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Abstract

We present new JWST/MIRI Medium Resolution Spectroscopy and Keck spectra of SN 1995N obtained in
2022-2023, more than 10,000 days after the supernova (SN) explosion. These spectra are among the latest direct
detections of a core-collapse SN, both through emission lines in the optical and thermal continuum from infrared
(IR) dust emission. The new IR data show that dust heating from radiation produced by the ejecta interacting with
circumstellar matter is still present but greatly reduced from when SN 1995N was observed by the Spitzer Space
Telescope and WISE in 2009/2010 and 2018, when the dust mass was estimated to be 0.4 M. New radiative-
transfer modeling suggests that the dust mass and grain size may have increased between 2010 and 2023. The new
data can alternatively be well fit with a dust mass of 0.4 M, and a much reduced heating source luminosity. The
new late-time spectra show unusually strong oxygen forbidden lines, stronger than the Hoa emission. This
indicates that SN 1995N may have exploded as a stripped-envelope SN, which then interacted with a massive
H-rich circumstellar shell, changing it from intrinsically Type Ib/c to Type IIn. The late-time spectrum results
when the reverse shock begins to excite the inner H-poor, O-rich ejecta. This change in the spectrum is rarely seen
but marks the start of the transition from SN to SN remnant.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL
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1. Introduction

Core-collapse supernovae (CCSNe) are likely a major
contributor of dust in the high-redshift Universe. Submilli-
meter observations indicate that early galaxies may contain up
to 108 M., of dust at redshift z > 6 (e.g., F. Bertoldi et al. 2003;
E. Dwek et al. 2014; C. R. Choban et al. 2025). If true, the dust
budget requires ~1 M, of dust to form in each supernova (SN;
(E. Dwek et al. 2007).

In the last two decades, many nearby CCSNe have been
studied to determine how much dust these objects can produce.
Most studies of the mass of dust associated with CCSNe have
been 2-3 orders of magnitude too small (e.g., S. Zsiros et al.
2024, and references therein). However, more recent observa-
tions enabled by larger telescopes and new technologies are
allowing us to reexamine this perspective. For example, mid-
infrared (IR) observations revealed at least 0.3 M, of dust in
supernova remnant (SNR) G54.1+0.3 (T. Temim et al. 2017),
while observations in the far-IR with the Herschel Space
Observatory found 0.4-0.7 M, of cold dust (~20K) in the
ejecta of SN 1987A (M. Matsuura et al. 2011, 2015),
0.1-0.6 M, in the Cas A SNR (M. J. Barlow et al. 2010;
I. De Looze et al. 2017), and 0.02-0.4 M, in the Crab Nebula
SNR (H. L. Gomez et al. 2012; T. Temim & E. Dwek 2013;
P. J. Owen & M. J. Barlow 2015). More recently, James Webb
Space Telescope (JWST) Mid-Infrared Instrument (MIRI)
imaging of the Type IIP SN 2004et and Medium Resolution
Spectroscopy (MRS) of the Type IIn SN 2005ip uncovered
one of the largest newly formed dust masses in an extragalactic
SN besides SN 1987A (M. Shahbandeh et al. 2023, 2025).

There are two competing scenarios for how these large
masses of dust might be formed. The first suggests that there is
continuous dust formation in the ejecta so the dust mass can
continue to increase for decades (C. Gall et al. 2014; R. Wesson
et al. 2015), while the second posits that large amounts of dust
form at early times hidden in dense clumps (E. Dwek &
R. G. Arendt 2015; E. Dwek et al. 2019). The results for SN
2005ip also raise the possibility that the postshock dust
environment in some interacting SNe might be most conducive
to dust formation (M. Shahbandeh et al. 2025). Therefore,
extremely late-time measurements of CCSN dust are valuable
but also quite rare given the faint nature of SNe at late times.

SN 1995N was discovered on 1995 May 5 (UTC dates are
used throughout this paper) in the galaxy MCG-02-38-17 (Arp
261), and spectra identified it as a peculiar Type II SN
(P. Garnavich et al. 1995; C. Pollas et al. 1995), showing
relative narrow emission components characteristic of SNe IIn
(C. Fransson et al. 2002). It was bright at X-ray and radio
wavelengths at early times (W. H. G. Lewin et al. 1996;
S. D. Van Dyk et al. 1996), making it a member of a small
subset of SNe IIn with SNe 1978K, 1986J, 1988Z, and 1998S
(C. Fransson et al. 2002). SN 1995N is more radio luminous
than many of the observed SNe IIn but less luminous than SN
1988Z (P. Chandra et al. 2009). Its high luminosity and flux
evolution imply interaction of the ejecta with inhomogeneous
circumstellar matter (CSM; D. W. Fox et al. 2000). The CSM
is a gas and dust shell lost by the star before the SN explosion.
X-ray observations obtained ~9 yr after the explosion show
that the flux dropped by an order of magnitude in 6 yr and
could be well fit by thermal emission from CSM interaction,

and the higher spatial resolution of the Chandra X-ray
Observatory shows that the X-ray light curve of SN 1995N
is consistent with a linear decline (P. Chandra et al. 2005;
L. Zampieri et al. 2005). SN 1995N was monitored by the
VLA for 11 yr beginning soon after the explosion. The radio
emission, much like the X-rays, is consistent with brems-
strahlung radiation (P. Chandra et al. 2009).

