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A B S T R A C T 

Core-collapse supernovae (CCSNe) are capable of producing large quantities of dust, with strong evidence that ejecta dust 
masses can grow significantly o v er e xtended periods of time. Red–blue asymmetries in the broad emission lines of CCSNe can 

be modelled using the Monte Carlo radiative transfer code DAMOCLES , to determine ejecta dust masses. To facilitate easier use 
of DAMOCLES , we present a Tkinter graphical user interface (GUI) running DAMOCLES . The GUI was tested by high school 
students through the Original Research By Young Twinkle Students programme, who used it to measure the dust masses formed 

at two epochs in Type IIP CCSNe, SN 2012aw and iPTF14hls, demonstrating that a wide range of people can contribute to 

scientific advancement. Bayesian methods quantified uncertainties on our model parameters. From the red scattering wing in the 
day 1863 H α profile of SN 2012aw, we constrained the dust composition to large (radius > 0.1 μm) silicate grains, with a dust 
mass of 6 . 0 

+ 21 . 9 
−3 . 6 × 10 

−4 M �. From the day 1158 H α profile of SN 2012aw, we found a dust mass of 3 . 0 

+ 14 
−2 . 5 × 10 

−4 M �. For 
iPTF14hls, we found a day 1170 dust mass of 8.1 

+ 81 
−7 . 6 × 10 

−5 M � for a dust composition consisting of 50 per cent amorphous 
carbon and 50 per cent astronomical silicate. At 1000 d post-e xplosion, SN 2012a w and iPTF14hls have formed less dust than 

the peculiar Type II SN 1987A, suggesting that SN 1987A may have formed a larger dust mass than typical Type IIP’s. 

K ey words: supernov ae: indi vidual: SN 2012aw, iPTF14hls – dust, extinction – ISM: supernova remnants. 
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 I N T RO D U C T I O N  

he presence of large amounts of dust in high-redshift young galaxies
e.g. Bertoldi et al. 2003 ; Watson et al. 2015 ; Laporte et al. 2017 )
hallenged the longstanding assumption that most cosmic dust in the
niverse was formed by asymptotic giant branch stars, which mostly

orm dust on long evolutionary time-scales. It has long been known
hat dust can form in the ejecta of core-collapse supernovae (CCSNe)
nd Morgan & Edmunds ( 2003 ) and Dwek, Galliano & Jones ( 2007 )
ave estimated that each CCSN would need to produce ≥0.1 M � of
ust for CCSNe to be the main dust producers in the Universe. Such
ields have been predicted theoretically (e.g. Nozawa et al. 2003 ;
arangi & Cherchneff 2015 ). 
It is well known that CCSNe can form large amounts of dust.

its to the spectral energy distributions (SEDs) of warm dust
mitting at mid-infrared (IR) wavelengths as measured with the
 E-mail: mjb@star.ucl.ac.uk 
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pitzer Space Telescope found dust masses of only around 10 −4 –
0 −2 M � (Sugerman et al. 2006 ; Rho et al. 2009 ; Fabbri et al.
011 ). Ho we ver, Matsuura et al. ( 2011 ) found a cold dust mass
f ∼0.5 M � from measurements of the far-IR SED of SN 1987A
aken with the Herschel Space Observatory 23 yr after outburst.
ubsequent analyses of Herschel far-IR data for Cas A and other
N remnants have detected large cold dust masses between 0.04 and
.0 M � (Gomez et al. 2012 ; De Looze et al. 2017 , 2019 ; Temim et al.
017 ; Chawner et al. 2019 ; Priestley, Barlow & De Looze 2019 ;
iculescu-Duvaz et al. 2021 ). 
In order to provide a method for measuring SN dust masses that

ould not rely on infrared SED measurements, Be v an & Barlo w
 2016 ), moti v ated by the work of Lucy et al. ( 1989 ) on SN 1987A,
eveloped the Monte Carlo radiative transfer code DAMOCLES , which
uantifies the amount of newly formed dust causing the absorption
nd scattering of CCSN ejecta line emission by modelling observed
ed–blue line asymmetries. The effect is caused by light from the
eceding redshifted side of a CCSN being attenuated by more internal
ust than light from the approaching blueshifted side. 
© 2022 The Author(s) 
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Man y authors hav e noted the presence of red–blue asymmetries 
n the line profiles of CCSNe (Smith, F ole y & Filippenko 2008 ;

auerhan & Smith 2012 ; Milisavljevic et al. 2012 ; Gall et al. 2014 ).
ust mass measurements of SN 1987A between 714 and 3604 d 
y Be v an & Barlo w ( 2016 ) using DAMOCLES were in agreement
ith the work of Wesson et al. ( 2015 ), who modelled its IR SEDs

t similar epochs, both finding that by day 3604 the dust mass in
N 1987A had reached ∼0.1 M �, and that the dust mass increase
ith time could be fitted with a sigmoid function. DAMOCLES has 

ince been applied to other objects such as SN 1980K, SN 1993J,
as A (Be v an, Barlo w & Milisavlje vic 2017 ), and SN 2005ip (Be v an
t al. 2019 ), with all these objects being found to have dust masses
 0.1 M �. Niculescu-Duvaz et al. ( 2022 ) used DAMOCLES to model

he multi-epoch optical spectra of 13 CCSNe aged between 5 and 
0 yr, compiling the most comprehensive set of very late epoch CCSN
jecta dust measurements made to date. They confirmed that, on 
verage, the dust mass growth could be fitted by a sigmoid curve,
aturating on a time-scale of ∼30 yr at a value of 0.42 + 0 . 09 

