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Abstract

In recent years, dust masses of a few tenths of a solar mass have been found in the expanding ejecta of a number of
core-collapse supernovae. How dust forms in such quantities remains poorly understood; theories of dust formation
predict lower total masses and much faster formation rates than observations imply. One suggestion to reconcile
observations and theory was made by Dwek et al., who proposed that the dust forms very rapidly, and because of
its optical depth, is not initially observationally detectable, only being gradually revealed as the ejecta expand.
Observational dust masses at early times would then only be lower limits. Using a large grid of radiative transfer
models covering dust masses from 10~ to 1 M, to calculate both the spectral energy distribution and the emission
line profiles from clumpy dust shells, we show that this cannot be the case. Some clump distributions allow dust
masses of ~0.01 M, to be concealed in clumps and still predict an SED consistent with the observations. However,
these geometries predict emission line profiles that are inconsistent with the observations. Similarly, clump
geometries that reproduce the observed emission line profiles with dust masses >0.01 M, do not reproduce the
SED. However, models with ~10~> M, of amorphous carbon can reproduce both the SED and the emission line
profiles. We conclude that no large masses of dust can be hidden from view in the ejecta of SN 1987A at early
epochs, and that the majority of dust must thus have formed at epochs >1000 days.

Unified Astronomy Thesaurus concepts: Circumstellar dust (236); Core-collapse supernovae (304); Supernova
remnants (1667); Radiative transfer simulations (1967)

CrossMark

1. Introduction

Since the discovery that galaxies at high redshifts already
contain large quantities of dust (Bertoldi et al. 2003; Laporte et al.
2017; Hashimoto et al. 2018) the origins of that dust have been
the subject of vigorous research. While theory predicted that dust
should form in significant quantities in the expanding and cooling
ejecta of core-collapse supernovae (CCSNe; see, e.g., Todini &
Ferrara 2001), a number of observational studies of CCSNe at
ages of a few hundred days found quantities of dust too small to
resolve the early universe dust budget problem (e.g., Meikle et al.
2011). However, the 2011 discovery of several tenths of a solar
mass of dust in the remnant of SN 1987A, 23 yr after its explosion
(Matsuura et al. 2011) confirmed that supernovae could indeed
produce dust in the necessary quantities.

Determining when this dust forms is then key to understanding
why supernova remnants seem to contain low dust masses a few
hundred days after explosion, but high dust masses years, decades,
or centuries later, as also observed in Cas A (Barlow et al. 2010;
Arendt et al. 2014; Bevan et al. 2017; De Looze et al. 2017), the
Crab Nebula (Gomez et al. 2012; Owen & Barlow 2015; De Looze
et al. 2019), SN 1980K and SN 1993]J (Bevan et al. 2017), G11.2-
0.3, G21.5-0:9, and G29.7-0:3 (Chawner et al. 2019; Priestley et al.
2020), and G54.140.3 (Temim et al. 2017; Rho et al. 2018;
Priestley et al. 2020). Recent theoretical work has found that dust
formation in CCSN ejecta should be complete within 1000 days of
the explosion (Sarangi & Cherchneff 2015; Sluder et al. 2018).
However, several observational studies have presented evidence
that dust formation must continue for years (Gall et al. 2014;
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Wesson et al. 2015; Bevan & Barlow 2016). Additional evidence
for slow dust formation comes from studies of presolar dust grains
in meteorites: Liu et al. (2018) found that OTi and 28Si isotope
ratios were consistent with dust forming after a significant fraction
of ¥V (half-life 330 days) had decayed into “*Ti, while Ott et al.
(2019) found that barium isotope ratios were consistent with silicon
carbide dust grains having formed when a substantial fraction of
97Cs (half-life 30 yr) had decayed into '*’Ba. Although the
extraction of isotope ratios from presolar grains and the
nucleosynthetic model adopted are both sources of significant
uncertainty, these results also indicate that the bulk of the dust
formation occurs years to decades after the supernova outburst.

An alternative scenario has been presented by Dwek & Arendt
(2015) and Dwek et al. (2019), who have proposed that the
formation of large quantities of silicate dust occurs within a few
hundred days, but within such optically thick clumps that it
radiates only at extremely long wavelengths and thus escapes
detection in observations at shorter wavelengths. Many models of
supernova ejecta dust find that carbon dust is necessary to explain
largely featureless SEDs, in tension with the expectation that the
progenitors of CCSNe should generally be oxygen-rich. A high
mass of silicate dust in dense clumps could also resolve that
tension, since the high optical depths involved would obscure the
silicate emission features, giving the required featureless SED. If a
high dust mass could be concealed at early times, this would also
conform with the timescales for dust formation found in
theoretical studies.

Clumping in supernova ejecta is expected to arise from
Rayleigh—-Taylor instabilities at the onset of the explosion (Arnett
& Fu 1989), and is well supported observationally (Biermann
et al. 1990; Lucy et al. 1991; Dessart et al. 2018). Ercolano et al.
(2007), Wesson et al. (2015), and Bevan & Barlow (2016) have
considered clumpy models of the dust in the ejecta of SN 1987A,
using both spectral energy distribution and emission line profile
modeling; none of these studies identified any parameters that
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were able to conceal large quantities of dust in the ejecta at early
times. In this work, we expand the parameter space investigated in
those papers, and search for dust configurations that can reproduce
both the SED and the emission line profiles to further constrain
how much dust could be present before SN 1987A was 1000
days old.

