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ABSTRACT

Context. Core-collapse supernovae (CCSNe) have long been considered to contribute significantly to the cosmic dust budget. Newly-formed dust
in the SN ejecta cools quickly and is therefore detectable at mid-infrared (mid-IR) wavelengths. However, before the era of the James Webb
Space Telescope (JWST), direct observational evidence for dust condensation was found in only a handful of nearby CCSNe, and dust masses
(~1072-107% M, generally limited to <5yr and to >500 K temperatures) have been two to three orders of magnitude smaller than theoretical
predictions and dust amounts found by far-IR/submillimeter observations of Galactic SN remnants and in the very nearby SN 1987A.

Aims. As recently demonstrated, the combined angular resolution and mid-IR sensitivity of JWST finally allow hidden cool (~100-200 K) dust
reservoirs in extragalactic SNe beyond SN 1987A to be revealed. Our team received JWST/MIRI time for studying a larger sample of CCSNe to
fill the currently existing gap in their dust formation histories. The first observed target of this program was the well-known Type IIb SN 1993J
that appeared in M81.

Methods. We generated its spectral energy distribution (SED) from the current JWST/MIRI F770W, F1000W, F1500W, and F2100W fluxes. We
fit single- and two-component silicate and carbonaceous dust models to the SED in order to determine the dust parameters.

Results. We find that SN 1993]J still contains a significant amount (~0.01 My) of dust ~30 yr after explosion. Comparing our results to those
from the analysis of earlier Spitzer Space Telescope data, we observed a similar amount of dust as was detected ~15-20 yr ago, but at a lower
temperature (noting that the modeling results of the earlier Spitzer SEDs have strong limitations). We also found residual background emission
near the SN site (after point-spread-function subtraction on the JWST/MIRI images) that may plausibly be attributed to an IR echo from more
distant interstellar dust grains heated by the SN shock-breakout luminosity or ongoing star formation in the local environment.

Key words. supernovae: general — dust, extinction — ISM: supernova remnants — supernovae: individual: SN1993]

1. Introduction it can be used as a proxy to trace the pre-SN mass-loss history
and constrain the progenitor system (e.g., Fox et al. 2011).

Up to the beginning of the JWST era, there had only been a
few objects also observed at longer mid-IR wavelengths: sev-
eral Type II-P SNe up to a few years old (e.g., Kotak et al.
2009; Fabbri et al. 2011; Meikle et al. 2011; Szalai et al. 2011;
Szalai & Vinké 2013) and older objects such as SNe 1978K
(Tanaka et al. 2012), 1980K (Sugerman et al. 2012) and 1995N
Van Dyk (2013). However, only the famous nearby SN 1987A
in the Large Magellanic Cloud was able to be studied in detail
by Spitzer (Bouchet et al. 2006; Dwek et al. 2010; Arendt et al.
2020) as well as in the far-IR/submillimeter regime (via Herschel
and ALMA, see Matsuura et al. 2011, 2019; Indebetouw et al.
2014). Thus, for the most dusty extragalactic SNe, we have no
information on temperatures <150 K, where the bulk of the dust
is thought to reside — as was also shown by recent far-IR and sub-
millimeter observations of old Galactic SN remnants (SNRs),
such as Cassiopeia A (Barlow etal. 2010; Sibthorpe et al.
2010; Arendtetal. 2014) and the Crab (Gomez et al. 2012;
Temim & Dwek 2013; De Looze et al. 2019). A number of ques-
tions remain, and the phase space of such observations (in terms
* Corresponding author: szaszi@titan.physx.u-szeged.hu of mass/temperature of dust versus SN age) remains relatively

Core-collapse supernovae (CCSNe), the energetic final explo-
sions of evolved massive (28 M) stars, offer unique possibili-
ties to (i) study extreme physical processes, (ii) uncover details
about pre-explosion stellar evolution, and (iii) measure cosmic
distances. While most CCSNe fade over the course of several
months to years, the Spitzer Space Telescope (Spitzer) “Warm”
(post-cryogenic) mission (i.e., 3.6 and 4.5um) highlighted a
subset of dusty SNe that can remain bright for many years,
even decades, post-explosion (e.g., Fox et al. 2010, 2011, 2013;
Tinyanont et al. 2016; Szalai et al. 2019, 2021). The increased
sensitivity of the James Webb Space Telescope (JWST) and its
access to even longer wavelengths (e.g., 25 um) has resurrected
the SN community’s interest in such dusty objects. The ori-
gin and heating mechanism of the dust can have several impor-
tant implications. If the dust is newly formed in the ejecta, the
inferred dust masses could provide the much sought-after evi-
dence supporting SNe as significant sources of dust in the Uni-
verse (e.g., Dwek et al. 2007). If there is also or only pre-existing
dust in the circumstellar medium (CSM) at the time of explosion,
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Fig. 1. JWST/MIRI composite image of SN 1993] [a(2000) =
09h55m24.778%, §(2000) = +69°0113770] obtained on 2024 February
13.6 UTC (11 280 days post-explosion). The white tick marks show the
position of the target.

unpopulated. Moreover, it should be noted that while Spitzer had
good mid-IR sensitivity, its angular resolution was too poor to
separate most extragalactic SNe from their nearby host-galaxy
emission in star-forming regions and HII regions, among others
(especially at A4 > 20 um).

Importantly, JWST offers a new opportunity to detect the late
phases of cool (~100-200 K) dust in extragalactic SNe beyond
SN 1987A. JWST has the potential to detect (i) cooler dust
grains at wavelengths greater than 4.5 um, (ii) the 10 um sili-
cate feature that can distinguish grain compositions, and (iii)
faint emission from SN at very late epochs that would have
gone undetected by Spitzer and any other mid-IR spacecraft.
Only a few months after the start of its scientific mission, JWST
achieved important results in this field. Our team has already
detected a significant amount of cool dust in SNe IIP 2004et and
2017eaw (Shahbandeh et al. 2023) as well as in SN IIL 1980K
(Zsiros et al. 2024). In SN 2004et, the observations have uncov-
ered the largest newly formed ejecta dust masses in an extra-
galactic SN other than SN 1987A, with 21072 My, of dust at a
temperature of ~140 K.