−0 . 05 M �. 
Ho we ver, there are not yet enough CCSN dust mass estimates

vailable to be able to discern correlations between dust mass, grain 
ize, and CCSN properties such as SN sub-type and progenitor mass.
n this work, we aim to add to the sample of CCSNe that have derived
ust masses with robustly quantified uncertainties across a range of 
pochs. We also try, where possible, to constrain the dust grain size
nd composition. These parameters can help constrain reverse shock 
ust destruction rates, which have been deduced to range between 0 
nd 100 per cent (Nath, Laskar & Shull 2008 ; Silvia, Smith & Shull
010 ; Bocchio, Jones & Slavin 2014 ; Micelotta, Dwek & Slavin
016 ; Kirchschlager et al. 2019 ; Kirchschlager, Barlow & Schmidt 
020 ; Slavin et al. 2020 ; Priestley et al. 2021 ), and which are strongly
ependent on the properties adopted for the dust. 
In this paper, we present late epoch (days 752 to 1863) optical

pectra of two Type IIP CCSNe, SN 2012aw and iPTF14hls. 
oth show pronounced red–blue line asymmetries, with blueshifted 
mission peaks attributable to internal dust attenuating more light 
rom the redshifted far side of the ejecta than from the blueshifted
ear side. From spectropolarimetry of SN 2012aw obtained between 
ays 16 and 120 after outburst, a period when the optical line profiles
till showed P Cygni profiles, Dessart et al. ( 2021 ) deduced the
resence of significant asymmetry in its ejecta. If ejecta asymmetries 
layed a major role in shaping later epoch emission-line profiles, 
hen we might expect to encounter equal numbers of CCSNe 
howing blueshifted or redshifted emission-line peaks. In fact, the 
ate epoch spectral study by Niculescu-Duvaz et al. ( 2022 ) found
nly blueshifted emission-line peaks among their sample. SN 1941C, 
bserved in 2019 by Fesen & Weil ( 2020 ), is a rare example of a
CSN showing a net redshifted late epoch emission-line profile. 
Section 2 describes the Original Research By Young Twinkle 

tudents (ORBYTS) programme, through which part of this work 
as done, while Section 3 summarizes the optical spectra of SN 

012aw and iPTF14hls modelled in this paper. There is no particular 
oti v ation behind the selection of these two CCSNe: iPTF14hls was

ound by students during an e x ercise searching through the WISeREP
rchive to find objects with broad-line emission, and SN 2012aw 

as randomly chosen for students to model from the Gemini GMOS 

nd X-Shooter late-time CCSNe surv e y presented in Wesson et al.
in preparation). It exhibited a fairly smooth and uncomplicated line 
odel, which was ideal for testing the graphical user interface (GUI).
ection 4 outlines the DAMOCLES code and the methodology used to 
odel the observed emission lines, whereas Section 5 describes a 
UI wrapper written for DAMOCLES to facilitate a more efficient and 

lear modelling process, which w as deplo yed through the ORBYTS
rogramme. Sections 6 and 7 present the results of our models of the
 α line in SN 2012aw and iPTF14hls, and in Section 8 we present
ur conclusions. 

 O R I G I NA L  RESEARCH  BY  YO U N G  T W I N K L E  

TUDENTS  (ORBYTS)  

RBYTS is a National Educational Opportunities Network award- 
inning educational programme managed by Blue Skies Space Ltd. 

nd University College London (UCL), in which secondary school 
upils work on original research under the tutelage of PhD students
nd other young scientists (McKemmish et al. 2017b ; Sousa-Silva 
t al. 2018 ). 

As part of the ORBYTS scheme, researchers pay fortnightly visits 
o their partner school o v er the academic year and facilitate cutting-
dge research. One of the core aims of the programme is to address the
nderrepresentation of people from socially deprived backgrounds in 
igher education. Longitudinal schemes are the most ef fecti ve way to
ncrease pupil interest in taking Science, Technology, Engineering, 
nd Mathematics (STEM) subjects at university (Simon, Mallaburn 
 Seton 2020 ). The ORBYTS programme achieves this goal by

mproving pupils’ confidence in their abilities through regular inter- 
ction with their tutor, which changes the narrative on what it means
o be a scientist. 

ORBYTS spans a wide range of research areas, such as providing
ccurate molecular transition frequencies ((McKemmish et al. 2017a , 
018 ; Chubb et al. 2018 ; Darby-Lewis et al. 2019 )) and character-
zing the transit parameters of a range of exoplanets (Edwards et al.
020, 2021 ). Other projects have included analysing CH 3 OH and
H 3 CHO emission in protostellar outflows (Holdship et al. 2019 ),
pplying of artificial intelligence to images (Francis et al. 2020 ), X-
ay spectral analysis of active galactic nuclei (Grafton-Waters et al. 
021 ), and planetary aurorae (Wibisono et al. 2020 ). 
In this work, students partook in a wide range of research-related

asks, such as searching archi v al data for SNe with optical broad-line
mission, as well as using the DAMOCLES code to model line profiles
n CCSNe, with the aim of quantifying parameters of the SN ejecta
nd the dust masses present. 