2. Radiative Transfer Models

Dust masses in supernova remnants can be estimated by fitting
the optical-submillimeter spectral energy distribution (SED). This
approach has been widely used over many years (e.g., Kotak et al.
2005; Sugerman et al. 2006; Ercolano et al. 2007; Wesson et al.
2010; Meikle et al. 2011; Wesson et al. 2015). If the observational
data does not extend to far-infrared wavelengths where cold dust
emission peaks, it is possible for cold dust to escape detection.
However, such dust will still be detectable through its effect on
optical emission line profiles. Emission from the far side of an
expanding dusty shell will experience extinction, which emission
from the near side is not subjected to, and thus, the redward side
of emission line profiles is preferentially absorbed. In recent years,
this technique has been used to estimate dust masses, which have
been found to be in good agreement with those independently
derived from SED fitting in several objects (Bevan &
Barlow 2016; Bevan et al. 2017; Bevan 2018; Bevan et al.
2019). By applying both SED fitting and emission line fitting, one
can place constraints on dust properties that are not available from
either technique alone.

In this paper, we create models applicable to the remnant of
SN 1987A at an epoch of ~800 days. We chose this epoch
because of the availability of observations constraining both the
optical-far-IR SED and the optical emission line profiles. The
SED at this epoch consists of ground-based optical spectro-
photometry from Phillips et al. (1990), Kuiper Airborne
Observatory (KAO) near-infrared and mid-infrared spectro-
photometry from Wooden et al. (1993) and Dwek et al. (1992),
respectively, and far-infrared KAO photometry from Harvey
et al. (1989), consisting of a detection at 50 yum and an upper
limit at 100 pm. The optical spectrophotometric observations at
806 days obtained by Phillips et al. (1990) at the Cerro Tololo
Inter-American Observatory (CTIO) 1.5m telescope show
strong, blueshifted [O1] 6300,6363 A emission, allowing the
application of emission line fitting to estimate the dust mass
independently of the SED.

2.1. The SED Model

Estimates of the dust mass in SN 1987A using three-
dimensional radiative transfer models have previously been
presented by Ercolano et al. (2007) and Wesson et al. (2015).
These authors found dust masses at 775 days, assuming
amorphous carbon dust grains, of 4.2 x 10™* and 2 x 107> M.,
respectively.

We calculated spectral energy distributions for model dust
shells using the three-dimensional radiative transfer code MOCAS-
SIN v2.02.73 (Ercolano et al. 2003, 2005). We created a grid of
models, based on those of Ercolano et al. (2007) and Wesson et al.
(2015) but covering an expanded parameter space. Compared to
the range investigated by Ercolano et al. (2007) and Wesson et al.
(2015), we model a greater range of dust masses (from 10~ to
1 M,); a much wider range of clump geometries, described by
filling factors from 0.005-0.5, clump radii of Ryy/15 Rou/45, and
radial number densities varying with ry to r_4; a range of grain
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radii from 0.005 to 1 um, where the earlier works considered only
MRN grain size distributions; and three dust species: amorphous
carbon and astronomical silicates as modeled in the earlier works,
and additionally MgSiO;, which was proposed by Dwek &
Arendt (2015) and Dwek et al. (2019) to have formed in
significant quantities by the epoch of interest.

The method of selection of the parameter ranges we explored
is described below. For all our models, we adopted a distance
to the LMC of 49.97 kiloparsecs (Pietrzyniski et al. 2013).

2.1.1. Model Assumptions

In the grid of models that we constructed, we held certain
parameters constant. These are summarised in Table 1. The
temperature and luminosity of the source are assumed to be
7000K and 1.6 x 10°L., respectively. The former is well
determined from the optical data, and the observed bolometric
luminosity (Suntzeff et al. 1991) constrains the latter. In the case
of a smooth dust distribution, there would be a degeneracy
between the luminosity and the dust mass which would make the
adoption of a single luminosity potentially problematic. However,
for the clumpy dust geometries that we are investigating, the
amount of optical emission depends on the clump filling factor
rather than the dust mass. The majority of our models reproduce
the average flux in the 0.3-1.0 um region to within 30 of the
observed value, indicating that the luminosity we have adopted is
a reasonable choice.

Following the models of Ercolano et al. (2007) and Wesson
et al. (2015), the inner and outer radii are fixed at values of
6.3 x 10" cm and 31.5 x 10" cm, respectively, corresponding to
velocities of 940 and 4700 kms™'. This is consistent with the
values adopted by Bevan & Barlow (2016) for their line profile
models of He, although they found that a much smaller inner
radius was necessary to fit the profile of the [OI] 6300,6363
doublet. This indicates that [O I] is concentrated toward the center
of the expanding remnant, while Ha emission is more diffuse.
Because [O1] emission therefore has to cross a larger column
depth of dust before escaping the remnant, Bevan & Barlow
(2016) found that the dust masses required to fit its profile were a
factor of ~4 higher than the dust masses necessary to fit the Ho
line profile.

The SED is relatively insensitive to the inner radius, as the
luminosity of the heating source scales with the dust density in the
interclump medium. Changing the inner radius does not result in
the dust being exposed to a significantly different radiation field.
To facilitate comparison with the models presented in Wesson
et al. (2015), we retain the inner and outer radii used in that work.
While this means that the SED fitting and line profile fitting
models are not using identical dust distributions, it allows the line
profile models to maximize the dust mass, in line with our goal of
determining whether high dust masses as envisaged by Dwek &
Arendt (2015) and Dwek et al. (2019) are feasible.

