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A B S T R A C T 

We present a study of the dust associated with the core-collapse supernova SN 1995N. Infrared emission detected 14–15 yr after 
the explosion was previously attributed to thermally echoing circumstellar material (CSM) associated with the supernova (SN) 
progenitor. We argue that this late-time emission is unlikely to be an echo, and is more plausibly explained by newly formed 

dust in the SN ejecta, indirectly heated by the interaction between the ejecta and the CSM. Further evidence in support of this 
scenario comes from emission-line profiles in spectra obtained 22 yr after the explosion; these are asymmetric, showing greater 
attenuation on the red wing, consistent with absorption by dust within the expanding ejecta. The spectral energy distribution 

and emission-line profiles at epochs later than ∼5000 d are both consistent with the presence of about 0.4 M � of amorphous 
carbon dust. The onset of dust formation is apparent in archi v al optical spectra, taken between 700 and 1700 d after the assumed 

explosion date. As this is considerably later than most other instances where the onset of dust formation has been detected, we 
argue that the explosion date must be later than previously assumed. 

K ey words: radiati ve transfer – supernovae: general – supernov ae: indi vidual: SN 1995N – (ISM) dust, extinction. 
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 I N T RO D U C T I O N  

nderstanding the origins of cosmic dust has been of widespread
nterest since the disco v ery that galaxies can contain up to 10 8 M �
f dust at redshifts of 6 and beyond (e.g. Bertoldi et al. 2003 ).
or dust to be produced so early in a galaxy’s evolution requires

hat massive stars play a role, and efficient dust condensation
as long been predicted in the expanding ejecta of core collapse
upernovae (CCSNe; e.g. Todini & Ferrara 2001 ; Nozawa et al.
003 ; Cherchneff & Dwek 2009 ). However, observational estimates
f dust masses in supernova (SN) remnants have often fallen far
hort of the predicted amounts, and the amounts required to balance
he high-redshift dust budget, leading some authors to argue that
CSNe do not form dust in any cosmologically meaningful quantity

e.g. Meikle et al. 2011 ). New observations o v er the past decade have
olstered the case for SN dust formation, starting with the disco v ery
f 0.4–0.7 M � of newly formed dust in the remnant of SN 1987A,
3 yr after its explosion (Matsuura et al. 2011 ), which was confirmed
eyond doubt in follow-up observations to be cold dust within the
xpanding remnant, and not circumstellar material or line emission
ontaminating estimates of the continuum flux (Indebetouw et al.
014 ). Significant masses of cold dust have also been found in much
lder remnants including Cas A (Barlow et al. 2010 ; Arendt et al.
014 ; De Looze et al. 2017 ; Niculescu-Duvaz et al. 2021 ), the Crab
ebula (Gomez et al. 2012 ; Owen & Barlow 2015 ; De Looze et al.
 E-mail: rw@nebulousresearch.org 
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019 ), the Sagittarius A East remnant near the Galactic Centre (Lau
t al. 2015 ), G54.1 + 0.3 (Temim et al. 2017 ; Rho et al. 2018 ), and
everal pulsar wind nebulae (Rho et al. 2018 ; Chawner et al. 2019 ,
020 ). How much newly formed SN dust will ultimately survive
he passage of the reverse shock and reach the interstellar medium
emains debated (Nozawa et al. 2007 ; Cherchneff & Dwek 2010 ;
herchneff 2013 ; Kirchschlager et al. 2019 ). 
These dust mass estimates were all made by fitting models to

bserved spectral energy distributions (SEDs). A major difficulty
ith this approach is that newly formed dust, if heated only by

adioactive decay within the expanding ejecta, cools very rapidly,
ecoming invisible at near -infrared wa velengths within a few years
f SN explosions. The far-infrared observations necessary to fully
onstrain the mass of cold dust are impossible to obtain beyond the
ocal Group, a volume in which only SN 1987A has been observed

n the last century. 
To reconcile the apparent discrepancy between low dust masses

etected in young ( < 3 yr old) remnants and high dust masses in
lder remnants, Gall et al. ( 2014 ) proposed that the formation of
ust could be described by a broken power law, implying slow
ust formation at first, accelerating at later times when most SNe
annot be detected in the mid-IR. Wesson et al. ( 2015 ) estimated
ust masses at five epochs in SN 1987A, fitting them with a sigmoid
urve which agreed well with the power law proposed by Gall et al.
 2014 ) at the epochs concerned, and predicted a final dust mass
f 1.0 M �, with the rate of dust formation reaching a maximum
ome 3000 d after the explosion. In the specific case of interacting
Ne, Sarangi, Dwek & Arendt ( 2018 ) and Sarangi & Slavin ( 2022 )
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ave shown that heating from the radiation produced by interaction 
etween supernova ejecta and the circumstellar medium (CSM) can 
elay dust formation and that a relatively high final dust mass is
ossible. Ho we ver, this delayed dust formation and high final mass
s not currently predicted for SNe in general: Sarangi & Cherchneff 
 2015 ) predict that dust formation should be complete within two
ears for an SN 1987A-type SN, while Sluder, Milosavljevi ́c & 

ontgomery ( 2018 ) predict completion within 3 yr. These authors 
nd total dust masses for an SN 1987A-like progenitor of 0.035 and
.2 M �, respectively – factors of 30 and 5 below the observationally
nferred value. 

A new technique for estimating dust masses was presented by 
e v an & Barlow ( 2016 ); instead of relying on far-IR observations
hich are hard or impossible to obtain for most SNe, they presented
AMOCLES , a code which calculates the profiles of emission lines
rising within the expanding remnant. These emission lines are 
requently observable at very late times (Milisavljevic et al. 2012 ; 
e v an, Barlo w & Milisavlje vic 2017 ; Niculescu-Duv az et al. 2022 ),
nd are affected by the presence of dust. Emission from the receding
ide of the ejecta passes through a column of dust which emission
rom the near side does not, resulting in an asymmetric profile with
n apparent blue shift (Lucy et al. 1989 ). Applying this technique to
N 1987A, Be v an & Barlo w ( 2016 ) found dust masses increasing
lowly with time, in good agreement with values derived from SED
odelling, supporting the picture of delayed dust formation. Dwek & 

rendt ( 2015 ) and Dwek, Sarangi & Arendt ( 2019 ) have proposed
hat several tenths of a solar mass of silicate dust could in fact be
resent at earlier times, if in sufficiently dense clumps, but Wesson &
e v an ( 2021 ) investigated a large parameter space and found that
t day ∼800, the emission-line profiles and SED could only be 
imultaneously reproduced with a mass of around 0.001 M � of 
morphous carbon dust. 

An ongoing difficulty is the paucity of SNe observed – with either 
echnique – at epochs of a few thousand days after disco v ery. To
ll in this observational gap and build up a clearer picture of the
volution of dust in SN remnants, we have carried out a programme
f spectroscopic observations of remnants older than ∼8 yr. In this
aper, we present a study of one such remnant, that of SN 1995N.
his Type IIn SN was disco v ered some time after exploding (Pollas
t al. 1995 ), and infrared detections 14–15 yr after its explosion
a ve been attrib uted to thermal echoes from a dusty circumstellar
edium (Van Dyk 2013 ). We present ne w radiati ve transfer models
hich show that in fact this emission cannot be a thermal echo,
ut rather arises from newly formed dust in the SN ejecta, heated
y the interaction of the ejecta with the CSM. The onset of dust
ormation is apparent in archi v al spectra taken 500–700 d after the
xplosion, while at epochs of 5500–7700 d, emission-line profiles 
re consistent with the presence of 0.4 M � of dust in the expanding
jecta, as derived from the SED. 

 OBSERVATIONS  

N 1995N was disco v ered on 1995 May 5 (Pollas et al. 1995 ). It
ccurred in the galaxy pair MCG-02-38-017 (Arp 261), which are 
ndergoing major interaction. They are at a distance of ∼24 Mpc 
nd have a redshift of 0.006 170 (Meyer et al. 2004 ). The SN has
een studied across the electromagnetic spectrum, being one of the 
rst young SN remnants to be detected at X-ray wavelengths (Fox 
t al. 2000 ), as well as being observed on numerous occasions in
he optical (Fransson et al. 2002 ). It has also been observed with
pitzer and Wide-field Infrared Survey Explorer ( WISE ) at infrared 
avelengths (Van Dyk 2013 ), and at radio wavelengths with the Very
arge Array and other facilities (Chandra et al. 2009 ). 