 OBSERVATI ONS  

he optical spectra of SN 2012aw we model in this work were taken
ith the 8-m Gemini-North telescope, and are part of a Gemini GMOS

nd Very Large Telescope (VLT) X-Shooter late-time spectroscopic 
urv e y of CCSNe presented by Wesson et al. (in preparation). The
emini GMOS-N spectra co v er the range 4400–7500 Å and were
btained on 2015 May 18 and 2017 April 22 in long-slit mode using
he B600 grating, with a slit width of 0.75 arcsec. The spectra were
aken at two or three central wavelength settings and co-added to
revent important spectral features from falling in detector gaps. The 
pectra have a resolution of 3.5 Å at a wavelength of 6000 Å. The
wo-dimensional (2D) spectra were bias-corrected, flat-fielded, and 
avelength calibrated using the IRAF gemini package, and corrected 

or cosmic rays using the LACOS package of Van Dokkum ( 2001 ). The
ky subtraction regions were determined by visual inspection and the 
pectra were extracted using 15 rows centred on the SN’s position.
lots of the Gemini spectra are shown in Fig. A1 of Appendix A. 
We retrieved two spectra of iPTF14hls from the WISeREP 

rchive. 1 The first w as tak en on 2016 No v ember 8 by Sollerman et al.
MNRAS 519, 2940–2950 (2023) 
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Figure 1. The Tkinter GUI used to explore the parameter space of DAMOCLES models in this work. 
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 2019 ) with the low-dispersion spectrograph FLOYDS on the LCO
aleakala (FTN) telescope. The spectrum has a wavelength range
f 4000–9300 Å and a resolution of 10 Å. The second spectrum was
aken on 2018 January 14 by Sollerman et al. ( 2019 ) with the low-
esolution instrument on the Keck I telescope. The spectral range is
070–10265 Å, with a resolution of ∼5 Å. More observational details
f the spectra can be found in the referenced literature; plots of the
wo spectra are shown in Fig. A2 of Appendix A. 

 M E T H O D O L O G Y  

ll models of the CCSNe presented in this work were created
ith the Monte Carlo radiative transfer code DAMOCLES , which was

nitially presented and described in depth by Be v an & Barlo w ( 2016 ).
AMOCLES is written in FORTRAN 95 and parallelized with OPENMP

Dagum & Menon 1998 ). It models the scattering and absorption of
mission line photons by dust in an expanding ejecta. It has been
enchmarked against analytical models of theoretical line profiles
ased on work by Gerasimovic ( 1933 ), and also against numerical
odels of SN 1987A made by Lucy et al. ( 1989 ). DAMOCLES is a

ersatile code able to treat any arbitrary dust/gas geometry, as well
s a range of velocity and density distributions and dust and gas
lumping configurations. It can also handle a wide range of dust
pecies and grain radii. 

Our approach to modelling the line profiles is described for
N 1987A by Be v an & Barlow ( 2016 ), and for a range of CCSNe
y Niculescu-Duvaz et al. ( 2022 ). The parameter space was first
xamined manually using a GUI, which is described in Section 5 ,
o find the best-fitting model. All models had five free parameters:
he outer expansion velocity V max , the emitting shell radius ratio
 in / R out , the density profile index β, where ρ ∝ r −β , the dust mass
NRAS 519, 2940–2950 (2023) 
 d , and grain radius a . We determined V max from the point at which
he observed flux vanishes on the blueshifted part of the line profile,
s the red wing of the profiles can be modified due to dust scattering.
 in / R out was set so the model line profile matched the blueshifted
eak in the observed profile and its matching redshifted inflection
oint. The density profile β is identified from the gradient of the
mission-line profile wings. After these values are fixed, we then
terate o v er the grain radius and dust mass to fit the observ ed profile.

We assume that at the epochs considered here the line-emitting gas
s optically thin, and that the emissivity distribution is proportional
o the square of the local g as density. The g as is kept smoothly
istributed for all models. As the modelled CCSNe are young, we
ssume that the SN ejecta is in free expansion, such that V max = R out / t ,
here t is the age of the SN. The dust and the gas are co-located in
ur simulations, such that the dust and the gas have the same V max 

nd R in / R out , and, for smoothly distributed dust models, the gas and
he dust have the same β values. The dust in our models consists of
morphous carbon (AmC), silicates, or a 50:50 mix of both. 

Occasionally, there can be a particularly pronounced red scattering
ing in an observed line profile, which requires a dust species with

n albedo > 0.7 to produce an adequately fitting model. In this case,
e can constrain the dust species in our model to be silicate dust
ith a grain radius between 0.1 and 1.0 μm, as only these grain

onfigurations provide a large enough albedo. We use ‘astronomical
ilicate’ as the silicate dust species, with the optical constants of
raine & Lee ( 1984 ), along with the BE AmC optical constants of
ubko et al. ( 1996 ). 
We modelled the line profiles first using a smooth and then a

lumped dust distribution, where the radius of an individual clump is
 out /40. We prefer the dust masses derived for a clumped distribution
 v er a smooth one. This is due to the fact that models of early

art/stac3609_f1.eps
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Figure 2. Dust-affected DAMOCLES models for the H α profile (orange line) of SN 2012aw in Gemini GMOS spectra (blue) taken 1158 (left) and 1863 d (right) 
post-explosion. The green line is the dust-free model, normalized to the peak level of the observed profile. Clumped dust models corresponding to 100 per cent 
astronomical silicate are shown. 
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bservations of SN 1987A required dust to be present in optically 
hick clumps (Lucy et al. 1989 , 1991 ; Bouchet et al. 1996 ; Kozma
 Fransson 1998 ). Similarly to the work of Niculescu-Duvaz et al.