2.2. The Emission Line Profile Model

The optical spectrum of SN 1987A at 806 days showed strong
Ha and [O1]6300,6363 A emission with the [OI] doublet
exhibiting a more extreme blueshifted asymmetry than the Ho
line. We focused modeling on the [O 1] 6300,6363 A doublet since
the more extreme asymmetry is a weaker constraint on the
maximum dust mass possible in the ejecta at this time.

We created a grid of models based on the work of Bevan &
Barlow (2016) but covering an expanded parameter space
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Table 1 Table 3
The Fixed Parameters for the SED Models The Fixed Parameters for the Emission Line Profile Models
Parameter Values Parameter Values
Luminosity 1.6 x 10° L, Maximum velocity 4000 km s~
Temperature 7000 K Rou 2.8 x 10" cm
Rin 6.3 x 10" cm Rout/Rin 16.7
Rout/Rin 5 [O 1] doublet ratio 2.3
Emissivity ocr 48
Table 2 Wesson et al. (2015) investigated four clump filling factors,
The Variable Parameter Space Covered by Our Grid of Radiative Transfer £=0.025, 0.05, 0.1, and 0.2. We extend that range to include
Models Lo e o .
odes filling factors of f=0.005, 0.01, and 0.5. We do not consider the
Parameter Values limiting case of a filling factor of 1.0, i.e., a smooth dust

Clump filling factor (f) 0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.5
Clump radius (R,) Rout/15, Rout/30, Rou /45

Clump number density ocr_ 0,2,4

Dust composition amorphous carbon,

silicates, MgSiO5"

0.005, 0.01, 0.0316, 0.1, 0.316, 1.0
10741073, 1072, 107", 1.0

Grain radius (a; pm)
Dust mass (Mgus; M)

©.

Note.
# Optical constants from Zubko et al. (1996), Draine & Lee (1984), and Jiger
et al. (2003) for amorphous carbon, silicates, and MgSiOs, respectively.

specifically exploring a wider range of clump filling factors,
clump sizes, and clump number densities to investigate their
effects on the modeled doublet. A wider dust mass range spanning
dust masses from 10~ to 1.0 M., was explored with the aim of
determining whether large masses of dust hidden in optically thick
clumps could be consistent with the observed [O 1] 6300,6363 A
doublet at 806 days. The code DAMOCLES (Bevan &
Barlow 2016) was used to create the modeled line profiles. The
grid of variable parameters that was explored was identical to the
grid for the SED models presented in Section 2.1 (see Table 2).

2.2.1. Model Assumptions

Certain parameters were fixed in order to reduce the potential
parameter space and focus on the effects of clumping and
geometry on the dust mass required to reproduce the line profile.
Values were adopted for these parameters based on the best-fitting
models of the [O1] 6300,6363 A doublet presented in Bevan &
Barlow (2016). These were the maximum velocity of the ejecta
(and hence the outer radius derived as Ry = Viax?), the ratio of
the outer radius to the inner radius, the steepness of the smooth
emissivity distribution and the flux ratio of the doublet
components. The fixed parameters are summarized in Table 3.

2.3. The Variable Parameters
2.3.1. Clump Filling Factor

Our MOCASSIN models adopt a configuration in which all of the
dust is contained in clumps, and all of the heating comes from the
interclump medium. Ercolano et al. (2007) found that such a
configuration maximizes the dust mass required to fit the SED. In
this configuration, when the clumps become optically thick, the
optical extinction is a function only of the volume filling factor of
the clumps, while the IR excess is a function only of the dust mass.
Fitting an SED then becomes a matter of determining the clump
filling factor necessary to fit the optical part of the SED, and
separately determining the dust mass necessary to fit the IR.

distribution; the observed optical emission constrains the dust
mass in this case to around ~10~* M, (Wooden et al. 1993) and
so a large dust mass is already definitively ruled out in this case.

2.3.2. Clump Radius

The origin of clumping in supernova remnants is assumed to be
Rayleigh-Taylor instabilities developing soon after the shock
breakout. These are predicted to have a size of 1%—3% of the
ejecta radius (Amett et al. 1989). Wesson et al. (2015) investigated
clump radii of R/30, R/45, and R/60, but with little exploration
of the smaller values due to computational limitations. Improve-
ments to MOCASSIN’s performance since then allowed us to carry
out a more detailed investigation. R/60 models remain prohibi-
tively time-consuming, but we ran a full grid of models with
clump sizes of R/15, R/30, and R/45.

2.3.3. Clump Number Density

Wesson et al. (2015) considered a clump distribution with a
number density proportional to 72, with limited investigations of
shallower and steeper density distributions. In this work, our grid
of models also fully covers density distributions proportional to 7°
and r~*. Even steeper density distributions have been inferred for
the ejecta of core-collapse supernovae; Anderson et al. (2014)
adopt an exponent of —8 to represent the ejecta density outside
~3000kms~'. We are not able to consider such steep
distributions due to computational constraints: the grid resolution
required to propetrly represent a clumpy distribution increases with
the exponent of the radial density distribution, and for exponents
steeper than —4, the runtime becomes prohibitive.

Qualitatively considering the effect of steeper density distribu-
tions on the SED, one would expect that a steeper distribution
would eventually result in too much optical radiation escaping, as
the outer regions become essentially empty while all the dust is
concentrated in an increasingly small central part of the ejecta.
The dust mass could be unconstrained by the optical-IR SED, but
it would not be possible to correctly fit the optical part of the SED.
We therefore do not expect that steeper density distributions could
provide a mechanism to conceal more dust.