.1 Explosion date 

efore proceeding, we consider the likely explosion date of SN 

995N. In reporting its disco v ery, Pollas et al. ( 1995 ) noted that
ts H α emission-line profile was symmetric, with a full width at
alf-maximum (FWHM) of 34 Å. The implied expansion velocity is 
herefore ∼1500 km s −1 . Pollas et al. ( 1995 ) reported that this was
imilar to the H α profile in SN 1993N, 10 months after its explosion.
his has been taken by subsequent authors to imply an explosion date
round 1994 July, or earlier. Neither the disco v ery spectrum of SN
995N nor the spectrum of SN 1993N is available via either the Open
N Database (Guillochon et al. 2017 ) or the Weizmann Interactive
N Data Repository (WISeREP; Yaron & Gal-Yam 2012 ). Ho we ver,

his intermediate-width H α emission may arise either from the ejecta, 
r from interaction with circumstellar material. In either case, there 
s no reason to expect a dependence of the line width on the age of the
N. In the latter case, the geometry and location of the circumstellar
aterial would determine the line profile. Considering the former 

ase, in their e xtensiv e compilation of the spectra of Type II SNe,
uti ́errez et al. ( 2017 ) find a large range in expansion velocities

rom H α, with values between 1500 and 9600 km s −1 at 50 d post-
xplosion. As the width of H α is not a strong indicator of age, we
herefore considered other possible constraints on the explosion date. 

When disco v ered, the SN had m V = 17.5. The distance modulus to
rp 261 is 31.9 (Meyer et al. 2004 ), and extinction towards the SN
as reported to be low by Fransson et al. ( 2002 ), who gave E ( B −
 ) = 0.11, corresponding to A V = 0.34. The absolute magnitude of

he SN at the time of disco v ery was then M V = −14.7. Nyholm et al.
 2020 ) studied the light curves of Type IIn SNe and determined an
verage decline rate over the first few tens of days of 0.027 mag d −1 .
o we ver, their compilation of light curves included very few objects
ith data at epochs of 100 d or older. Anderson et al. ( 2014 ) compiled

he light curves of 116 Type II SNe, of which 68 objects had data at
pochs later than 100 d. For these objects, we determined the epoch
t which the SN became fainter than M V = −14.7. The distribution
f values is strongly peaked at around 100 d; the median value was
8.4 d (Fig. 1 ). Anderson et al. ( 2014 ) find a decline rate in the
nitial phases of 0.0265 mag d −1 for their sample. The magnitude at
isco v ery of SN1995N is thus consistent with an age of ∼100 d. An
lder age is not ruled out but would require that its decline rate was
lower than average. 

If the SN did in fact explode in July 1994 or earlier, then
t would have been accessible at the beginning of the night to
bservatories at latitudes southward of about 30 ◦N (further north, 
ts airmass at the end of astronomical twilight would have been
 2). If its peak magnitude was 2 mag brighter than its disco v ery
agnitude, it would have had m V = 15.5, significantly brighter than

he median disco v ery magnitude of 17.5 for the 41 SNe disco v ered
n 1994. Ho we ver, although se veral systematic SN searches were
nderway in the 1990s, including some at well-placed observatories 
Cappellaro et al. 1997 ), disco v eries were still clearly incomplete
t this brightness, with an average of 9.7 disco v ered annually at
righter than m v = 15.5, compared to an average of 23.4 per year in
he 2000s. 1 Therefore, there is no clear upper limit on the SN’s age at
he time of disco v ery based on its light curve. Ho we ver, as discussed
MNRAS 525, 4928–4941 (2023) 
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M

Figure 1. For 68 core-collapse SNe, the distribution of epochs after disco v ery 
at which the object’s absolute magnitude became fainter than that of SN 

1995N at the time of its disco v ery. The light curves used to create this 
histogram are from Anderson et al. ( 2014 ). 
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Table 1. SN 1995N infrared fluxes from 2009 to 2010 Spitzer and WISE 

observations, as reported by Van Dyk ( 2013 ). Epochs refer to our assumed 
explosion date of 1995 January 25. 

Date Epoch (d) Wavelength ( μm) Flux density ( μJy) 

19 March 2009 5167 3.6 43.8 ± 1.1 
19 March 2009 5167 4.5 100.4 ± 1.7 
19 March 2009 5167 5.8 187.1 ± 7.1 
19 March 2009 5167 8.0 559.0 ± 8.9 
29 March 2009 5177 16 3631.6 ± 36.3 
29 March 2009 5177 70 < 3 × 10 4 

01 January 2010 5455 3.4 53 ± 6 
01 January 2010 5455 4.6 84 ± 12 
01 January 2010 5455 12 1543 ± 105 
01 January 2010 5455 22 3595 ± 760 

Figure 2. Combined Spitzer + WISE SED of SN 1995N, with an average 
epoch of 5366 d. Also plotted is a blackbody spectrum with a temperature of 
235 K, optimized to fit data points with λ ≥ 8 μm. 
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n Section 5.1 , spectra taken 700 d after the nominal explosion date of
994 July 4 show a very symmetric H α line profile, which becomes
ncreasingly extinguished on its redward side at days 1000 and 1700.
he symmetry of the profile constrains the amount of dust in the
jecta by this epoch to be less than about 4 × 10 −5 M � of amorphous
arbon dust. In SNe where dust formation in the ejecta is detected,
he onset of the formation is typically observed after 300–500 d; in
N 1987A, an infrared excess began to develop around 400 d after

ts explosion (Wooden et al. 1993 ). No dust formation until at least
00 d after the explosion would be a unusually late epoch, especially
onsidering that SNe with a dense CSM often show much earlier
ust formation (Smith, F ole y & Filippenko 2008 ; Andrews et al.
016 ). 
We therefore infer that at the time of its disco v ery, the SN was

ot as old as previously assumed, and adopt an explosion epoch
f 1995 January 25, 100 d before it was disco v ered. While the
onstraints we have considered do not definitively rule out an earlier
xplosion, the age of 10 months at the time of discovery that has
een quoted in several papers is not well supported and is likely to
e an o v erestimate. 

.2 Archi v al infrared photometry 

N 1995N was observed with the Spitzer Space Telescope as part
f programme 50454, with the Infrared Array Camera (IRAC; Fazio
t al. 2004 ) on 19 March 2009 (day 5167), and with the Multiband
maging Photometer for Spitzer (MIPS; Rieke et al. 2004 ) on 29

arch 2009 (day 5177). These observations co v ered wav elengths of
.4, 4.5, 5.6, and 8 μm (IRAC), and 24 and 70 μm (MIPS). The SN
as detected at all wavelengths except 70 μm, where only a weak
pper limit to its flux was obtained. The SN was also observed at
avelengths of 3.4, 4.6, 12, and 22 μm with the WISE (Wright

t al. 2010 ); these observations took place on 2010 January 01
5455 d) and 2010 July 31 (5666 d). Van Dyk ( 2013 ) calculated
olour-corrected flux densities from these observations, which we
se for our radiative transfer modelling. These fluxes are reproduced
n Table 1 . Fig. 2 shows the combined Spitzer + WISE SED, with
 blackbody spectrum derived by fitting the data points with λ ≥
 μm; this fit yields a temperature of 235 K, a radius of 1.6 × 10 17 cm
0.052 pc), and a luminosity of 1.8 × 10 40 erg s −1 . 
NRAS 525, 4928–4941 (2023) 
.3 New and archi v al optical spectroscopy 

e observed SN 1995N with X-shooter (Vernet et al. 2011 ) on
he Very Large Telescope at Paranal, Chile, as part of programme
97.D-0525(A) (PI: Barlow). The object was observed four times
n a period of 8 nights, on 2016 July 24/25, 2016 July 28/29, 2016
uly 31/August 1, and 2016 August 1/2. We observed using the
nstrument in its integral field unit (IFU) mode, to ensure that the
N flux caught was maximized regardless of any uncertainty in the
osition of the object and the pointing of the instrument (the object
as acquired using a blind offset from a nearby 19th magnitude

tar). The resolution of the instrument in this mode is λ/ �λ = 8600,
3 500, and 8300 for the UVB, VIS, and NIR arms, respectively, and
he field of view is 4 × 1.8 arcsec. Each observation consisted of
 × 1146s exposures in the UVB arm, 2 × 1052s exposures in the
IS arm, and 12 × 200s exposures in the NIR arm. The data were

educed using Reflex (Freudling et al. 2013 ) to run version 2.6.8 of
he X-shooter pipeline. For IFU staring data, this does not include
osmic ray removal, so we performed that separately using a PYTHON

mplementation of the LACOSMIC algorithm of Van Dokkum ( 2001 ),
riginally written by Malte Tewes. 
The spectra of July 28 and 31 and August 1 had very similar

ontinuum levels, while on July 24, when clouds were present at
aranal and the seeing was noted as varying, the spectra show a
uch lower continuum. We attributed that to the poor observing

onditions and did not use data from this night in our subsequent
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Figure 3. An extract of the X-shooter spectrum of SN 1995N taken in 2016 July, showing the broad and asymmetric emission-line profiles of H α, [O I ] 
(6300,6363 Å), [O II ] (7320,7330 Å), and [O III ] (4959,5007 Å). 
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nalysis. The mean date of the three observations used is 2016 July
1, corresponding to 7858 d after the assumed explosion date of 1995
anuary 25. We extracted the SN spectrum from a circular aperture 
 arcsec in diameter. For each spectrum, we converted the observed 
avelengths to the heliocentric rest frame, removing the geocentric 
elocity using RV (Wallace & Clayton 2014 ), and using the redshift
f 0.006 170 for the host galaxy (Meyer et al. 2004 ). The spectra
ere then combined by taking the median of the three fluxes at each
avelength. 
At 21–22 yr after its explosion, the object is faint, but we clearly

etect broad emission from [O I ] 6300, 6363 Å, [O II ] 7320, 72330 Å,
nd [O III ] 4959, 5007 Å. H α is also weakly detected. The faintness of
he object meant that the line profiles were obscured by many weak
ky lines. The strength of these lines relative to the source means
hat the Poisson noise and hence residuals are al w ays large relative
o the strength of the SN emission when fitting and subtracting 
hem; this was evident when we tried to fit and subtract the lines
sing both ESO’s SKYCORR (Noll et al. 2014 ), which calculates an
tmospheric emission model, and with ALFA (Wesson 2016 ), which 
ts sky lines without reference to a physical model but instead by
ptimizing Gaussian parameters for each line independently. We 
herefore instead simply masked out sk y emission, remo ving pix els
ithin 2 FWHM of sky lines in the catalogue of Hanuschik ( 2003 ).
ur 2016 July–August spectrum of the SN is shown in Fig. 3 . 
SN 1995N was observed with X-shooter on 2010 April 15 and 