In this paper, we present JWST observations of another
nearby famous event, SN 1993]. This object is the proto-
type of Type IIb explosions, which form a transitional group
between H-rich Type II and H-free Type Ib/c CCSNe (see, e.g.,
Filippenko 1988, 1997; Filippenko et al. 1993; Nomoto et al.
1993) and constitute about 10% of CCSNe (Smith et al. 2011).
Due to its proximity (3.63 + 0.31 Mpc; Freedman et al. 2001)
and its fortunate location in the outskirts of its host galaxy
MS81, SN 1993] has become one of the best-observed SNe, pos-
sessing various long-term multiwavelength datasets and detailed
analyses published in the literature. We also know much about
its progenitor system. The exploding star, likely a KO-type
red supergiant (RSG), was directly identified in pre-explosion
images (Aldering et al. 1994; Cohen et al. 1995) and had disap-
peared years after explosion (Maund & Smartt 2009). The pro-
genitor may have been a member of a massive binary system
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(Maund et al. 2004) with a hotter (B2 type) companion that was
likely directly detected (Fox et al. 2014).

In addition, SN 1993J has shown various signs of ongo-
ing interaction between the shock and the CSM from early
to late phases in the optical, radio, and X-ray bands (e.g.,
Matheson et al. 2000; Weiler et al. 2007; Chandra et al. 2009;
Smith et al. 2017); see Zsiros et al. (2022, hereafter Z22) for
a recent review). We note that SN 1993J is one of the very
few extragalactic SNe besides SN 1987A where, via very-
long-baseline radio interferometry, it was possible to resolve
how the expanding SN shock is running into the CSM
(Bietenholz et al. 2001, 2003; Bartel et al. 2002). Signs of dust
formation have been published based on early-time near-IR
observations (Matthews et al. 2002) and late-time optical spec-
tral analysis (Smith et al. 2017; Bevan et al. 2017). In Z22, some
of us presented a detailed analysis of the complete Spitzer mid-
IR light curve (LC) and spectral energy distribution (SED) and
modeling of the object (part of the Spitzer LC was also published
by Tinyanont et al. 2016).

With the recent JWST data, SN 1993] has become one of the
few SNe for which a dust-formation history can be followed dur-
ing the first decades after explosion. In Sect. 2, we describe the
steps of data reduction, while Sect. 3 presents the results of our
analysis based on modeling the recent mid-IR SED. We discuss
our findings in Sect. 4 and summarize our conclusions in Sect. 5.

2. Observations and data reduction

The JWST observing program #3921 (PI O. D. Fox)' is
designed as a survey to image a large, diverse sample of SNe
with the Mid-Infrared Instrument (MIRI; Bouchet et al. 2015;
Ressler et al. 2015; Rieke et al. 2015; Rieke & Wright 2022).
The observations are being acquired in the F770W, F1000W,
F1500W, and F2100W filter bands using the FASTRI read-
out pattern in the full array mode and a four-point extended
source dither pattern. A description of our detailed calibration
process of the JWST/MIRI images was recently published by
Shahbandeh et al. (2023). To align JWST and Hubble Space
Telescope (HST) images of the fields (when available) with each
other, we used the JWST HST Alignment Tool (JHAT; Rest et al.
2023).

The first observed target of the SURVEY 3921 program was
SN 1993J. The MIRI images were obtained on 2024 February
13.6 UTC (11280 days after explosion, 5 = 49074.0 MID,
Lewis et al. 1994). The SN can be identified as a clear and bright
point source at all wavelengths from 7.7 to 21.0 um (see a com-
posite image of the field in Fig. 1).

To measure the fluxes of SN 1993J in JWST/MIRI images,
we followed the method described in detail by Shahbandeh et al.
(2023). We performed point-spread-function (PSF) photome-
try on background-subtracted level-two data products using
WebbPSF (Perrin et al. 2014) implemented in the space-phot
package® (Pierel 2024). We experimented with multiple PSF
sizes in the fitting, and they variably resulted in underestima-
tion or overestimation of the local background emission. The
resulting fluxes of all four dithers of each filter were then aver-
aged, and we incorporated the variations seen from using mul-
tiple PSF sizes into our estimates of the measurement uncer-
tainties. We examine the local background emission from the
PSF-fitting residuals in more detail in Sect. 3.3. The total

' https://www.stsci.edu/jwst/science-execution/
program-information?id=3921
2 https://zenodo.org/records/12100100
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Table 1. JWST/MIRI AB magnitudes and fluxes of SN 1993] on
2024 February 13.6 UTC (day 11280 post-explosion).

Filter AB mag F, F;

(wWly) ergs cm™? Al

F770W 20.52+0.04 22.5+1.0 (1.14+0.04)x107"
F1000W 19.88+0.05 40.6+1.9 (1.22+0.06)x 107"
F1500W 18.39+0.18 160.0+26.5 (2.13+0.35)x 107"
F2100W 17.43+0.06 387.3+21.4 (2.63+0.15)x 107"
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Fig. 2. High-resolution optical spectrum of SN 1993] obtained with

Keck/LRIS on 2018 December 3, 9381 days after explosion. The dark
solid line marks the five A-binned data.

(Galactic + host) reddening value of E(B—V) = 0.19 + 0.09 mag
(Richardson et al. 2006) implies that the extinction is negligible
in the mid-IR range. The final results of our JWST/MIRI pho-
tometry of SN 1993] are presented in Table 1.

During the analysis described in Sect. 3.2, we also used a sin-
gle unpublished late-time optical spectrum of SN 1993] obtained
with the Keck Low Resolution Imaging Spectrometer (LRIS;
Oke et al. 1995) on 2018 December 3 (at epoch 9381 days;
see Fig. 2). The spectrum was acquired with the slit oriented
at or near the parallactic angle to minimise slit losses caused
by atmospheric dispersion (Filippenko 1982). The LRIS obser-
vation utilized the 1”-wide slit, 600/4000 grism, and 400/8500
grating to produce a similar spectral resolving power (R = 700—
1200) in the red and blue channels. Data reduction followed
the standard techniques for CCD image processing and spec-
trum extraction using the LPipe data-reduction pipeline (Perley
2019). Low-order polynomial fits to comparison-lamp spectra
were used to calibrate the wavelength scale, and small adjust-
ments derived from night-sky lines in the target frames were
applied. The spectrum was flux calibrated using observations of
appropriate spectrophotometric standard stars observed on the
same night at similar airmasses and with an identical instrument
configuration.