In this paper, we report new JWST and Keck spectra of SN
1995N obtained over 10,000 days after the SN explosion. SN
1995N is an ideal target for late-time observations, being on
the outskirts of its host galaxy and having an extremely slow
decline in luminosity (A. Pastorello et al. 2011).

2. Explosion Date

SN 1995N was discovered photometrically on 1995 May 5
and a spectrum was obtained on 1995 May 9 showing that it
was “a peculiar Type II supernova” (C. Pollas et al. 1995). They
also noted that the spectrum was similar to one obtained of SN
1993N 10 months after its explosion and also to SN 1988Z more
than a year after its explosion (M. Turatto et al. 1993).
Figure 1 shows a comparison between a spectrum of SN 1995N
taken 19 days after discovery with spectra of SN 1993N
(age~9 months) and 19887 (age~1 yr). There is also
considerable uncertainty about the explosion date for SN
1988Z (R. A. Stathakis & E. M. Sadler 1991). The spectrum
of a more recent Type II SN, 2014C, about 1yr after its
explosion, closely resembles the SN 1995N spectrum soon after
discovery. It is also plotted in Figure 1 (D. Milisavljevic
et al. 2015).

As shown in Figure 1, the SN 1995N spectrum around the
time of discovery is most similar to SN 2014C, which is a known
SN Ib to IIn transition (D. Milisavljevic et al. 2015). The
spectroscopic evolution of SN 2014C is best explained by the
explosion of a progenitor star that has been stripped of its
hydrogen envelope that is still present as a massive hydrogen-
rich shell. The FWHM of the intermediate-width portion of the
Ho profile of SN 2014C around 1 yr is around 1200kms™".
C. Pollas et al. (1995) report a similar velocity width in their
discovery spectrum of SN 1995N. This velocity is consistent
with the stronger Ha emission and not uncommon among Type
IIn SNe where the velocity is interpreted to be the interaction of
the ejecta with the H-rich CSM. SN 1995N may have undergone
the transition from SN Ib to IIn before it was discovered.

The other spectra shown in Figure 1 are of SN 1993N and
1988Z, the two SNe mentioned as being similar to the SN
1995N discovery spectrum (C. Pollas et al. 1995). SN 1993N
was discovered on 1993 April 15 (J. Mueller et al. 1993a). No
spectra of SN 1993N have been published previously, but
several early-time spectra were obtained with the Kast double
spectrograph (J. S. Miller & R. P. S. Stone 1993) on the Lick
Shane 3 m telescope; one of them is shown in Figure 1. The
Ha emission line for SN 1993N has three components
(narrow, intermediate, and broad) indicating CSM interaction
and expanding ejecta (A. V. Filippenko & T. Matheson 1993,
1994; J. Mueller et al. 1993b). The spectrum of SN 1993N is
more similar to that of SN 19887 than SN 1995N, which does
not show a broad component. Unlike these two SNe, SN
1993N was not detected at radio wavelengths (N. Panagia
et al. 2000).
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Figure 1. An early-time optical spectrum of SN 1995N taken in 1995 May compared to early-time spectra of SN 2014C, SN 1988Z, and SN 1993N (R. A. Stathakis
& E. M. Sadler 1991; M. Turatto et al. 1993; D. Milisavljevic et al. 2015). Flux densities are f.

C. Pollas et al. (1995) also note that coronal lines in the
discovery spectrum of SN 1995N resemble those seen in SN
1988Z (M. Turatto et al. 1993). The GELATO™ SN
classification best fit actually picks an even later spectrum of
SN 1988Z at day 1149 (A. H. Harutyunyan et al. 2008). The
SN 1995N discovery spectrum resembles the 1yr spectra of
SN 1988Z and 2014C, so the assumed age of 10 months at
discovery is probably a lower limit (R. A. Stathakis &
E. M. Sadler 1991; M. Turatto et al. 1993).

The explosion date has been set to be 1994 July 4 (JD
2449537) assuming that the discovery spectrum, showing a
single symmetric Ha emission line, resembled that of SN
1993N about 10 months after the explosion (C. Pollas et al.
1995; C. Fransson et al. 2002). We adopt that date here for
easier comparison of the new data presented here with
previous papers (e.g., C. Fransson et al. 2002; L. Zampieri
et al. 2005; S. D. Van Dyk 2013) although R. Wesson et al.
(2023) argue that the width of He is not a good discriminator
of age, suggesting that the likely age at discovery is actually
only ~100 days. No prediscovery observations of SN 1995N
have been found.