010 July 13 (5559 and 5648 d after the 1995 January 25 explosion
poch), as part of ESO programme 084.D-0265 (PI Benetti). We 
ownloaded these data from the ESO archive, and reduced them 

sing Reflex as with our new data. These data show many of the
road profiles still visible in 2016, with brighter broad emission at 
 α. 

 A R G U M E N T S  AG AINST  A  L I G H T  E C H O  A S  

H E  S O U R C E  O F  LATE-TIME  IR  EMISSION  

an Dyk ( 2013 ) calculated SEDs from idealized dust clouds, and
tted the observations of SN 1995N with either 0.05 M � of silicate
ust, or 0.12 M � of graphite dust, using optical constants from
raine & Lee ( 1984 ) and Weingartner & Draine ( 2001 ), respectively,
sing a grain radius of 0.1 μm in both cases. Based on this, he
roposed that SN 1995N was surrounded by a dusty circumstellar 
edium, which was illuminated by the SN explosion giving rise to
 thermal echo detected with various infrared instruments. 

Van Dyk ( 2013 ) noted that the WISE fluxes agree better with
he SED calculated for graphite than that for silicate dust. Similar
esults have been found for several other SNe observed in the mid-
nfrared (Williams & F ox 2015 ). F or SN 1995N, the WISE 12 μm
ux is 1.5 ± 0.1 mJy, where the silicate model would predict a flux
f 4.0 mJy. Using a non-linear least-squares algorithm to optimize 
he parameters of these idealized dust clouds, we find that a silicate
odel with 0.061 M � of dust at a temperature of 225 K gives a fit
ith χ2 = 6035, while a graphite model with 0.113 M � of dust at
36 K gives χ2 = 3824. 
These very large χ2 values are driven by the shortest wavelength 

oints, for which the fluxes are very low. Restricting the optimization
o data points with λ ≥ 8 μm, the best fits are achieved with
.065 M � of silicate dust at 221 K ( χ2 = 400) or 0.166 M � of
raphite dust at 216 K ( χ2 = 0.1). Allowing the grain size to vary,
e find that 0.16 M � of graphite dust at T ∼ 220 K gives good
ts for all grain sizes ≤0.1 μm, while for silicate dust, extremely

arge grains somewhat impro v e the fit: 0.097 M � of 10 μm silicate
rains at T = 248 K gives χ2 = 22. Such large grains, if present at
ate times, would produce a strong red scattering wing in late-time
mission-line profiles, in contrast to the observations presented in 
ection 5.2 . 
Given the far better fit of the graphite models and the absence of

ny red scattering wing that might support the presence of very large
ilicate grains in our late-time spectra, we consider that silicate dust
s ruled out, and that under the assumption of an optically thin point
ource, a somewhat larger and cooler mass of graphite dust than
roposed by Van Dyk ( 2013 ) is necessary to fit the observed SED.
he best-fitting graphite SED for a grain size of 0.1 μm is shown in
ig. 4 . 
Van Dyk ( 2013 ) attributed the emission to flash-heated dust in

he circumstellar medium of the progenitor. Ho we ver, we argue that
 thermal echo cannot explain the SED in 2009–2010, because the
choing medium would need to be too far from the SN and too
assive to plausibly be circumstellar material. 
MNRAS 525, 4928–4941 (2023) 



4932 R. Wesson et al. 

M

Figure 4. The predicted SEDs of idealized graphite dust clouds with the 
observ ed flux es of SN 1995N at days 5167–5455. The dashed curv e is from 

Van Dyk ( 2013 ), while the solid curve is optimized to fit data points with λ
≥ 8 μm. 
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Figure 5. Illustration of the propagation of the SN flash from SN 1995N. 
This simplified view has the observer towards the right, and shows the extent 
of the CSM around the extreme evolved stars VY CMA and IRC + 10420. 

Figure 6. Comparison of the mid-IR SEDs of SN 1995N after ∼15 yr 
(purple) and SN 1980 K after 23 yr (green). The fluxes of SN 1980K have 
been scaled from a distance of 7.7 Mpc (Eldridge & Xiao 2019 ) to the 24 
Mpc distance of SN 1995N. 
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Dust that has just been heated by emission from an SN, as
een from Earth, must lie on a surface defined by equal SN-point-
arth light traveltimes. This surface will be an ellipsoid under the
ssumption that each SN photon is scattered once only. A light pulse
asting 100 d would then result in emission from a thin region of an
xtended circumstellar shell lying between two ellipsoidal surfaces.
his emitting region will contain only a small fraction of the total
ass of the CSM. The echoing dust closest to the SN will lie directly

ehind it as seen from Earth. 15 yr after the explosion, this nearest
choing dust will lie 7.5 light years (7.1 × 10 18 cm) away from
he SN. In comparison, the known circumstellar media of SNe and
N progenitors are much smaller. The extreme red supergiant VY
Ma has CSM visible out to about 7750 au (1.15 × 10 17 cm; Smith
t al. 2001a ; Scicluna et al. 2015 ), containing up to 10 −2 M � of dust.
he cool hypergiants IRC + 10420 and HD 179821, meanwhile
oth have dust shells extending to about 0.25 pc (7.7 × 10 17 cm;
astner & Weintraub 1995 ). The thermal echo from material at these
istances would be visible after ∼90 and ∼600 d, respectively. Thus,
or material around SN 1995N to be thermally echoing after 15 yr,
he progenitor would have needed a circumstellar medium far denser
nd more e xtensiv e than those of VY CMa, IRC + 10420 and HD
79821. Fig. 5 shows a projected 2D view of the echo geometry,
ndicating the approximate extent of the circumstellar medium of
Y CMa as described by Smith et al. ( 2001b ), and the dust shells

round IRC + 10420 and HD 179 821 as described by Kastner &
eintraub ( 1995 ). Three ellipsoids indicate the outer edge of the

choing region after 0.25, 2.0, and 14.8 yr, respectively. 
Sugerman et al. ( 2012 ) attributed a long-lasting echo associated

ith SN 1980K to 0.02 M � of carbon-rich dust, in a shell with a radius
f about 14 light years, representing a wind-blown shell around the
rogenitor. They estimated dust temperatures of 200–245 K, similar
o those we estimate for SN1995N. Fig. 6 shows the observed SED
f SN 1995N, together with SN 1980K’s mid-infrared SED scaled
o the same distance; this shows that the mid-IR emission from SN
995N is about 100 times brighter than that of SN 1980K, indicating
hat if a similar echo were to be responsible, a much higher dust mass
nd/or a much greater energy input from the SN would be required.
ollowing the analytical estimate of equilibrium grain temperatures
escribed by Fox et al. ( 2010 ), we find that to heat graphite dust
NRAS 525, 4928–4941 (2023) 
rains with a radius of 0.5 μm at a distance from the SN of 7.5
y to a temperature of 220 K would require an SN luminosity of

8 × 10 11 L �. 
To further demonstrate that the mid-IR emission is unlikely to be

 thermal echo, we constructed models using the three-dimensional
adiative transfer code MOCASSIN , version 2.02.73 (Ercolano et al.
003 ; Ercolano, Barlow & Storey 2005 ; Ercolano et al. 2008 ;
his release incorporates some computational impro v ements which
ignificantly reduce the run time of simulations compared to earlier
ersions. We constructed models to simulate the emission from
 dusty sphere extending from 2 to 20 light years from the SN,
ontaining masses of dust up to 10 M �, and illuminated by a 100-d
ulse. The early photometric evolution of SN 1995N is unknown,
ut the bolometric light curve of SN 1987A, integrated over its first
00 d, gives an average luminosity of ∼4.3 × 10 40 erg s −1 (Suntzeff &
ouchet 1990 ). Assuming a luminosity 100 × greater for SN1995N,
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Figure 7. The calculated SED of a light echo arising from a shell extending 
from 2 to 20 ly from the SN, and consisting of amorphous carbon dust grains 
with radii of 0.1 μm and a dust mass of 10 M �. 
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o maximize the possible echoing flux, we find that to come close to
eproducing the observed mid-IR fluxes, dust shells with masses of at 
east 1 M � are required. Such models are clearly not compatible with
he dust being circumstellar in origin, as they would require a CSM

ass of upwards of 100 M � assuming a gas-to-dust ratio of 100.
ndeed, only models with 10 M � of dust can give fluxes approaching
he 3.5 mJy Spitzer 24 μm flux; Fig. 7 shows a model with 10 M �
f amorphous carbon dust grains with radii of 0.1 μm. 
Finally, we note that archi v al X-shooter spectra taken in 2010

eveal broad emission lines showing red-blue asymmetries. These 
re discussed further in Section 5.2 . Dust which is thermally echoing
s exterior to the illuminating source, and will therefore absorb 
mission equally from the approaching and receding sides of the 
jecta. Asymmetric emission lines thus argue strongly in fa v our of
he dust being present within the expanding SN ejecta. 