3. Analysis
3.1. Modeling of the mid-IR SEDs of SN 1993J

The mid-IR (continuum) excess relative to the Rayleigh-Jeans
tail in the late-time SED of an SN typically indicates the pres-
ence of dust. As described above, this dust may be (i) newly
formed, in either the inner unshocked ejecta or in the cool dense
shell (CDS) of post-shocked gas lying between the forward and
reverse shocks, and/or (ii) pre-existing, that is, formed in a steady
wind from the progenitor or during a short-duration pre-SN out-
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Day 4221
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Day 5359 o @
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3 5 10 20
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Fig. 3. Evolution of observed mid-IR SEDs of SN 1993] between 2003
and 2024. Color squares and black circles denote Spitzer/IRAC+MIPS
(Zsiros et al. 2022) and JWST/MIRI data points, respectively.

burst. In either case, different heating mechanisms, geometries,
grain composition and size distributions, and dust clumpiness
effects should be taken into account to find a proper description
of the physical background of the observed mid-IR radiation (see
more details provided by, e.g., Shahbandeh et al. 2023, and ref-
erences therein).

A detailed analysis of the properties of the dust content and
its possible origin and heating effects is described by Z22, based
on the full Spitzer dataset of the event obtained between 2003
and 2019 (1026 yr after explosion). The study concluded that
all the dust suggested by Spitzer data can be newly formed and is
located in the inner ejecta and/or in the CDS. This picture is also
strengthened by the modeling of red-blue line-profile asymme-
tries found in late-time optical spectra of the object (Bevan et al.
2017; Smith et al. 2017). At the same time, the results of Z22
also allow for the presence of pre-existing dust, heated collision-
ally by hot gas in the reverse shock (assuming a possible range
of 5000-15000kms~! for the shock velocity) or (more likely)
radiatively by energetic photons from shock-CSM interaction.

We did not repeat all the steps presented by Z22 here. How-
ever, we examined (i) the validity of the conclusions of the pre-
vious work and (ii) the points where new JWST data allowed us
to carry out an even more detailed analysis.

First, we compared the fluxes of SN 1993J measured by
JWST/MIRI (day 11 280 post-explosion) to those measured by
Spitzer (between days 3893 and 5359) and published by Z22.
The evolution of the mid-IR SEDs of the object between days
3893 and 11280 is shown in Fig. 3. The JWST fluxes are an
order of magnitude lower than the earlier ones, and the shape
of the SED seems to shift toward lower temperatures. We note
that there are further Spitzer/IRAC 3.6 and 4.5 um data up to
~9650days. The SN shows continuously decreasing fluxes at
both wavelengths (see Tinyanont et al. 2016; Z22). We also note
that recent JWST imaging strengthens our previous assumption
that the environment of SN 1993] is relatively smooth and has a
low local IR background (see Fig. 1), and it gives further justifi-
cation for the reliability of our previously published Spitzer pho-
tometry (there was no possibility for subtracting pre-explosion
images; see Z22).

Next, we carried out simple analytic modeling of the
JWST/MIRI SED of SN 1993]J described by Hildebrand (1983)
(similarly to the work of Z22 on Spitzer SEDs). This method
assumes only the thermal emission of an optically thin dusty
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Fig. 4. Best-fit two-component — cold (Toq = 120 K) amC dust plus
hot (Tho = 430 K) BB — model fit to the four-point JWST/MIRI SED of
SN 1993J (day 11280). Gray regions pertain to models fit to the upper
and lower constraints on the fluxes based on the photometric uncertain-
ties, respectively. Model parameters are shown in Table 2. Filled cir-
cles denote measured fluxes. The hot component was replaced also by a
fixed T = 1000 K BB and a power-law function, causing no significant
changes in the parameters of the cold dust component (see details in the
text).

shell at a single equilibrium temperature T, with a dust mass
of M, and particle radius of a. The observed flux of the dust can
be written as

Fy = MyB\(Ty)x(a)/ D?, (1

where B,(T,;) is the Planck function, «(a) is the dust mass
absorption coefficient, and D is the distance to the source.

For building the model SEDs, we calculated filter-integrated
fluxes using Eq. (1) convolved with the JWST/MIRI filter trans-
mission profiles and fit them to the JWST data. We note that
while our group (Shahbandeh et al. 2023) adopted a more gen-
eral formalism from Dwek et al. (2019) allowing for the pres-
ence of optically thick dust, here we focused only on the
optically thin case because of the decades-long age of the SNR
(just as we did in the case of SN 1980K; Zsiros et al. 2024). We
also note that using only Eq. (1) did not allow us to take into
account various geometries or clumpiness factors. This avoided
the overinterpretation of a four-point SED and led us to draw
conclusions based on the parameters determined from the sim-
plest assumptions. Nevertheless, we had to handle all the con-
straints of this model carefully.

From the previously published Spitzer dataset, it was diffi-
cult to infer the dust composition in SN 1993J. These data do not
cover the 824 um range (except for a single noisy Spitzer/IRS
spectrum obtained in 2008), which could have been critical for
disentangling the spectral features of Si-rich and carbonaceous
dust. Thus, in Z22, both amorphous carbon (amC) and silicate
dust models were fit to the Spitzer SEDs. In the case of the cur-
rent JWST dataset, fluxes measured with the F1000W, F1500W,
and F2100W filters could be more helpful in revealing the true
dust composition.