35 hitps://gelato.tng.iac.es/

3. Existing Observations
3.1. Photometry

Almost 27 yr of monitoring of SN 1995N in the UBVRIJHK
bands is shown in Figure 2 (C. Pollas et al. 1995;
B. E. Schaefer & B. Roscherr 1999; B. E. Schaefer 2001;
C. L. Gerardy et al. 2002; W. Li et al. 2002; A. Pastorello et al.
2005; L. Zampieri et al. 2005). Photometry from Two Micron
All Sky Survey (2MASS), Pan-STARRS, VLT Survey
Telescope (VST)-ATLAS, and DENIS is also plotted. The
object faded by only about AV = 1.2 mag in the first 4 yr after
the explosion (W. Li et al. 2002).

SN 1995N already showed a strong near-IR excess when
first observed in 1996 July, about 1 yr after the explosion, and
observations at t =27 yr exhibit a large IR excess consistent
with preexisting dust in the CSM (C. L. Gerardy et al. 2002).
As shown in Figure 2, the SN was very bright at early times in
the K band, but mid-IR observations were not obtained of SN
1995N until 2009/2010 serendipitously with the Spitzer Space
Telescope and the Wide-field Infrared Survey Explorer
(WISE), ~15yr after the explosion (S. D. Van Dyk 2013).
Figure 3 shows the spectral energy distribution (SED) from the
K band through Spitzer/MIPS 24 ;ym measured in 2009/2010.
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Figure 3. The new JWST/MIRI spectrum is plotted along with the previous
IR photometry. The best-fit radiative-transfer models to the 2009-2010
photometry and to the 2023 JWST spectrum are also plotted (R. Wesson
et al. 2023).

SN 1995N was also detected by Spitzer/IRAC in the 4.5 pm
channel in 2018 (T. Szalai et al. 2021); see Figure 3. The
authors note that at an age of ~8600 days, it is the latest
observation of an SN IIn in this wavelength band.

The late-time near-IR luminosity can be explained by a
simple model where a small fraction of the optical and X-ray
radiation is reprocessed into the IR by the interaction between
preexisting dusty CSM and the SN shock. As the shock moves
away from the region where the bulk of the CSM dust is
located, the X-ray and IR dust emission fade away
(L. Zampieri et al. 2005).

The NEOWISE and Zwicky Transient Facility archives
were searched, but SN 1995N was not detected; however, it
was visible in CTIO 4 m/DECam images taken on 2014 May
26 (g, r bands) and 2021 March 25 (i band). Differential
photometry was done on these images, showing that SN
1995N was at g~23.2 and r~~22.1mag in 2014, and
i ~23.1 mag in 2021. These data are plotted in Figure 2.

3.2. Optical Spectra

Three spectra of SN 1995N, obtained on 1995 May 24
(A. V. Filippenko 1997; C. Fransson et al. 2002), 1997 April
11 (C. Fransson et al. 2002), and 2003 July 30 (L. Zampieri
et al. 2005) are plotted in Figure 4. Also plotted are two Very
Large Telescope (VLT)/XSHOOTER spectra taken in 2010
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0.0 1
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Figure 4. Optical spectra of SN 1995N taken at various epochs from 1995 to
2023. The spectra have been smoothed using Astropy Box1DKernel to similar
spectral resolutions. The flux densities (f,) have been normalized and shifted.
See Sections 3.2 and 4 for details.

and 2016 (R. Wesson et al. 2023). Not all of the spectra are
flux calibrated, and they are all smoothed using Astropy
Box1DKernel to similar spectral resolutions. Other early-time
spectra of SN 1995N are shown in C. Fransson et al. (2002),
L. Zampieri et al. (2005), and A. Pastorello et al. (2011).
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Figure 5. Before (upper) and after (lower) background subtraction stacked images of the data cube in the four channels of MRS for SN 1995N. The emission from
SN 1995N can be seen near the centers of all the cubes except in Channel 1.

4. New Observations

New JWST/MRS observations of SN 1995N were obtained
on 2023 July 2 (JD 2460129) with the JWST/MIRI MRS,
28 yr (10,286 days) since discovery. The observations include
all four channels and all three wavelength ranges of the MRS.

The data consist of R = \/AX=1500-3500 spectra span-
ning 4.9-27.9 pm, including all sub-bands. Dedicated offset
background observations were also obtained to provide a more
stringent estimate of the local thermal background. These
observations are part of GO-1860 (PI: O. Fox). Figure 3 shows
the MIRI spectrum of the IR source at the position of SN
1995N as determined by 2MASS.

Level 1 data were initially downloaded from MAST. The
data were processed to Level 3 with version 1.11.1 of the
JWST calibration pipeline and context jwst-1183 of the
Calibration Reference Data System. The standard MRS
pipeline procedure was followed (H. Bushouse et al. 2024).
This step automatically includes the dedicated background
observations for subtraction. Figure 5 shows the collapsed
cube in each channel both before and after the dedicated
background subtraction.

We note that the global thermal background is roughly 5
orders of magnitude larger than the SN 1995N flux; thus,
estimating the local background is challenging. Even small
variability in the background across the field of view can have
a potentially large impact on the source spectrum, especially at
the longest wavelengths where the background tends to be the
largest and the signal-to-noise ratio (S/N) of the source tends
to be the smallest.”®

Furthermore, while the dedicated background removes the
majority of the global thermal background, it does not take into
account the local background of SN 1995N (see Figure 5). The
background-subtraction method is described in detail by
M. Shahbandeh et al. (2025).

