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Abstract

We present new James Webb Space Telescope (JWST) mid-infrared (MIR) spectra and ground-based optical
spectra of the lingering source at the position of supernova (SN) 2010jl, which was a relatively nearby
superluminous Type IIn supernova (SLSN IIn) having strong interaction with circumstellar material (CSM).
Early-time data showed evidence of dust, interpreted as either preexisting CSM dust, or as newly formed dust in
the SN ejecta and postshock region. At 13 yr post explosion, JWST reveals a strong MIR excess from warm dust,
with broad features at 10–15 μm. Our analysis reveals a minimum dust mass of >0.11 M⊙, and a more likely
value of 0.2M⊙ or more because the dust is optically thick. This is among the largest masses of SN-produced dust
yet measured without far-IR/submillimeter data, and greatly exceeds SN 2010jl’s dust mass inferred around
2–3 yr postexplosion. Ground-based optical spectra confirm the presence of a young massive cluster at the SN
position and confirm that blueshifted line profiles persisting until the latest epochs arise from dust formed in the
postshock region. The warmest dust emitting in the MIR is likely to be the same post-shock dust causing the
blueshift. The JWST spectrum also reveals silicate absorption, which may arise from cool SN ejecta dust along
the line of sight to the receding shock. The large mass of postshock dust in SN 2010jl suggests that strong CSM
interaction promotes efficient dust production, where the new postshock dust will survive. If strongly interacting
SNe are common in the early Universe, this may contribute significantly to dust seen in infant galaxies.

Unified Astronomy Thesaurus concepts: Dust formation (2269); Core-collapse supernovae (304); Supernovae
(1668); Circumstellar matter (241)

1. Introduction

As a result of both stellar and explosive nucleosynthesis
(D. Arnett 1996), core-collapse supernovae (CCSNe) enrich
the interstellar medium (ISM) of galaxies with metals, and the
refractory elements that they produce may also make them
important sources of dust grains. Significant amounts of dust
observed in high-redshift galaxies (F. Bertoldi et al. 2003;
L. Dunne et al. 2003b; N. Laporte et al. 2017; R. Schneider &

R. Maiolino 2024; S. Carniani et al. 2024; D. Langeroodi et al.
2024) may indicate that CCSNe are especially important dust
producers in the early Universe, when sources of dust from
evolved lower-mass stars (asymptotic giant branch—AGB—
stars, novae, etc.) did not have enough time to contribute.
Far-infrared (IR) observations of dust in nearby SN

remnants such as SN 1987A and Cas A have revealed large
masses of dust, of the order of 0.1–1 M⊙ (L. Dunne et al.
2003a; M. Matsuura et al. 2011; M. Bocchio et al. 2016), that
are much larger than dust masses usually estimated from IR
observations obtained shortly after an SN explosion. For
example, in the case of SN 1987A, the huge mass of dust
(0.4–0.8 M⊙) inferred from far-IR observations decades after
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explosion (M. Matsuura et al. 2011, 2015; R. Indebetouw
et al. 2014) was much larger than the dust mass of 10−4 to
10−3M⊙ inferred from mid-IR (MIR) emission observed a few
hundred days after explosion (R. D. Gehrz &
E. P. Ney 1987, 1990; D. H. Wooden et al. 1993). Large
dust masses exceeding 0.1 M⊙ have also been inferred via line
profile asymmetries in decades-old SNe such as SNe 1970G,
1979C, 1980K, and 1996cr (M. Niculescu-Duvaz et al. 2022).
This difference between the dust directly observed in fading
SN events and the larger mass in older SNe or remnants may
arise because the inferred dust mass continues to grow over
time, dust clumps may be optically thick at early times
(E. Dwek et al. 2019), or shorter-wavelength observations are
only sensitive to the hottest dust, which usually represents a
small fraction of the total dust mass. Regardless, mid-IR to far-
IR wavelengths are needed to see the cooler dust accumulating
over time in cooling SN ejecta. Indeed, recent James Webb
Space Telescope (JWST) Mid-Infrared Instrument (MIRI)
observations of the Type IIP SN 2004et and Type IIn
SN 1995N uncovered some of the largest newly formed
ejecta dust masses in extragalactic SNe besides SN 1987A
(M. Shahbandeh et al. 2023; G. C. Clayton et al. 2025).

SNe powered by interaction with circumstellar material
(CSM), usually observed as Types IIn or Ibn (see
N. Smith 2017 for a review of interacting SNe), represent an
interesting case because they may form new dust in the
postshock zone (N. Smith et al. 2008b, 2012; A. Sarangi &
J. D. Slavin 2022); moreover, this dust may be kept warm by
the ongoing CSM interaction shock (N. Smith et al. 2008b;
O. D. Fox et al. 2010, 2011, 2013), making this dust detectable
in the MIR for many years longer than the MIR emission of
noninteracting CCSNe. Dust forming in these interacting SNe
is of particular interest to the ISM dust budget, because dust
that forms in the cooling postshock layers is already behind the
shock. It will therefore not get destroyed by the forward or
reverse shocks and is more likely to survive to mix with the
ISM. This potential destruction is a significant uncertainty for
dust formed in SN ejecta or the CSM dust formed during pre-
SN mass-loss phases (S. Bianchi & R. Schneider 2007;
C. Biscaro & I. Cherchneff 2016; E. R. Micelotta et al. 2016).
Thus, even though interacting SNe are rarer than noninteract-
ing SNe (<10% of all CCSNe; see N. Smith et al. 2011a;
T. Pessi et al. 2025), their dust production makes them unique
and potentially important in this regard. Moreover, owing to
high densities and rapid cooling in the CSM interaction layers,
this class of SN may form dust sooner after explosion than
normal SNe (N. Smith et al. 2008b).

While dust formation in SNe is expected to produce MIR
excess emission, the interpretation of this IR emission alone
can be ambiguous, since preexisting dust in the CSM that
becomes heated by the SN radiation (i.e., an “IR echo”) can
also produce MIR emission. Generally, corroborating evidence
of a faster decline in the light curve or a blueshift of emission
lines—both caused by increased extinction from new dust
within the SN—is needed to be confident that an event is
actually producing new dust, as opposed to heating preexisting
dust. In the particular case of interacting SNe, one can
diagnose if the newly formed dust is in the SN ejecta or in the
postshock zones by examining the blueshift in either the broad
(∼104 km s−1) emission-line components that trace the
freely expanding SN ejecta, or the intermediate-width

(IW; ∼1000 km s−1) components emitted by postshock gas
in the cold dense shell (CDS).
The first clear case of an interacting SN that showed all

three signatures of dust formation (MIR emission, increased
fading rate, blueshifted line profiles) was the Type Ibn
SN 2006jc, where the line-profile evolution of IW He I lines
indicated that new dust formed rapidly (by day 50) in the
postshock CDS (N. Smith et al. 2008b). This blueshift
coincided in time with an IR excess and fading in the
continuum, but also with a burst of X-ray emission and He II
λ4686 emission (E. Di Carlo et al. 2008; S. Immler et al. 2008;
N. Smith et al. 2008b), indicating that the forward shock
encountering a dense shell is what triggered the rapid onset of
dust formation only 50–100 days after discovery. The rapid
postshock dust formation may be analogous to what happens
in dust-forming colliding-wind binaries like the carbon-rich
WC+OB system WR 140 (J. A. Hackwell et al. 1979;
P. M. Williams et al. 1990; J. D. Monnier et al. 2002) and
η Car (N. Smith 2010). Similar blueshifted profiles have been
seen in a number of H-rich interacting SNe, including
SN 2005ip (N. Smith et al. 2009, 2017; O. D. Fox et al.
2010; A. Bevan et al. 2019; O. D. Fox et al. 2020), SN 2006tf
(N. Smith et al. 2008a), SN 2007rt (C. Trundle et al. 2009),
SN 2007od (J. E. Andrews et al. 2010), SN 2010bt
(N. Elias-Rosa et al. 2018), SN 2010jl (discussed more
below), SN 2015da (N. Smith et al. 2024), ASASSN-15 ua
(D. Dickinson et al. 2024), SN 2017hcc (N. Smith &
J. E. Andrews 2020), and SN 2020ywx (R. Baer-Way et al.
2025). SN 1998S also showed the blueshift in line profiles at
late times more than a decade after explosion (J. Mauerhan &
N. Smith 2012; M. Niculescu-Duvaz et al. 2022). Recent
JWST/MIRI spectroscopy of SN 2005ip revealed almost ∼0.1
M⊙ of newly formed silicate dust in the CDS at ∼15 yr
postexplosion (M. Shahbandeh et al. 2025).
Six of these dusty SNe IIn (SN 2006tf, SN 2010jl,

SN 2015da, ASASSN-15 ua, SN 2017hcc, and SN 2020ywx)
were superluminous SNe IIn (SLSNe IIn) that resulted from
especially strong CSM interaction with massive (5–25 M⊙)
CSM shells ejected in the decades before the explosion. Their
extremely high luminosity results from efficient radiative
cooling of the postshock gas during the most intense
interaction phase, so in hindsight, it is perhaps not surprising
that their cooled postshock layers may also be prodigious dust
factories. It remains an open interesting question whether
SLSNe IIn are relatively more efficient dust producers than
regular SNe IIn. To answer this, a census of dust in samples of
SNe IIn and SLSNe IIn is needed.
In this paper, we concentrate on SN 2010jl, a rare example

of a relatively nearby well-observed SLSN IIn, where
observational clues were interpreted as postshock dust
formation. Located in the dwarf galaxy UGC 5189A at a
distance of ∼49Mpc (N. Smith et al. 2011b), SN 2010jl was
among the nearest SLSNe IIn yet discovered, leading to
considerable observational attention with high-quality optical/
IR photometry and spectroscopy (J. E. Andrews et al. 2011;
N. Smith et al. 2011b, 2012; R. Stoll et al. 2011; T. Zhang
et al. 2012; O. D. Fox et al. 2013; K. Maeda et al. 2013;
C. Fransson et al. 2014; C. Gall et al. 2014; H. J. Borish et al.
2015; B. J. Williams & O. D. Fox 2015; J. E. Jencson et al.
2016; D. Y. Tsvetkov et al. 2016; N. N. Chugai 2018;
A. Sarangi et al. 2018; A. M. Bevan et al. 2020). Its progenitor
lived in a young region, implying that it had an initial mass
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above ∼30 M⊙ (N. Smith et al. 2011b), although the
progenitor itself may have been very dust enshrouded
(E. Dwek et al. 2017; O. D. Fox et al. 2017; Z. Niu et al. 2024).