Similarly, the radiation emitted by the gas must be exposed
to a minimum covering fraction of dust in order to induce an
asymmetry in the observed line profile. Were the dust to be
concentrated in a very small region in the center of the ejecta,
the majority of the more diffuse [O1] 6300,6363 A doublet
would be able to escape the ejecta without interaction resulting
in a (nearly) symmetric line profile shape.
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AMC, Myy=0.1M, AMC, Mgue=1.0M;
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Figure 1. Predicted SEDs, normalized to the observed flux at 0.7 um, for all combinations of model parameters for (top to bottom) amorphous carbon, silicates,
MgSiOs, and (left to right) 107%, 1073, 1072, 107", and 1.0 M, of dust. This illustrates the general dependence of the SED on species and dust mass; amorphous
carbon dust can approximately fit the observations with a lower mass of dust than any silicate species, and even with a dust mass of 1 M, most silicate species models
do not well reproduce the near-infrared part of the SED. Optical-infrared spectrophotometry is from Wooden et al. (1993) on day 775, and far-infrared photometry is

from Harvey et al. (1989) on day 791-795.

2.3.4. Dust Composition

The featureless IR SED of SN 1987A has led several authors to
conclude that the dust composition must be predominantly
carbonaceous (Wooden et al. 1993; Ercolano et al. 2007; Wesson
et al. 2015). The absence of silicate features has been noted in a
number of other supernova remnants (Fox et al. 2010; Van
Dyk 2013; Williams & Fox 2015). This is somewhat puzzling as
the progenitors of core-collapse supernovae would generally be
expected to be oxygen-rich at the time of the explosion. Dwek &

Arendt (2015) proposed that the ejecta could be silicate-rich and
fit a featureless SED if the optical depth and hence dust mass is
very high. We thus consider both amorphous carbon and silicate
dust compositions. For amorphous carbon, we use the optical
constants of Zubko et al. (1996), while for silicates, we calculate
SEDs for two varieties: astronomical silicates, using the optical
constants of Draine & Lee (1984), and MgSiOs, using data from
Jager et al. (2003). We assume grain densities of 1.85 gcm ™ for
amorphous carbon, 3.6gcm ™ for astronomical silicates, and
2.7 gem > for MgSiOs.
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AmC, dust mass 0.1M: AmC, dust mass 1.0M;
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Figure 2. The ratio of 24 ym/0.7 pum against 6.0 ym/0.7 pm fluxes predicted for all combinations of (top to bottom) amorphous carbon, silicates, MgSiO3, and (left

to right) 107, 1073, 1072,

2.3.5. Dust Mass

We considered dust masses between 10~* and 1.0 M., at
decade intervals for all species. The lowest mass is comparable
to those estimated by early studies assuming smooth distribu-
tions of dust (e.g., Wooden et al. 1993). A mass of 0.01 M, is
already a factor of 5-25 times higher than the values found for
day 775 by Ercolano et al. (2007) and Wesson et al. (2015),
while a mass of 1.0 M, is comparable to the largest estimates
of the dust mass at very late times (Matsuura et al. 2011,
2015; Wesson et al. 2015), and to the mass proposed by

107!, and 1.0 M., of dust, compared to the observed value at day 775.

Dwek & Arendt (2015) to have already formed after a few
hundred days. Higher dust masses still are implausible given
the constraints of nucleosynthetic yields (Woosley et al. 1988;
Thielemann et al. 1990). The range also encompasses the final
dust masses predicted by recent theoretical calculations
(Sarangi & Cherchneff 2015; Sluder et al. 2018).

Theoretical models predict that a number of different dust
species should form in CCSNe ejecta (Sarangi & Cherch-
neff 2015; Sluder et al. 2018). However, to avoid investigating
an unmanageably large parameter space, in this study we
investigate single grain species only.
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Figure 3. The ratio of 50 ym/0.7 pum against 6.0 ym/0.7 pm fluxes predicted for all combinations of (top to bottom) amorphous carbon, silicates, MgSiO3, and (left
to right) 10_4, 10_3, 1077, 10_1, and 1.0 M, of dust, compared to the observed value at day 775.

2.3.6. Grain Size Distribution

Ercolano et al. (2007) and Wesson et al. (2015) assumed an
MRN grain radius distribution (Mathis et al. 1977) for the dust
in the ejecta of SN 1987A. This power-law distribution has its
origins in collision and fragmentation over long periods of
time, as experienced by dust in the interstellar medium but not
necessarily by dust in unshocked supernova remnants. More
recent work has consistently found evidence of large grains
forming in SN ejecta (Gall et al. 2014; Owen & Barlow 2015;
Wesson et al. 2015; Bevan & Barlow 2016). Emission line
profile models are sensitive only to albedo and dust optical
depth and therefore can only be used to determine two out of a

minimum grain radius, a maximum grain radius and a power-
law exponent. Rather than fixing one of these, we instead
choose to investigate models using a single grain size, and we
investigated radii ranging from 0.005 to 1.0 pm.

In total, our MOCASSIN and DAMOCLES grids consisted of
5670 individual models each. The full parameter space is given
in Tables 1 and 2.