Following Shahbandeh et al. (2023), the absorption and
emission properties for amC and silicate grains were obtained
from Zubko et al. (2004) and Draine & Li (2007), respectively
(see Sarangi 2022 for the values of absorption coefficients
k1). As a first step, we applied a 0.1 wm grain size, just
as we did before in our previous JWST/MIRI data papers
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(Shahbandeh et al. 2023; Zsiros et al. 2024) (as also done by
722 for the Spitzer data analysis of SN 1993J). We found that
the four-point day 11280 JWST/MIRI SED of SN 1993] can-
not be properly fit with any single-component amC or silicate
dust models. While the measured 7.7 um flux appears to show an
excess with respect to each single-component model, we added
a hot blackbody (BB) component and obtained an adequate fit
assuming a cold amC dust component associated with a hot BB
(see Fig. 4). The @ = 0.1 um silicate models did not result in
reasonable fits, even in the two-component cases.

Following our referee’s advice, we also performed the SED
fitting assuming larger (¢ = 1.0 and 5.0 um) grain radii. We
found that even this choice does not allow us to find good
single-component solutions. Nevertheless, two-component mod-
els worked if we used @ = 1.0/5.0um amC or a = 5.0 um sili-
cate dust associated with a hot BB (see Fig. A.1). We note, how-
ever, that such large grains are not expected in SNe at this phase
(especially in SNe IIb; see Sect. 4). Furthermore, this dataset did
not allow us to truly disentangle models with different grain-size
distributions. Thus, from now on, we refer to the results of the
original fit assuming a cold @ = 0.1 wm amC dust plus a hot BB.

Since fitting a two-component model to only four SED
points leads to unphysically low parameter uncertainties, we
repeated the fit based on the upper and lower constraints placed
on the JWST/MIRI fluxes by the photometric uncertainties in
Table 1. Thus, the cold dust component has an inferred mass of
Moiq = (8.9t‘2"§) x 1073 M,, and a temperature of T¢oq = 116 £
10K. For the'average flux values, we also calculated the lumi-
nosity and the BB radius of the cold components (i.e., the min-
imum size of an optically thin, spherical dust-forming region),
finding Leoig = 1.0 X 10°8 ergs™ and Rppcoq ~ 1.3 X 10 cm.
As Fig. 3 already suggested, the current value of L.yq is well
below what has been measured from Spitzer SEDs from =5 yr
prior ((10.0-15.6) x 108 erg s~!; see Z22).

As can be recognized from Fig. 4, how the assumed hot com-
ponent affects the parameters of the cold dust component can be
an important question here. A similar hot gas/dust component
has previously been detected in other decades-old SNe such as
SN 1980K (Zsiros et al. 2024), SN 1987A (Dwek et al. 2010;
Arendt et al. 2016, 2020), and SN 2004et (Shahbandeh et al.
2023). The general assumption is ongoing circumstellar inter-
action in the close environment of these SNe, and this is the case
for SN 1993] as well. As mentioned above, SN 1993] has shown
various signs of CSM interaction, and based on long-term moni-
toring of its optical spectra, this level remains strong even ~20 yr
after explosion (see Milisavljevic et al. 2012; Smith et al. 2017,
and Fig. 5 of this work).

Nevertheless, based on JWST data alone, we cannot con-
clusively determine the current temperature of the hot compo-
nent. Unfortunately, we are not aware of any near-IR data from
the past few years (the last Spitzer data at 3.6 and 4.5 um were
obtained in 2019; however, the SN was then very faint at these
wavelengths, so we are unable to follow the real steepness of
its decline after that point). If we fit our two-component model
using free parameters, we get Tho = 430*13° K for the tempera-
ture of the hot component. Between days 3893 and 5359, we did
not observe a clear evolution of Ty (its value varies between
640 and 780 K see Z22). However, we note that these SEDs are
also unconstrained below 3.6 um. Thus, following the method
described by Zsiros et al. (2024), we repeated the fitting proce-
dure, fixing Thoc = 1000 K to see how it affects the parameters of
the cold dust component. As shown in Table 2, these differences
are essentially small. Since the nature of the hot component is
not necessarily thermal, we also ran a test assuming that the hot
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Fig. 5. Comparison of late-time Ha and IR emission of SN 1993]J. Left: Ha emission line profiles in the most recent high-resolution optical spectra
of SN 1993J obtained with Keck/LRIS in 2015, 2016 (published by Smith et al. 2017), and in 2018 (this work). The dates belong to epochs 7999,
8353, and 9381 days, respectively. Spectra are vertically shifted for better comparison. Dark solid lines mark the five A-binned datasets. Righ:
Long-term luminosity evolution of warm and cold dust components (Z22 and this work) compared to Ha line luminosities (circle: this work;
triangles: adopted from Smith et al. 2017) produced dominantly by the part of the SN ejecta crossing and being excited by the reverse shock.

Table 2. Parameters of the best-fit two-component (cold amC dust + hot BB) models for the day 5359 Spitzer and the day 11280 JWST/MIRI
SED of SN 1993J. Both models were calculated using « files from Sarangi (2022).

Data Epoch Teold Meo1q Leowa RBB cold TBB,warm
(days) (K) (103My) (1038 erg s™) (10 cm) (K)
Spitzer (3.6-8.0 + 24 um) 5359 167+4 143+29 10.0 2.9 901 =52
JWST (7.7, 10.0, 15.0,21.0um) 11280 11610 8.9”_"2‘:2 1.0 1.3 43Of§(5)0
128 +2 52+0.5 - - 1000 (fixed)

component has a power-law nature (F; o« 1°3, fit to the day 5359
3.6-5.8 um Spitzer fluxes). However, in this case, we observed
that this function declines quickly below ~102° ergs'cm ~2 A~!
beyond 10 wm. Thus, its influence on the cold dust component is
even smaller than that of the tested hot dust/BB components.

We note that Z22 used older absorption coefficients during
the modeling of Spitzer SEDs. Hence, for an improved compar-
ison, we also repeated the fitting of two-component amC dust
models to the last (day 5359) Spitzer SED using the « values
adopted from Sarangi (2022). Results of this repeated fitting are
shown in Table 2. We discuss in detail the evolution of dust
parameters in Sect. 4.