While preexisting CSM dust probably contributed to the
observed early-time IR excess (J. E. Andrews et al. 2011),
spectra in the year or so after the main light-curve peak
revealed a prominent blueshift in line profiles that strengthened
over time (N. Smith et al. 2012; C. Gall et al. 2014). The light
curve of SN 2010jl also exhibited a pronounced inflection
∼300 days after the explosion, although it was unclear if this
faster decline rate was due to a drop in CSM interaction
intensity, increased extinction, or both. Multiband photometry
did show a strong increase in the IR excess emission as the
optical faded after this inflection (A. Sarangi et al. 2018;
A. M. Bevan et al. 2020). The systematic blueshift of line
profiles and their wavelength dependence (more pronounced at
shorter wavelengths) led to the suggestion that, similar to
SN 2006jc, SN 2010jl experienced new dust formation in the
postshock region of the CDS (N. Smith et al. 2012). Several
additional studies confirmed these signs of dust formation in
the postshock CDS and investigated the dust properties,
including additional late-time spectra, IR data, and models
(C. Gall et al. 2014; N. N. Chugai 2018; A. Sarangi et al. 2018;
A. M. Bevan et al. 2020). Dust may have been preexisting in
the CSM, and dust may also have formed in the ejecta
(J. E. Andrews et al. 2011; A. M. Bevan et al. 2020), but the
wavelength dependence of the blueshift in IW profiles gave a
clear indication of postshock dust formation (N. Smith et al.
2012; C. Gall et al. 2014).

C. Fransson et al. (2014) proposed a different picture where
the blueshifted profiles were caused by the acceleration of
highly asymmetric preshock CSM that had been ejected
primarily toward Earth along our line of sight and where the
IW components were caused by electron scattering of the
narrow emission from that accelerated CSM. This explanation
did not account for why the narrow components from the
unshocked CSM were not also blueshifted even though the
broader components had a blueshifted centroid, or why there
was a wavelength dependence to the asymmetry. Subsequent
radiative-transfer models (L. Dessart et al. 2015) indicated that
accelerated preshock CSM could not explain the observed
blueshift in line profiles, nor their behavior with time.
L. Dessart et al. (2015) found that while the early symmetric
line profiles were caused by electron scattering of narrow CSM
emission, the broader blueshifted profiles at later times
probably came from the postshock CDS. These models
revealed a blueshifted emission bump that could arise even
without dust, at least initially, because the photosphere in the
CSM interaction region could block the redshifted side of the
CDS, as noted earlier by N. Smith et al. (2012). However,
again, this mechanism would not account for the observed
wavelength dependence of the blueshift (N. Smith et al. 2012;
C. Gall et al. 2014), or its persistence to late times, and the
behavior of the observed blueshift over time did not resemble
the development of the blueshifted bump in the models. The
continuum luminosity dropped around day 300, as noted
above, but the blueshift persisted even in optical spectra
beyond day 1000 (C. Fransson et al. 2014). This would seem
to clearly rule out high continuum optical depths and electron
scattering of accelerated CSM as the explanation for the
persistent blueshift, and instead, favors dust formation in the

postshock shell of SN 2010jl (N. Smith et al. 2012; C. Gall
et al. 2014; A. Sarangi et al. 2018; A. M. Bevan et al. 2020).
While the blueshifted line profiles provided a strong

indication of new dust forming within the SN itself, and they
help diagnose its location, it remains difficult to estimate the
mass of dust from this velocity-dependent extinction alone,
even with line-profile modeling (A. M. Bevan et al. 2020). A
combination of spectra and IR emission is needed. Early
visual-wavelength and near-IR data showed evidence for a
rapid onset of dust formation (N. Smith et al. 2012; C. Gall
et al. 2014), and line-profile data before day 1000 showed that
the observationally inferred dust mass continued to grow with
time, reaching 2.5 × 10−3M⊙ by day 868 (C. Gall et al. 2014).
Similarly, by modeling line-profile shapes, A. M. Bevan et al.
(2020) estimated a dust mass of 0.005–0.01 M⊙ by day 1400.
Here we revisit the visual-wavelength and IR emission from
SN 2010jl a decade later, to see if the dust mass has continued
to grow as was apparently the case for SN 1987A and
SN 2005ip. This study includes late-time optical spectra from
Keck and the MMT, and MIR spectra obtained with JWST.
We present the new spectra in Section 2 and our analysis of the
spectra in Section 3. The results are discussed in the context of
dust formation by interacting SNe in Section 4.

2. Observations

2.1. JWST/MIRI MRS

JWST/MIRI’s Medium Resolution Spectrometer (MRS;
M. Wells et al. 2015; H. Bushouse et al. 2022; I. Argyriou
et al. 2023) integral field unit (IFU) observed SN 2010jl on
2023 April 19 (JD 2,456,401), 4550 days postdiscovery (UTC
dates are used throughout this paper). The data consist of
spectra covering the wavelength range 4.9–27.9 μm, aimed at
measuring the dust emission. Table 1 summarizes the
observation parameters and Figure 1 shows the region
surrounding SN 2010jl in both visual-wavelength HST images
and a color image made from the JWST/MRS data. These
observations are part of PID 1860 (PI O. Fox), which probes
the dust properties around SNe IIn.
For these observations, it is necessary to subtract both the

global thermal background and local galaxy background. The
global thermal background is roughly 10–40 times larger than
the SN flux. We obtained dedicated offset background
observations to provide a clean estimate of the telescope’s
thermal background. Even so, small variability in the back-
ground across the field of view (FOV) can have a potentially
large impact on our source spectrum (M. Shahbandeh et al.
2024). This is particularly true at the longest wavelengths,
where the background tends to be the largest, and the signal-to-
noise ratio (S/N) from the source tends to be the weakest
owing to a combination of lower signal and the known reduced
count rate.22 The removal of the global thermal background
does not include any estimate of the local background from
SN 2010jl’s host galaxy. While the individual sources in the
HST/WFC3 image are not resolved in the MRS data, they do
create faint, extended emission, often referred to as “confu-
sion-limited.”
For this paper, we explored several different techniques to

remove the background. We first addressed the global thermal
background by reducing the data three different ways: (1) with

22 https://www.stsci.edu/contents/news/jwst/2023/miri-mrs-reduced-
count-rate-update
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no global background subtractions (“no bg”), with an average
background applied using our dedicated offsets (“master
method”), and a spaxel-by-spaxel background subtraction
using our dedicated offsets (“pixel method”). Level-1 data
were initially downloaded from MAST.23 All data were
processed with JWST calibration pipeline version 1.11.1
(H. Bushouse et al. 2022), using CRDS pmap 1183. We
follow the standard MRS pipeline procedure (H. Bushouse
et al. 2024). The background-subtraction step can be applied
automatically in the JWST pipeline.24

At the local background level, we experimented with
removing the remaining host-galaxy background, including
implementing a background annulus during the extraction,
averaging an array of apertures around the FOV, and
performing a two-dimensional (2D) interpolation and estimate
of the local background. We ultimately found the 2D
interpolation to be most robust. This technique is similar to
the background-estimation step used in HYPER (A. Traficante
et al. 2015). The custom 2D interpolation code (B. Nickson &
mengesser 2025) used here is a highly parameterized Python
module that creates a model of the entire background for a
source of interest in a complex region. The source is masked
by interpolating over an aperture using the surrounding sky.
The background is modeled by iteratively using Bayesian
inference to fit a 2D polynomial to smaller substamps of the
masked image. The uncertainty introduced by this routine is
folded into the flux error. We selected a substamp size of 7×7
pixels, fit a second-order polynomial to each, and set the step-
size parameter, cube_resolution, to “high.” Figure 2
shows the input data, fitted background model, and back-
ground-subtracted image for four example wavelength ele-
ments of the S3D data cube.
The SN spectrum was extracted from the resulting data cube

using the JWST pipeline extract_1d step. No additional
background subtraction (such as an annulus) was performed,
as the 2D interpolation was considered to have adequately
removed the local background at the position of the source. For
point sources, the pipeline uses a circular extraction aperture,
which varies in radius with wavelength to take into account the
changing resolution.
Figure 3 (top panel) shows the resulting spectra for each of

the three approaches to removing the thermal background
(using the same local background 2D interpolation subtraction
method). Each of the methods yields similar results at

Figure 1. Images of the field around SN 2010jl. The left panel shows a composite color HST/WFC3 UVIS image (blue = F336W, green = F336W+F814W, red =
F814W) for reference. The right panel displays the same field in a color image made from the JWST/MIRI MRS data cube (blue = 5.8–10 μm, green = 10–15 μm,
red = 15–25.6 μm). Examples of images made from the MIRI cube (program GO-1860; PI O. Fox) are also shown below in Figure 2. The F336W and F814W
images from HST/WFC3 are averages of two epochs taken in 2015 (program GO-14149; PI A Filippenko) and 2016 (program GO-14668; PI A. Filippenko). The
small black “plus sign” marks the position of SN 2010jl, while the two black open circles mark the positions of the two other bright MIR sources in the field (labeled
A and B in the right panel), which are presumably dominated by massive star-forming regions in UGC 5189A.

Table 1
JWST/MRS Spectroscopy of SN 2010jl

Channel FOV Band Wavelength
Resolving
Power Exp.

(″ × ″) (μm) (λ/Δλ) (s)

3.2×3.7 Short 4.90–5.74 3320–3710 1337
Medium 5.66–6.63 3190–3750 1337
Long 6.53–7.65 3100–3610 1337

2 4.0×4.8 Short 7.51–8.77 2990–3110 1337
Medium 8.67–10.13 2750–3170 1337
Long 10.02–11.70 2860–3300 1337

3 5.2×6.2 Short 11.55–13.47 2530–2880 1337
Medium 13.34–15.57 1790–2640 1337
Long 15.41–17.98 1980–2790 1337

4 6.6×7.7 Short 17.70–20.95 1460–1930 1337
Medium 20.69–24.48 1680–1770 1337
Long 24.19–27.90 1630–1330 1337

23 doi:10.17909/b3f9-n162.
24 https://jwst-pipeline.readthedocs.io/en/stable/jwst/user_documentation/
background_subtraction_methods/main.html#master-background-subtraction
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wavelengths below 20 μm, which is expected as the thermal
background is less significant there. At longer wavelengths, the
“pixel” method (black line) yields a slightly lower flux. This
result is most likely due to the fact that the “pixel” method
properly accounts for spaxel-by-spaxel variations across the
FOV. It also provides a robust lower limit to our models. We
therefore take this extraction as our final extraction throughout
the rest of the paper.

