopted in GRASH_rev.
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