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Abstract

We present multiwavelength photometric and optical spectroscopic observations of the long-lived interacting
supernova SN 2019vxm, spanning more than 2 yr after the explosion. SN 2019vxm is a slowly rising (rise
time ~ 43 days in the R-band), slowly declining supernova reaching an R-band peak absolute magnitude of
~—20.3 mag. The SN light curve postmax1mum shows a shallow decline, followed by a secondary, steeper
decline in the optical (~0.01 mag day "), with late-time IR brightening. The total radiated luminosity is 5 x 10>
erg, placing it among the energetic class of its type. We estimated a CSM mass of 3-8 M, through light-curve
modeling (independent of the CSM density profile) and by comparison with theoretical models. We estimate a
minimum ejecta mass of ~3.88 M, from the broad Ha component, consistent with the ejecta mass obtained from
the light-curve models. The solely interaction-dominated initial epochs are later accompanied by photon-
scattering signatures, leading to asymmetric line profiles with symmetric wings. The late phase, characterized by
enhanced brightness at longer wavelengths and a stronger asymmetric line profile with the red side flux strongly
suppressed indicates the influence of preexisting or newly formed dust with temperatures ~1600 K at ~4 x 10'°
cm. Even in the late phases, no nebular lines are present in the spectra, indicating dense or obscured ejecta.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Type II supernovae (1731); Supernovae

(1668); Observational astronomy (1145); Dust formation (2269); Dust shells (414)

Materials only available in the online version of record: data behind figure, machine-readable tables

1. Introduction

Supernovae (SNe) are essentially the end of a star followed
by an explosion. They are classified into thermonuclear and
core-collapse (CC) SNe based on their explosion mechanisms.
CCSNe occur when a star of mass, Mzams = 8 M, collapses
due to gravity dominating over radiation pressure. The
explosion that follows the collapse releases a large amount
of energy and stellar material. They are primarily powered by
radioactive Ni decay or H recombination in the envelope. SNe
are classified into H-deficient (Type I) and H-rich (Type II)
based on their optical spectral lines. There are further
subclassifications for these SNe based on several other spectral
features. Type Ia, showing a prominent Si feature, are the
thermonuclear class of SNe, while Type Ib and Ic are the
He-rich and He-deficient CCSNe, respectively. The Type II
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SNe are also subclassified based on their photometric and
spectroscopic evolution (A. V. Filippenko 1997).

SNe can also be powered by the interaction of SN ejecta
with the circumstellar material (CSM), termed interacting SNe.
The CSM is sufficiently dense (pr? > 10" gcm™); this can
convert a substantial fraction (S50%) of the ejecta kinetic
energy into radiation (N. Smith 2017, 2014). The slow-moving
CSM, ionized primarily by UV and X-ray photons, produces
narrow emission lines in the spectrum. Type IIn was the first
observed subtype of this class, where ‘“narrow” Balmer
features in the optical spectra were observed due to interaction
of ejected material with H-rich CSM (E. M. Schlegel 1990).
Other relatively rare classes include Type Ibn and Icn, in
which the progenitors are stripped of their outer envelopes and
have He- and C/O-rich CSM (N. Smith 2017; M. Fraser
2020). There are other classes of transients, such as Fast Blue
Optical Transients (FBOTs), whose observational properties
can also be explained by such interactions (O. D. Fox &
N. Smith 2019; B. Margalit 2022; D. K. Khatami &
D. N. Kasen 2024).
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Due to the efficient energy conversion, interacting SNe are
very luminous, reaching a mean R/r-band magnitude
of ~—18.9 mag (A. Nyholm et al. 2020). Type IIn SNe can
be broadly classified into fast and slow risers/decliners
depending on their R-band light-curve evolution (A. Nyholm
et al. 2020; D. Hiramatsu et al. 2026; C. L. Ransome &
V. A. Villar 2025). These SNe also exhibit significant
diversity in their spectroscopic properties. The spectrum is
dominated by three components: a slow-moving CSM with
v~ 100kms ™', the cold dense shell (CDS), sweeping up the
CSM as it propagates with v ~ 1000 km s, and a fast-moving
ejecta with v~ 10,000 km s (N. N. Chugai 1997). The
spectra observed with higher resolution also show narrow
absorption features from the slow-moving CSM in the form of
P-Cygni profiles, as seen in SN 2010jl (C. Fransson et al.
2014). The P-Cygni profile from ejecta could also appear in the
later phases (N. Smith et al. 2024). The line emission could be
a combination of double-peaked or complex multicomponent
profiles, which, again, probe the intricacies of this class of
objects. Asymmetries in line profiles are attributed mainly to
asymmetry in the CSM or ejecta, the presence of preexisting
dust, and occultation by the receding photosphere or CDS
(N. Smith et al. 2011; J. E. Andrews et al. 2017; D. Farias
et al. 2024; R. Baer-Way et al. 2025). The intrinsic ejecta/
CSM asymmetry is usually validated by polarization measure-
ments, while dust is accompanied by an IR excess
(T. M. Reynolds et al. 2025).