36 hitps:/ /www.stsci.edu /contents /news /jwst/2023 /miri-mrs-reduced-
count-rate-update

Spectra of the SN were extracted using the JWST pipeline
extract 1d step. For point sources, the pipeline uses a
circular extraction aperture, which varies in radius with
wavelength. The extraction-related vectors are found in the
Advanced Scientific Data Format extract1d reference file.
We use the default reference file and aperture correction.
Figure 3 shows the final MRS extraction of SN 1995N.
Analysis of the data cubes shows that flux from the position of
SN 1995N is visible starting around 7.6 um, so the spectrum
has been truncated below that wavelength.

Unpublished optical spectra of SN 1995N taken with Lick/
KAST on 1995 May 24 and 1997 April 11 are shown in
Figure 4. New optical spectra were obtained with the Keck
10 m telescopes on Maunakea using LRIS (J. B. Oke et al.
1995) on 2022 March 04 and DEIMOS (S. M. Faber et al.
2003) on 2023 April 23. The LRIS observation used the 1” slit,
600/4000 grism, and 400/8500 grating. Data reduction
followed standard techniques using the LPipe data-reduction
pipeline (J. M. Silverman et al. 2012; D. A. Perley 2019).
These spectra are plotted in Figure 4.

5. Spectral Evolution

Optical and ultraviolet spectra of SN 1995N, obtained
1-5yr after the explosion, indicate the presence of two
velocity components with narrow (500 km s~ ') and intermedi-
ate (1700 km s~ ") line widths (C. Fransson et al. 2002). They
also suggest that the Ha emission profile has faint broad
wings, but looking at their Figure 3 and the spectra presented
here, including one taken soon after discovery, there is no
indication of broad wings in Hav other than possibly the 1997
April 11 epoch. This spectrum was obtained about 3 yr after
explosion. The intermediate-width component dominates.
Moreover, H3 does not have a broad profile. Nonetheless,
even if some of this broad extension is attributable to He, it
could indicate that the star was not completely stripped at the
time of explosion. SN 2014C had high-velocity H absorption
in the photospheric-epoch spectra, meaning the star was not
completely stripped; no strong evidence for H emission at late
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Figure 6. Optical spectra of SN 1995N taken at various epochs from 1995 to 2023 in velocity space for [O I1I] 5007 A, [01] 6300 A, and Ho 6563 A. The spectra
were smoothed using Astropy Box1DKernel to similar spectral resolutions. The flux densities (f)) have been normalized and shifted. See Sections 3.2 and 4 for
details. The rest wavelengths of [O I1T] 4959 A, He I 5048 A, and [O 1] 6364 A are marked.

epochs associated with ejecta was observed. SN 1995N could
be a case where more hydrogen was present in the envelope at
the time of core collapse. It is important to note that the broad
Ha was not observed at the time of discovery (See Figure 1),
which indicates that hydrogen was not predominant in the
envelope of the progenitor star at the time of explosion.

Figures 4 and 6 show the evolution of the optical spectra of
SN 1995N over 28 yr. The most obvious change with time is
seen in Ho, whose line profile was quite symmetric at early
times but has evolved with the red wing fading faster than the
blue wing, an indication of dust formation in the ejecta. The
asymmetry in He first becomes visible in a spectrum taken in
1999, 1799 days past explosion (C. Fransson et al. 2002;
R. Wesson et al. 2023). The asymmetry in the hydrogen
emission lines is also noted in a VLT spectrum taken on 2003
July 30 (L. Zampieri et al. 2005).

In the VLT XSHOOTER spectra from 2010 and 2016, as
well as the new Keck spectra from 2022 /2023, the continued
evolution can be seen in Figures 4 and 6. When these spectra
were obtained, SN 1995N was faint, V ~ 23 mag. The optical
brightness did not change much from 2010 to 2021, as shown
in Figure 2. Strong, broad emission from [OI] A\6300, 6364,
[O11] AA7319, 7331, and [O 1I] AA4959, 5007are seen in the
spectra taken from 2010 to 2023. Ho is weaker but also clearly
detected. Between 2003 and 2010, the [OI], [O1I], and [O 1]
lines became much stronger relative to Ha. By 2010, the
oxygen lines are far stronger than He, and this great strength
has remained through 2023. In Figure 1 of A. Pastorello et al.
(2011), which shows the evolution of the optical spectrum of
SN 1995N between 1995 and 2010, the strengthening of the
[O1] and [O 11] emission begins as early as 1998, and by 2004,
these lines are nearly as strong as Ha. As seen in Figure 3 of
S. Tinyanont et al. (2025), SN 2014C is undergoing a very
similar spectral evolution to SN 1995N. Between 7 and 8.5 yr
after explosion, the oxygen emission lines in SN 2014C
strongly increase compared to Hev.