 E J E C TA  SED  M O D E L L I N G  

e thus consider that an echo model is unviable, and a different
eating source is required. Be v an et al. ( 2020 ) published a series of
odels of SN 2010jl, in which the interaction of SN ejecta with a

ense CSM was assumed to heat dust both interior and exterior to the
nteraction region, interior dust being newly formed in the SN ejecta, 
nd the exterior dust being pre-existing circumstellar material. In the 
ase of SN 2010jl, the pre-existing CSM was a torus at a distance
f 0.3 pc from the SN, which gave rise to an early thermal echo
Andrews et al. 2011 ). We apply a similar model to SN 1995N, with
ust interior to the forward shock being heated by the ejecta–CSM 

nteraction. Evidence for dust forming in the ejecta comes from the 
eveloping asymmetry of the H α line reported by Fransson et al. 
 2002 ); we quantify this in Section 5.1 . Fig. 8 , based on fig. 4 of
e v an et al. ( 2020 ), illustrates the assumed geometry. 
We construct 3D radiative transfer models of the ejecta using 

OCASSIN (Ercolano et al. 2003 ; Ercolano et al. 2005 ). We adopt a
odel set-up in which all of the dust in the SN ejecta is contained
ithin clumps, which occupy a fraction of the total volume defined by 
 volume filling factor, f . The collision of the ejecta with circumstellar
aterial is assumed to give rise to an outer shock at a distance of

.3 × 10 17 cm from the SN, corresponding to the distance reached 
fter 5366 d by material travelling at 5000 km s −1 ; Fransson et al.
 2002 ) estimated ejecta velocities of 2500–5000 km s −1 from the
ntermediate-width component of oxygen lines at epochs up to 
1500 d. We assume that the clumps in the expanding ejecta have
adii of R out /30, based on the theoretical expectation that Rayleigh–
aylor instabilities with characteristic sizes of this order develop at 

he onset of the SN explosion (Arnett, Fryxell & Mueller 1989 ). 
New dust within the ejecta may have formed in the unshocked

jecta which has not yet been affected by the reverse shock, or in the
ool dense shell between the forward and reverse shocks (Sarangi &
lavin 2022 ). Given the lack of observational constraints on the exact

ocation of the reverse shock and the density profile of the ejecta in
he intershock region, we adopt a simplified geometry in which the
nner radius of the ejecta is set to 0.2 × the outer radius, and the
ensity is proportional to r −2 . The ejecta-CSM interaction provides 
he copious X-rays observed from the source, which then heat the
ewly formed ejecta dust interior to the interaction region. Based on
he SEDs of idealized dust clouds discussed in the previous section,
e assume that the dust is pure amorphous carbon, and use optical

onstants from Zubko et al. ( 1996 ) (their ‘BE’ sample, produced by
urning benzene in air). 

We first modelled the emission by constructing a model in which
he heating source was distributed around the surface of a sphere
epresenting the interaction region. Ho we ver, we found that this
ould not heat enough of the dust to the observed temperatures.
e therefore follow the approach of Bevan et al. ( 2020 ) by using

 diffuse heating source which is colocated with the dust. In this
cenario, the assumption is that the dust is being heated by the gas
ithin the expanding ejecta, which is itself heated by the ejecta–CSM

nteraction. The luminosity of this heating source is constrained by 
he integrated emission in the infrared, although the luminosity of 
he forward shock itself would be expected to be much higher. 

The parameter space that we investigated covered clump volume 
lling factors between 0.02 and 0.5; grain sizes from 0.1 to 5.0 μm;
nd dust masses between 10 −3 and 1.0 M �. The SED is largely
nsensitive to the temperature of the heating source. We used a
lackbody with a luminosity of 5 × 10 40 erg s −1 and a temperature
f 5000 K for all models. Fox et al. ( 2000 ) found that the X-ray
uminosity of SN 1995N was about 10 41 erg s −1 in 1998 and had
ncreased by a factor of 2 between 1997 August and 1998 January;
ampieri et al. ( 2005 ) reported that in 2004, the X-ray luminosity
as five times higher than the total reprocessed IR/optical flux. 
Based on this set-up, we find that shells with low-dust masses are

eated to higher temperatures than observed and cannot reproduce 
he longer wavelength fluxes. At least 0.1 M � of dust must be present
MNRAS 525, 4928–4941 (2023) 
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Figure 9. The best-fitting SED predicted by models of ejecta dust after 
5366 d. This model has 0.4 M � of amorphous carbon dust in the form of 
1 μm grains, distributed in a clumpy shell with a volume filling factor of 
0.02. 
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o reproduce the Spitzer 24 μm data point. For dust masses higher
han this, the grain size, filling factor, and dust mass are somewhat
egenerate with each other, and similar fits can be obtained with
ifferent combinations of their v alues. Ho we ver, we find that a model
ith a dust mass of 0.4 M � of amorphous carbon dust in the form
f 1.0 μμm grains, in clumps with a volume filling factor of 0.02,
ives the formal best fit to the entire Spitzer + WISE SED. This
est-fitting SED is shown in Fig. 9 . The effect of varying dust mass,
rain size and filling factor is illustrated in Fig. 10 , which shows the
ffect on the SED of varying each of the dust mass, grain size, and
lling factor while holding the other two parameters constant. The
roperties of the clumps in the best-fitting model are summarized in
able 2 . 

 EMISSION-LINE  PROFILE  M O D E L L I N G  

ur late-time observations of SN 1995N clearly show broad and
symmetric emission-line profiles. The most likely cause of the
symmetry is dust formation in the ejecta; photons from the receding
dge of the ejecta pass through a column of dust which photons
rom the near edge do not, on their way to the observer, resulting
n attenuation of the red wing of intrinsically symmetric emission.
epending on the velocity of the ejecta at its inner and outer edges,

he variation with radius of the velocity, and the ratio of inner to
uter radii, the intrinsic profile can take a variety of forms. Dust
bsorption and scattering then modifies this profile, generally giving
ise to an apparent blue-shift. The shape of the emission-line profile
s not affected by any dust outside the remnant, which will affect
he photons emitted from the approaching and receding parts of
he ejecta equally. This is in contrast to SED modelling where it
ay be impossible to disentangle, for a distant SN with no spatial

nformation, the emission from flash-heated CSM and the emission
rom freshly formed ejecta dust. 

We use the radiative transfer code DAMOCLES (Be v an & Barlow
016 ; Be v an 2018 ) to calculate emission-line profiles from dust
jecta. The code predicts emission-line profiles based on assumed
elocity and emissivity distributions using a Monte Carlo technique
o propagate energy packets. We first model the emission at early
imes using line profiles presented by Fransson et al. ( 2002 ), to
etermine when dust formation began and in what quantity. We then
alculate models to fit archi v al spectra taken in 2010 (around the
ame time as the WISE and Spitzer data used for SED fitting), and
ur own spectra taken in 2016. 
NRAS 525, 4928–4941 (2023) 
.1 Line profiles before day 2000 

ransson et al. ( 2002 ) presented early spectra of SN 1995N, which
howed the onset of a red-blue asymmetry in the H α profile
haracteristic of dust formation. Their adoption of a July 1994
xplosion date meant that their earliest spectrum was assigned
n epoch of 700 d. In this spectrum, the H α line was close to
ymmetric, as it had been when the SN was disco v ered. In core-
ollapse SN ejecta where dust formation has been inferred, through
he development of an infrared excess, a steepening optical decline,
nd the onset of emission-line asymmetries, the epoch at which
ormation begins is typically much earlier. In Fig. 11 , we show the
rst epoch at which newly formed dust is inferred to be present
or 28 CCSNe, representing all available literature measurements
s of January 2022. 2 These epochs are subject to several caveats;
re-existing dust may be partly or wholly responsible for infrared
mission at early epochs, potentially affecting some of the objects
or which very early dust formation is claimed. On the other hand,
parse temporal sampling means that the first epoch at which dust
s detected may come sometime after the dust formation actually
egan. Ho we ver, the median epoch of these measurements is 260 d,
nd only SN 2014C has its first ejecta dust mass measurement at
n epoch later than 700 days; this object has dust mass estimates
t epochs from 45 to 801 d but ejecta and CSM dust could not be
istinguished (Tinyanont et al. 2016 ). As discussed in Section 2.1 ,
lthough a number of statements in the literature imply that the date of
N 1995N’s explosion was constrained to 10 months or more before
isco v ery, this assumption is not well supported, and we consider a
ater explosion epoch of 1995 January 25 to be more likely. Adopting
his explosion epoch, we model the emission-line profiles presented
y Fransson et al. ( 2002 ), at day 534 (their 700), 827 (their 1000),
nd 1589 (their 1700). We extracted the line profiles from fig. 14 of
ransson et al. ( 2002 ) using WebPlotDigitizer (Rohatgi 2020 ). 
At day 534, the H α line is almost symmetric. We first modelled

ts profile assuming no dust, and using the emissivity distribution
dopted by Fransson et al. ( 2002 ): constant inside 1000 km s −1 , and
roportional to V 