This interesting and intriguing class of transients needs
progenitors with elevated mass-loss rates ranging between
M ~ 1073 = 1.0 M.,yr ' (N. Smith 2014), not completely
achieved by classical stellar winds (M ~ 10°¢ — 1073
Moyr ' H. J. G. L. M. Lamers & J. P. Cassinelli 1999).
Massive stars like Wolf—Rayet stars and red/yellow super-
giants can also undergo enhanced mass loss through nuclear
flashes, pulsational pair instability, or convection waves
absorbed by the envelope (E. Quataert & J. Shiode 2012;
N. Smith 2014; L. Dessart 2024). A luminous blue variable
star is a potential progenitor supported by direct detection, like
that of SN 2005gl (A. Gal-Yam & D. C. Leonard 2009) or by
precursor eruptions like SN 2009ip (R. J. Foley et al. 2011;
J. C. Mauerhan et al. 2013; A. Pastorello et al. 2013). In
addition to massive stars, stars in binary systems can also lead
to such high mass-loss rates. Mass transfer occurs in almost
70% of all massive stars (H. Sana et al. 2012), and the
observed fraction of SNe agrees with recent simulations
(A. Ercolino et al. 2026).

SNe IIn exhibit a myriad of evolutionary profiles, with
diversity in luminosity, dynamics, interactions, CSM morph-
ology, and dust formation. Thus, a comprehensive under-
standing is only possible if we have a very large sample space
of well-studied events that incorporates all the diverse
evolutionary trends. The rarity of these events (~5% among
CCSNe; C. Cold & J. Hjorth 2023) further makes it necessary
to observe as many such events as possible to understand the
evolution of their progenitors and the mass-loss mechanisms.

SN 2019vxm (ASASSN-19acc) was discovered on 2019
December 01 (JD 2458818.5) at o = 19:58:28.540, 6=
+62:08:15.83 by the ASAS-SN survey (K. Z. Stanek 2019).
It was then classified as a Type IIn SN at a redshift of
z=0.019 (R. Leadbeater 2019). It has a diffuse galaxy
neighbor, SDSS J195828.834-620824.3, although it remains
unclear whether that is the host (K. Lelkes et al. 2026).
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SN 2019vxm has been widely followed and has been included
in several recent studies. D. Y. Tsvetkov et al. (2024)
presented the optical photometric evolution until ~ 781 days
from discovery and spectra at two epochs. Z. G. Lane et al.
(2026) discussed the spatial and temporal association of SN
2019vxm with GRB 191117A with a 3.30 confidence. They
model the light curve up to 200 days, after which they
concluded that the progenitor was a massive star of ~40 M,
that had lost around ~1.5 M. of mass, forming a massive
CSM. K. Lelkes et al. (2026) modeled the photometric
observations using multiple interaction and Ni decay models
for both optically thick and optically thin CSM, favoring the
latter. They also conclude that the preexisting dust is
responsible for the IR excess. Y.-Z. Cai et al. (2026) also
presented detailed photometric and spectroscopic observations
with light-curve modeling and further discuss the asymmetric
line profiles and the infrared excess.

In this paper, we present UVOIR photometric and optical
spectroscopic observations of SN 2019vxm. The structure of
the paper is as follows. We provide the details of the data
obtained and the reduction procedure in Section 2, followed by
the distance and extinction estimation in Section 3. We discuss
the multiband photometric evolution and colors in Section 4
and also compare them with other well-studied long-duration
interacting SNe. We also model the SED and discuss its
evolution. In Section 5, we perform the light-curve modeling
to constrain ejecta and CSM properties. This is followed by
inferences from the optical spectra in Section 6. Lastly, in
Section 7, we examine the light-curve evolution and line
asymmetries, and discuss possible scenarios that can explain
the observed properties.