 2022 ), we fixed the clump distrib ution power -la w inde x to be 3 and
he clump volume filling factor to be 0.1. We note that clumped dust

odels display less of a scattering wing and attenuate the red wing
f the line profile less than smooth dust models, given no change in
he other model parameters between the two cases. When the dust is
ocated in clumps, impacting radiation is subject to less scattering as
ell as to less absorption. So, for a clumped dust model to match the

ine profile generated by a smooth dust model, a small modification 
o the grain radius to produce a larger albedo, as well as a dust mass
arger by a factor of ∼2 than for the smooth case, are required. 

We conducted a Bayesian analysis on every emission-line profile 
odelled in this work, so as to quantify errors on the model param-

ters. We use the Bayesian approach to modelling line profiles with 
AMOCLES first described by Be v an ( 2018 ). We use an affine invariant
arkov chain Monte Carlo ensemble sampler, EMCEE (Goodman & 

eare 2010 ; F oreman-Macke y et al. 2013 ) with DAMOCLES to sample
he posterior probability distribution of the input parameters. This is 
efined by Bayes’ theorem, presented in equation ( 1 ): 

 ( θ | D) ∝ P ( θ ) P ( D| θ ) . (1) 

n this equation, D is the data, θ is the set of parameters of the model,
 ( θ ) is our prior understanding of the probability of the parameters,
nd P ( D | θ ) is the likelihood, which is the probability of obtaining
he data for a given set of parameters. The likelihood function we
sed is proportional to exp ( −χ2 

red ), where χ2 
red = χ2 / υ, and υ is the

umber of degrees of freedom and χ2 is defined by equation ( 2 ): 

2 = 

n ∑ 

i= 1 

( f mod ,i − f obs ,i ) 2 

σ 2 
i 

, (2) 

here f mod, i is the modelled flux in bin i , f obs, i is the observed
ux in frequency bin i , and σ i is the combined Monte Carlo and
bservational uncertainty in bin i . The modelled line profile from
hich f mod, i is taken is normalized to the peak flux of the observed

ine profile. Priors for each model are given in uniform space, with the
xception of the dust mass and grain radius, which are given in log-
niform space as their possible values can span several magnitudes. 
Final posterior probability distributions for our input parameters 

re presented as a series of 2D contour plots, where each pair of pa-
ameters is marginalized o v er the other parameters. We also present a
ne-dimensional (1D) marginalized posterior probability distribution 
or each parameter. The ‘best-fitting’ parameter value found from 

he Bayesian analysis is given as the median of the marginalized 1D
robability distribution. The mean was not used as many probability 
istributions deviated from a Gaussian distribution. The lower and 
pper limits were taken to be the 16th and 84th quartiles for the 1D
osterior probability distributions. The Bayesian model fits presented 
n this work all use a 100 per cent clumped silicate dust composition.
n the case of iPTF14hls, to find uncertainties on the dust mass for
 50:50 AmC-to-silicate-dust ratio, we find the percentage errors on 
he manually determined dust mass from the limits determined by 
he Bayesian analysis for a 100 per cent silicate composition and
cale them to that value. 

As we had to run many models, we restricted our parameter space
o five dimensions, representing the parameters described earlier. Our 
arameter space was explored by 250 w alk ers. For each parameter,
he number of iteration steps for the autocorrelation function to 
nitially decay down towards zero is roughly one autocorrelation 
ime. We checked that each model was run for five or more
utocorrelation times to ensure convergence. The acceptance fraction 
s the fraction of times the EMCEE algorithm has accepted a new
roposed set of values. An acceptable value of the acceptance fraction 
s between 0.2 and 0.5 (Gelman, Roberts & Gilks 1996 ). For each
imulation, our acceptance fraction averaged at around 0.3. 

 T H E  I NTERAC TI VE  DAMOCLES 

N V I RO N M E N T  

ere, we describe the GUI we created, which was tested through
he ORBYTS programme where students used it to find the best-
tting DAMOCLES models of the H α line profiles of SN 2012aw and

PTF14hls. This interactive environment provides a user-friendly 
ay to manually explore parameter space and investigate how each 
MNRAS 519, 2940–2950 (2023) 
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Table 1. Parameters used in the DAMOCLES models, found from a manual examination of parameter space, of the broad emission lines of SN 2012aw and 
iPTF14hls for spherically symmetric smooth and clumped dust models. The ‘% Sil’ column stands for percentage of the dust species that is astronomical 
silicate, where the remainder of the dust is AmC dust. The optical depth τ is calculated from R in to R out for a central line wavelength for H α of 6563 Å. 
The columns labelled + and − represent the upper and lower uncertainties on the dust mass, such that the maximum possible dust mass is M d ust added to 
the corresponding value listed in the + column, and the minimum possible dust mass is the corresponding value in the − column subtracted from M d ust . 
These limits are derived from the 16th and 84th quartiles on the median value of the 1D posterior probability density function (PDF) for the dust mass 
found from a Bayesian simulation, and are scaled as a percentage error to the reported values of M dust in this table. 