Furthermore, we examined the potential contribution of
the long-wavelength synchrotron radiation to the mid-IR SED
(emerging from shock-CSM interaction), just as was done
recently by Larsson et al. (2023) and Jones et al. (2023) in the
case of SN 1987A. Since SN 1993J has also been a target of
long-term radio observations, we followed their method and
extrapolated the radio LC model parameters of SN 1993J from
Weiler et al. (2007) (see their Eq. (1), including both nonther-
mal synchrotron self-absorption and thermal free-free absorbing
components) to the mid-IR range at the epoch of 11280 days.
We found that the original model values may give a <10uly
contribution at 25.5 um and even lower amounts at shorter wave-
lengths. We also note that the real contribution may be even
smaller since the general model of Weiler et al. (2007), as the
authors discussed, gives an overestimation of the measured radio
fluxes after ~3000 days (the achromatic break in the radio LCs

of SN 1993] was also described by, e.g., Marti-Vidal et al. 2011;
Kundu et al. 2019). So unlike in the case of SN 1987A, the con-
tribution of the synchrotron emission to the very late time mid-IR
SED of SN 1993] seems to be negligible.

3.2. Comparison of late-time multiwavelength data

It is also worth comparing the mid-IR evolution of SN 1993J
to published late-time UV/optical flux changes (see e.g.
Fransson & Kozma 2002; Dessart & Hillier 2022; Dessart et al.
2023). This step could help reveal the role of CSM interaction in
the potential heating of the dust content of the SN shown by
recent JWST measurements. We therefore examined the late-
time HST photometry of the object. Based on the results pre-
sented by Baer-Way et al. (2024) — which also contain previ-
ously published data from Van Dyk et al. (2002) and Fox et al.
(2014) — the F336W fluxes show a moderate decline by 0.026
and 0.036mag (100d)~" in the ranges 6903-8022d and 8022—
10123 d, respectively. In the F814W filter, there is a steeper
decline of 0.073 mag (100d)~! during days 6903—10 123, which
is preceded by a slower decrease of 0.029 mag (100d)~" during
days 2990-6903. However, we note that these decline rates are
determined from single pairs of data points.

We also performed a similar analysis of previously pub-
lished well-sampled Spitzer/IRAC LCs (Tinyanont et al. 2016;
722). While there are 3.6 and 4.5 um data up to ~9600 days,
the object seems to fade into the background at these wave-
lengths after ~5500 days. Thus, we only used data of days 3875—
5345, and we determined a decline of 0.039, 0.057, 0.060, and
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Fig. 6. Background emission in the JWST/MIRI images of SN 1993]J after removing the bright SN component. 7op: Location of SN 1993]J in each
of the four filters of MIRI imaging. The red cross indicates the centroid of the SN in each panel obtained from our PSF-fitting photometry. We
note that the photometry was performed on individual dithered exposures, but here the pixels around the SN position have been median combined
for display purposes. Bottom: Background emission around the position of SN 1993]J in the four MIRI filters after the removal of the bright SN
source during PSF-fitting photometry. In each case, the background level immediately under the SN was determined by fitting a small box (width
of five pixels). The fits were repeated with a larger box while holding the background fixed to subtract the SN PSF. As in the top row, the residual
data from each dither have been median combined for display purposes, and the red cross indicates the centroid of the SN PSF. The white dashed

circle is 0”77 in radius from this position.

0.071 mag (100d)~! for 3.6, 4.5, 5.8, and 8.0 um Spitzer LCs,
respectively. While Spitzer data have quite large uncertainties
(0.2-0.3 mag), it seems that fading is slower at shorter wave-
lengths. The decline rate of HST F814W data during days 2990—
6903 also fits this trend (see Baer-Way et al. 2024). This seems
to further strengthen the importance of the ongoing CSM inter-
action in the environment of SN 1993]J.

Using the data published by Z22 and the decline rates
reported above, we also undertook an extrapolation of the 8.0 um
Spitzer/IRAC LC to day 11280 (17.25 mag) and compared this
extrapolated 8.0 um value to the measured JWST/MIRI 7.7 um
brightness (16.19 mag, with both values in Vega magnitudes).
While the difference between the spatial resolution of the two
telescopes and the (slightly) different transmission curves of the
two filters make us cautious, we suggest that the ~1 mag differ-
ence really implies a slowing decline rate after day 5345.

Finally, we refer to the results of Smith et al. (2017), who
give the long-term evolution of Ha luminosities of SN 1993J
(they also adopted earlier-time data from Chandra et al. 2009).
They found a slow continuous decline of log Ly, from ~10% to
~10% erg s~! during days ~2000-8300 days. We note, however,
that while line profiles seem to be similar, log Ly, values show a
large scatter after ~6000 days. We highlight here that the breadth
of the late-time Her feature (v 2 5000 km s') causes the gas
in SN 1993] to be associated with ejecta excited by the reverse
shock. This situation is different from the strongly interacting
SNe IIn, where the persistent Ho emission (v < 2500 kms™!)
is associated the with progenitor wind swept up by the for-
ward shock (see a detailed description by, e.g., Smith et al. 2017,
Milisavljevic & Fesen 2017). We added one more point mea-
sured from the previously unpublished Keck/LRIS optical spec-
trum obtained at the epoch of day 9381 (see Sect. 2), which also
seems to fit into this trend (we applied a 30% uncertainty for the
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calculated line flux, following the Smith et al. 2017 estimation of
earlier Keck/LRIS data). Figure 5 shows the comparison of Ha
line luminosities and IR luminosities calculated from cold and
warm dust SED components (the latter values are adopted from
722). The declining trends of all of these curves seem similar,
which may suggest that longstanding (but continuously weaken-
ing) interaction has a role in heating both cold and warm dust
components in the environment of SN 1993J. We discuss the
details of possible dust-heating mechanisms in Sect. 4.