2. Observations and Data Analysis

Optical observations of SN 2019vxm were primarily
obtained using the 2 m Himalayan Chandra Telescope (HCT)
located at the Indian Astronomical Observatory (IAO;
T. P. Prabhu 2014). We also obtained the near- infrared
(NIR) photometric observations using the Kanata Telescope.
Figure 1 shows the color composite image marking the SN and
secondary stars used for photometric calibrations. In addition
to optical and NIR, publicly available data from the Swift
Ultraviolet/Optical Telescope (UVOT; N. Gehrels et al. 2004;
P. W. A. Roming et al. 2005) were used for the analysis.
Preexplosion data from the Asteroid Terrestrial-impact Last
Alert System (ATLAS; J. L. Tonry et al. 2018) were used to
search for any mass-loss events prior to the SN discovery.

2.1. Photometric Observations
2.1.1. Optical Photometry

The optical photometric monitoring campaign for SN
2019vxm ran from 2019 December 3 to 2021 November 1
using Hanle Faint Object Spectrograph Camera (HFOSC)
mounted on the HCT. The Bessel-U, B, V, R, I filters were
used for observations.

The science frames were corrected for bias using master
bias frames and flat-fielded, with master flat frames created
from multiple twilight- or dawn-exposures in each filter. On
photometric nights, along with SN frames, standard star frames
from A. U. Landolt (1992) were also observed. We did not
perform any host subtraction as the SN was fairly isolated in
the object frames. Aperture photometry of Landolt’s standard



THE ASTROPHYSICAL JOURNAL, 1010:225 (24pp), 2026 October 20

DEC
62°08'15"

19"58M28s
RA

Figure 1. A color composite image of SN 2019vxm in B, V, R filters at r ~ 20
days (2012 December 7). The red circle corresponds to SN 2019vxm. The
white circles mark the secondary calibrators used for photometry.

stars and the stars (marked in Figure 1) in the supernova frame
was performed at an optimal aperture using standard tasks in
IRAF. The stars in the supernova frame were calibrated using
the average color term of HFOSC and zero-points determined
using Landolt standard stars. These secondary standard stars in
the supernova frame were later used for calibrating supernova
magnitudes to the standard system. On all other nights, the
instrumental magnitude of the supernova and the secondary
standard stars was obtained from point-spread-function (PSF)
photometry. An aperture correction was applied to account for
the PSF wings.

At late phases (f >450 days), when the SN became faint
(my > 18 mag), multiple frames were obtained and combined
to increase the signal-to-noise ratio. Aperture photometry with
FWHM as the aperture (obtained from the bright stars in the
frame), followed by aperture correction, was used to obtain the
SN magnitude.

2.1.2. NIR Photometry

The near-infrared (NIR) imaging observations were carried
out on 55 nights from 2019 December 4 to 2022 July 31 using
the Hiroshima Optical and Near-InfraRed camera (HONIR;
H. Akitaya et al. 2014) attached to the 1.5 m Kanata telescope.
Dark subtraction and flat-field correction were performed in
the standard manner. After that, the sky background was
subtracted. PSF photometry was carried out for the SN and the
local standards. The photometric calibration was performed
using the same field stars as the SN from the 2MASS catalog
(R. M. Cutri et al. 2003).

2.1.3. UV Photometry

We have also included the early-phase Swift/UVOT
observations from the open-source Swift archives.'* We used
a custom Python script to perform photometry using

' hitps:/ /www.swift.ac.uk
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HEASOFT tools and the latest calibration database for the
UVOT instrument. We defined a 5” aperture for the SN and a
similar nearby region for the background. We obtained SN
photometry in the UVW2, UVM2, and UVWI1 filters in the
near-UV regime, and in the U, B, and V filters in the optical.

All the magnitudes are given in the Vega magnitude system
and tabulated in Appendix D (Tables D1, D2, and D3).