−4.6 at higher velocities. Ho we ver, we found that
djusting these parameters slightly impro v ed the fit, and adopted 700
ms −1 as the limiting velocity and an emissivity proportional to V 

−4 

n our fitting. 
We then examined the effect of dust on the line profile. We ran
odels containing either amorphous carbon dust or silicate dust, with

rain sizes of 0.01, 0.1, and 1.0 μm. We find that small quantities
f dust result in a profile that remains almost symmetric but is blue-
hifted by a few tens of km s −1 . Fig. 14 of Fransson et al. ( 2002 )
hows the line profiles reflected about their peak and thus does not
ontain the necessary information to fully constrain the dust mass.
o we ver, assuming that the line profile at this epoch is not blue-

hifted, we find that no more than 3 × 10 −6 M � of amorphous
arbon dust can be present, or 10 −4 M � of silicate dust. Allowing the
ine peak to be blue-shifted, more dust can be present before the line
rofile becomes inconsistent with the observations. For carbon dust,
ncreasing the grain size allows more dust to be present and still be
onsistent with the observations. For silicates, however, larger grains
re ruled out by the absence of a red scattering wing in the observed
ine profiles. We find upper limits of 4 × 10 −5 M � of carbon dust,
ssuming 1.0 μm grains, and 10 −3 M � of silicate dust, assuming
.01 μm grains. These fits are shown in Fig. 12 . 

https://www.nebulousresearch.org/dustmasses
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Figure 10. The effect of varying model parameters on the predicted SEDs for ejecta dust heated indirectly by ejecta–CSM interaction. In each figure, the 
best-fitting model with 0.4 M � of dust in clumps with a volume filling factor of 0.02, and a grain size of 1.0 μm, is shown with a solid line. (a) The effect of 
varying the dust mass from 0.05 to 1.0 M �. (b) The effect of varying the grain size, from 0.1 to 5.0 μm. (c) the effect of varying the clump filling factor, from 

0.01 to 1.0. 

Table 2. Properties of the individual dust clumps in the best-fitting MOCASSIN 

model of the expanding ejecta. 

Property Value 

Number of clumps ∼4300 
Clump radius R out /30 
Clump dust mass 9.3 × 10 −5 M �
Clump density 1.5 × 10 −8 g cm 

−3 

Figure 11. The epoch at which the presence of freshly formed ejecta dust 
is first inferred, for 28 CCSNe. For SN1995N, the epoch at which dust is 
first inferred is shown both for the explosion date adopted by Fransson et al. 
( 2002 ) and for the later date we adopt in this paper. 
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We then extended this model to subsequent epochs. Fransson et al. 
 2002 ) do not state that the emission-line peaks shifted bluewards,
lthough their Fig. 13 indicates that the peak at their day 1799 was
lue-shifted relative to the peak at their day 1007. Be v an & Barlo w
 2016 ) find that dust al w ays results in a blue-shifted emission-line
eak. To estimate the dust mass at these epochs, we vary the dust
ass, and then shift the observed line profile to match the modelled

eak velocity. At day 827, we find that for both silicates and carbon
ust, only 0.01 μm grains can fit the data; as with the day 534 fits,
arger grains result in a red scattering wing which is inconsistent with
he observations. With 0.01 μm grains, 6 × 10 −5 M � of amorphous
arbon or 5 × 10 −3 M � of silicates can fit the observed line profile,
ith blue-shifts of 160 and 230 km s −1 , respectively. 
At day 1529, the absence of a red scattering wing again constrains

he grains to small sizes, and at this epoch, silicates cannot give a
ine profile consistent with the observations for any grain size; the
odelled profile is too broad and its shape becomes irreconcilable 
ith the smooth observed profile. For amorphous carbon, ho we ver,
 × 10 −4 M � of dust with a grain size of 0.01 μm gives a reasonable
t, when the observations are shifted by −150 km s −1 . We therefore
onclude that the evolution of the H α line profile at this epoch is
onsistent with the gradual formation of amorphous carbon dust in 
he form of 0.01 μm grains. Our model fits at days 827 and 1589 are
hown in Fig. 13 . 

.2 Line profiles after day 5000 

he increasing asymmetry of the H α line profile at early epochs
rovides strong evidence for the onset of dust formation in the
xpanding SN ejecta after a few hundred days, supporting our 
nterpretation of the late time infrared emission as arising from ejecta
ust. From the late time emission-line profiles, we have independent 
onstraints on the dust properties. In both the 2010 archi v al X-shooter
pectra and our own X-shooter data from 2016, broad emission-line 
re clearly detected. The most prominent are of [O I ] (6300,6363),
O II ] (7320,7330), and [O III ] (4959, 5007). Hydrogen Balmer lines
re also present but weak. As the [O II ] lines consist of two pairs of
wo lines, while the [O I ] and [O III ] features both comprise one pair
f lines, we modelled only the [O I ] and [O III ] features. We assumed
ntrinsic line ratios of 5007 

4959 = 3.01 (Wesson, Stock & Scicluna 2016 )
nd 6300 

6363 = 2.98 (Storey & Zeippen 2000 ). 
We first investigated models to fit the day 5648 X-shooter spectra,

hich are roughly contemporaneous with the infrared photometry 
resented in Section 2.2 . We ran DAMOCLES models for a grid
o v ering the same parameter space as our MOCASSIN models; that
s, a homogeneously expanding shell of dust, with inner and outer
adii corresponding to 1000 and 5000 km s −1 ; dust masses from
.05 to 1.0 M �, grain radii from 0.1 to 5.0 μm, and volume filling
actors for the clumpy dust distribution from 0.01 to the smooth
ust case of 1.0. Although the early-time line profiles could not be
eproduced with silicate dust, we ran models at the later epochs for
oth amorphous carbon and silicate dust. 
We find from this grid that, as with the MOCASSIN models, a

mall volume filling factor is fa v oured. The smooth dust case is
ncompatible with the observed profiles, predicting much greater 
MNRAS 525, 4928–4941 (2023) 
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Figure 12. H α emission-line profile models at day 534. The left-hand panel shows a model containing no dust, which fits the observed profile satisfactorily. The 
centre and right-hand panels show amorphous carbon and silicate models respectively, for the dust mass at which the predicted line profile becomes inconsistent 
with the observations. The limiting dust masses are 4 × 10 −5 M � for carbon, and 10 −3 M � for silicates. 

Figure 13. Best-fitting H α emission-line profile models at days 827 (top) and 1589 (bottom), for amorphous carbon (l) and silicates (r). At day 1589, silicates 
cannot provide a good fit for any dust mass or grain size that we considered. 
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Figure 14. DAMOCLES fits to emission lines of [O I ] (left) and [O III ] (right) 5648 d after the explosion. The dust configuration has a dust mass of 0.4 M �, a 
grain size of 1.0 μm, and a volume filling factor of 0.05. Vertical dashed lines indicate the rest wavelengths of the emission lines at a redshift of 0.00617. 
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bsorption of the red wing than is observ ed, e xcept for 5 μm grains
hich produce an extended red scattering wing. Models with a filling 

actor of 0.01–0.02 do not predict enough absorption compared to 
he observations for any dust parameters. Filling factors of 0.05–0.1, 
hough, are able to satisfactorily reproduce the profiles of both the 
O IIII ] 49 595 007 lines, and the [O I ] 63 006 363 lines (Fig. 14 ).

odels in this range of filling factors are almost insensitive to the
ass of grain size and species of the dust. A similar result was

ound for day 800 observations of SN 1987A (Wesson & Bevan 
021 ), for which filling factors of around 0.1 result in line profiles
hich become insensitive to the dust mass. For the largest grain 

izes, the models predict a noticeable red scattering wing which is
ot seen in the observations. The line profiles are thus consistent 
ith the dust properties inferred from the MOCASSIN modelling, and 

ndependently constrain the filling factor to small value, although 
hey do not constrain the dust mass or grain species. 

Running the same grid of models for the day 7858 spectra, we find
hat similarly, the volume filling factor is the parameter to which the
ine profiles are most sensitive. The smooth dust case and densely 
lled clumpy shells result in line profiles which show either too much
bsorption, or a strong red scattering wing. The smallest filling factors
gain do not produce enough absorption to match the profiles, and 
he best-fitting volume filling factor is around 0.05–0.1. Once again 
his filling factor is in the range for which other dust properties have
ittle effect, and the properties derived from the MOCASSIN models 
an satisfactorily reproduce the line profiles at this epoch also. The 
est-fitting day 7858 model fits to the [O III ] and [O I ] profiles are
hown in Fig. 15 . 