3.3. Local background emission at the SN site: Star
formation or an IR echo

As described above in Sect. 2, we also examined the local back-
ground environment of SN 1993]J based on our detailed pho-
tometric PSF-fitting analysis. The morphology and integrated
fluxes of the residual emission are largely robust for appropriate
choices of box sizes during the PSF-fitting procedure. Originally,
we first fit the SN with the background flux as a free parameter
using a small box (with a width of five pixels) so that the under-
lying background is approximately uniform. Then, we fixed the
background level to this value and used a larger (21-pixel) box
to allow us to integrate the total residual fluxes with the SN
removed. In Fig. 6, we show the residual emission after removal
of the PSF profiles obtained from these fits. The background
emission is apparent in all four filters, with the strongest emis-
sion at F1500W and F2100W. Comparison with the higher res-
olution F770W and F1000W suggests the emission may be the
result of a combination of multiple blended point-like sources as
well as extended sources. To test the robustness of this proce-
dure, we repeated it with small box sizes of five, seven, and nine
pixels, and large box sizes of 15, 19, and 21 pixels, and we found
generally consistent results for the integrated residual fluxes of
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F1500W =0.11 + 0.01 mJy and F2100W =0.14 + 0.01 mJy. As
shown in Appendix B (Fig. B.2), using too large of a box for the
first fit such that the background residuals are nonuniform within
the fitting region results in a spurious ring-like morphology due
to oversubtraction of the core of the PSF.

Based on a simple BB fit to the residual fluxes and upper lim-
its, the nature of the detected background emission seems to be
consistent with dust at ~190 + 20K (see Appendix B for more
details). The heating source of this dust could be local ongo-
ing star formation in the vicinity of SN 1993]J or, alternatively, a
thermal IR echo powered by the SN itself.

We note that Sugerman & Crotts (2002) and Liu et al. (2003)
identified optical light echoes (LEs) in HST images obtained
in 2001. These LEs are assumed to scatter from interstellar
dust sheets lying ~80 and ~220 pc in front of the SN, respec-
tively. The bulk of the emission in the JWST/MIRI F1500W
and F2100W images is within <0.7”, which is firmly below
the radii of the two known optical echoes (~1.15"" and ~1.85—
1.95”). Thus, this emission would correspond to a new echo
from dust that, given a delay time of 31 yr, lies largely behind
the SN at physical distances of ~5-13pc (see, e.g., Eq. (1)
of Dwek & Arendt 2008 for the relevant light-echo geome-
try). We note here that similar but more extended IR echoes
have been observed around the Galactic SNR Cassiopeia A
(Cas A; ~150K, e.g., Krause et al. 2005; Dwek & Arendt 2008),
which has been found to be the result of a SN 1993J-like
Type IIb explosion that occurred ~350yr ago (Krause et al.
2008). Dwek & Arendt (2008) found that a short (~1 day) burst
of UV radiation with a luminosity of ~1.5x 10'! L, from the SN
shock breakout was needed to power the observed Cas A echo
spectra from dust lying ~50 pc from the SN. Given the proxim-
ity of the dust in the case of SN 1993J, even a less extreme burst
could plausibly power the observed emission as an IR echo, but
a detailed examination of this possibility is beyond the scope of
this work. Additional observations to better constrain the spec-
trum of the emission or detect variations in its apparent size or
brightness would be necessary, for example, to characterize or
rule out contributions from ongoing local star formation to heat-
ing of the dust.

4. Discussion

As presented above, the model fitting of the current JWST/MIRI
SED is consistent with the presence of carbonaceous rather than
Si-dominated dust, and this was not as clear from the earlier-
phase (3893-5359 days) Spitzer data (Z22). Thus, assuming the
presence of pure amC dust in SN 1993]J and applying updated
k values (Sarangi 2022) for the recent JWST and earlier Spitzer
data, we obtained a similar amount (~0.01 My) of dust for now
as for ~15 yr ago (see Table 2). Figure 7 shows the determined
dust masses in SN 1993] compared to other literature values
based on mid-IR SED analyses.

We note, however, that the modeled SED parameters deter-
mined from the previously obtained Spitzer data should be han-
dled carefully since the 8—24 um range was not covered then and
the spatial resolution of data at those wavelengths is also lower
(especially that of the MIPS 24 um images). Moreover, given
the lack of any high-quality mid-IR spectra of SN 1993J (or any
other SNe of similar type and age), the line-emission contribu-
tion to the measured fluxes is also still uncertain. Nevertheless, it
seems that the temperature of the cold dust component is signifi-
cantly lower now than it was ~15 yr ago (~120 K versus ~165 K;
see Table 2) — but we again note that the modeling results of the
Spitzer SEDs have strong limitations.
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Fig. 7. Compilation of literature values for dust mass determina-
tions based on mid-IR SED analyses in several individual CCSNe.
The orange stars mark the dust masses of SN 1993J determined dur-
ing this work. Other blue labels mark the cases of SNe IIP 2004et,
2017eaw (Shahbandeh et al. 2023), and SN IIL 1980K (Zsiros et al.
2024), where the estimated dust masses are also based on the recent
analyses of JWST/MIRI SEDs. Dashed lines show examples of rapid
(turquoise line, Sarangi & Cherchneff 2015) and steady continuous
(pink line, Wesson et al. 2015) dust-formation theories. The source of
the original interactive diagram is Roger Wesson’s homepage (https:
//nebulousresearch.org/dustmasses/).