We note that the spectrum shows a pronounced dip in flux at
17–17.5 μm, which has important implications in our models
discussed below. This dip also corresponds to the start of
Channel 4. To check if this 17 μm dip is an instrumental effect,
we also extract spectra for two nearby sources in the FOV
(labeled as A and B in Figure 1) using the same method as for
SN 2010jl. These two sources are most likely dominated by
warm dust surrounding H II regions. The purpose of the
comparison is to look for any overall trends in the spectra that
may indicate a systematic instrumental source of error.
Figure 3 (bottom panel) compares SN 2010jl to these two
sources. Sources A and B do not show a clear dip at 17 μm and
their flux rises smoothly to longer wavelengths, so this may be
a real feature in SN 2010jl’s MIR spectrum.

Nevertheless, as detailed above, Channel 4 has challenges
related to background subtraction. Furthermore, it is known to
experience a progressive reduction in the count rate with time.
As a result, we regard the flux beyond 17 μm with some
caution. We place less emphasis on the detailed features at
these wavelengths in our modeling below, although the overall
flux level represented by the binned flux is still meaningful. In
hindsight, it would have been beneficial to have also obtained
imaging at 20–25 μm to better anchor the dust continuum
level, since it is so important for the resulting derived
dust mass.

2.2. Optical Spectra

Several previous studies have presented the visual-wave-
length spectral evolution of SN 2010jl during its main
luminosity peak and decline (N. Smith et al. 2011b, 2012;
T. Zhang et al. 2012; C. Fransson et al. 2014; J. E. Jencson
et al. 2016). After a few years, however, SN 2010jl dropped
significantly in brightness. There have been no studies of the
very late-time emission at 6 or more years after explosion. The
latest published visual-wavelength spectra were obtained on
roughly day 1287 (A. M. Bevan et al. 2020) and day 1909
(M. Niculescu-Duvaz et al. 2022).

We obtained a deep spectrum of the source at the position of
SN 2010jl on 2022 March 3, which is ∼4137 days after
discovery. This is the latest visual-wavelength spectrum
available to us, and the closest to being contemporaneous
with our JWST data. Fortunately, the spectral evolution of
SNe IIn at very late times is expected to be very slow
(N. Smith 2017), showing only subtle changes over a year.
This spectrum was obtained with the 10 m Keck I telescope
using the Low-Resolution Imaging Spectrometer (LRIS;
J. B. Oke et al. 1995) plus atmospheric dispersion corrector,
and had an exposure time of 1800 s using a 1″-wide slit. The
spectral resolving power is R ≡ λ/Δλ ≈ 1100, corresponding
to a resolution of 273 km s−1. Data reduction used the LPipe
pipeline (D. A. Perley 2019). We applied a redshift correction
of z = 0.0107 and a reddening correction of E
(B − V ) = 0.027 mag (N. Smith et al. 2011b). This LRIS
spectrum is plotted in Figure 4. The top panel is the flux-

calibrated spectrum, and the bottom panel shows it with the
smooth continuum subtracted.
We also obtained a late-time spectrum with the Bluechannel

spectrograph on the MMT Observatory on 2017 December 23,
which is ∼2607 days after discovery. This MMT spectrum is
not as late in time as the Keck/LRIS spectrum and covers a
smaller wavelength range, but it is useful because it has a
comparable continuum S/N and higher resolution than the
Keck/LRIS spectrum, thus providing a better measure of the
shock-broadened component of Hα. This observation used a
1″-wide slit at the parallactic angle (A. V. Filippenko 1982),
and the 1200 line mm−1 grating, providing a spectral resolving
power of R ≈ 4400, which corresponds to the unresolved ∼70
km s−1 width of the narrow H II region emission lines in the
spectrum. We used standard data-reduction procedures for
single-order long-slit spectra. The MMT/Bluechannel spec-
trum is shown in Figure 5.
In both cases, the 1″ slit (note that 1″ is about 240 pc at the

distance of SN 2010jl) used in these optical spectra will
include nearby nebular H II region emission, which is bright
and pervasive in the surroundings of SN 2010jl, and will also
include the blue source located only 0.06 (∼15 pc) away from
the position of SN 2010jl, plus some of the surrounding stellar
population. This source was resolved in pre- and postexplosion
HST images and is thought to be a young star cluster (N. Smith
et al. 2011b; O. D. Fox et al. 2017), as further discussed in
Section 3.

3. Analysis

3.1. Late-time Optical Spectra

Figures 4 and 5 show our late-time visual-wavelength
spectra obtained 7–12 yr after discovery. These are the latest
optical spectra of SN 2010jl, and among the latest spectra of
any SLSN IIn (a spectrum of the SLSN IIn event SN 2015da
obtained 8.4 yr after the explosion was presented by N. Smith
et al. 2024). The spectra show clear signatures of ongoing late-
time CSM interaction in SN 2010jl, although these signatures
are faint, and the spectra are dominated by flux from the
surrounding environment.
The day 4137 Keck/LRIS spectrum in Figure 4 is

dominated by narrow emission lines and a smooth blue
continuum. The narrow lines are unresolved, and the spectrum
is typical of emission from low-metallicity H II regions, with
strong Balmer lines, [O III], [S II], and [S III], and fainter
narrow He I, [N II], [Ar III], and [O I].
The blue continuum is dominated by flux from an under-

lying young star cluster that is almost coincident with
SN 2010jl (O. D. Fox et al. 2017). The blue source in
preexplosion HST images that is located only 0.06 (15 pc)
away in projection (N. Smith et al. 2011b) is easily included in
the ground-based slit. The thin red continuum spectrum plotted
in the top panel of Figure 4 is a Starburst99 model (C. Leith-
erer et al. 1999) of the integrated flux from a 6Myr cluster.
This is not a fit to these data, but is instead the same model that
was compared to the preexplosion photometry of the blue
source at SN 2010jl’s approximate position (N. Smith et al.
2011b). This Starburst99 model provides an excellent match to
the blue continuum in the Keck spectrum, but it underestimates
the observed continuum at near-IR wavelengths beyond
7000 Å. Alternatively, we can find a better match to the
overall continuum shape using a combination of two Planck
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functions with temperatures of 21,000 and 2800 K. This is
shown with the blue curve in the top panel of Figure 4. While
this composite blackbody curve matches the continuum shape
better than the cluster model, it is admittedly artificial, and we
do not wish to overinterpret the temperatures. The 21,000 K
source25 is simply indicative of the Rayleigh–Jeans tail from
the combination of hot stars in a young cluster, while the 2800
K blackbody captures extra red emission from some source(s)
in the aperture. The progenitor photometry (N. Smith et al.
2011b) did not show this red excess, but the progenitor
photometry was measured for a blue point source in HST
images with a resolution of ∼0.1. These same images show
several nearby stellar sources that are brighter in the F814W
image than at blue/near-ultraviolet (UV) wavelengths, and
several of these sources would be included in the 1″ slit
aperture used for the ground-based spectrum. Thus, part of the
∼2800 K extra red continuum flux seen in the Keck spectrum
in Figure 4 may be attributable to some red supergiants in
neighboring stellar associations near SN 2010jl; however, we
cannot rule out the possibility that some of the long-
wavelength emission might also be due to hot dust associated
with the SN, since a strong dust excess is detected at MIR
wavelengths (see below). At earlier epochs before day 900,
C. Gall et al. (2014) estimated that hot dust contributed
significant red continuum, so this contribution may have
persisted if hot dust is continually present. Hot dust can be

seen even after more than a decade if an advancing shock front
continually heats it.
The bottom panel of Figure 4 shows the residual after

subtracting a fit to the continuum (blue curve in the top panel).
The narrow H II region lines remain, of course, but here it is
easier to see the only features in the spectrum that are clearly
attributable to the late SN emission: this spectrum reveals
shock-broadened emission from [O I] λλ6300, 6364, Hα, and
[Ca II] λλ7291, 7325. These components have widths of
2000–3000 km s−1 (usually referred to as “intermediate-width”
or IW components), much broader than the ∼300 km s−1 width
of the unresolved H II region lines, and likely arise from
postshock gas in the aging SN (or, alternatively, in the young
SN remnant). The broad line profiles are discussed more below.
Interestingly, the Keck/LRIS spectrum does not detect any
emission from the blend of O Iλ8446 and the Ca II near-IR
triplet, which was seen in earlier spectra of SN 2010jl (N. Smith
et al. 2012; C. Fransson et al. 2014), although these features
became very weak by day 909 (J. E. Jencson et al. 2016). This
broad blend was also seen in emission in late-time spectra of
some other SLSNe IIn such as SN 2006tf (N. Smith et al.
2008a) and SN 2015da (N. Smith et al. 2024).
The MMT/Bluechannel spectrum is shown in Figure 5. This

was obtained in 2017, about 4 yr before the Keck spectrum. It
covers a smaller wavelength range and is not as close in time
to our JWST spectrum, but it has better spectral resolution and
higher S/N than the Keck spectrum and is especially useful for
investigating the Hα line profile, as discussed below. The blue
curve in Figure 5 is the same two-blackbody curve that
matched the continuum shape in the Keck spectrum. Although
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Figure 2. Input data, fitted background model, and background-subtracted data from AstroBkgInterp for four wavelength elements of the SN 2010jl MRS cube.
The color bar corresponds to the flux in jansky of the background-subtracted panels.

25 Note that the exact temperature of this source, and similarly, the age of the
cluster in the Starburst99 model, are dependent on the adopted E(B − V ) value
for the reddening correction applied to the spectrum.
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the wavelength range here is smaller, the MMT spectrum
suggests that the underlying continuum changed very little
over the 4 yr between the MMT and Keck spectra, consistent
with the idea that this continuum flux is dominated by the
nearby young star cluster and not SN continuum emission.
Comparing the two spectra does reveal some interesting
changes in SN emission; namely, the [O I] line is much fainter
in the MMT spectrum, and the shock-broadened component of
Hα is narrower at earlier times in the MMT spectrum,
although both spectra show strongly asymmetric blueshifted
Hα, discussed more below. The MMT spectrum does not
extend to sufficiently long wavelengths to see [Ca II]
λλ7291, 7325.