SN Line Epoch Clumped % Sil a V max V min βgas R out R in M dust + − τ

(d) ( μm) (km s −1 ) (km s −1 ) 10 13 cm 10 13 cm 10 −4 M � 10 −4 M �10 −4 M �

2012aw H α 1158 No 100 0.30 5500 1100 1.30 55.03 11.01 2.0 8.9 1.6 0.70 
2012aw H α 1158 Yes 100 0.30 5500 1100 1.30 55.03 11.01 2.0 8.9 1.6 0.70 
2012aw H α 1158 No 75 0.25 5500 1100 1.30 55.03 11.01 1.5 6.6 1.2 0.64 
2012aw H α 1158 Yes 75 0.25 5500 1100 1.30 55.03 11.01 1.0 4.4 0.8 0.43 
2012aw H α 1863 No 100 0.30 5100 663 1.53 82.09 10.67 7.0 25.5 4.2 1.19 
2012aw H α 1863 Yes 100 0.30 5100 663 1.53 82.09 10.67 6.0 21.8 3.6 1.02 
2012aw H α 1863 No 75 0.25 5100 663 1.60 82.09 10.67 5.0 18.2 3.0 1.03 
2012aw H α 1863 Yes 75 0.25 5100 663 1.60 82.09 10.67 5.0 18.2 3.0 1.03 
iPTF14hls H α 752 Yes 0 0.18 4000 1107 1.30 27.2 7.5 0.10 1.20 0.096 0.34 
iPTF14hls H α 752 No 0 0.15 4000 1107 1.30 27.2 7.5 0.03 0.37 0.029 0.12 
iPTF14hls H α 752 Yes 100 0.044 4100 1107 1.13 27.2 7.5 0.28 3.5 0.27 0.26 
iPTF14hls H α 752 No 100 0.057 4100 1107 1.30 27.2 7.5 0.21 2.60 0.20 0.22 
iPTF14hls H α 752 Yes 50 0.10 4100 1107 1.30 27.2 7.5 0.13 0.12 1.60 0.23 
iPTF14hls H α 752 No 50 0.09 4100 1107 1.30 27.2 7.5 0.18 0.17 2.2 0.32 
iPTF14hls H α 1170 Yes 0 0.18 6025 1085 2.30 60.90 10.96 0.47 4.7 0.44 0.34 
iPTF14hls H α 1170 No 0 0.15 6025 1085 2.30 60.90 10.96 0.46 4.6 0.43 0.40 
iPTF14hls H α 1170 Yes 100 0.044 6025 1085 2.30 60.90 10.96 18.0 179.4 16.9 0.28 
iPTF14hls H α 1170 No 100 0.038 6025 1085 2.30 60.90 10.96 18.6 174.3 17.4 0.34 
iPTF14hls H α 1170 Yes 50 0.10 6025 1085 2.30 60.90 10.96 0.81 8.1 0.76 0.33 
iPTF14hls H α 1170 No 50 0.10 6025 1085 2.30 60.90 10.96 0.61 6.1 0.57 0.26 
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arameter affects the input model. It has been made public on
itHub. 2 It is written in PYTHON using the T kinter package, and
ses the FORTRAN to PYTHON interface generator F2PY3 to run the
AMOCLES code from the GUI. Upon running the GUI, the user is first
rompted to enter rele v ant information, e.g. the wavelength of the
mission line of interest and the filename and epoch of the observed
ata. Upon completion of the necessary fields, the main window
here DAMOCLES models are created is spawned. The layout of this
indow can be seen in Fig. 1 . The user sets the parameters of the gas

nd dust CCSN model via sliders. There are sliders for V max , R in / R out ,
he density profile index β, the dust mass ( M d ), grain radius ( a ), and
he fraction of AmC to silicate dust. When a slider is mo v ed to a
esired value, the current values of each slider are set in the input
les of DAMOCLES . The user can push the red button abo v e the sliders

f they want to switch from a smooth dust distribution to a clumped
ne. The default filling factor for the clumped dust model is 0.1,
here the power-law index for the clump number density distribution

s 3.0. The model three-dimensional gas shell for the CCSN is then
enerated and plotted in the upper right pane. This is useful for visual
urposes, as it informs the user of how changing a parameter affects
he distribution of gas in the model. DAMOCLES is called to run within
he GUI using the parameters specified by the user. The output line
rofile generated by DAMOCLES is o v erplotted on to the observed
ine profile in the left-hand pane. The χ2 value between the model
nd observed line profile is provided below this pane, as is the radial
ptical depth, τ , of the dust shell between R in and R out . 
NRAS 519, 2940–2950 (2023) 
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N 2012aw in the galaxy M 95 was discovered on 2012 March 16 by
agotti et al. ( 2012 ). Observations of M 95 a day earlier (Poznanski
t al. 2012 ), with a limiting magnitude of R > 20.7, did not detect the
N, so the explosion date can be well constrained to 2012 March 16.
ose et al. ( 2013 ) classified it as Type IIP from fitting the light curve
f the archetypal Type IIP SN 1999em to photometric points taken
–270 d after the explosion date. The relative proximity of M 95, as
ell as the relatively low dust extinction towards it, meant that SN
012aw was the first SN to have a plateau detected in its ultraviolet
ight curve (Bayless et al. 2013 ). 