2.2. Spectroscopic Observations

The spectroscopic follow-up observations with HCT were
performed from 2019 December 3 to 2021 November 1 using
two grisms, Gr7 (3500-7800 A) and Gr8 (5200-9250 A), with
spectral resolutions of 1000 and 1200, respectively. The
spectroscopic data were reduced in a standard manner using
the appropriate IRAF tasks (D. Tody 1986). The obtained
spectra in pixel coordinates were converted to the wavelength
scale using arc lamp spectra of FeAr and FeNe. The
instrument’s wavelength-dependent response function was
obtained from spectra of the spectrophotometric standard
observed on the same night. The spectra from both grisms
were combined if obtained on the same night. To account for
photon loss, these fluxes were further calibrated using
multiband photometric data.

3. Distance and Extinction

The magnitudes are corrected only for Milky Way extinction
since the spectra showed no distinct Na 1D lines from the host
(also reported by D. Y. Tsvetkov et al. 2024). We use an
extinction of Ay, = 0.282 mag obtained using E. F. Schlafly &
D. P. Finkbeiner (2011) via NASA /TPAC. We use the extinction
law by E. L. Fitzpatrick & D. Massa (2007) assuming Ry, = 3.1
through the extinction module of python for extinction
correction across all photometric bands and spectra. While
Z. G. Lane et al. (2026) included galactic extinction after
modeling the host galaxy SED, K. Lelkes et al. (2026) discuss
the uncertainty associated with the galaxy being the host due to a
questionable redshift measurement of the galaxy.

The reported SN redshift, z ~ 0.019, is used throughout. We
use the cosmological model with H, = 73kms '"Mpc ',
Qu = 0.27and 2, = 0.73 to obtain Virgo infall corrected
distance modulus of 34.58 +0.15 mag'” for our calculations.
We consider an explosion epoch of JD 2458804.53 £ 0.30
throughout the paper obtained from the extensive TESS R-
band coverage at rise given in Z. G. Lane et al. (2026). We use
this as the reference time throughout our work.

4. Photometric Analysis
4.1. Light Curve

The time evolution of UV, optical, and NIR light curves is
given in Figure 2. The SN exhibits a rapid decline in the UV
regime (observations until ¢ ~ 48 days), while the optical
evolution is slow, with observations until 716 days after
explosion. The SN light curve reaches a maximum, which is
not observed in UVM2, UVWI1, or UVW2 due to a lack of
early data and shorter rise time to maximum in these bands.
The redder bands rise sequentially to their maxima, with
longer rise times as the supernova cools. Using the explosion
epoch from Z. G. Lane et al. (2026), the rise times were

15 hitp: / /ned.ipac.caltech.edu/
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Figure 2. Light curve of SN 2019vxm from UV to the NIR obtained using HCT (circular markers), Kanata (square markers), and Swift (diamond markers) facilities.

(Constant offsets are applied for visual clarity.)

estimated by fitting a second-order spline in U, B, V, R, and [
bands. The corresponding values are listed in Appendix B
(Table B1).

The R-band rise time of ~43 days places it at the lower end
of slow risers. The peak R-band absolute magnitude is ~-20.3
mag. The SN then decays slowly, with a shallow, plateau-like
decline, possibly due to interaction, until 400 days, after which
it decays faster. The decline rate until the first 50 days from
maximum is ~0.7 mag (100 days) ' in the R band. Thus, it
falls in the category of slow decliners (slow decliners have
<1.3 mag (100 days) '; A. Nyholm et al. 2020). The LC
decays by 1 mag in ~210 days from peak with an average
decay rate of 0.47 mag (100 days) ', but follows a two phase
decay. The shallow decay, using a simple linear fit from
t ~ 180-350 days, yields decay rates of 0.67 4 0.03,
0.54 £0.01, 0.48£0.01, 0.27 +0.01, and 0.53 £0.01 mag
(100 days)7l in the U, B, V, R, and I bands, respectively. The
decay rates in B, V, R, and [ bands at t>400 days
are ~1.03-1.07 mag (100 days) .