2.4. Comparison of SED Model Fluxes to Observations

To compare our grid of models to the observed fluxes, we
normalized all predicted SEDs to match the observed 0.7 um
flux at day 775 from Wooden et al. (1993). To resolve the
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Figure 4. The ratio of 100 ym/0.7 pm against 6.0 m/0.7 pm fluxes predicted for all combinations of (top to bottom) amorphous carbon, silicates, MgSiOs, and (left
to right) 107, 1073, 1072, 10", and 1.0 M., of dust, compared to the observed value at day 775.

actual differences in predicted fluxes compared to the
observations would require adjustment of the luminosity, and
so even an apparently good fit to the data may not in practice be
possible. Models that do not fit the data when normalized in
this way, however, can be definitely ruled out. This
simplification may therefore fail to exclude models that do
not fit the data, but will not fail to include models that do fit the
data. In Figure 1, we show the normalized SEDs for the entire
set of models.

We also constructed color—color diagrams to compare the
model SEDs to the observations, using the average fluxes in the

three regions of the day 775 Wooden et al. (1993) spectro-
photometry (0.32-1.03 pm, 4.47-8.1 pum, and 18.15-29.63 pum),
and the Kuiper Airborne Observatory (KAO) 50 and 100 ym
fluxes. We refer to the three Wooden et al. (1993) spectral ranges
by their average wavelengths, 0.7 ym, 6 ym, and 24 ym.
Figures 2, 3, and 4 show, respectively, the 24 pm/0.7 pm,
50 pm/0.7 pm, and 100 m /0.7 pm against 6 pm/0.7 pm ratios,
for each combination of grain species and dust mass. These plots
illustrate that for astronomical silicates and MgSiO3, the model
colors generally lie far from the observed values. Amorphous
carbon is the only species that comes close to reproducing the
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Figure 5. Values of x” for all SED models in our parameter space for each of
the dust masses investigated. It can be seen clearly that the vast majority of
models result in poor fits; amorphous carbon models perform much better than
either of the silicate species, and dust masses of 107> M, are the best-
performing of the amorphous carbon set.

observations, with the observed colors lying slightly above all
model values for 0.001 M, and slightly below all model values
for 0.01 M.

To quantify the goodness of fit, we calculated x> values by
taking the average flux in the five regions of the spectrum, and
comparing them to the equivalent average flux predicted by the
models. We illustrate the variation of x> values for different dust
masses and spec1es in Figure 5. This ﬁgure shows that models
containing 10> M_,, of amorphous carbon glve the best fits to the
SED. The best- ﬁttmg models with silicate grains have a dust mass
of 10~ Mm, because the lower opacity of silicate grains means
that a much higher dust mass is required to fit the optical part of
the SED, but these models are significantly worse than the lower-
mass amorphous carbon models. MgSiO; performs worse still
than the “dirty” astronomical silicates; the lower opacity means
that still higher masses are required to provide sufficient extinction
in the optical, but the dust is too cool to adequately fit the IR part
of the SED.

The performance of the whole suite of models is further
discussed in Section 3. We identify in that section the regions of
the parameter space that provide satisfactory fits to both the SED
and the emission line profiles.

Wesson & Bevan

2.5. Comparison of Emission Line Profile Models to
Observations

To compare our grid of emission line profile models to the
observed [O1] 6300,6363 A doublet at 806 days, we convolved
the modeled profiles to the spectral resolution of the observed
spectrum (16 A) and scaled them to match the peak flux of the
observed [O 1] 6300,6363 A doublet. A number of metrics were
calculated including the overall flux bias of the doublet (i.e., the
fraction of the flux on the blue side of the profile), the velocity of
the peak flux, and x? calculated across the width of the doublet.

In Figure 6, we show results for all of the emission line
models in the grid. We calculated the velocity of the peak flux
and the overall flux bias (note that this was calculated for the
entire doublet, not for one component). We also show that the
variation of y? was as expected, with regions of highest
likelihood corresponding to those models with flux biases and
peak fluxes nearest the observed values. We mark on these plots
the true values for the observed [O 1] 6300,6363 A doublet. The
majority of models resulted in poor fits. However, at least a few
reasonable fits to the profile can be obtained for all dust species.
Amorphous carbon grains can reproduce the observed profile for
any dust mass if specific values for the other parameters are
selected, while silicates and MgSiO; grains fail to reproduce the
line profile for smaller dust masses under any circumstances.
This is due to the glassy nature of silicate and MgSiO5 grains,
which are significantly more scattering that carbonaceous grains.
Consequently, for low dust masses and therefore optically thin
dust configurations, the modeled [O 1] 6300,6363 A doublet
becomes significantly redshifted due to repeated scattering
events experienced by photons doing work on the expanding
ejecta. For higher dust masses, the optical depths are increased,
which reduces the opportunity for repeated scattering events and
thus the profiles are more symmetrical or blueshifted resulting in
improved fits to the observed profile. The variation in clump dust
optical depths over the grid is presented in Figure 7.

We initially consider the best- ﬁttmg emission line profile
models as those models that have x> <2.5. We present the
variation of dust mass against x° for these models in Figure 8.

While both amorphous carbon and silicate grains can achieve
good fits to the profile, there are very few MgSiO; models that are
able to achieve good fits to the profile. The few MgSiO3 models
that do reproduce the observed profile all share the property of a
steep dust clump number density distribution (2 o< ¥ *) and a high
dust mass. This geometry means that the majority of photons are
emitted in regions with a very high dust densny since the
emissivity and dust distributions are similar (g, < 7~ compared
to nopocr 4#). Photons therefore get trapped in these highly
dense, scattering regions, which, despite a very high albedo
(~0.99), results in photons experiencing so many interactions
with the dust that they are eventually absorbed. However, while
there are a handful of potentially viable MgSiO; emission line
models, these parameters give SEDs that are strongly inconsistent
with the observed photometry.