The progenitor mass of SN 2012aw has been estimated by several
uthors. Van Dyk et al. ( 2012 ) detected the near-IR signal of a
rogenitor in archi v al data taken 6–12 yr before explosion, as well
s an optical signal 17–18 yr before, from archi v al HST data. They
stimated that the progenitor was likely a red supergiant, with a
rogenitor mass of 17–18 M �, from fitting the observed IR SED
ith synthetic photometry from a MARCS model stellar atmosphere

nd then comparing the derived T eff and luminosity to theoretical
assi ve star e volutionary tracks. They also estimated a high visual

xtinction in front of the progenitor star ( A V = 3.1 mag), much
igher than the post-explosion estimate ( A V = 0.24 mag), which
hey interpreted as implying the destruction of a large amount of
ircumstellar dust by the explosion. Jerkstrand et al. ( 2014 ) obtained
ptical spectra 250–451 d after explosion and near-IR spectra 306 d
fter explosion. From spectral synthesis models to their data, they
onstrained the progenitor mass of SN 2012aw to be 14–18 M �.
raser ( 2016 ) independently estimated the progenitor mass to be
2.5 ± 1.5 M �. 

https://github.com/damocles-code/damocles
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Figure 3. The full posterior probability distribution for the 5D model of SN 2012aw’s H α profile at day 1863, using a 100 per cent silicate dust composition. 
The contours of the 2D distributions represent 0.5 σ , 1.0 σ , 1.5 σ , and 2.0 σ and the dashed, black vertical lines represent the 16th, 50th, and 84th quartiles for the 
1D marginalized probability distributions. 
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ORBYTS pupils used the GUI applet described in Section 5 
o find a best-fitting model of the H α line profile in our GMOS
pectra of SN 2012aw taken at 1158 and 1863 d past explosion,
y reducing the χ2 value. The spectra were corrected for an M 95
ecessional velocity of 779 km s −1 (Springob et al. 2005 ). Models
ere convolved to the spectral resolution of the GMOS instrument 
sing a Gaussian kernel. Best-fitting models are shown in Fig. 2 
nd the model parameters are listed in Table 1 . Models made using
morphous carbon as the dust grain species failed to replicate 
he pronounced red scattering wing, and at both epochs, we were 
nable to achieve a good fitting model to the H α profile using a
ilicate-to-carbon ratio of less than 0.75. From a manual fitting 
rocess, we were able to constrain the grain radius at both epochs
o be ∼0.3 μm for a 100 per cent silicate dust composition. 
We quantified the uncertainties on the input parameters at both 
pochs using a Bayesian analysis with a 100 per cent silicate dust
omposition, the corner plot for which can be seen in Fig. 3 . Grain
adii smaller than 0.1 μm were strongly ruled out, while the median
rain radius of 0.25 + 0 . 47 

−0 . 15 μm that was found was very close to the
alue of 0.3 μm found from manually fitting the line profile, while
he dust masses we determined manually of 6 . 0 + 21 . 9 

−3 . 6 × 10 −4 M � also
ell within the limits determined by the Bayesian analysis. 

From a Bayesian analysis, we found a lower median dust mass
or SN 2012aw at day 1158, 3.0 × 10 −4 M �, very close to our
nitial estimate of 2 . 0 + 8 . 9 

−1 . 6 × 10 −4 M �, but the grain size was not as
ell constrained at this earlier epoch. These dust masses have been
lotted in the dust mass growth with time plot shown in figs 22 and
3 of Niculescu-Duvaz et al. ( 2022 ). 
MNRAS 519, 2940–2950 (2023) 
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Figure 4. Dust-affected DAMOCLES models (orange lines) for the observed (blue) H α line profiles of iPTF14hls at 752 (left) and 1170 d (right) post-explosion. 
The green lines are the dust-free models, normalized to the peak levels of the observed profiles. Clumped dust models corresponding to 100 per cent astronomical 
silicate are shown. 
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 IPTF14HLS  

PTF14hls was disco v ered on 2014 September 22 by the intermediate
alomar Transient Factory (iPTF) wide-field camera survey (Arcavi
t al. 2017 ). We adopt their disco v ery date as the e xplosion date,
s well as the redshift ( z ) of 0.0344 they determined from narrow
ost-galaxy features. iPTF14hls was classified as an SN of Type IIP
y Li, Wang & Zhang ( 2015 ) from the broad P Cygni Balmer series
ines in an optical spectrum taken on 2015 January 8. iPTF14hls is
n unusual SN: peaking at r = −19.1 (Sollerman et al. 2019 ), its
ight curve as observed by Arcavi et al. ( 2017 ) showed five distinct
eaks o v er the first 600 d after e xplosion. The spectra resembled
hose of other hydrogen-rich SNe such as SN 1999em, but notably
volved at a much slower pace. Sollerman et al. ( 2019 ) continued to
onitor the light curve until day 1200, and noted a steep decline in

he light curve around day 1000. They also obtained several optical
pectra between days 713 and 1170. Yuan et al. ( 2018 ) detected
 variable γ -ray source with the Fermi Large Area Telescope at a
ime and position consistent with iPTF14hls, and follow-up work by
rokhorov, Moraghan & Vink ( 2021 ) strengthened this association. 
A number of authors have attempted to interpret the mechanism