 DISCUSSION  

e have shown that late-time infrared emission from SN 1995N is not
ikely to be a thermal echo from circumstellar dust, as it would require
he CSM to be too massive and too far from the progenitor. However,
he IR emission can be reproduced by a model in which newly
ormed dust in the ejecta is heated by the ejecta–CSM interaction,
hich also gives rise to the X-ray emission observed from the SN

t late times. We propose that the dust heating is not direct, but
ather that the X-rays from the ejecta–CSM interaction ionise gas in
he ejecta, which in turn heats the dust. This model can successfully
eproduce the observed dust temperatures, whereas a model in which 
he dust is heated directly by photons from the CSM interaction
annot. Ho we ver, a lack of observational constraints on the spectrum
lluminating the gas and the composition and location of the gas
ithin the ejecta mean that our model is necessarily simplified. More
etailed modelling would be required to confirm that the heating 
echanism we propose is viable. 
In common with a number of other studies of SN ejecta dust

e.g. Gall et al. 2014 ; Owen & Barlow 2015 ; Wesson et al. 2015 ;
e v an & Barlo w 2016 ; Priestley et al. 2019 ) we find that at late

imes, relatively large dust grains, with radii greater than 0.1 μm,
re required to fit the observations. Dust grains of this size may
urvive the passage of the reverse shock and contribute to the dust
udget of galaxies (Kirchschlager et al. 2019 ). Our best-fitting model
arameters at each epoch are given in Tables 3 (early epochs) and 4
late epochs). 

The developing asymmetries in emission-line profiles in early data 
an be reproduced with the onset of dust formation after day ∼500;
y day ∼1600, the dust mass is limited to less than a few × 10 −4 M �,
nd the grain size is constrained to radii of ∼0.01 μm. Emission-line
rofiles at days 5648 and 7858, meanwhile, independently support 
he clumpy dust geometry with a small volume filling factor derived
rom MOCASSIN models, though they do not strongly constrain other 
ust properties. Between ∼4 and ∼15 yr after the SN explosion,
herefore, we find that the dust mass increased by a factor of ∼100.
his implies continuing dust formation long after theoretical models 

ndicate that it should have ceased (Sarangi & Cherchneff 2015 ;
MNRAS 525, 4928–4941 (2023) 
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M

Figure 15. DAMOCLES fits to emission lines of [O I ] (left) and [O III ] (right) 7858 d after the explosion. The dust configuration has a dust mass of 0.4 M �, a 
grain size of 1.0 μm, and a volume filling factor of 0.05. Vertical dashed lines indicate the rest wavelengths of the emission lines at a redshift of 0.00617. 

Table 3. The best-fitting parameters for DAMOCLES models which reproduce emission-line profiles at epochs 
< 2000 d. In all models, the emissivity is constant inside V = 1000 km s −1 and ∝ V 

−4 outside. 

Epoch (d) Dust species Mass (M �) Grain size ( μm) Peak velocity (km s −1 ) 

534 Amorphous carbon < 4 × 10 −5 < 1.0 0 
534 Silicates < 10 −3 0.01 0 
827 Amorphous carbon 6 × 10 −5 0.01 −160 
827 Silicates 5 × 10 −3 0.01 −230 
1589 Amorphous carbon 2 × 10 −4 0.01 −150 

Table 4. The best-fitting parameters for MOCASSIN and DAMOCLES models for the SED and emission-line profiles in 2009–2010 and 2017. 

Epoch (d) Technique Inner and outer radii (km s −1 ) Dust species Mass (M �) Grain size ( μm) Volume filling factor 

5366 SED 1000–5000 Amorphous carbon 0 .4 1.0 0.02 
5648 Emission line profiles 1000–5000 Amorphous carbon > 0 .1 – 0.05 
7858 Emission line profiles 1000–5000 Amorphous carbon > 0 .1 – 0.05 
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luder et al. 2018 ). Dwek & Arendt ( 2015 ) argued that this tension
etween observations and theory can be resolved if the dust forms
apidly at early times in extremely optically thick clumps. In the
ase of SN 1987A, this was ruled out by Wesson et al. ( 2015 ), who
ound from radiative transfer models that the clump filling factor
n the ejecta was constrained by the amount of optical emission
scaping, and was incompatible with clumps dense enough to conceal
arge quantities of dust. The y gav e an upper limit of 0.001 M � of
ust at 1015 d after the explosion. Independently, Be v an & Barlo w
 2016 ) used emission-line profiles to determine the dust mass in the
jecta at epochs up to 3000 d, also finding that large dust masses at
arly times were not compatible with the observations. Wesson &
e v an ( 2021 ) reinforce these earlier conclusions by considering the
ED and emission-line profiles simultaneously, finding that while
 carefully chosen clump filling factor can result in line profiles
hich are insensitive to the dust mass, the SED is still sensitive to
NRAS 525, 4928–4941 (2023) 
t. Likewise, a model with a high dust mass which does reproduce
he SED cannot also reproduce the line profiles. In the case of SN
995N, the gradual onset of asymmetry in the profile of H α between
00 and 1500 d after the explosion also rules out the presence of a
arge mass of dust at this epoch. 

Further observational evidence of dust forming o v er man y years
n SN ejecta comes from dust grains found in meteorites. Liu et al.
 2018 ) found a positive correlation between 49 Ti and 28 Si excesses
n pre-solar silicon carbide (SiC) dust grains from SNe. Attributing
his to the radioactive decay of 49 V to 49 Ti, they inferred that the
iC grains had condensed at least 2 yr after the SN explosion.
imilarly, Ott et al. ( 2019 ), also looking at SiC grains, found that the

sotopic composition of barium in such grains was consistent with
hem having formed after a significant fraction of freshly produced
37 Cs had already decayed into 137 Ba. This decay has a half-life of
0 yr, implying that the grains condensed about 20 yr after the SN
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Figure 16. A compilation of all available literature values for SN ejecta dust masses, with the masses found in the current work for SN 1995N indicated. The 
sigmoid curve proposed by Wesson et al. ( 2015 ) to fit the observed evolution of the dust mass of SN 1987A is shown as a dashed grey line. The literature data 
used to create this figure is available at https://www.nebulousresearch.org/dustmasses . 
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xplosion. While models predict that SiC should precipitate from the 
as later than the species which comprise the majority of the dust
ass (Sarangi & Cherchneff 2015 ; Sluder et al. 2018 ), these isotopic

esults show that dust can continue to form on decadal time-scales, 
ather than being completed within a few years of the SN explosion.

Be v an et al. ( 2020 ) found that for SN 2010jl, some specific
ust configurations can be found in which the emission-line profile 
ecomes insensitive to the dust mass. Ho we v er, the y found that in
hese configurations, the SED remains sensitive to the total dust 

ass, which is thus not unconstrained. We find this to be the
ase in SN 1995N as well. Radiative transfer models of the SED
equire a dust mass of ∼0.4 M � in clumps with a volume filling
actor of ∼0.02, and for such small filling factors, the emission-
ine profiles become insensitive to the dust mass and grain size. 
ev ertheless, the y are consistent with the substantial dust mass in-

erred from the SED, and models of early-time emission-line profiles 
how that such a large mass could not have been present before
ay 1500. 

The pattern of dust growth that we derive for SN 1995N is
onsistent with the o v erall pattern of observational estimates of dust
asses with time. In Fig. 16 , we show a compilation of all published
N ejecta dust masses, with the values derived in this work indicated.
lthough estimates at early times span several orders of magnitude, 

nd estimates at very late times remain relatively sparse, the overall 
attern of slow increases in observationally inferred dust masses, 
eaching cosmologically significant values of 0.1–1 M � only at 
pochs �1000 d, is apparent. As we have only three data points
or the dust mass in the ejecta of SN 1995N, we cannot meaningfully
t the simple three-coefficient sigmoid equation used by Wesson 
t al. ( 2015 ) to describe the evolution of the dust mass in SN 1987A.
o we ver, the early dust masses in SN 1995N are at the lower end of

he range found for all CCSNe. Fig. 16 shows points colour-coded 
ccording to the means by which they were estimated; it can be seen
hat in general, dust masses derived from emission-line profiles are 
t the lower end of the o v erall range. As the shape of emission-line
rofiles can only be affected by dust within the emitting region, and is
 S
nsensitive to any circumstellar material outside the emitting region, 
his may suggest that at these early epochs, SED-based dust mass
stimated might be systematically o v erestimating dust masses due 
o the presence of CSM dust. Ho we ver, the small number of objects
ith emission-line-based dust mass estimates, and the very small 
umber of objects with contemporaneous determinations from both 
echniques, means that this possible systematic difference between 
mission-line and SED-based dust mass estimates cannot yet be 
onfirmed. 