Both amorphous carbon grains and silicate grains can
reproduce the line profile for a range of dust masses. Across
all dust masses, smaller filling factors 0.025, 0.05, and 0.1 are
preferred. No models with /= 0.005 resulted in good fits since
the covering factor to which the line photons are exposed is too
small to significantly affect the profile shape. Larger filling
factors of 0.2 and 0.5 also failed to produce good fits to the
profile. However, based on the previous work of Bevan &
Barlow (2016), we expect that this is likely due to the necessary
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Figure 6. Velocity of peak flux against overall flux bias (the fraction of the flux on the blue side of the profile) for all [O 1] 6300,6363 A models. The value of X2 is
shown by variations in the color of the points. The observed values for the [O I] 6300,6363 A doublet of SN 1987A at 806 days post-outburst is shown as an orange
cross. As expected, models with the lowest X2 are closest to the observed values.

sparsity of the sampled dust masses in our grid. We note, for too little absorption for Mg, =0.0001 M, and far too much
example, that the closest parameter set in our amorphous absorption for My, = 0.001 M.

carbon grid to the work of Bevan & Barlow (2016) (f=0.5, To mitigate against the limitations imposed by considering only
Retump = Rout/30, Netump < r2 and a=0.316 L m), results in the best-fitting models in a relatively coarsely sampled grid, we
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have calculated the 2D and 1D marginalized likelihood distribu-
tions for the entire grid for both the emission line profile models
and SED models for each species (see Figures 9—11). The 2D
likelihood contours reveal the correlations between different
parameters. For amorphous carbon grains, we can see that the
most favorable volume filling factor (marginalized over the other
parameters) is 0.025-0.1. The 2D contour plot in the second panel
(first row, second column) of Figure 9 also clearly shows a
“spike” in the contours that shows, while dust masses of
~0.001 M, are generally preferred, the higher dust masses are
only accommodated for a particular volume filling factor. This is
in agreement with previous assumptions regarding volume filling
factors based on Rayleigh-Taylor instabilities (Wesson et al.
2015).

However, while volume filling factors in this range are broadly
favored irrespective of dust mass, the two parameters are strongly
linked. In particular, high amorphous carbon dust masses are only
able to reproduce the profile when they are restricted to occupy a
specific volume filling factor. This is in line with previous work
exploring the possible presence of large masses of dust prior to
1000 days in core-collapse supernovae, which have found that the
observed line profiles allow large dust masses to be present only if
the dust is restricted to a small volume (Bevan et al. 2019). If the
dust is restricted to too small a volume, however, the covering
factor of the dust becomes too low to reproduce the blueshifted
asymmetry observed in the line profile. In the case of SN 1987A,
volume filling factors of ~0.05 are required in order to hide large
amounts of dust in the ejecta. This is the single most important
parameter in determining goodness of fit of the line profile models
with large amorphous carbon dust masses >0.01 M.,

We have adopted the volume filling factor in this paper due
to its natural prescription in the models. However, it is the
covering factor (i.e., the net surface area of the dust to which
the radiation is exposed) that controls the extinction of the dust.
This is predominantly determined by the volume filling factor,
but is also affected by the clump radius and clump number

10
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Figure 8. The variation of y* with dust mass for the best-fitting (x> < 2.5) dust
emission line profile models for different dust species. The filling factors
required for each model are shown in different colors.

density distribution. In our models, we have also found that
steep clump number density distributions with the majority of
the dust residing in the center of the ejecta tend to reproduce
the observed [OI] emission line profile better. This is
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Figure 9. 2D normalized likelihood contours for the amorphous carbon grain line profile models are presented in green (top half) and for the SED models in purple
(lower half), marginalized over the other parameters. Corresponding x> values are quoted on the plots for specific contours. 1D normalized likelihood distributions are
given for each parameter on the diagonal with the SED 1D likelihoods plotted in purple and the line profile 1D likelihoods plotted in green.

particularly important for the higher dust mass models
(>0.1 M.,) since it reduces the covering factor.

Silicate dust models in general require a higher dust mass than
amorphous carbon (~0.01-0.1M.) as long as the dust is
restricted to a filling factor of ~f=0.05 and a clump number
density distribution of n oc 72, Steeper distributions with the dust
more concentrated in the central regions required less dust
(0.001 M). The likelihood distributions also showed that both
amorphous carbon and silicate models were more likely to
reproduce the observed [O1] emission with larger grain radii
0.1-1.0 pm.

Opverall, the best-fitting model required 0.01 M, of silicate dust
and R.=R/15,f=0.1, px r~2, and a = 0.1 um. The best-fitting

11

amorphous carbon model required 0.001 M. of amorphous
carbon dust and R, =R/45, f=0.1, pocr 2, and a = 1.0 ym.

While there are a number of dust geometries and masses that
are able to reproduce the observed emission line profile
accurately, a consistent set of parameters that fits both the SED
and the [O1] 6300,6363 A doublet at ~800 days is required.
We discuss this in the next section.