The behavior of [O I] λλ6300, 6364 is noteworthy. This line
was not detected in earlier spectra up to 1200 days after
discovery (N. Smith et al. 2011b, 2012; C. Fransson et al.
2014; J. E. Jencson et al. 2016). The emission is extremely
faint or not detected in our MMT spectrum on day 2607, but
then it is clearly detected as shock-broadened emission (about
half the flux of Hα) in the day 4137 Keck spectrum. This
strengthening is interesting, since the general absence of
evidence for [O I] in late-time spectra of SNe IIn might
erroneously be taken to indicate that they are not core-collapse
explosions, or alternatively, weak [O I] emission might be used
to derive a low progenitor initial mass. Normal SNe II without

interaction do exhibit [O I] in their nebular phases. Saganian
wisdom aside, there are two good reasons why such arguments
based on missing [O I] would be flawed. One reason is that
ongoing late-time interaction can obviously mask or over-
whelm the nebular emission, and backwarming by shock
radiation may even alter the underlying nebular emission,
ionizing oxygen to O+ (N. Smith et al. 2014). But a second
reason, seen here, is that one might simply need to wait long
enough for the line to appear as the CSM interaction emission
fades at very late times.
The line profiles of the shock-broadened emission in our

late-time spectra are shown in detail in Figure 6. Interpreting
the line profiles of [O I] and [Ca II] (shown in the top panel of
Figure 6) is complicated because these lines are relatively
weak and the spectra are noisy, and more importantly, because
both features are doublets. The lines of the [O I] λλ6300, 6364
doublet are separated by ∼3000 km s−1, and [Ca II] λλ7291,
7325 by roughly 1400 km s−1. (For both features, we set zero
velocity by the shorter-wavelength line in each pair; vertical
blue and orange bars in Figure 6 mark the corresponding
velocities of the companion line centers in each doublet.)
Despite these limitations, it is clear that there is some shock-
broadened emission detected in both lines in the day 4137
Keck spectrum, while the data permit some very faint
broadened [O I] emission in the MMT spectrum. Symmetric
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Figure 3. Top panel: examples of different reductions of the MIRI spectrum of SN 2010jl using three different background-subtraction methods (see the text). All
three agree well at wavelengths shorter than 20 μm, but differences in method cause variations in the source flux in the range 20–25 μm. Our favored method of
background subtraction (black spectrum) yields a lower 20–25 μm flux, and is used in the analysis below. Bottom panel: a comparison between the spectrum of
SN 2010jl (same as the black spectrum in the top panel) and spectra of the two H II regions (sources A and B in Figure 1) in the MIRI MRS IFU.
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Gaussians with full width at half maximum (FWHM)
intensity = 2600 km s−1 are shown for comparison in shaded
gray in the top panel of Figure 6, although the velocity width
may be less than this because both features are a blend of two
lines. It is difficult to see if the lines have a blueshifted
asymmetry for this same reason, although [O I] does show an
especially strong blue emission bump at around −1000 km
s−1. Spectra that cover [O I] λλ6300, 6364 and [Ca II] λλ7291,
7325 with higher S/N and greater spectral resolution are
needed. Although the MMT spectrum provides this for [O I],
this line did not strengthen in its emission until after that
spectrum was obtained.

On the other hand, the broadened component of Hα clearly
displays the blueshifted asymmetric line profile that is often
seen in SNe IIn, shown here to persist until very late times
more than a decade after explosion. This blueshifted Hα in
SN 2010jl first started to appear as a subtle asymmetry around
60–70 days after discovery (N. Smith et al. 2011b), and only
became more pronounced over time (N. Smith et al.
2011b, 2012; C. Gall et al. 2014; A. M. Bevan et al. 2020;
M. Niculescu-Duvaz et al. 2022), persisting until the present

epoch when essentially no emission is seen from the redshifted
side of the line. The bottom panel of Figure 6 shows Hα in
detail. Ignoring the narrow [N II] λλ6548, 6583 lines from the
nearby H II region emission in the slit aperture (and by
extension, the very strong, narrow Hα emission), the broader
Hα component shows a smooth blue wing that rises to line
center, but then appears to be chopped off at zero velocity,
with no detectable broad emission on the red side of the line. If
we attempt to fit only the shape of the blue wing, the day 4137
Keck profile roughly matches a Gaussian with FWHM = 2600
km s−1 (dashed pink curve). The MMT spectrum, where the
Hα profile is seen with better S/N and higher resolution, a
single Gaussian is not able to match the blue wing; instead, a
composite of 2 Gaussians with FWHM values of 2400 and
1000 km s−1 (roughly with equal strength; shown with a solid
pink curve) give a much better match to the shape of the blue
wing. These pink curves in the bottom panel of Figure 6
illustrate the severe deficit of flux on the red wing of Hα.
It is perhaps somewhat surprising that the IW component of

Hα appears to get broader in the 4 yr between the MMT
spectrum and the Keck spectrum, with the implied FWHM

Figure 4. Late-time (day 4137) Keck/LRIS spectrum of the source at the position of SN 2010jl. The top panel shows the original flux-calibrated spectrum on a log
flux scale. Several emission lines (mostly unresolved narrow emission from a coincident H II region) are identified in green. For comparison, the red spectrum is the
same Starburst99 (S99) model (C. Leitherer et al. 1999) for a 6 Myr cluster that was matched to the HST progenitor photometry by N. Smith et al. (2011b). This
model matches the observed blue continuum flux very well but significantly underestimates the near-IR flux longward of 7000 Å. Also shown for comparison, the
blue curve is the composite of two blackbodies at 21,000 and 2800 K. This is artificial, but gives a better approximation of the overall continuum distribution,
indicating some additional cool source that is not seen in a model of a 6 Myr cluster, and was not seen in the progenitor photometry. The bottom panel displays the
same spectrum as the top panel, except that the smooth continuum (blue curve in the top panel) has been subtracted. Here, the only features to show unambiguous
shock-broadened SN emission are [O I] λλ6300, 6364, Hα, and [Ca II] λλ7291, 7325. Besides these broadened components, most of the late-time flux at the position
of SN 2010jl is due to an associated star cluster and H II region.
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increasing. This would seem to suggest that the speed of the
forward shock, coincident with the CDS, has actually
accelerated during this time. A similar acceleration of the
forward shock, traced by an increasing width of the IW
component, was also reported recently in late-time spectra of
SN 2015da (N. Smith et al. 2024), another SLSN IIn with even
stronger late-time interaction than SN 2010jl.

In the context of trying to decipher the location of dust that
blocks the redshifted emission, which will be discussed more
below, the detailed profile shape around zero velocity is of
interest. The IW emission component arises from gas in the
postshock region (the CDS). The red wing of this IW
component could be absorbed, at least in principle, by dust
located either in the postshock CDS or in the freely expanding
SN ejecta inside the reverse shock. However, several authors
have noted that if the flux of the IW component is significantly
attenuated at zero velocity or even to modest blueshifted
velocities (shifting the peak to blueshifted velocities), then the
dust must be located in the postshock region, because dust in
the inner parts of the SN ejecta cannot block postshock gas
exterior to it moving in the plane of the sky (N. Smith et al.
2008a, 2008b; C. Gall et al. 2014; N. Smith & J. E. Andr-
ews 2020; A. Sarangi & J. D. Slavin 2022). A close
examination of the day 2607 MMT spectrum in the window
between the narrow [N II] λ6548 and narrow Hα emission
shows a peak at roughly −500 km s−1, making it appear as
though the narrow Hα component sits atop a steep slope as the

underlying broader Hα component drops toward zero flux on
the red side of the line. Given the data quality, this might seem
dubious if it were not for the fact that the IW component of Hα
has shown a similar profile with a blueshifted peak at roughly
−500 km s−1 ever since 200–300 days after explosion
(N. Smith et al. 2012; C. Gall et al. 2014). In other words,
while the flux has dropped over time, the shape of the IW
component of Hα has remained relatively unchanged for the
past decade. As we discuss in the next section, this confirms
that the dust blocking the red side of the line is in the
postshock CDS and not in the SN ejecta.
While the IW component of Hα has remained the same for

over a decade, the broad wings of Hα have not. In these late-
time MMT and Keck spectra, there is no detected blueshifted
emission faster than about −3000 km s−1, and there is no
redshifted emission at all. In earlier spectra up to a few years
after the explosion, Hα exhibited broad wings to more than
±6000 km s−1 (N. Smith et al. 2012; C. Fransson et al. 2014;
C. Gall et al. 2014; J. E. Jencson et al. 2016), with roughly
symmetric profiles at the highest velocities. If the broad wings
were tracing the fastest SN ejecta, then their absence now
suggests that either the inner SN ejecta have cooled and faded,
or that the faster SN ejecta have reached the reverse shock and
have been decelerated. Alternatively, if the broad wings at
earlier times were due in part to electron scattering, then their
absence now would be consistent with the disappearance of
any significant electron-scattering opacity. In any case, only

Figure 5. Same as Figure 4, but for the MMT/Bluechannel spectrum on day 2607. The blue line is not a fit to the continuum here, but is identical to the blue curve
representing the two-blackbody curve in Figure 4. The somewhat brighter continuum here may be real (i.e., some late-time SN continuum emission), but is more
likely attributable to a difference in seeing or slit position and therefore slit losses. The narrow H II region lines appear stronger here because of the 4× higher
spectral resolution than the LRIS spectrum.
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the IW components emitted by the CDS remain detectable in
the spectrum, which is common in very late spectra of SNe IIn
(N. Smith et al. 2017).

3.2. Features in the Mid-IR Spectrum

The mid-IR spectrum of SN 20210jl rises steadily from 5 to
17 μm, and then levels off to longer wavelengths. In the
5–17 μm portion, the steady rise is punctuated by a number of
moderately broad features that may be a combination of
emission and absorption features (see below). At wavelengths
beyond 17 μm, the noise level is quite high and it is unclear if
any emission or absorption features are present.

Broad features at 10–17 may be due to dust emission or
absorption features, or a combination of both. As described
below, a likely explanation is silicate absorption features from
a cool shell superposed on a blackbody continuum from warm
optically thick dust. A few narrow atomic emission lines are
present in the spectrum, including [S IV] 10.4 μm and [Ne III]
15.6 μm. It is unclear if these are CSM intrinsic to the SN, or
associated with unresolved H II region emission. However,

[Ne III] 15.6 μm does show a possible broad blueshifted
component that is reminiscent of the Hα profile discussed
above, so a portion of this emission line’s flux may arise from
CSM interaction. We do not detect strong polycyclic aromatic
hydrocarbon (PAH) emission features in the JWST spectrum
of SN 2010jl, although the usual PAH features at 7.7, 8.6, and
11.3 μm can be seen clearly in the extracted spectra of the two
bright neighboring H II regions A and B in Figure 3. PAH
features were detected recently in similar JWST spectra of
SN 2005ip (M. Shahbandeh et al. 2024).