nducing the properties exhibited by iPTF14hls. Arcavi et al. ( 2017 )
nd Chugai ( 2018 ) suggested iPTF14hls to have had a massive pro-
enitor that prior to explosion underwent extreme mass-loss, possibly
aused by the pulsational pair-instability mechanism. Dessart ( 2018 )
eproduced most of the observed properties of iPTF14hls with their
odel of a typical Type II SN created by an H-rich blue supergiant

xplosion and powered by a magnetar. Andrews & Smith ( 2018 )
nterpreted the day 1153 optical spectrum as showing clear signs
f circumstellar material (CSM)–ejecta interaction, and proposed a
et-up for iPTF14hls where an asymmetric disc or torus of CSM
as o v errun and hidden below the photosphere of the expanding SN

jecta, whereby variations in the density structure of the CSM could
xplain the multiple peaks in the light curve. Moriya, Mazzali & Pian
 2020 ) and Uno & Maeda ( 2020 ) proposed that iPTF14hls was not
n SN, but that it could have been an ∼100 M � star experiencing
ariable mass-loss episodes similar to η Carinae, or a binary system
f two ∼100 M � stars experiencing a dynamical common-envelope
NRAS 519, 2940–2950 (2023) 

m  
volution. Soker & Gilkis ( 2018 ) posited that iPTF14hls consisted
f a binary system where a neutron star spiraling inside a massive
tellar envelope accreted mass and launched jets that ejected the
ircumstellar shell and eventually resulted in a final SN explosion. 

The H α line profile in iPTF14hls was modelled by ORBYTS pupils
t two epochs (752 and 1170 d after explosion) using DAMOCLES . We
o not model the [Ca II ] 7330 Å doublet, despite a strong detection at
ay 1170, as there could be potential contamination from the [O II ]
319, 7330 Å doublet. While the [O I ] 6300, 6363 Å line is also
isible at this epoch, we considered it to have too low a signal-to-
oise ratio to model. All models were convolved using a Gaussian
ernel to the spectral resolution of the instrument used to collect the
bserved data. Contaminating narrow-line emission was remo v ed
rom the H α line profile. The day 752 and day 1170 H α line profile
ts, determined from a manual exploration of parameter space, are
hown in Fig. 4 . The model parameters for both epochs can be found
n Table 1 . 

Bayesian simulations were run for both epochs to constrain the
ncertainty limits on the dust mass. The resulting corner plot for the
ayesian simulation of the H α profile at day 1170 can be found in
ig. 5 . At both epochs, the median dust mass found by a Bayesian
xploration of parameter space and the best-fitting dust mass that
inimized the χ2 found by a manual-fitting process are within the

ncertainty limits derived from the 1D dust mass posterior probability
istribution, for a 100 per cent clumped silicate dust distribution. As
he dust species could not be determined, we report a final dust mass
t day 1170 of 8.1 + 81 

−7 . 6 × 10 −5 M � for a 50:50 AmC-to-amorphous
ilicate dust ratio, both fixed with a dust grain radius of 0.1 μm that is
equired to achieve a better fit to the line profile. At both epochs, the
ack of a red scattering wing and the relatively low signal to noise of
he H α line profiles meant that we were unable to constrain the dust
rain radius. Therefore, the dust mass derived for this grain radius
an be seen as a lower limit, as silicate grains smaller than 0.1 μm
ave a poor extinction efficiency, as do larger carbon grains, such
hat smaller or larger grains require more dust to produce the same
ptical depth. 
The ejecta dust mass found for SN 1987A at day 1153 from
odelling the optical–infrared SED with a clumped AmC dust distri-
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Figure 5. The full posterior probability distribution for the 5D model of the iPTF14hls H α profile at day 1170, using a 100 per cent clumped silicate dust 
composition. The contours of the 2D distributions represent 0.5 σ , 1.0 σ , 1.5 σ , and 2.0 σ , and the dashed, black vertical lines represent the 16th, 50th, and 84th 
quartiles for the 1D marginalized probability distributions. 

b  

&  

t  

c  

t  

m  

t  

m
 

a  

1  

m
o
b
u
d
e

8

W
t  

S  

m  

e  

t  

f  

t  

d
p  

r  

t  

r
B

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/2940/6889537 by C
atherine Sharp user on 19 April 2023
ution was (3.0 ± 1.0) × 10 −3 M � (Wesson et al. 2015 ), while Be v an
 Barlow ( 2016 ) modelled the day 1054 red–blue asymmetries of

he [OI] 6300, 6363 Å doublet using a clumped 100 per cent AmC
omposition to obtain a dust mass of 3 . 0 + 2 . 0 

−2 . 25 × 10 −3 M �, nearly
wo orders of magnitude larger than our 100 per cent AmC dust

ass of 4.7 × 10 −5 M � for iPTF14hls at day 1170, and outside of
he upper limit of 9.4 × 10 −5 M � determined from our iPTF14hls

easurement. 
For our day 752 models for a 50:50 sil:AmC dust mixture and

 grain radius of 0.1 μm, we find a very small amount of dust:
.0 + 14 

−1 . 24 × 10 −5 M �. Although consistent with an increase in dust
ass between days 752 and 1170, and despite the appearance 

f an increasing red–blue asymmetry in the H α line profiles 
etween those dates, the uncertainties on the dust masses found 
sing Bayesian methods are large enough that we are unable to 
efinitively conclude that the dust mass has grown between these two 
pochs. 
b  
 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e have used the Monte Carlo radiative transfer code DAMOCLES 