6. The JWST Spectrum

The JIWST/MRS spectrum is plotted in Figure 3 along with
Spitzer and WISE photometry to show how the IR emission
has evolved over time. The emission feature seen at ~13 pm is
probably a blend of [Nill] 12.729 ym and [NeII] 12.813 pm,
seen strongly in the IR spectrum of SN 2004dj on day 868
(R. Kotak et al. 2006; T. Szalai et al. 2011). The [NelI]
emission line is one of the primary coolants for the ejecta
(R. A. Chevalier & C. Fransson 1992). SN 2014C also shows a
strong [Ne II] emission line in its MIRI spectrum almost 10 yr
after its explosion (S. Tinyanont et al. 2025). The S/N is low,
but the plateau-like feature between 7.6 and 9 pum may be
molecular emission due to the SiO fundamental band as
previously seen in SNe 1987A, 2003gd, 2004et, and 2005af
(D. H. Wooden et al. 1993; R. Kotak et al. 2006;
W. P. S. Meikle et al. 2007; A. Jerkstrand et al. 2012).
D. H. Wooden et al. (1993) found that the SiO feature
disappeared in SN 1987A when dust formation occurred after
day 400. This detection in SN 1995N, if real, would be at a
much later time than previous detections in other SNe.

7. Radiative-transfer Modeling

The dust associated with SN 1995N consists of dust in the
circumstellar shell that may have existed before the explosion
and newly formed dust that may lie in the unshocked ejecta not
yet hit by the reverse shock or in the cool dense shell between
the forward and reverse shocks (R. Wesson et al. 2023).

Before 2009, there were no IR observations of SN 1995N to
the red of the K band. The large excess in the K-band
photometry undoubtedly results from emission by warm dust
but cannot be used to estimate dust masses (C. L. Gerardy
et al. 2002).

S. D. Van Dyk (2013) modeled the 2009/2010 dust emission
detected using Spitzer/IRAC at 3.6, 4.5, 5.8, and 8.0 um and
Spitzer/MIPS at 24 ym, as well as with WISE at 3.4, 4.6, 12,
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Table 1
Best MOCASSIN Models

Model X Sil. Frac. L M, Grain Size Distance

(10" ergs™) (M) (pum) (Mpe)
Spitzer/WISE Models 0.405 £ 0.192 51.8 £6.3 0.36 £+ 0.13 09 £ 0.7 240 £ 1.3
JWST models:
M;=04M, 9230.6 0.05 9.0 0.40 3.8 27.5
Best of all fits 4031.2 0.43 6.1 2.62 6.2 25.1
>90% silicates 4776.2 0.94 6.0 3.64 8.1 24.3
>90% carbon 4896.2 0.01 6.7 0.82 4.4 24.0
M, < 1.0Mg 5371.5 0.11 7.3 0.87 4.1 26.6
Grain size< 1 pm 9194.6 0.77 5.4 0.04 0.9 23.4

and 22 pm. They used an “idealized dust cloud,” which is just an
optically thin point source, to model the dust emission from the
Spitzer/WISE photometry. These models were calculated using
astronomical silicate and graphite grains with a size of 0.1 pm.
The model results imply a dust mass of 0.05 M., for silicate
grains and 0.12 M, for graphite grains. S. D. Van Dyk (2013)
suggest that the dust is cool, ~240 K, and likely is preexisting
dust from circumstellar mass loss before the explosion.

R. Wesson et al. (2023) remodeled the Spitzer and WISE
data used by S. D. Van Dyk (2013). They employed the three-
dimensional radiative-transfer code MOCASSIN (B. Ercolano
et al. 2005) and found a best-fit model with 0.4 M, of 1 um
amorphous carbon dust grains, in a clumpy shell with a volume
filling factor of 0.02. We have revisited these models,
expanding the parameter space investigated to include silicate
dust and using the Markov Chain Monte Carlo (MCMC)
ensemble sampler emcee (D. Foreman-Mackey et al. 2013) to
improve the sampling of the parameter space investigated by
R. Wesson et al. (2023).

We construct the models similarly to those presented in
R. Wesson et al. (2023); our new models assume that the
velocity of the outermost ejecta is 5000 kms™', and the inner
radius of the ejecta was set to 0.2x the outer radius. The
clumpy dusty ejecta is heated by a diffuse source located in the

interclump medium, with a temperature of 5000 K. We ran
models with free parameters and their adopted priors as listed
below. All priors are uniform unless stated.

. Dust mass: 107°-1.0 M,

. Grain size: 0.1-5 pm

. Clump volume filling factor: 0.01-0.5

. Source luminosity: 10*°*' erg s

. Silicate fraction: 0-1

. Distance: Gaussian prior with a mean of 24.1 Mpc and
standard deviation of 1.6 Mpc (taken from the NASA
Extragalactic Database, and consistent with that adopted
by previous studies; C. Fransson et al. 2002; S. D. Van
Dyk 2013)

Figure 7 shows the MCMC corner plot for these models,
with the values found by R. Wesson et al. (2023) indicated
with blue crosshairs. Our remodeling is in excellent agreement
with the values from R. Wesson et al. (2023) for all parameters
except for the silicate fraction, which was constrained to zero
by R. Wesson et al. (2023). In our reanalysis, we find that low
but nonzero values are preferred with a best-fitting value of
0.41 £ 0.19. The best-fitting parameters are listed in Table 1,
and the corresponding fit is plotted in Figure 3.