With the ever-increasing evidence that large masses of dust do form 

n many SN remnants, the major question is how much of this dust
ill survive the passage of the reverse shock and go on to contribute

o the dust budget of galaxies. The dust grain size is a critical factor
n this. We have found that, while early-time spectra can only be
tted with very small grains (a = 0.01 μm), the late-time SED and

ine profiles require micron-sized grains. Kirchschlager et al. ( 2019 )
ound that the survi v al of carbon grains was maximized for grain
adii of 0.5–1.5 μm. They found that the optimal radius for grain
urvi v al depends on the density contrast between dust clumps and the
nterclump medium, with higher contrasts resulting in the survi v al
f smaller dust grains. A number of studies have now found that
icron-sized dust grains are required to fit late-time observations 

f SN ejecta dust; these include studies of SN 2010jl (Gall et al.
014 ), the Crab Nebula (Temim & Dwek 2013 ; Owen & Barlow
015 ), and SN 1987A, in which Wesson et al. ( 2015 ) found that dust
rains were predominantly micron sized by 23 yr after the explosion,
hile the SED at 600–800 d could not be well fitted with such large
rains. 
We thus conclude that SN 1995N exhibits the following properties, 

n common with a number of other SNe: 

(i) A mass of newly formed dust of the order of several tenths of a
olar mass, a quantity sufficient to account for the dust masses found
n some high-redshift quasars (Morgan & Edmunds 2003 ; Dwek, 
alliano & Jones 2007 ). 
(ii) Evidence for continuing dust formation many years after the 

N, in contrast to current theoretical models of dust formation. 
MNRAS 525, 4928–4941 (2023) 
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(iii) Evidence for dust grains exceeding 0.1 μm in radius, indicat-
ng that a significant fraction of the dust could survive the passage
f the reverse shock. 

Such properties have now been found both in normal Type II SNe,
nd in Type IIn SNe that have shown interaction of the ejecta with
he CSM. 

C K N OW L E D G E M E N T S  

ased on observations collected at the European Organisation for
stronomical Research in the Southern hemisphere under ESO
rogrammes 084.D-0265(A) and 097.D-05(A). This work is based
n part on archi v al data obtained with the Spitzer Space Telescope ,
hich was operated by the Jet Propulsion Laboratory, California

nstitute of Technology under a contract with NASA. Support for
his work was provided by an award issued by JPL/Caltech. This
ublication makes use of data products from the WISE , which is a
oint project of the University of California, Los Angeles, and the Jet
ropulsion Laboratory/California Institute of Technology, funded by

he National Aeronautics and Space Administration. 
RW, AB, and MJB are supported by European Research Council

ERC) grant SNDUST 694520. IDL acknowledges support from ERC
rant DustOrigin 851622. MM acknowledges support from Science
nd Technology Facilities Council (STFC) Ernest Rutherford fel-
owship (ST/L003597/1) and STFC consolidated grant (2422911). 

ATA  AVAILABILITY  

he raw X-shooter data analysed in this work are available from the
SO archive facility at http://ar chive.eso.or g/. 

E FERENCES  

nderson J. P. et al., 2014, ApJ , 786, 67 
ndrews J. E. et al., 2011, AJ , 142, 45 
ndrews J. E. et al., 2016, MNRAS , 457, 3241 
rendt R. G. , Dwek E., Kober G., Rho J., Hwang U., 2014, ApJ , 786, 55 
rnett D. , Fryxell B., Mueller E., 1989, ApJ , 341, L63 
arlow M. J. et al., 2010, A&A , 518, L138 
ertoldi F. et al., 2003, A&A , 409, L47 
e v an A. , 2018, MNRAS , 480, 4659 
e v an A. , Barlow M. J., 2016, MNRAS , 456, 1269 
e v an A. , Barlow M. J., Milisavljevic D., 2017, MNRAS , 465, 4044 
e v an A. M. et al., 2020, ApJ , 894, 111 
appellaro E. , Turatto M., Tsv etko v D. Y., Bartuno v O. S., Pollas C., Evans

R., Hamuy M., 1997, A&A , 322, 431 
handra P. et al., 2009, ApJ , 690, 1839 
hawner H. et al., 2019, MNRAS , 483, 70 
hawner H. et al., 2020, MNRAS , 493, 2706 

Cherchneff I. , 2013, in Andersen A., Baes M., Gomez H., Kemper C., Watson
D., eds.Proceedings of The Life Cycle of Dust in the Universe: Obser-
vations, Theory, and Laboratory Experiments. Proceedings of Science. p.
18, available at: ht tp://pos.sissa.it /cgi-bin/reader/conf.cgi?confid=207 

herchneff I. , Dwek E., 2009, ApJ , 703, 642 
herchneff I. , Dwek E., 2010, ApJ , 713, 1 
e Looze I. , Barlow M. J., Swinyard B. M., Rho J., Gomez H. L., Matsuura

M., Wesson R., 2017, MNRAS , 465, 3309 
e Looze I. et al., 2019, MNRAS , 488, 164 
raine B. T. , Lee H. M., 1984, ApJ , 285, 89 
wek E. , Arendt R. G., 2015, ApJ , 810, 75 
wek E. , Galliano F., Jones A. P., 2007, ApJ , 662, 927 
wek E. , Sarangi A., Arendt R. G., 2019, ApJ , 871, L33 
ldridge J. J. , Xiao L., 2019, MNRAS , 485, L58 
NRAS 525, 4928–4941 (2023) 
rcolano B. , Morisset C., Barlow M. J., Storey P. J., Liu X.-W., 2003,
MNRAS , 340, 1153 

rcolano B. , Barlow M. J., Storey P. J., 2005, MNRAS , 362, 1038 
rcolano B. , Young P. R., Drake J. J., Raymond J. C., 2008, ApJS , 175, 534 
azio G. G. et al., 2004, ApJS , 154, 10 
ox D. W. et al., 2000, MNRAS , 319, 1154 
ox O. D. , Che v alier R. A., Dwek E., Skrutskie M. F., Sugerman B. E. K.,

Leisenring J. M., 2010, ApJ , 725, 1768 
ransson C. et al., 2002, ApJ , 572, 350 
reudling W. , Romaniello M., Bramich D. M., Ballester P., Forchi V., Garc ́ıa-

Dabl ́o C. E., Moehler S., Neeser M. J., 2013, A&A , 559, A96 
all C. et al., 2014, Nature , 511, 326 
omez H. L. et al., 2012, ApJ , 760, 96 
uillochon J. , Parrent J., Kelley L. Z., Margutti R., 2017, ApJ , 835, 64 
uti ́errez C. P. et al., 2017, ApJ , 850, 89 
anuschik R. W. , 2003, A&A , 407, 1157 

ndebetouw R. et al., 2014, ApJ , 782, L2 
astner J. H. , Weintraub D. A., 1995, ApJ , 452, 833 
irchschlager F. , Schmidt F. D., Barlow M. J., Fogerty E. L., Be v an A.,

Priestley F. D., 2019, MNRAS , 489, 4465 
au R. M. , Herter T. L., Morris M. R., Li Z., Adams J. D., 2015, Science ,

348, 413 
iu N. , Nittler L. R., Alexander C. M. O. D., Wang J., 2018, Sci. Adv. , 4,

eaao1054 
ucy L. B. , Danziger I. J., Gouiffes C., Bouchet P., 1989, in Tenorio-Tagle

G., Moles M., Melnick J., eds, Lecture Notes in Physics, Vol. 350, IAU
Colloq. 120: Structure and Dynamics of the Interstellar Medium. Springer
Verlag, Berlin, p. 164 

atsuura M. et al., 2011, Science , 333, 1258 
eikle W. P. S. et al., 2011, ApJ , 732, 109 
eyer M. J. et al., 2004, MNRAS , 350, 1195 
ilisavljevic D. , Fesen R. A., Chevalier R. A., Kirshner R. P., Challis P.,

Turatto M., 2012, ApJ , 751, 25 
organ H. L. , Edmunds M. G., 2003, MNRAS , 343, 427 
iculescu-Duv az M. , Barlo w M. J., Be v an A., Milisavlje vic D., De Looze I.,

2021, MNRAS , 504, 2133 
iculescu-Duvaz M. et al., 2022, MNRAS , 515, 4302 
oll S. , Kausch W., Kimeswenger S., Barden M., Jones A. M., Modigliani

A., Szyszka C., Taylor J., 2014, A&A , 567, A25 
ozawa T. , Kozasa T., Umeda H., Maeda K., Nomoto K., 2003, ApJ , 598,

785 
ozawa T. , Kozasa T., Habe A., Dwek E., Umeda H., Tominaga N., Maeda

K., Nomoto K., 2007, ApJ , 666, 955 
yholm A. et al., 2020, A&A , 637, A73 
tt U. , Stephan T., Hoppe P., Savina M. R., 2019, ApJ , 885, 128 
wen P. J. , Barlow M. J., 2015, ApJ , 801, 141 
ollas C. , Albanese D., Benetti S., Bouchet P., Schwarz H., 1995, IAU Circ.,