As shown in Table 2, we calculated the current luminosity of
the cold dust component and obtained Lgq = 1.0 x 1038 ergs™.
This value, while definitely lower than ~15yr ago, is still far
above the total luminosity expected from the radioactive decay
of “Ti + Co + Co (a total of 10°°~10%7 ergs~!), which is
assumed to be the dominant energy source in CCSN ejecta for
several years or decades after explosion (see, e.g., Tanaka et al.
2012; Seitenzahl et al. 2014). Thus, an extra energy source is
needed to heat the ejecta dust up to the observed temperature.
The known longstanding CSM interaction in the environment
of SN 1993] is the primary explanation. As we show in Fig. 5,
mid-IR luminosities have a long-term evolution very similar to
what has been measured in He, and the latter is a well-known
tracer of the level of shock-CSM interaction. Furthermore, we
note that the majority of the interaction luminosity emerges in
the form of X-ray and UV photons. As was shown by Smith et al.
(2017), in the case of some strongly interacting SNe, the X-ray
luminosity can achieve a factor of approximately ten higher level
than the optical (Ha) luminosity. Thus, since the latest measured
Lya values of SN 1993] are in the range 10°%°-10% ergs™!, the
UV/X-ray output from shock-ejecta interaction can be enough
to power the observed dust luminosity (~1.0 x 10*8ergs)
measured by JWST on day 11280. Furthermore, as found by
Dessart & Hillier (2022) and Dessart et al. (2023), even modest
stellar winds can build up and result in a relatively large UV
flux at late times, generating a constant shock power of about
10 ergs™! in a standard Type II SN. Depending on the opti-
cal depth of the ejecta, back-scattered UV photons may be able
to effectively heat not only circumstellar (pre-existing) dust but
also newly formed grains located in the inner ejecta, as was dis-
cussed in more detail in Shahbandeh et al. (2023). Nevertheless,
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we note that collecting direct observational UV evidence for the
latter option seems to be quite challenging at such late epochs.

Finally, taking a closer look at the Galactic SNR Cas A
could be helpful for understanding the dust origin and heat-
ing mechanisms in the case of SN 1993] (and in other
Type IIb explosions). Studying the dust content of Cas A
has been the topic of numerous studies (e.g., Dwek & Arendt
2008; Dunne et al. 2009; Barlow et al. 2010; Arendt et al. 2014;
Bevan et al. 2017; De Looze et al. 2017; Priestley et al. 2019,
2022; Kirchschlager et al. 2023, 2024), and the object has also
been a target of recent JWST observations (Milisavljevic et al.
2024). While many exciting details in the structure and ongoing
interaction processes of this nearby SNR have been observed,
there are efforts to understand its past and the fate of SNe IIb
in general. SN 1993], already in the transitional phase between
an SN and an SNR, is an ideal object for follow-up studies from
this perspective as well.

The cited studies present detailed investigations of the phys-
ical composition of the dust in both the ejecta and the ambient
swept-up medium of Cas A. A general conclusion of these inves-
tigations is that the mid-IR component of Cas A’s spectrum basi-
cally emerges from the post-shocked ejecta region, which con-
tains a few x1073 My, of dust. This value is in good agreement
with the one we found during the analysis of our current JWST
data of SN 1993J. It may indicate that the dust we see now in
SN 1993J can also be in the post-shocked ejecta. Furthermore,
as these studies suggest, a much larger amount (~0.1-1.0 M) of
very cold (<100 K) dust is located within the unshocked ejecta
of Cas A. Following the arguments we described above, it could
be possible that we see part of the heated unshocked ejecta dust
in the mid-IR data of SN 1993J now, and this dust can cool well
below 100K after several decades (as the intensity of the CSM
interaction decreases, which is suggested by the current trend
seen in Fig. 5).

In the case of ejecta dust, the effect of grain-destruction pro-
cesses caused by the reverse shock should be taken into account
as well. This topic has been actively studied in the case of Cas A
(e.g., Micelotta et al. 2016; De Looze et al. 2017; Priestley et al.
2022; Kirchschlager et al. 2023, 2024), especially because theo-
retical studies predict a small average grain size (a < 0.01 um) in
SN IIb ejecta (Nozawa et al. 2010; Biscaro & Cherchneft 2014,
2016). While all of these studies predict a very low survival rate
of grains, the estimated rate values depend on various parameters
(e.g., grain-size distribution, density contrast between the dust
clumps and the ambient medium, and magnetic field strength)
and seem to increase after some time (see the most recent cal-
culations by Kirchschlager et al. 2023, 2024). However, as can
be inferred from these studies, we note that the reverse shock
may have hit only the outermost part of the ejecta of SN 1993J
by now. Thus, the dust content in the inner part should not be
affected yet. This is in agreement with our finding of similar dust
masses in SN 1993]J at ~15 and ~30 yr after explosion.

We also remark that the dust composition used to describe
Cas A’s IR-submillimeter spectra is mainly based on Al,O3
and various types of magnesium silicates (e.g., Arendt et al.
2014), but dust-synthesis models also allow for the presence
of larger amounts of carbonaceous grains in SN IIb explo-
sions (Nozawa et al. 2010; Biscaro & Cherchneff 2014, 2016).
We note, however, that a lack of the characteristic silicate fea-
tures does not necessarily mean that we do really see carbona-
ceous dust. It could also be very large silicate grains or high
optical depths that quash the signs of silicate emission. A future
JWST spectrum would be the necessary next step in revealing
the true composition of dust in SN 1993J.
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5. Conclusions

To summarize, analysis of recent JSWT/MIRI photometric data
of SN 1993]J suggests that it still contains a significant amount
of dust ~30yr after explosion. Comparing the current results to
those of the analysis of earlier Spitzer data, we observed a similar
amount (~0.01 My) of carbonaceous dust to that detected ~15-
20 yr ago, but at a lower temperature (~120 K vs. ~165 K).

There are still open questions regarding whether we see the
same dust and whether this dust has formed post-explosion (and
is located in the inner or the post-shocked ejecta) or is pre-
existing. As shown by Z22, this amount of dust can be entirely
in the inner (unshocked) ejecta of SN 1993J, which is also sup-
ported by the red-blue line profile asymmetries of late-time opti-
cal spectra. In this case, it is possible that we see the same
dust now (since we expect no grain destruction occurred in the
unshocked region). This dust, if located in the inner ejecta, has
presumably cooled over the years. This is also in agreement with
the continuously decreasing intensity of the CSM interaction,
which is assumed to be the main heating mechanism, even for
ejecta dust (the presence of ongoing CSM interaction is revealed
not just in the form of the long-lived He emission-line profile
but also by a hot component in the recent JWST/MIRI SED of
SN 1993J).