(@)WY I NROS I S
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Optical spectra presented by C. Fransson et al. (2002)
and VLT/XSHOOTER spectra obtained in 2010 and 2016
were also modeled using DAMOCLES (A. Bevan &
M. J. Barlow 2016), a code that calculates the profiles of
emission lines arising within the expanding ejecta including
the effects of dust embedded in the ejecta (R. Wesson et al.
2023). The spectra that were fit are plotted in Figure 4. The
C. Fransson et al. (2002) spectrum from 1999 (JD 2451126)
was modeled, and a dust mass of 2 x 10™* M, was found.
The best-fit dust masses for the 2010 and 2016 spectra
estimated with this alternative emission-line method were
consistent with the MOCASSIN results of 0.4 M, for the 2009/
2010 IR epoch but are also well fit with dust masses greater
than 0.1 M.

New MOCASSIN models were constructed to fit the JWST
data presented here. As a starting point, we took the best-fit
model grid and clump parameters from R. Wesson et al. (2023)
and then expanded the grid to the epoch of the JWST spectra to
take into account the expansion of the ejecta between 2010 and
2023. That best-fit model has 0.4 M, of amorphous carbon
dust in the form of 1 yum grains, distributed in a clumpy shell
with a volume filling factor of 0.02. The grid that fit the
observations in 2009-2010 was enlarged by assuming constant
homologous expansion. Models with all parameters unchanged
except the grid size significantly overpredict the JWST fluxes.
The heating source has therefore significantly declined in
luminosity since 2009-2010.

Therefore, models were constructed with an expanded grid
and a reduced source luminosity. These can broadly fit the
JWST observations. Thus, a scenario in which dust formation
was complete by 2009-2010, and the dust existing at that
epoch has since expanded and cooled, may be able to account
for the observed SED in 2023.

To assess the range of parameters that can fit the JWST data,
we explored a much larger range of parameters using the
MCMC ensemble sampler emcee (D. Foreman-Mackey et al.
2013). Approximately 320,000 models were run to sample the
parameter space that we describe briefly here.

1. Distance: we take a Gaussian prior with a mean of
24.1 Mpc and standard deviation of 1.6 Mpc (taken from
the NASA Extragalactic Database and consistent with
that adopted by previous studies; C. Fransson et al. 2002;
S. D. Van Dyk 2013).

2. Heating source luminosity: the dust in the models is
heated by a diffuse source distributed uniformly in the
interclump regions of the expanding dust shell. Physically,
this is consistent with a scenario in which the energy
source powering the dust emission is the interaction
between the ejecta and CSM, but rather than directly
heating the dust, this interaction heats gas within the
ejecta, which in turn heats the dust. The luminosity of the
heating source will depend on the extent of the ejecta—
CSM interaction and has clearly declined significantly
since the 2009-2010 Spitzer/WISE data. We adopt a
uniform prior with value of (5-200) x 10*®ergs™"'.

3. Grain size: our models assume a single grain size. A
distribution of grain sizes is more realistic but would
require at least two more free parameters (upper and
lower limits and power-law exponent for an MRN-type
grain-size distribution; J. S. Mathis et al. 1977) on which
few observational constraints are available. We therefore
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use only a single grain size, with an assumed uniform
prior from 0.005 to 10 pm.

4. Silicate fraction: R. Wesson et al. (2023) argue that
silicate dust was unlikely to be present within the ejecta
in 2009-2010, owing to the absence of large red
scattering wings in optical emission lines. Nevertheless,
we consider the possibility that some silicate dust has
subsequently formed and assume a uniform prior from
zero to unity of the silicate fraction.

5. Dust mass: we adopt a broad and uniform prior in log
space for the dust mass, extending from 10~ to 10" M.

The JWST spectrum was resampled to match the sampling
of the MOCASSIN output SED, and the likelihood function was
taken as the sum of the y* values obtained by comparing
model fluxes to the observations. Two-hundred walkers were
used for 2500 iterations to explore the parameter space and
estimate the posterior probability distributions.

The results of the MCMC analysis of the parameter space
are shown in Figure 7. The heating source luminosity is well
constrained at ~8 x 10 ergs™' =2 x 10°L., given the
assumptions for the distance. The silicate fraction is not well
constrained by the data. At very late times, the dust in SN
ejecta can be cold enough, or the grains large enough, that the
SED of silicate dust is quite featureless (T. Henning 2010).
Dust masses below 0.1 M, are strongly disfavored, and dust
grains several microns in radius are preferred. Dust masses of
~1 M, give the best fits, but they are not well constrained
either. Lower dust masses require higher luminosities and
smaller grains.

The best fits for various parameter values are shown in
Figure 8, and the parameters of these models are given in
Table 1. Figure 8 demonstrates how similar many of the fits
are, and although the X2 values listed in Table 1 differ, the fits
appear very similar to the eye. To calculate y” values, we
resample the observations to the lower spectral resolution
provided by our radiative-transfer simulations, and this
resampling gives reduced noise in each spectral element, such
that the minor differences between observations and predicted
SEDs that give rise to the differences in x* values are not
clearly visible on the log-scale figures.