3.3. Modeling the MIR Data

Here we describe the modeling of the MIR spectra.
Throughout this section, we assume that the MIR flux is
dominated by thermal emission. This thermal dust emission is
either optically thin (Section 3.2.1), in which case the observed
spectral energy distribution (SED) features are due to emission
features from warm dust, or the warmest dust is optically thick
(Section 3.2.2), in which case the SED features we observe are
caused by a Planck function that gets partially absorbed by
passing through cooler dust along the line of sight. We explore
both options below.

3.3.1. Optically Thin Dust Emission

To explore optically thin emission models, we fit the JWST
spectrum using the equations and methods described by
M. Shahbandeh et al. (2024). Least-squares minimization was
implemented using the Python lmfit package. We explored
models with one, two, or three dust components varying in
temperature, mass, optical depth, and composition, where the
assumed composition determines the absorption coefficient, κ.
Our models explore various dust species, including O-rich dust
species like Mg-silicates, and C-rich dust species like
amorphous carbon or graphite (B. Ercolano et al. 2007;
A. Sarangi & I. Cherchneff 2013; R. Wesson &
A. Bevan 2021). The absorption and emission characteristics
of these grains are derived from B. T. Draine & A. Li (2007)
for silicates and V. Zubko et al. (2004) for amorphous carbon;
see B. T. Draine & A. Li (2007) or A. Sarangi (2022) for κ
values.
The results from this optically thin modeling are shown

in Figure 7, which includes examples of fits using different
combinations of grain composition, including carbon (top
row), silicates (middle row), and alumina + carbon (bottom
row). Of these three sets of models, optically thin silicate
emission does the worst job of matching the spectrum,
simply because the silicate emission peaks do not match
local peaks in the observed spectrum. Therefore, these
models only illustrate that optically thin silicate emission
cannot explain the observed spectrum, and the derived grain
properties from these fits are not meaningful. Based on data
obtained about a decade earlier, B. J. Williams & O. D. Fox
(2015) also found the MIR spectrum to be inconsistent with
showing a strong silicate emission feature. The one-
component and two-component carbon models provide a
better approximation of the spectrum than do silicates.
These capture the general flux level of the 5–15 μm SED
well, but they do not adequately reproduce the detailed
shape of features in the spectrum around 10, 12.5, and 16
μm. The models with alumina + carbon are better still, but
there is a peak at 17–18 μm in the model where a dip is seen

Figure 6. Line profiles for shock-broadened emission in the optical spectra.
The top panel shows [O I] and [Ca II] in the day 4137 Keck spectrum in blue
and orange, respectively, and the [O I] profile in the day 2607 MMT spectrum
in black. Note that both [O I] and [Ca II] are doublets; in both cases we set
v = 0 to be the shorter-wavelength line in each doublet. The gray shaded
regions show Gaussians with FWHM = 2600 km s−1 for comparison. The
bottom panel displays the Hα profile in the MMT (black) and Keck (blue)
spectra. The adjacent narrow [N II] lines are marked in orange. The pink
curves show representative symmetric Gaussian curves with FWHM values
noted in the panel; the dashed curve is for comparison with the blue wing of
Hα in the Keck spectrum, and the solid curve matches the blue wing of Hα in
the MMT spectrum. In both observed spectra, the redshifted emission from
these broad components is obviously missing compared to a symmetric profile.
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in the observed spectrum, and the alumina models fall far
short of the observed flux at long wavelengths (Figure 7;
bottom left) unless we add a larger mass of cool dust
(Figure 7; bottom right).

Despite the generally poor fit to detailed features, this
exercise is useful for two reasons. First, it indicates that
optically thin emission with standard dust species is
unlikely to account for SN 2010jl’s MIR spectrum, so
either higher optical depths (see below) or more compli-
cated grain composition is needed. Second, if the warm dust

is in fact optically thick, then the dust masses derived from
these optically thin models provide lower limits to the true
dust mass. For a model where a Planck function is absorbed
by cooler dust (again, see below), there must be at least as
much dust as in these optically thin models to produce the
Planck function, but additional mass may of course be
hidden inside the optically thick material, plus there would
need to be additional dust at cooler temperatures to give rise
to absorption features. As such, lower limits to the dust
mass are remarkable, since the values of 0.15–0.3 M⊙ for
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Figure 7. The MIR spectrum of SN 2010jl obtained with JWST/MIRI (light-gray) is the same as the black spectrum in Figure 3, while the darker gray is binned by 3
pixels) fitted with various optically thin emission dust models with several different models/assumptions as noted in each panel. The blue points in each panel are
pseudophotometry made from large bins of the MIRI spectrum at >17 μm, with horizontal error bars corresponding to the bin widths. For each panel, model SEDs of
individual grain components are shown in dashed curves with colors noted in each legend, and the solid red curve shows the sum of the model SEDs (same as the
individual component when there is only one).
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the better models in Figure 7 are already among the highest
SN-produced dust mass estimated yet from MIR data.

3.3.2. Dust Emission and Absorption

In the previous section, the broad structures in the JWST/
MIRI spectra were treated as optically thin dust emission
features, with optically thin emission models yielding some-
what unsatisfying fits to the data. Another possibility,
however, is that the observed features in the MIRI spectrum
arise from a combination of optically thick warm dust
emission and optically thin absorption from significantly
cooler dust located somewhere along the line of sight.
Figure 8 shows one example of such a model. In this scenario,
an optically thick background continuum source produces a
warm ∼318 K blackbody spectrum (black curve), and then the
cooler (≲230 K in this example) foreground silicate dust
absorbs in broad features at roughly 9.7 μm and 18–25 μm. In
a separate paper, E. Dwek et al. (2026, in preparation) explore
this possibility in more detail, investigating fits to the shape of
the observed JWST spectrum with various assumptions about
the optical depth, temperature, and covering factor of the
foreground silicate dust. Here we only briefly consider the
main implications.

In this scenario, the minimum (spherical) emitting radius for
the 318 K blackbody source is about RBB = 7 × 1016 cm. In
order to emit a smooth blackbody, this warm dust source must
be optically thick at all mid-IR wavelengths. With τ � 1, the
minimum required dust mass is given by M R4d BB

2 / .
Taking κ at 7–8 μm (outside the silicate feature) to be about
300 cm2 g−1 for silicates (A. Sarangi 2022), we have a
minimum dust mass of Md > 0.1M⊙ for the warm blackbody-
emitting source. The true mass may, of course, be a great deal
larger than this because more dust may be hidden inside the
optically thick emitting geometry.

Similarly, the mass of the cooler absorbing silicate dust
depends on the radius where the dust is found. The absorption
near the peak of the 9.7 μm feature, where about one-third of
the flux is absorbed, gives τ ≈ 0.4. For a spherical shell, the
mass of absorbing silicate dust is M R4d abs

2 / , where κ at
9.7 μm is ∼3000 cm2 g−1. Again, the radius Rabs of the
absorbing dust is not known, but expressed in terms of the

radius of the inner blackbody source, we have
M R R M0.004d abs BB

2( )/ . Rabs must be significantly larger
than RBB, because the dust must be cooler in order to be seen
in absorption. For a temperature of 230 K or less that is heated
by the same source as the inner blackbody, we infer
(Rabs/RBB) > 1.9 (the absorbing dust may be at any larger
radius, but it must be at least this far away to be cool enough).
This gives a total absorbing mass ofMd > 0.014M⊙. Together,
the emitting and absorbing dust requires a minimum total mass
of at least 0.11 M⊙, but we reiterate that this is likely to be a
significant underestimate. It is unlikely that we have caught the
warm emitting source at the exact moment just before it
transitions from optically thick to optically thin; therefore, it is
likely that τ is significantly larger than 1 for the hot emitting
component, raising the dust mass of the warm component.
Additionally, nonspherical geometry or covering factors
(clumpiness) for the absorbing shell will push the required
absorbing mass up (see below). We therefore consider it likely
that a conservative estimate of the total dust mass in this
scenario is around 0.2 M⊙ or more, in agreement with the
emission-only models above. More precise values depend on
various assumptions in the model fitting. We consider an
exploration of these to be beyond the scope of this work, and
as noted above, we will investigate this scenario and the
constraints on the total dust mass and detailed composition in
more detail in a forthcoming paper (E. Dwek et al. 2026, in
preparation).
The main difficulty with this scenario is coming up with a

geometry that makes sense, since a spherical shell of cool
absorbing silicates outside a central hot optically thick source
cannot be easily reconciled with a spherical CSM interaction
scenario for SN 2010jl. The geometry must break spherical
symmetry for this to work, and an interpretation of the
geometry in this scenario of a warm emitting blackbody and
cooler silicate absorption will be discussed below in
Section 4.2.

3.4. Total Dust Mass

Regardless of the specific interpretation or the chemical
composition of the dust, as discussed in the preceding
subsections, it appears that a total dust mass of roughly 0.2
M⊙ or more is required to account for the overall mid-IR
emission detected from SN 2010jl at 13 yr postexplosion. At a
very basic level, this dust mass is physically plausible since the
dust, if it is in the CDS, forms from shocked CSM at roughly
solar composition. The CSM, which arises from outer layers of
the progenitor star that still contained significant H mass, is not
heavily influenced by the inner O-rich SN ejecta; these layers
are perhaps even CO-poor and N-rich. Most evolved massive
stars that still retain their H envelopes show significant N
enrichment due to CNO burning products being mixed into the
envelope. Therefore, one might expect a standard gas:dust
mass ratio of approximately 100:1. In that case, the dust mass
that we derive of order 0.2 M⊙ is about 1% of the total CSM
mass of 10–20 M⊙ needed to have been swept up in order to
power the main light-curve peak (C. Fransson et al. 2014;
E. O. Ofek et al. 2014). In other words, SN 2010jl may have
formed all the dust that it can from available refractory
elements in the CDS. If the dust mass continues to grow
significantly, it may indicate that there is also dust formation in
the inner SN ejecta, or that the CSM is more massive than
earlier estimates.