3. Searching for Models that Reproduce Both the SED and
the Emission Line Profile

A viable model of the dust in SN 1987A at ~800 days must
reproduce both the observed SED and the emission line profiles.
In this section, we search our parameter space for the
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Figure 10. 2D normalized likelihood contours for the silicate grain line profile models are presented in green (top half) and for the SED models in purple (lower half),
marginalized over the other parameters. Corresponding x* values are quoted on the plots for specific contours. 1D normalized likelihood distributions are given for
each parameter on the diagonal with the SED 1D likelihoods plotted in purple and the line profile 1D likelihoods plotted in green.

configurations that come closest to doing this. We first show that
the SED models and the line profile models exhibit different
dependencies on the parameters. For each species investigated, we
calculated the 2D and 1D likelihood distributions based on the x>
values by marginalizing over the other parameters. In Figures 9,
10, and 11, we plot these 2D and 1D likelihood distributions for
both the line profile models and SED models. This not only
illustrates the preferred regions of the parameter space, but also
how these regions are different between the line profile models
and the SED models. We emphasize that computational
constraints limited our ability to obtain a fine sampling of the
entire space but we expect the likelihood surface to vary smoothly
between our sampled points. We also emphasize that, while the

12

plots have been normalized in order to clearly indicate the
contours of the likelihood distributions, the regions of highest
likelihood do not necessarily correspond to good fits, only to the
best fits available in our parameter space; the best-fitting models
identified by Wesson et al. (2015) and Bevan & Barlow (2016)
have dust masses between the values sampled in our grid of
models.

The 1D likelihood distributions on the diagonals of
Figures 9, 10, and 11 give an initial indication of where the
SED and emission line profile models are in disagreement. In
particular, the MgSiO; models are discrepant in their required
dust masses, while also requiring difference volume filling
factors and clump radii. Similarly, the silicate models are
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Figure 11. 2D normalized likelihood contours for the MgSiOj; grain line profile models are presented in green (top half) and for the SED models in purple (lower half),
marginalized over the other parameters. Corresponding x* values are quoted on the plots for specific contours. 1D normalized likelihood distributions are given for
each parameter on the diagonal with the SED 1D likelihoods plotted in purple and the line profile 1D likelihoods plotted in green.

discrepant in their required dust masses, filling factors, and
grain sizes. There is much better agreement between the SED
and line profile models for amorphous carbon models.

In these figures, one can see that for emission line profiles,
it is possible to find a specific small range of filling factors
for which the dust mass becomes a lower limit. Analyzing
one emission line at one epoch does not allow this
degeneracy to be broken, but SED predictions remain
sensitive to the mass. In Figure 12, we highlight the
key 2D contour plots that best illustrate where our models
are in agreement and disagreement considering filling
factor against grain radius, clump radius, and dust mass.
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We overplot the contours of the line profile model margin-
alized 2D likelihood distributions on the SED model
likelihood contours.

For amorphous carbon grains, there is significant overlap of
the most likely regions of parameter space likelihood for the
SED and emission line profile models. A dust mass of
~2 % 107> M, with a filling factor of f=0.05, clump radius of
0.035R,y, and grain radius a = 0.4 um represents the most
likely region, accounting for both models. This is in strong
agreement with the work of both Wesson et al. (2015) and
Bevan & Barlow (2016) who found values of 2 x 107> M,
with a filling factor of f=0.1 and clump radius of 0.033R,
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Figure 12. 2D normalized likelihood contours for the SED models in purple with overplotted 2D normalized likelihood contours for the line profile models in green.
Corresponding x? values are given on the contours.

and ~4 x 107> M, with a filling factor of f=0.1 and clump For MgSiO;, the highest likelihood regions of parameter
radius of 0.02R,, respectively. space are mostly discrepant, especially for dust mass. This

For silicate grains, there is no agreement between the regions indicates that there is no set of parameters (within the bounds of
of highest likelihood for grain radius, filling factor, and clump our grid) for which viable MgSiO3 dust models can reproduce
radius. Of particular importance, the regions of highest both the SED and the observed [O 1] 6300,6363 A line profile at
likelihood for dust mass are strongly discrepant. The regions ~800 days. We also emphasize here that MgSiO3; models are
of highest likelihood for the dust mass center around 0.1 for the strongly disfavored by the SED fits alone and that, while these
emission line profile models compared to 0.001 for the SED contour plots indicate regions of highest likelihood, that does
models. The best compromise between these regions lies at not mean that the model is capable of reproducing the
around 3 x 1073 M. observations well.
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Figure 13. Predicted SEDs for models with all parameters identical except for the dust geometry. The solid line shows the SED for a spherical shell, while the dashed
line shows the SED for a spheroidal shell with axial ratio 2:1:1. The models all have My = 0.01 M., f = 0.1, R. = Ryy;/30, and a = 0.1 pm, and are calculated for (left

to right) amorphous carbon, astronomical silicates, and MgSiO3.

4. Discussion

Considering observations of SN 1987A ~800 days after
explosion, we have investigated a large range of parameters
encompassing representative values for core-collapse supernova
ejecta, with dust masses from 107 to 1 M., with the aim of
determining whether any plausible clump geometry exists that can
hide large masses of dust at relatively early times. The different
sensitivities of the SED and the emission line profile to the model
parameters allow us to clearly constrain the regions of our
parameter space where the most plausible models lie. We find that,
taking into account both the SED and the emission line profiles, a
mass of ~107> M., of amorphous carbon dust is strongly preferred;
for higher or lower dust masses, the vast majority of the models
investigated across a wide variety of clump configurations result in
poor fits, especially to the SEDs.

We further find that for amorphous carbon dust, both the SED
and emission line profiles are best reproduced with small filling
factors of f~ 0.05. Larger dust grains, steeper clump number
density distributions, and smaller clumps are all generally
preferred. For other dust species, the best-fitting SED and
emission line profiles occupy different regions of parameter
space, and in particular require dust masses that differ by two
orders of magnitude for silicate grains and at least 1 order of
magnitude for MgSiOs.