As can be seen from the examples in Table 1, many of the
best fits have dust masses significantly greater than the 0.4 M,
inferred from the modeling of the 2009 /2010 photometry. This
suggests that dust formation in SN 1995N could be continuing
between 2009-2010 and 2023, although some of the inferred
dust masses are unprecedented. R. Wesson et al. (2023) found
that a grain size of 1 um gave the best fit to the 2009-2010
SED, while the current analysis suggests larger grains still,
pointing to possible accretion onto previously formed grains as
a likely mechanism for the continuing dust-mass growth.

8. The Evolution of SN 1995N

C. Fransson et al. (2002) found that the velocities and
densities measured from the narrow lines in the early-time
spectra of SN 1995N were typical for the CSM of red
supergiants. They also suggested that the SN 1995N progenitor
was similar to the highly luminous red supergiant VY CMa
and the post-red-supergiant IRC 410420, which have super-
winds and initial masses of at least 30 M. This kind of
extreme mass-loss rate is required to account for the dense
CSM and strong SN—CSM interaction seen in SN 1995N. The
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Figure 8. Best-fit MOCASSIN models for the new JWST spectrum; see Table 1.

dust-emitting volume of SN 1995N, r ~ 10% au, is compatible
with the size of the CSM around VY CMa and IRC +10420,
and the estimated mass of the SN 1995N progenitor nebula
agrees with those found for the two Galactic stars (S. D. Van
Dyk 2013).

The emission from SN 1995N comes from clumps in the
X-ray-photoionized, preshock, circumstellar gas (narrow
lines) and also shocked gas interacting with clumpy or
asymmetric CSM (intermediate lines) (C. Fransson et al.
2002; M. Shahbandeh et al. 2025). It is likely that all the
emission components are heated and ionized by high-energy
radiation from the interaction region. These mechanisms were
also suggested to explain the observations of SN 1988Z
(N. N. Chugai & 1. J. Danziger 1994).

The later-time evolution of the SN 1995N spectrum can be
seen in Figures 4 and 6. The most obvious change with time is
in Ha, whose line profile was quite symmetric at early times
but starting in 1999, about 5 yr after the explosion, evolved
with the red wing fading faster than the blue wing, an
indication of dust formation in the ejecta (C. Fransson et al.
2002; R. Wesson et al. 2023).

To get to the observer, redshifted photons from the receding
far edge of the ejecta must pass through the dust mixed with
the expanding ejecta, while the blueshifted photons from the
approaching near edge do not, resulting in more attenuation of
the red wing of intrinsically symmetric emission lines. There is
also dust in the preexisting CSM, but the higher velocities
shown here indicate dust has formed in the ejecta. This is
clearly visible in Figure 6, which shows how the [O 111], [O 1],

and Ho emission lines evolve in velocity space. Also, a blue/
red asymmetry clearly developed after 1-2yr in the inter-
mediate-width Ha component, suggesting that some of the
new dust is in the cool dense shell behind the shock.

The SN-CSM interaction began sometime before the
discovery spectrum was obtained >10 months after the
explosion. SN 1995N was very bright at X-ray and radio
wavelengths, indicating a strong ejecta—CSM interaction. The
X-rays produced by the interaction with photoionized hydro-
gen in the CSM shell lead to Ha emission. The SN-CSM
interaction also caused a reverse shock to form that moved
back into the expanding ejecta (D. Milisavljevic & R. A. Fesen
2017). Eventually, this reverse shock reached the inner ejecta
region, ionizing the metal-rich gas from which the optical lines
are produced. This caused the [O I], [O 11], and [O 1II] emission
lines to strengthen until they became stronger than Ha. This is
g)art of the transition from SN to SNR, when the radioactive

°Co heating of the O-rich inner ejecta gives way to the
reverse-shock excitation (D. Milisavljevic & R. A. Fesen
2017). Such an abrupt change in emission is rarely observed in
SNe, but it is an important step in the transition from SN to
SNR. It also implies that the SN 1995N progenitor was fully or
partially stripped of its H-rich envelope before the explosion.

A similar metamorphosis where the O emission becomes
stronger than the H emission is seen in late-time spectra of SN
1996¢r (D. Patnaude et al. 2025). Like SN 1995N, SN 1996c¢r
was also discovered long after its explosion after first being
detected as an X-ray source. Two other SNe, SN 2001lem and
SN 2014C, exploded as stripped-envelope SNe but later
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interacted with H-rich circumstellar shells, changing them
from Type Ib/c to IIn (N. N. Chugai & R. A. Chevalier 2006;
D. Milisavljevic et al. 2015). The spectroscopic evolution of
SN 2014C is very similar to that seen on SN 1995N on the
same timescales (S. Tinyanont et al. 2025). Neither SN 1995N
nor SN 1996cr has spectra taken near the time of the
explosion, so the early Type Ib/c phase may have been
missed. Both SN 1996cr and SN 1995N underwent a major
episode of mass loss before their explosions.