SN 2010jl
T = 318 K blackbody
T < 230 K silicates (a ~ 0.1 μm)

Figure 8. An alternative way to interpret the features in the observed JWST
spectrum (gray), where a 318 K blackbody source (black) experiences
absorption along the line of sight arising from cooler silicate dust (red), shown
here with a maximum temperature of roughly 230 K and a grain size of
0.1 μm.
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4. Discussion

4.1. Diagnosing the Location of Emitting Dust

There are three observational clues that are traditionally
interpreted as new dust formation26 in SNe, as opposed to IR
radiation arising from preexisting dust in the CSM that is still
exterior to the forward shock. These are (1) a growing IR
excess consistent with dust emission, (2) an increased rate of
fading in the optical continuum attributed to increased
extinction from newly formed dust, and (3) a progressively
increasing blueshift in emission-line profiles caused by dust
within the line-forming region that preferentially obscures
redshifted portions of the explosion. When all three occur
simultaneously, as in the case of SN 1987A (R. D. Gehrz &
E. P. Ney 1987, 1990; I. J. Danziger et al. 1989; L. B. Lucy
et al. 1989; D. H. Wooden et al. 1993; S. W. J. Colgan et al.
1994), this gives a strong indication that new dust has formed.

SN 2010jl showed all three of these signposts (K. Krafton &
G. C. Clayton 2017). (1) It has strong mid-IR excess at many
epochs (J. E. Andrews et al. 2011; C. Gall et al. 2014;
B. J. Williams & O. D. Fox 2015; K. Krafton & G. C. Clayton
2017; A. Sarangi et al. 2018). (2) Its visual-wavelength light
curve has an inflection ∼300 days postexplosion, where the
decline steepened (C. Fransson et al. 2014; J. E. Jencson et al.
2016; K. Krafton & G. C. Clayton 2017). This rapid drop in
visual light was accompanied by an increase in the thermal-IR
flux, suggesting that the bolometric luminosity maintained a
continual slow decline as more of the flux shifted to the IR
(A. Sarangi et al. 2018). (3) Beginning shortly after peak
brightness, IW emission lines have shown a deficit of flux on
their red wings, starting as a subtle asymmetry and then
growing to a pronounced blueshifted peak (N. Smith et al.
2012; C. Gall et al. 2014), and eventually removing all of the
redshifted emission (this work).

Unraveling the details of new dust formation in SNe can be
a tricky business, however. Alone, each of these three clues
can be somewhat ambiguous. Clue #1 is ambiguous in the
sense that an IR excess could also arise from an IR echo from
preexisting dust, as noted above, but the time evolution of the
SED can help. Clue #2 only works if we know the intrinsic
rate of fading before extinction alters the light curve (or if we
have the full optical-to-IR SED; see below). While this is
plausibly known for the radioactive-decay tail of normal SNe,
the rate of fading in interacting SNe can follow almost any
slope depending on the density profile of the CSM, and it may
change suddenly as the shock encounters local CSM density
fluctuations. This leaves Clue #3 as arguably the least
ambiguous signpost of new dust formation, since dust growth
must occur within the expanding SN itself in order to influence
line profiles. Even this is not without caveats, since some other
effects can also cause blueshifted profiles (such as occultation
of the back side of the SN by the SN photosphere, which,
however, only works at early times; N. Smith et al. 2012).
Helping to counteract ambiguity is that Clues #2 and #3 are
also wavelength dependent, since they arise from extinction
caused by the newly formed dust; dust typically causes more
extinction at shorter wavelengths, as long as the grain size is
not much larger than the observed wavelengths. This
wavelength dependence has been observed in SNe IIn,
although it usually suggests large grains ( N. Smith et al.

2012; C. Gall et al. 2014; N. Smith & J. E. Andrews 2020;
N. Smith et al. 2024), at least compared to the very small
grains typically found in the ISM. Overall, when asymmetric
blueshifted emission-line profiles persist to late times, when
this line-profile effect is wavelength dependent, and when this
is accompanied by an IR excess that can be explained by dust
emission, this is usually taken as a strong indication of new
dust formation.
Since extragalactic SNe (with the exception of SN 1987A)

are spatially unresolved at visual and IR wavelengths, the
precise location of the dust is often a stubborn mystery to
solve. This is especially true in strongly interacting SNe,
because these have an additional possibility that normal SNe
do not have. An important feature of strongly interacting SNe
is the formation of a CDS between the forward and reverse
shocks (N. N. Chugai 2001; N. N. Chugai et al. 2004; N. Smith
et al. 2008a). Efficient radiative cooling causes the dense
postshock gas to collapse into a thin, dense, clumpy, and
probably well-mixed layer (A. J. van Marle et al. 2010). This
rapid cooling that forms a dense shell is a unique feature of
interacting SNe, causing their defining narrow-line spectra and
their high luminosity.
This rapid cooling and high density in the CDS may also

trigger early dust formation. Thus, for interacting SNe, we
have three possibilities for the location of dust that may give
rise to IR excess emission: (1) preexisting CSM dust (observed
as an IR echo; C. L. Gerardy et al. 2002; J. E. Andrews et al.
2011), (2) newly formed dust in the freely expanding SN ejecta
(best traced by mid/far-IR excess emission), and (3) newly
formed dust in the compressed and radiatively cooled
postshock regions (i.e., the CDS), which is unique to
interacting SNe. These options for the location of the dust
are not mutually exclusive, and in fact, they are correlated. In
order to make a SN IIn, very dense CSM is needed to cause
strong postshock compression, and this same dense CSM is
likely to be dusty and thus give rise to an IR echo. Some
massive-star progenitors of CCSNe can have strong mass loss
before the SN, and known types of progenitor stars that might
provide this CSM are either extreme dusty red supergiants
(RSGs) like VY CMa (N. Smith et al. 2001, 2009) or luminous
blue variables (LBVs; N. Smith 2026). Truly dust-enshrouded
RSGs are, however, extremely rare (E. R. Beasor &
N. Smith 2022), compared to normal-winded RSGs
(E. R. Beasor et al. 2020). LBVs tend to be surrounded by
dusty winds or shells (N. Smith & S. P. Owocki 2006;
N. Smith 2026), but these stars are also extremely rare. In both
cases, the dust-enshrouded phase is very short-lived, requiring
an extremely rare type of star to have its strong mass loss
synchronized with explosion. This is likely why SLSNe IIn are
so rare.
The physical cause of this pre-SN mass loss remains an

enduring puzzle. With such massive and dusty CSM, thermal-
IR radiation from the IR echo may persist at some level, even
as the forward shock sweeps through the CSM and
simultaneously forms new dust in the postshock CDS.
Moreover, new dust formation in the postshock gas does not
preclude dust formation in the inner SN ejecta, so any
interacting SN may have dust in all three zones. Each may
contribute some of the IR emission at a particular wavelength,
and these relative contributions may evolve over time. For SNe
IIn and especially superluminous SNe IIn, one might naturally
expect a sequence where the IR excess at early times is

26 Here “dust formation” may also mean preexisting grains in the CSM that
were incompletely destroyed by the forward shock and then regrow.
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dominated by an IR echo, and then the MIR contribution from
the CSM echo diminishes as the forward shock sweeps
through the CSM and destroys CSM dust, while the MIR
contribution from postshock and ejecta dust grows steadily
with time. Essentially, the CSM dust moves from the
unshocked CSM to the postshock CDS, and some unknown
fraction of this dust may be destroyed and then regrows in the
process. Regrowth of this incompletely destroyed dust, as
opposed to nucleating grains from the gas phase, may help
explain why strongly interacting SNe seem to form postshock
dust so rapidly (N. Smith et al. 2008b). This postshock dust is
also warmer (as compared to SN ejecta dust at a comparable
late phase) and therefore easier to detect in the mid-IR.

Examining Figure 9, we see that the MIR-derived dust mass
of SN 2010jl is on the high end at all epochs, compared to
MIR-derived dust-mass estimates for many SNe published in
the literature. An unusually high mass of CSM is required to
power the main light curve of SN 2010jl (even compared to
most SNe IIn), and the progenitor star is thought to have been
heavily dust enshrouded (E. Dwek et al. 2021). Therefore, we
suggest that a scenario like the one described above likely
explains the evolution of the inferred dust mass in SN 2010jl.
Namely, for the first few hundred days, the MIR-derived dust
mass is probably dominated by an echo from CSM dust, even
as postshock dust formation begins. But as time passes, an
increasing fraction of the CSM dust is swept up and destroyed
(perhaps incompletely) by the forward shock, and simulta-
neously, new dust forms (or the grains rapidly regrow) in the
postshock zone, gradually taking over the MIR emission by
day ∼1000. The inner SN ejecta dust may also form new dust
as time proceeds and may also produce a large mass of dust,
but the bulk of the MIR emission we detect with JWST may

still be dominated by the warmer postshock dust at late times,
since it is continually heated by lingering shock interaction.
In the case of SN 2010jl, visual-wavelength spectra obtained

at very late times, 7–11 yr postexplosion (see Figure 6), now
confirm earlier claims (N. Smith et al. 2012; C. Gall et al.
2014; A. Sarangi et al. 2018) that a significant mass of dust has
formed in the postshock CDS region of SN 2010jl. The fact
that the blueshift has grown with time and that it has persisted
for a decade after explosion, despite the fading of the visual-
wavelength continuum luminosity, rules out any nondust
explanation for the origin of the blueshifted asymmetric IW
line profiles. Other potential mechanisms such as occultation
by the SN photosphere (N. Smith et al. 2012; L. Dessart et al.
2015) and electron-scattering effects (C. Fransson et al. 2014)
rely on high continuum optical depths in ionized gas in order
for electron scattering to work, and this is impossible at such
late phases when the SN has cooled and faded. Indeed, the IW
emission lines in the spectrum have lost their broad electron-
scattering wings that characterized the spectrum at early times.
Once dust forms, on the other hand, the extinction remains
even as the material cools. In fact, additional grain growth is
likely to occur in the CDS as material cools further, consistent
with the observed trend that the blueshift becomes even more
pronounced with time. Even if the formation of new dust
grains stops at some late epoch, it is possible that the
blueshifted line profiles can persist, unless grains get destroyed
in the CDS.
Of course, from available information in this unresolved

extragalactic SN, we cannot rule out the possibility that there is
also some dust in the preshock CSM or some newly formed
dust in the inner SN ejecta. But the IW line-profile evolution in
spectra demand that there is some new dust in the postshock
CDS layer of SN 2010jl. In addition, it is worth noting that
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from data presented here and in other papers, we cannot
confidently distinguish between the two alternatives of (1) new
dust grains that have condensed from the gas phase in the
postshock CDS, as opposed to (2) dust grains that were
preexisting in the CSM, but were incompletely destroyed by
the forward shock, only to rapidly regrow in the dense
postshock layer. Either scenario is likely to cause an apparent
increase in the amount of dust in the postshock CDS, satisfying
observational constraints of an increased IR excess, strength-
ening blueshift in IW line profiles, and increased rate of fading
in the light curve.