We find that clump geometries exist that can reproduce the day
775 SED fairly well with 0.01 M, of amorphous carbon dust, a
factor of 5 higher than the best-fitting model presented by Wesson
et al. (2015), and 13 times higher than the models presented by
Ercolano et al. (2007). This higher mass remains a factor of
50-100 below the masses estimated using the most recent
observations of SN 1987A, 23+ years after its explosion
(Matsuura et al. 2011, 2015). The model is_also severely
inconsistent with the observed [O1]6300,6363 A doublet: the
parameters that give a good fit to the SED give an extremely poor
fit to the emission line profile.

Similarly, dust geometries exist that can hide a large mass of
dust from the [O1] line profile, but only for a very specific value
of the covering factor, corresponding to a clump volume filling
factor of f~ 0.05. Excepting this case, the dust mass can always
be constrained by the line profile and the modeling presented by
Bevan & Barlow (2016) stands, with dust masses of a few
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107> M., providing the best fits to the observations, consistent
with the SED modeling of Wesson et al. (2015). Considering both
sets of models together, Figure 12 shows that only for amorphous
carbon dust can the SED and the emission line profiles both be
reproduced with the same dust parameters. Carbon dust with a
mass of ~2 x 107> M., a filling factor of f=0.05, clump radius
of 0.035R,,, and grain radius a = 0.4 ym is thus the best-fitting
parameter set, accounting for both models.

This work therefore further supports the scenario in which dust
formation continues for many years after the supernova explosion.
The strong upper limit of 3 x 107> M., ~1000 days after the
explosion found by Wesson et al. (2015) remains applicable, and
the vast majority of the ~0.5 M. of dust now present in the
remnant must have formed during the period between then and the
Herschel Space Observatory observations of 2011.

We have only considered pure dust compositions in this paper.
In reality, models of dust formation predict that a number of
different species are formed and coexist within the ejecta (Sarangi
& Cherchneff 2015; Sluder et al. 2018). The computing time that
would have been required to extend our analysis to cover mixtures
of species was unfortunately prohibitive, but as silicate models in
general require a higher dust mass to come close to matching the
observations, a model with a carbon-silicate mixture will require a
slightly higher dust mass than a pure carbon model. Models in
which different dust species have different spatial distributions
might provide some scope for fitting the SED with higher dust
masses than we have found possible.

Another significant consideration that we have not explored in
this paper is ejecta asymmetry. All of our models are spherically
symmetric, while in reality, supernova ejecta may not be so
simple. In SN 1987A, Hubble Space Telescope observations in
recent years show that the ejecta is elongated with a dark central
region, perhaps corresponding to the hollow center of the
expanding shell, or perhaps caused by dust extinction (Larsson
et al. 2013, 2016; Cigan et al. 2019). However, while asymmetric
ejecta would have significantly different emission line profiles to
symmetric ejecta, the effect on the SED is fairly small. We show
this in Figure 13, which compares SEDs predicted for spherically
symmetric models with those predicted for a spheroidal dust
distribution with axial ratios of 2:1:1. The models all have f= 0.1,
R.=Ryy/30, poxr 2, My=0.01 M, and grains with a radius of
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0.1 pm. The figure shows that for amorphous carbon dust, the
difference between the SEDs is minimal, while for silicate species,
the difference is such that changing the dust mass by ~20% might
result in a better fit to the SED. Ejecta asymmetries thus do not
offer a way to conceal much greater dust masses than we have
found plausible in this study.

Clearly, a natural consideration of emission line modeling is the
geometry of the intrinsic emissivity distribution. An inherently
asymmetric emissivity distribution could be the cause of an
observed asymmetry in the line profile. However, while in this
work we have only considered a single epoch of observations,
models of the dust mass evolution must also satisfy the observed
evolution of the SED and emission line profiles. In SN 1987A, the
line profiles are initially symmetrical before gradually becoming
asymmetrical over time, indicative of the gradual formation of
dust (Bevan & Barlow 2016). This evolution has also been seen in
several other supernovae where the necessary observational data
exists; for example, SN 1995N from around 700-1400 days after
explosion (Fransson et al. 2002) and SN 2005ip from 48 to 4075
days after discovery (Bevan et al. 2019). Because of the time
evolution of the blueshifted asymmetry, we infer that it is the
result of dust and not of an inherent asymmetry, which would
have been seen in early-time spectra prior to 600 days. The
possibility that the asymmetry observed in the 806day [O1]
6300,6363 A doublet is induced by concealed, large dust masses
relies on a very specific clump configuration. Given that this
gradual evolution from symmetric to asymmetric blueshifted line
profiles has been observed for several IR and optical lines for
several supernovae (e.g., Stritzinger et al. 2012), and that other
supernovae have been shown to require different filling factors to
conceal large dust masses from the line profile, it increasingly
seems implausible that all of these objects coincidentally exhibit
the required clump configuration.

We therefore conclude that, if a geometry exists that does allow
large dust masses to be present but to have an unobservable effect
on both the SED and the emission lines, it lies outside the range of
parameters we have considered. Unless such a geometry can be
identified, we infer that the majority of dust in SN 1987A formed
many years after the explosion. Given the similar evolution with
time of emission line profiles seen in other remnants, it seems
likely that this finding applies generally, and theoretical models of
dust formation will therefore need to reproduce this behavior.
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