As another possibility (also shown by Z22), part or all of the
observed dust (either pre-existing or newly formed) can be in the
post-shocked regions of the SN. We observed such dust in the mid-
IR in the ~350 yr-old remnant of Cas A in an amount similar to
what was found in SN 1993] at a much younger age. In general,
we have barely any information on the dust evolution in the SN-
SNR transitional phase; however, one can assume (for example)
continuous destruction and condensation of grains. Furthermore,
we note that the dust amount (~0.01 Mg) found in SN 1993] based
on JWST/MIRI data is comparable to dust masses seen in strongly
interacting Type IIn SNe (e.g., Fox et al. 2011, 2013, 2020). Since
we assume much lower mass-loss rates in SN IIb progenitors
than in SN IIn ones, it may be an argument against entirely pre-
existing dust in SN 1993J. However, most of the known SN IIn IR
dust masses were determined from short-wavelength Spitzer data,
and upcoming JWST observations of SNe IIn and uniform dust-
modeling methods (especially on grain properties) are expected
to achieve further progress in this field.

Moreover, beyond the local dust assumed in the close envi-
ronment of SN 1993]J, we may have identified signs of a potential
IR echo (found as residual background emission in JWST/MIRI
images after PSF subtraction) — that is, radiation of a more-distant
dust shell heated by the SN shock-breakout luminosity. Neverthe-
less, to get a full picture of the dusty SN 1993], it would be useful
to obtain a complete near-IR and mid-IR spectrum at the same SN
phase. Such a dataset would allow us to take into account further
important aspects such as the effects of atomic and molecular line
emission on the IR spectrum (see Milisavljevic et al. 2024, for the
case of Cas A) or how the progenitor’s binary companion affects
the CSM geometry and the dust formation/heating processes (e.g.,
Fox et al. 2014; Kochanek 2017). All of these arguments, along
with the results presented above, should make SN 1993J a promis-
ing spectroscopic target in future JWST cycles and the subject of
further detailed studies.

Data availability

Data are available at the Barbara A. Mikulski Archive for Space
Telescopes (MAST?).
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Appendix A: Modeling the JWST/MIRI SED of
SN 1993J assuming large dust grains

In Fig. A.1 we present the best-fit two-component models
assuming a hot BB and a cold dust component consists of large
grains (a=1.0 and 5.0 yum amC, and a=5.0 um silicate dust,
respectively), together with the adopted «, curves. We applied
this set of fittings only to the average values of the observed
JWST/MIRI fluxes. Models using a=1.0 amC dust result in very
similar parameters to that of the basic set we used (a=0.1 amC
dust, see Table 2), while both a=5.0 yum amC and silicate dust
models also result in similar cold dust and hot BB temperatures
(Teota ~ 110—-140 K, and Tsg warm ~ 370 —420 K, respectively),
but in smaller cold dust masses (~ 107> M). Nevertheless, as we
described above, such large grains are not expected in SN 1993J
at this phase and, furthermore, this dataset does not allow us to
truly disentangle models with different grain-size distributions.

— model  --- carbon, 1.0 um — model  --- carbon, 5.0 um
35 --- BB 4 JWST/MIRI11280d 35 --- BB 4 JWST/MIRI 11280 d

By

Fa (10729 erg/s/cm?/A)
Fa (10729 erg/s/cm?/A)
S

1 10 15
A (um) A (um)

--- silicates, 5.0 ym
35 --- BB 4 JWST/MIRI11280d

Silicate 5.0 um

Fa (10729 erg/s/cm?/A)
X (em?g™)
3
8
8

100
5 10 15 20 25 5 10 15 20 25

A (um) Wavelength (um)

Fig. A.l1. Best-fit two-component models assuming a hot BB and a
cold dust component: amC, a=1.0 um (top left), amC, a=5.0 um (top
right), silicate, a=5.0 um (bottom left), and the adopted «, values (bot-
tom right).

Appendix B: PSF residuals in JWST/MIRI images

The two figures we present here refer to the potential local back-
ground emission we identified at the SN site as residuals after
PSF subtraction (see Sec. 3.3). We first examine the quality of
the PSF subtraction for multiple isolated stars to ensure the resid-
ual emission is not a result of inaccuracies in the PSF models
obtained with WebbPSF.

Figure B.1 compares the results of PSF removal from a
bright star and a faint star, located at respective positions of
(@, 6) = (09"55™m24.86°, +69°01’07.2”) and (09"'55M23.27¢,
+69°01'01.7""), along with SN 1993]J in the F1500W images.
While the bright star shows noticeable PSF residuals, these are
< 3% of the peak of the star and do not show the prominent
“ring” pattern that is evident in the SN 1993] residuals at up to
~ 20% of the source flux. The faint-star PSF subtracts cleanly,
with any PSF residuals below the noise level. This compari-
son clearly indicates that the residuals around SN 1993] are not
due to inaccuracies in the PSF model, but instead arise from
real emission in the local SN environment. We note that the
“ring”/doughnut morphology seen here is an artefact of using a
large fitting box that results in oversubtraction of the background

Bright Star

Faint Star

Peak = 6.2 MJy sr™*

SN 1993] 10

0.6
0.4

Data

Fraction of peak

Peak = 85.8 MJy sr~!

Peak = 16.9 M)y sr~!

0.2
0.1
0.0
-0.2

Fig. B.1. Comparison of subtracting the WebbPSF models from a bright
star (left), a faint star (center), and SN 1993J (right) in F1500W images.

Residuals

|
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Fig. B.2. Best-fitting BB curve (dashed purple) to integrated PSF resid-
ual fluxes (black circles) and upper limits (black arrows).

in the core of the PSF (see Sec. 3.3 for more careful background
estimation and PSF fitting).

In Fig. B.2, we show the integrated residual fluxes
(F1500W=0.11+0.01 mJy and F2100W = 0.14+0.01 mly, see
Sec. 3.3) and upper limits (20 pJy for both F770W and F1000W
filter images) for the background emission around SN 1993],
together with a fit BB curve to estimate the temperature of
the emitting source. Residual fluxes and upper limits were
determined by a simple summation of fluxes within 14 x 14
pixel boxes that cover the residual structures of the PSF in the
F1500W and F2100W images, but exclude light from nearby
point sources. The BB fit suggests a dust temperature of ~
190 + 20 K.
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