It is worth noting, however, that a significant contribution
from very hot dust at 1000–2000 K, which would correspond
to CSM dust that is heated by the shock to the point of
vaporization, is not clearly seen in the late-time data. As noted
above, there is a possible hot 2800 K continuum source seen in
the visual-wavelength spectrum, but this may be largely due to
contamination from nearby RSGs. In any case, the total
luminosity of any such hot dust is less than about 1% of the
200–300 K dust component we detect in the MIR with JWST.
This seems to suggest that at the current epoch, there is not a
great deal of CSM dust being overtaken by the forward shock;
it may have been important at earlier epochs, as noted above.
This also implies that the cooler absorbing dust required for
our emission + absorption model for the SED is likely to be at
a location that is detached from the CDS in order to prevent the
emission from dust at all temperatures between 300 K and
200 K.

4.2. Diagnosing the Location of Possible Absorbing Dust

As discussed above in Section 3.2.2, a possible interpreta-
tion of the JWST/MIRI spectrum is that the features we
observe arise from a combination of a warm 318 K blackbody
and cooler silicates that cause absorption (see Figure 8). The
main challenge for this model is understanding the implied
geometry, because a straightforward spherical geometry poses
problems.

At such late phases around 13 yr after explosion, any
heating of dust by radioactivity in the inner ejecta is minimal.
Dust located in the inner SN ejecta would be cold and its
emission would be observable only at far-IR or submillimeter
wavelengths, as in the case of SN 1987A (M. Matsuura et al.
2015). The warmest dust we observe (the 318 K component in
this scenario) must be located closest to the primary source of
luminosity, which at these late phases is the CSM interaction
shock (i.e., the main forward shock). It is therefore very likely
that the 318 K component would be found in the CDS itself,
heated by the shock, since we know that there is a significant
amount of dust located there based on the asymmetric line
profiles seen at visual wavelengths, as discussed above. The
radius of the CDS at such a late phase must be at least
RCDS = v × t. For vshock ≈ 2500 km s−1 (from Figure 6) and
t = 13 yr, we have a radius of ∼9.7 × 1016 cm. This is
certainly a lower limit, since vshock was faster at earlier epochs.
A radius of 1017 cm is marginally larger than the value of RBB

noted above for the 318 K component, which makes sense if
the geometry is not spherical (see below).

A difficulty arises, then, in deciding where to place the
cooler absorbing component. In a spherical model, the cooler
absorbing dust cannot be from SN ejecta, because it would be
inside the optically thick region. If it were CSM dust, it would
need to be at a significantly larger radius in a detached shell. If

the dust were found in a continuous wind ahead of the shock,
then there would be a continuous range of dust temperatures in
the preshock zone from 318 K and down, and this emission
would fill in the absorption or even give rise to emission
features. Therefore, in a model where preshock CSM gives rise
to these absorption features, there would need to be a
significant gap between the warmest dust in the postshock
zone and the cooler dust at larger radii. This is implausible as
well, however. Any dust that has τ = 0.4 at 10 μm would have
a very large visual-wavelength optical depth along our line of
sight to the SN. If this is preexisting dust in the CSM that was
evidently not destroyed, it should have been present at early
epochs and would have caused significant extinction and
reddening of the light of the SN itself. After correcting for a
small amount of foreground extinction from the Milky Way
and host galaxy of E(B − V ) ≲ 0.05 mag, UV/optical
photometry during the main light-curve peak indicated
continuum temperatures around 6000–7000 K (C. Fransson
et al. 2014), which is typical of SN IIn photospheres and rules
out a large amount of circumstellar extinction at early times.
These complications might be mitigated if we allow the

CSM geometry to be highly nonspherical. Consider the bipolar
geometry shown in Figure 10, which depicts the CSM
interaction geometry at early times (during the main peak of
the SN light curve in panel (a), and at the current late epoch in
panel (b). A similar bipolar geometry viewed from a low- or
mid-latitude vantage point has been suggested previously
based on the different velocities of narrow Hα absorption and
emission in early-time spectra (N. Smith et al. 2011b),
polarization of SN 2010jl (F. Patat et al. 2011), and also
polarization of a sample of SNe IIn in general (C. Bilinski
et al. 2024). In this picture, the warm 318 K dust that produces
the bright mid-IR blackbody emission is located predomi-
nantly in the shock that runs into dense CSM at the pinched
waist of the bipolar shell, near the equatorial regions (colored
red in Figure 10(b).
With this geometry, there are two potential locations for the

cooler absorbing dust: (1) in the partly detached walls of the
bipolar lobes in the CSM (blue in Figure 10), or (2) in the inner
SN ejecta (orange in Figure 10). Emission from the far side of
the shocked torus would pass through the near wall of the
bipolar shell (blue) on its way to the observer, and the cooler
dust in the walls of this bipolar shell (separated from the warm
dust emission source and at a larger radius) might give rise to
the silicate absorption features we see in the MIRI spectrum
(this is along line of sight “B” tracing emission from the back
of the shocked torus in Figure 10). Emission from the front of
the shocked torus (line of sight labeled “F” in Figure 10) may
pass through a smaller column of warmer dust in the
unshocked CSM, giving rise to less silicate absorption and
potentially avoiding a large amount of emission from hot dust
immediately ahead of the shock. This scenario has a remaining
difficulty, though: if the CSM dust has a sufficiently high
column density to cause strong MIR silicate absorption at this
late epoch, it is difficult to avoid having this same dust absorb
much of the UV and visual-wavelength light during the main
peak at early times (i.e., if the CSM dust is still present now,
then it was not destroyed by the SN radiation and should also
be along the line of sight at early times). As noted earlier,
however, the line-of-sight reddening to the SN was low.
Examining Figure 10, an intriguing alternate possibility is

that the silicate absorption features arise in the cooler central
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SN ejecta (the inner orange gradient region in Figure 10), since
the “B” line of sight may also pass through the inner freely
expanding SN ejecta on its way to the observer, provided that
the SN is observed at a moderately high inclination angle. As
noted earlier, the expansion speed of the main forward shock
in the equatorial regions is ∼2500 km s−1. Coincidentally, this
is similar to the velocity of 2650 km s−1, inside of which dust
is most likely to form27 in SN ejecta (A. Sarangi 2022). Thus,
SN ejecta dust may fill most of the volume interior to the main
shock front in the equatorial region (i.e., most of the orange
region in Figure 10(b)). This avoids the problem of the
previous case where the MIR absorbing component should
also have absorbed the SN light at early times, because in this
alternate case, the SN ejecta dust had not yet formed at early
times and the ejecta are inside the SN photosphere anyway.
Obviously, silicate absorption might occur in both the central
SN ejecta and the near side of the bipolar CSM shell, but this

second scenario allows one to have a strong 10 μm silicate
absorption feature from cold dust present at late times that was
not there at early epochs. For this reason, we prefer the option
where a majority of the silicate absorption occurs in the cool
inner SN ejecta, whereas the MIR emission from warm dust
arises from dust in the CDS heated by CSM interaction. In
either case, the silicate absorption feature along the line of
sight to the far side of the torus would be deeper than only one-
third of the flux if it could be spatially resolved, but its strength
is diluted by the contribution from the near side of the torus
when both are included in the same unresolved source. When
modeling this absorption, this dilution by the unabsorbed near-
side emission might be accounted for by using a clumping
factor or by adopting a temperature for the absorbing dust that
is higher than the actual temperature.
In this scenario, the ability to detect the SN ejecta in

absorption depends on viewing the event from a relatively
high inclination angle (roughly i ≳ 50°) so that the light
from the far side of the equatorial CSM interaction region
passes through enough of the interior ejecta. Other SNe IIn
may not show this type of ejecta absorption if they are
viewed at moderate inclinations or nearly pole-on. The SN
must also be observed at a very late epoch, so that the dusty
portions of the SN ejecta have enough time to expand to a
large radius and become optically thin. This may explain
why this sort of silicate absorption feature is rarely seen in
SNe IIn. Note that in this scenario, the high optical depth of
the warm emitting component (essentially a Planck func-
tion) means that the silicate emission feature is suppressed.
Of course, it would be a mistake to interpret this lack of
silicate emission as indicating carbon-rich grains in the
CSM interaction region or CSM.

4.3. Total Dust Mass Formed by SN 2010jl Over Time

From the JWST/MIRI spectrum obtained on 2023 April 19
(4550 days ≈ 12.5 yr post explosion), we have estimated an
emitting dust mass of roughly 0.2 M⊙ in SN 2010jl (with a
lower limit of 0.11 M⊙). This is among the largest dust masses
measured for an extragalactic SN explosion, significantly
exceeded only by the larger dust masses estimated for
SN 1987A and Cas A. Of course, these objects are older and
their large dust masses derived from observations at longer
wavelengths; moreover, the dust mass in SN 2010jl may
continue to grow (although that additional dust may also end
up being cooler and not easily detected at MIR wavelengths).
Considering dust masses of extragalactic SNe estimated from
MIR data, it is noteworthy that the three largest dust masses
that have been measured have been for SNe IIn, including
almost 0.1 M⊙ in SN 2005ip (M. Shahbandeh et al. 2024), at
least 0.2 M⊙ in SN 2010jl (this work), and ∼0.4M⊙ in
SN 1995N (G. C. Clayton et al. 2025). It is likely that
continued CSM interaction keeps the dust warmer in SNe IIn
as compared to normal SNe, facilitating its continued late-time
detection at MIR wavelengths.
Our derived dust mass at almost 13 yr postexplosion is ∼80

times larger than the dust mass of 2.5 × 10−3M⊙ estimated a
decade earlier from shorter-wavelength data taken 868 days
postexplosion (C. Gall et al. 2014), and about 10 times larger
than the value estimated on day 1909 (M. Niculescu-Duvaz
et al. 2022). This indicates the substantial growth of new dust
over time, or a substantial drop in optical depth. Most of this
dust must be newly formed dust; if a significant fraction of the

Figure 10. A sketch showing a side view of a possible CSM interaction
geometry at early times during the main light-curve peak (top panel (a)), and at
a late epoch appropriate to the JWST observations reported here (bottom panel
(b)). The blue feature is a preexisting bipolar CSM shell, the thick red arcs are
the main CSM interaction shock in the equatorial region, and the red long-
dashed curves represent the forward shock in the polar directions, which has
reached a larger radius than in the equatorial region because of the lower CSM
density there. The orange inner region is the SN photosphere (top panel) or
inner SN ejecta (bottom panel). In the lower panel, this orange region is
approximately the size of the dust-formation region assuming that ejecta dust
forms out to velocities of ∼2650 km s−1 (A. Sarangi 2022). The dashed green
horizontal lines represent lines of sight through the CSM to the SN ejecta (top
panel) or to the front (F) or back (B) sides of the CSM interaction region
(bottom).