6170 
riestley F. D. , Barlow M. J., De Looze I., Chawner H., 2020, MNRAS, 491,

6020 
ho J. et al., 2018, MNRAS , 479, 5101 
ieke G. H. et al., 2004, ApJS , 154, 25 
ohatgi A. , 2020, Webplotdigitizer: Version 4.4, available at: https://autome

ris.io/WebPlotDigitizer
arangi A. , Cherchneff I., 2015, A&A , 575, A95 
arangi A. , Slavin J. D., 2022, ApJ , 933, 89 
arangi A. , Dwek E., Arendt R. G., 2018, ApJ , 859, 66 
cicluna P. , Siebenmorgen R., Wesson R., Blommaert J. A. D. L., Kasper M.,

Voshchinnikov N. V., Wolf S., 2015, A&A , 584, L10 
luder A. , Milosavljevi ́c M., Montgomery M. H., 2018, MNRAS , 480, 5580
mith N. , Humphreys R. M., Davidson K., Gehrz R. D., Schuster M. T.,

Krautter J., 2001a, AJ , 121, 1111 
mith R. K. , Brickhouse N. S., Liedahl D. A., Raymond J. C., 2001b, ApJ ,

556, L91 
mith N. , F ole y R. J., Filippenko A. V., 2008, ApJ , 680, 568 
torey P. J. , Zeippen C. J., 2000, MNRAS , 312, 813 
ugerman B. E. K. et al., 2012, ApJ , 749, 170 
untzeff N. B. , Bouchet P., 1990, AJ , 99, 650 

http://archive.eso.org/
http://dx.doi.org/10.1088/0004-637X/786/1/67
http://dx.doi.org/10.1088/0004-6256/142/2/45
http://dx.doi.org/10.1093/mnras/stw164
http://dx.doi.org/10.1088/0004-637X/786/1/55
http://dx.doi.org/10.1086/185458
http://dx.doi.org/10.1051/0004-6361/201014585
http://dx.doi.org/10.1051/0004-6361:20031345
http://dx.doi.org/10.1093/mnras/sty2094
http://dx.doi.org/10.1093/mnras/stv2651
http://dx.doi.org/10.1093/mnras/stw2985
http://dx.doi.org/10.3847/1538-4357/ab86a2
http://dx.doi.org/10.48550/arXiv.astro-ph/9611191
http://dx.doi.org/10.1088/0004-637X/690/2/1839
http://dx.doi.org/10.1093/mnras/sty2942
http://dx.doi.org/10.1093/mnras/staa221
http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=207
http://dx.doi.org/10.1088/0004-637X/703/1/642
http://dx.doi.org/10.1088/0004-637X/713/1/1
http://dx.doi.org/10.1093/mnras/stw2837
http://dx.doi.org/10.1093/mnras/stz1533
http://dx.doi.org/10.1086/162480
http://dx.doi.org/10.1088/0004-637X/810/1/75
http://dx.doi.org/10.1086/518430
http://dx.doi.org/10.3847/2041-8213/aaf9a8
http://dx.doi.org/10.1093/mnrasl/slz030
http://dx.doi.org/10.1046/j.1365-8711.2003.06370.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09381.x
http://dx.doi.org/10.1086/524378
http://dx.doi.org/10.1086/422843
http://dx.doi.org/10.1046/j.1365-8711.2000.03941.x
http://dx.doi.org/10.1088/0004-637X/725/2/1768
http://dx.doi.org/10.1086/340295
http://dx.doi.org/10.1051/0004-6361/201322494
http://dx.doi.org/10.1038/nature13558
http://dx.doi.org/10.1088/0004-637X/760/1/96
http://dx.doi.org/10.3847/1538-4357/835/1/64
http://dx.doi.org/10.3847/1538-4357/aa8f52
http://dx.doi.org/10.1051/0004-6361:20030885
http://dx.doi.org/10.1088/2041-8205/782/1/L2
http://dx.doi.org/10.1086/176352
http://dx.doi.org/10.1093/mnras/stz2399
http://dx.doi.org/10.1126/science.aaa2208
http://dx.doi.org/10.1126/sciadv.aao1054
http://dx.doi.org/10.1126/science.1205983
http://dx.doi.org/10.1088/0004-637X/732/2/109
http://dx.doi.org/10.1111/j.1365-2966.2004.07710.x
http://dx.doi.org/10.1088/0004-637X/751/1/25
http://dx.doi.org/10.1046/j.1365-8711.2003.06681.x
http://dx.doi.org/10.1093/mnras/stab932
http://dx.doi.org/10.1093/mnras/stac1626
http://dx.doi.org/10.1051/0004-6361/201423908
http://dx.doi.org/10.1086/379011
http://dx.doi.org/10.1086/520621
http://dx.doi.org/10.1051/0004-6361/201936097
http://dx.doi.org/10.3847/1538-4357/ab41f3
http://dx.doi.org/10.1088/0004-637X/801/2/141
http://dx.doi.org/10.1093/mnras/sty1713
http://dx.doi.org/10.1086/422717
https://automeris.io/WebPlotDigitizer
http://dx.doi.org/10.1051/0004-6361/201424969
http://dx.doi.org/10.3847/1538-4357/ac713d
http://dx.doi.org/10.3847/1538-4357/aabfc3
http://dx.doi.org/10.1051/0004-6361/201527563
http://dx.doi.org/10.1093/mnras/sty2060
http://dx.doi.org/10.1086/318748
http://dx.doi.org/10.1086/322992
http://dx.doi.org/10.1086/587860
http://dx.doi.org/10.1046/j.1365-8711.2000.03184.x
http://dx.doi.org/10.1088/0004-637X/749/2/170
http://dx.doi.org/10.1086/115358


Dust and supernova SN 1995N 4941 

T
T  

T
T
V
V
V
W  

W
W
W
W  

W
W
W  

W
Y
Z  

Z  

T

©
P

D
ow

nloaded
emim T. , Dwek E., 2013, ApJ , 774, 8 
emim T. , Dwek E., Arendt R. G., Borkowski K. J., Reynolds S. P., Slane P.,

Gelfand J. D., Raymond J. C., 2017, ApJ , 836, 129 
inyanont S. et al., 2016, ApJ , 833, 231 
odini P. , Ferrara A., 2001, MNRAS , 325, 726 
an Dokkum P. G. , 2001, PASP , 113, 1420 
an Dyk S. D. , 2013, AJ , 145, 118 
ernet J. et al., 2011, A&A , 536, A105 
allace P. T. , Clayton C. A., 2014, Astrophysics Source Code Library,

recordascl:1406.007 
eingartner J. C. , Draine B. T., 2001, ApJ , 548, 296 
esson R. , 2016, MNRAS , 456, 3774 
esson R. , Be v an A., 2021, ApJ , 923, 148 
esson R. , Barlow M. J., Matsuura M., Ercolano B., 2015, MNRAS , 446,

2089 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
esson R. , Stock D. J., Scicluna P., 2016, MNRAS , 459, 3475 
illiams B. J. , Fox O. D., 2015, ApJ , 808, L22 
ooden D. H. , Rank D. M., Bregman J. D., Witteborn F. C., Tielens A. G.

G. M., Cohen M., Pinto P. A., Axelrod T. S., 1993, ApJS , 88, 477 
right E. L. et al., 2010, AJ , 140, 1868 

aron O. , Gal-Yam A., 2012, PASP , 124, 668 
ampieri L. , Mucciarelli P., Pastorello A., Turatto M., Cappellaro E., Benetti

S., 2005, MNRAS , 364, 1419 
ubko V. G. , Mennella V., Colangeli L., Bussoletti E., 1996, MNRAS , 282,

1321 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 525, 4928–4941 (2023) 

 from
 https://academ

ic.oup.com
/m

nras/article/525/4/4928/7251486 by C
ardiff U

niversity user on 08 N
ovem

ber 2023

http://dx.doi.org/10.1088/0004-637X/774/1/8
http://dx.doi.org/10.3847/1538-4357/836/1/129
http://dx.doi.org/10.3847/1538-4357/833/2/231
http://dx.doi.org/10.1046/j.1365-8711.2001.04486.x
http://dx.doi.org/10.1086/323894
http://dx.doi.org/10.1088/0004-6256/145/5/118
http://dx.doi.org/10.1051/0004-6361/201117752
http://dx.doi.org/10.1086/318651
http://dx.doi.org/10.1093/mnras/stv2946
http://dx.doi.org/10.3847/1538-4357/ac2eb8
http://dx.doi.org/10.1093/mnras/stu2250
http://dx.doi.org/10.1093/mnras/stw826
http://dx.doi.org/10.1088/2041-8205/808/1/L22
http://dx.doi.org/10.1086/191830
http://dx.doi.org/10.1088/0004-6256/140/6/1868
http://dx.doi.org/10.1086/666656
http://dx.doi.org/10.1111/j.1365-2966.2005.09671.x
http://dx.doi.org/10.1093/mnras/282.4.1321

	1 INTRODUCTION
	2 OBSERVATIONS
	3 ARGUMENTS AGAINST A LIGHT ECHO AS THE SOURCE OF LATE-TIME IR EMISSION
	4 EJECTA SED MODELLING
	5 EMISSION-LINE PROFILE MODELLING
	6 DISCUSSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