The dust associated with SN 1995N includes preexisting
dust in the CSM, which is heated by the initial flash and then
by the ejecta—CSM interaction. The dust emission is seen in K-
band emission early, but no estimate of the dust mass can be
made because Spitzer/WISE photometry is not available until
2009/2010, 14 yr after the explosion. The dust formation in
the ejecta began in the late 1990s. Dust can also form in the
cool dense shell behind the forward shock. The dust measured
in the 2009,/2010, 2018, and 2023 IR observations could be in
the CSM, ejecta, or cool dense shell; these alternatives cannot
be distinguished.

The DAMOCLES code (A. Bevan & M. J. Barlow 2016),
which fits [O1], [O1II], and Ho emission-line profiles in the
optical, estimates only the mass of dust in the ejecta
(R. Wesson et al. 2023). DAMOCLES was used to fit optical
spectra of SN 1995N obtained between 1996 and 2016
(C. Fransson et al. 2002; R. Wesson et al. 2023). Assuming
amorphous carbon dust, the dust mass in the ejecta from 1996
to 1999 is 510_4 M., For spectra obtained in 2010 and 2016,
the dust mass is 0.1 M. In particular, the 2010 DAMOCLES
estimate and the 2009/2010 MOCASSIN estimate are both
compatible with a dust mass of ~0.4 M. So, most or all of the
dust mass in that epoch could be embedded in the ejecta and
formed sometime after 1999, about 4 yr after the explosion.
There is no IR photometry until ~15 yr after the explosion, so
a comparison with the emission-line dust-mass estimates is not
possible at early times.

The dust mass in 2009/2010 estimated through MOCASSIN
radiative-transfer modeling is 0.36 £0.13 M, (R. Wesson
et al. 2023). The estimated dust mass in 2023 using the JWST
spectrum is 0.42731¢ M_. SN 2014C also has dust in much
smaller amounts than estimated for SN 1995N. But SN 2014C
is only 10 yr old (S. Tinyanont et al. 2025).

9. Conclusions

The early-time spectra of SN 1995N exhibit narrow and
intermediate emission lines, arising respectively from the
photoionized CSM shell and the interaction of the CSM lost by
the star before the explosion with the ejecta. The narrow lines
imply a dense, massive CSM shell resulting from a large red-
supergiant mass-loss episode shortly before the SN explosion.
This mass loss partially or fully stripped the envelope, so SN
1995N could have been intrinsically a Type Ib/c SN shortly
after the explosion, but the CSM interaction began before the
discovery spectrum was obtained nearly a year later. The result
is a very unusual late-time spectrum where the oxygen-
forbidden emission lines are much stronger than Ha. This
occurs when the reverse shock begins to interact with and
excite the O-rich, H-poor inner ejecta. The spectral evolution
indicates that the transition from SN to SNR has begun (e.g.,
D. Milisavljevic & R. A. Fesen 2008). The strong similarities
between SN 1995N and 2014C, which is known to be a
stripped SN that transitioned from Ib to IIn, supports the idea
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that SN 1995N has had the same evolution (D. Milisavljevic
etal. 2015; S. Tinyanont et al. 2025). But, because there are no
early-time observations of SN 1995N, there cannot be
certainty.

The dust associated with SN 1995N includes preexisting
dust in the CSM, as well as later-forming dust in the expanding
ejecta or the cool dense shell behind the forward shock. The IR
observations measure the total dust mass in these three
locations, while the emission-line fitting measures only the
dust forming in the ejecta.

As shown in Figure 7, the dust shell inferred by R. Wesson
et al. (2023) can account for the JWST spectrum without
difficulty if it has uniformly expanded in the meantime and the
heating source has faded. While a fit is possible with many
different combinations of parameters, the whole ensemble
suggests that both the dust mass and grain size have increased
between 2010 and 2023.

However, these are the best models that can be produced
considering that the data only cover ~7-27 um. The estimate
of the dust mass is not well constrained in the absence of data
longward of 27 pm. When one looks at Figure 8, the
differences among the fits are quite small. The model with
the same dust mass as in 2010, 0.4 M., along with the
expansion of the ejecta and fading of the heating source over
the last decade, is perhaps the most likely using Occam’s
razor. A dust mass of 0.4 M, is also more consistent with the
masses observed in other older CCSNe. A large mass of cold
dust such as that seen in SN 1987A would not be detected in
these observations (M. Matsuura et al. 2011, 2015).

As shown in Figure 16 of R. Wesson et al. (2023), SN
1995N is one of the oldest Type II SNe where IR dust emission
and optical emission lines can still be detected, over 10,000
days postdiscovery. More observations of CCSN dust emission
at extremely late times are needed that extend further into the
IR. Until then, it will be difficult to choose between the two
dust-formation scenarios—continuous dust formation or most
(or all) of the dust forms at early times following the SN
explosion (E. Dwek & R. G. Arendt 2015; A. Bevan &
M. J. Barlow 2016; E. Dwek et al. 2019; R. Wesson
et al. 2023).

Similarly, the very late-time optical spectra allow a rare
view into the inner ejecta excited by the reverse shock,
showing the transition from SN to SNR.
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