o model the late epoch H α line profiles of two Type IIP SNe,
N 2012aw and iPTF14hls, in order to determine their ejecta dust
asses and grain parameters, as well as other ejecta parameters, for

pochs corresponding to days 1158 and 1863 for SN 2012aw and
o days 752 and 1170 for iPTF14hls. We present a GUI wrapper
or the DAMOCLES code, written using the PYTHON T kinter module
hat facilitates a visual understanding of the code and a quick
etermination of the best-fitting model to a broad emission-line 
rofile for a range of dust compositions. It can be used by both
esearchers and for citizen science purposes. We have used this GUI
o model the H α red–blue line asymmetries of the two SNe. We have
obustly quantified the errors on the derived model parameters using 
ayesian inference. 
F or SN 2012a w, we constrained the day 1863 dust composition to

e > 75 per cent silicate with a grain radius of 0.26 + 0 . 46 
−0 . 16 μm. Using
MNRAS 519, 2940–2950 (2023) 
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Figure 6. A plot of dust mass versus time since explosion for Type IIP CCSNe with dust mass measurements. Data points for SN 1987A are taken from 

Matsuura et al. ( 2011 , 2015 ), Indebetouw et al. ( 2014 ), Wesson et al. ( 2015 ), Be v an & Barlo w ( 2016 ), for SN 2004et from Kotak et al. ( 2009 ); Fabbri et al. 
( 2011 ); Niculescu-Duvaz et al. ( 2022 ); and for SN 2007it also from Niculescu-Duvaz et al. ( 2022 ). The data points for SN 2007oc are from Szalai & Vink ́o 
( 2013 ), from Andrews et al. ( 2010 ) for SN 2007od, from Szalai et al. ( 2011 ) for SN 2004dj, and from Szalai & Vink ́o ( 2013 ) for SN 2005ad and SN 2005af. For 
SN 2006bc, the data are taken from Gallagher et al. ( 2012 ). The red sigmoid curve is taken from fig. 23. of Niculescu-Duvaz et al. ( 2022 ), where a dust growth 
trend is fitted to a large sample of CCSN dust mass measurements. The grey band encloses the error region on the best-fitting sigmoid curve parameters, where 
the errors are derived from a Monte Carlo bootstrap simulation. 
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his dust composition, the dust mass found for a 100 per cent silicate
omposition at day 1158 post-explosion was 2 . 0 + 8 . 9 

−1 . 6 × 10 −4 M �,
hile at day 1863 it was measured to be 6 . 0 + 21 . 9 

−3 . 6 × 10 −4 M �. The
arge grain radius that we determine for SN 2012aw lends extra
eight to the findings of Niculescu-Duvaz et al. ( 2022 ) that dust
rains in most CCSNe have a grain radius of > 0.1 μm, which is also
n agreement with other studies constraining dust grain sizes (e.g.
all et al. 2014 ; Owen & Barlo w 2015 ; Wesson et al. 2015 ; Be v an

t al. 2017 ; Priestley et al. 2020 ). Larger dust grains are more likely
o survive the passage of the reverse shock than smaller grains, with
lavin et al. ( 2020 ) and Kirchschlager et al. ( 2020 , 2022 ) finding a
everse shock dust destruction rate for silicate grain radii > 0.1 μm
f ∼20–50 per cent. 
For iPTF14hls at day 752 we found a dust mass of 1.0 + 14 

−1 . 24 ×
0 −5 M �, while at day 1170, we found a dust mass of 8.1 + 81 

−7 . 6 ×
0 −5 M � for a dust composition of 50 per cent amorphous carbon
nd 50 per cent astronomical silicate. The large uncertainty limits
n the dust mass measurements for iPTF14hls, and the fact that we
ould not constrain its dust grain composition, mean that we are
nable to be certain that it had formed less dust than SN 2012aw at
n epoch of ∼1200 d. 

As SN 2012aw and iPTF14hls are fairly bright and young
CSNe, it should be straightforward to conduct follow-up optical
bservations to monitor the evolution of their dust mass, as they
re predicted to have only formed less than 1 per cent of their total
ust mass by 1000 d post-explosion (see fig. 23 of Niculescu-Duvaz
t al. 2022 ). An ongoing comparison between the evolution of these
NRAS 519, 2940–2950 (2023) 

p

CSNe and SN 1987A would be particularly interesting, as they are
ll classified as Type IIP CCSNe, but at day ∼1200 both SN 2012aw
nd iPTF14hls have been found here to have formed less dust than
N 1987A, as can be seen in Fig. 6 . At around day 1000 post-
xplosion, the dust mass measured in SN 2004dj is also less than that
ound in SN 1987A. This hints that at 1000 d, the peculiar Type II
N 1987A could be an anomalously high-dust former, but more Type
IP SN measurements would need to be made to confirm this for later
tages. 
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ublicly available at https://github.com/damocles-code/damocles .
avelength-calibrated copies of our Gemini GMOS spectra of

N2012aw are available on the WISeREP archive ( https://wisere
.weizmann.ac.il/). 
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Figure A1. The evolution of the optical spectrum of SN 2012aw. Information on the spectra is summarized in Section 3. 

Figure A2. The evolution of the optical spectrum of iPTF14hls. Information on the spectra is summarized in Section 3. 
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