27 This represents the velocity coordinate for the outer edge of the He core in
SN 1987A, marking its main dust-formation zone (A. Sarangi 2022).
Obviously this value might be somewhat different in SN 2010jl, but this is
a useful reference.
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currently emitting dust were CSM dust, it should also have
been there a decade ago, but observations in 2012 reveal a
much smaller mass of emitting dust. Interestingly, the growth
rate in the dust mass is quite consistent with expectations from
a comparison to other SNe, and in very good agreement with
the expected growth of SN 2010jl’s dust mass shown by
C. Gall et al. (2014). Figure 9 compares the recent dust mass
measurement of SN 2010jl with several other objects having
measured dust masses, including late-time observations of
SN 1987A. We see here that SN 2010jl matches the general
trend of increasing dust mass with time (see Figure 9), and is
comparable to the trajectory of SN 1987A. SN 2010jl has a
consistently high dust mass compared to most other SNe at
each epoch.

4.4. Postshock Dust Formation in SNe IIn

As noted in Section 1, dust seen in high-redshift galaxies
requires an early source of dust-grain production in the
Universe, before AGB stars and other sources from the
evolution of low-mass stars become available. CCSNe from
massive stars are viable candidates for the source of this dust,
if they can supply 0.1–1 M⊙ per SN event. From recent JWST
observations, we find that at almost 13 yr postexplosion,
SN 2010jl has already produced a dust mass of at least
0.11 M⊙ and probably more than 0.2 M⊙, and from a
comparison with SN 1987A and other SNe (see Figure 9),
SN 2010jl appears to be on track to form even more (perhaps
∼1 M⊙, as in SN 1987A). The additional dust that may appear
at later times, however, is likely to be SN ejecta dust, since the
dust formed from shocked CSM is likely to be limited to about
1% of the total CSM gas mass. The direct implications for dust
at high redshift are difficult to infer, however, since we do not
know how representative SN 2010jl may be. In the local
Universe, SNe IIn represent only 10% or less of core-collapse
SNe (N. Smith et al. 2011a), and superluminous events are a
small fraction of those. On the other hand, SNe IIn and
especially SLSNe IIn seem to prefer low-metallicity dwarf
host galaxies (R. Stoll et al. 2011; T. J. Moriya et al. 2023), so
they may be influential if they are more common in the early
Universe.

Another important consideration is not only the initial
production of new dust grains by a CCSN, but also the
survival of that dust. In a traditional CCSN without strong
CSM interaction, the main site for dust formation is in the
inner metal-rich SN ejecta. This is the case for the large masses
of dust detected in SN 1987A and Cas A. But as noted earlier
in the Introduction, an unknown fraction of this dust might
never make it to the ISM because it may be destroyed as it
passes through the reverse shock (S. Bianchi & R. Schneider
2007; C. Biscaro & I. Cherchneff 2016; E. R. Micelotta et al.
2016). This is likely to temper the contribution by normal SNe
to the ISM dust budget. Similarly, a significant fraction of the
CSM dust that may have formed in the cool wind of the
progenitor may also be destroyed by the fast forward shock in
normal SNe. The fraction of SN dust that survives passage
through the reverse shock evolves with time (i.e., the
conditions of the reverse shock change with time as the
remnant evolves), and it depends on the initial grain size, with
larger grains being more resilient. In a recent investigation of
these conditions in the Cas A remnant (including estimates of
the remnant’s future evolution), F. Kirchschlager et al. (2024)
find that between 17% and 28% of the ejecta dust grains are

ultimately able to survive passage through the reverse shock.
This suggests that a majority of the 0.5–1 M⊙ of dust produced
in the ejecta of SNe, like Cas A and SN 1987A, will be
destroyed.
The situation is very different in SNe IIn and SLSNe IIn that

show dust formation in the postshock CDS, because in these
cases, the new dust that is observed to form is already in the
postshock region. This dust is therefore not in danger of
destruction by either the forward shock or the reverse shock,
and it is therefore likely that most of it will ultimately make it to
the surrounding ISM in the host galaxy. Another consideration
for the dust survival is the grain size. In superluminous events
like SN 2010jl (N. Smith et al. 2012; C. Gall et al. 2014) and
SN 2017hcc (N. Smith & J. E. Andrews 2020), the wavelength
dependence of the blueshifted line asymmetry has indicated RV

values of 6–10, significantly larger than the average Milky Way
ISM value of RV = 3.1. This suggests that the new dust grains in
the postshock CDS region are larger than grains in the normal
ISM. Following the study of Cas A (F. Kirchschlager et al.
2024), these SN IIn grains will be more resilient if they do
encounter shocks or processing by UV radiation. Lastly,
SNe IIn and SLSNe IIn have heavy mass-loaded shocks that
decelerate quickly, having given up most of their kinetic energy
to power the bright SN light curve in the year after explosion
(N. Smith & R. McCray 2007). These slower shocks may also
be more conducive to continued dust formation and survival.
In addition to the dust in the postshock CDS, SNe IIn may

also, of course, form dust in their inner ejecta, just like
normal CCSNe. With a slower shock front, this ejecta dust
might also be more likely to survive. Our understanding of
the dust contribution by SNe IIn and SLSNe IIn would
benefit from a more detailed consideration of these points.
Nevertheless, there appear to be good reasons to think that
SNe IIn are not only efficient dust producers, but that the
dust they make is more likely to survive than the ejecta dust
in normal SNe. These considerations might help make the
dust contribution by SNe IIn competitive with that of normal
core-collapse events, despite SNe IIn being a smaller fraction
of all CCSNe. For example, even considering the observed
SN subtype fractions (N. Smith et al. 2011b) where SNe IIP
are about half of all CCSNe and SNe IIn are only about 10%,
their dust contribution to the ISM would be the same if only
20% of the SN IIP dust survives and all of the SN IIn dust
survives.

5. Summary and Conclusions

We presented new JWST/MIRI observations of SN 2010jl’s
location at almost 13 yr after explosion. These observations
reveal a bright mid-IR point-source coincident with the
position of SN 2010jl. We also obtained late-time visual-
wavelength spectra with the MMT and Keck Observatories, at
7 and 11 yr postexplosion (respectively), which detect
emission at the SN location as well. Our principal conclusions
are listed briefly below.

1. JWST/MIRI observations reveal a 10–20 μm source
coincident with SN 2010jl that is the brightest MIR point
source in the host galaxy.

2. Fits to the MIRI spectrum using various combinations of
different grain composition all suggest a total dust mass
of at least 0.11–0.3 M⊙ has formed by a time of almost
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13 yr after explosion. From the favored optically thick
emission + silicate absorption model, we adopt 0.2 M⊙
as a conservative estimate of the dust mass at this epoch.
This is among the largest dust masses seen so far in any
SN IIn.

3. In a scenario where some of the features in the spectrum
are caused by absorption by cooler silicate dust, we
propose a geometry wherein the cool absorbing dust is
located in the inner unshocked SN ejecta, and where the
warmer continuum emission arises from dust in the
primary CSM interaction region where the forward shock
is running through an equatorial ring at the pinched waist
of this bipolar shell. Emission from the hot dust on the
far side of the shocked equatorial ring must pass through
the inner ejecta on its way to us. Silicate absorption could
also potentially occur on the near side of the CSM shell,
but because of the absence of significant visual-
wavelength absorption at earlier epochs, we favor the
interpretation that most of the cooler absorbing dust is in
the inner SN ejecta.

4. Late-time visual-wavelength spectra reveal a blue
continuum source at the SN position, which is likely to
be a young host star cluster. The spectra also exhibit
narrow lines from a surrounding H II region, and
broadened emission lines of Hα, [O I], and [Ca II] that
correspond to ongoing late-time CSM interaction in
SN 2010jl. These are consistent with a young and very
massive progenitor star.

5. The SN emission lines show a pronounced asymmetry,
with blueshifted wings extending to roughly −3000 km
s−1, but with essentially zero flux on the redshifted side
of the lines. This indicates that the similar blueshift seen
in IW emission lines in earlier spectra (N. Smith et al.
2011b, 2012; C. Gall et al. 2014) has persisted to late
times when the visual-wavelength continuum of the SN
has completely faded. This confirms that the blueshift is
due to obscuration by dust within the postshock CDS, as
proposed by N. Smith et al. (2012), and rules out other
interpretations involving electron-scattering opacity.

6. The total dust mass of at least 0.11 M⊙ almost 13 yr after
explosion matches earlier projections for the rate of dust
formation in SN 2010jl (C. Gall et al. 2014), which were
based on comparisons with other SNe such as SN 1987A.
If SN 2010jl continues to follow those projections by
forming additional dust in its postshock CDS or in its
ejecta, it may form 1 M⊙ in another decade or so.
Whether this dust will be observable in the MIR (as
opposed to cooling further and shifting its emission to
longer wavelengths) depends on the strength of con-
tinued late-time CSM interaction that would be needed to
keep it warm.

7. With much of the dust that formed in SN 2010jl being
located in the postshock CDS, this dust is already behind
the shock and is likely to survive, and will contribute to
the ISM dust budget. This is different from the ejecta
dust formed in normal SNe, much of which may be
destroyed by the reverse shock.

8. Considering the large (and potentially still growing) dust
mass seen in SN 2010jl, the common blueshift of
emission lines seen in SN 2010jl and other SNe IIn, the
location of the dust in the postshock region (and its likely
survival), the large reported grain size, and other factors,

we infer that SNe IIn and SLSNe IIn may make
important contributions to the ISM dust budget, despite
being ≲10% of core-collapse events. The lower
metallicity in the early Universe may even increase their
relative contribution if SNe IIn are more common at
early epochs, as some indications suggest, but this still
remains speculative pending a better understanding of
SN IIn environments.
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