4.2. UVOIR Bolometric Luminosity

The pseudo-bolometric luminosity was calculated by
integrating the UVOIR flux in the range 1600-23,064 A
using the trapezoidal method. The luminosity contributions
from the UV, optical, and IR bands were calculated by
integrating the flux over the wavelength ranges 1600-3010 A,
3010-10,000 A, and 10,000-23,064 A, respectively. Figure 3
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Figure 3. Top: the evolution of the pseudo-bolometric luminosity
(1600-23,064 A) along with the UV (1600-3010 A), optical (3010-10,000
A), and IR (10,000-23,064 A) contribution with time. Bottom: the fraction of
optical and IR luminosity with respect to the pseudo-bolometric luminosity.
The clear crossover from an optical to an IR-dominated luminosity is visible in
both panels.
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represents the evolution of the pseudo-bolometric luminosities
with time as well as the optical and IR fraction contributing to
the pseudo-bolometric luminosity. We have Swift/UVOT
observations only until # ~ 48 days. However, we note that the
UV contribution, which is ~37% at t ~ 16 days, reduces to
~18% at 44 days. Thus, even though UV flux is not available
beyond ¢ ~ 50 days, the contribution is not significant.
Only sparse U-band observation is present at the late phase
(t > 400 days) compared to the other bands. Hence, the U-band
magnitude at a later phase (# > 400 days) was calculated by
first quantifying its contribution to the optical by comparing
fluxes with and without the U-band in one epoch at the late
phase where we have observations, and then applying this
scaling factor to the BVRI luminosity. The flux with U-band
and without U-band maintained a ratio of 1.07 from ¢ ~ 337 to
364 days, while it was 1.06 at t ~ 564 days, and we have used
the latter for calculations of luminosity. Integrating the
obtained bolometric luminosity until # ~ 612 days gives a
total radiated luminosity of E.,q ~ 5.23 X 10° erg. The
contributions of different bands to the bolometric luminosity
indicate that the IR contribution increases from ~5% at t ~ 16
days to ~29%-32% at 158-317 days as it reaches the plateau,
and after + ~ 450 days the IR contribution rises to >69% at
t ~ 612 days. On the other hand, the contribution of optical
luminosity to bolometric luminosity initially declines from
~T77% to ~69% as it evolves from ¢ ~ 16 days to 365.5 days,
and contributes only ~31% at a later phase (# ~ 612 days). The
UV flux contributes ~36% to the pseudo-bolometric lumin-
osity near the maximum. The bolometric luminosity shows
three decline trends: a fall from maximum to ~170 days,
followed by a shallow decline until ~365 days, and then a
steeper decline. The decline rates are 1.21 £0.08 mag
(100 days)”!, 0.444+0.01 mag (100 days) ', and
0.63+0.03 mag (100 days)~' for each of these phases,
respectively.

4.3. Comparison with Other Ilns

Even though SNe IIn are broadly classified as short- and
long-lived, the objects in each class exhibit a wide diversity in
their light curves. Figure 4 represents the evolution of SN
2019vxm in comparison with other IIn SNe in the R/r-band.
The comparison sample was corrected for extinction and
converted to absolute magnitudes using the distance modulus
obtained from NED. SN 2015da has a peak magnitude similar
to SN 2019vxm, but longer rise time (=100 days) with an
estimated CSM mass of ~20 M., (L. Tartaglia et al. 2020;
N. Smith et al. 2024). It also decays more slowly than SN
2019vxm. The same initial evolution is also observed in
ASASSN-14il (N. Dukiya et al. 2024), even though it decays
faster than both SN 2015da and SN 2019vxm. It has an
estimated CSM mass of 4.7-9.1 M., which is concluded to
have been lost through eruptive mass loss (N. Dukiya et al.
2024). On the other hand, SN 2006gy is an SLSN with a peak
magnitude of Mr ~ —22 mag and a light-curve evolution that
is very different from SN 2019vxm in its rise, maximum, and
decline (N. Smith et al. 2007). SN 2017hcc is brighter than SN
2019vxm, with a slightly longer rise time but with a faster
decline (S. Moran et al. 2023; V. Sethulakshmi et al. 2026).
SN 2021adx] and SN 2010j1 are SNe that were discovered after
they reached their peak brightness, and the rise time and
maximum magnitude phase went unobserved due to solar
conjunction (T. Zhang et al. 2012; S. J. Brennan et al. 2024).

Rameshan et al.

e SN 2015da e  ASSASN 14li e SN 2009ip
o SN 20069y o SN 2021adx! ¢ SN 2019vxm
e SN 2010jl © SN 2017hcc
-22
Fa
(o]
(<]
By
= ¢
x -20 ARG
= ;
)
el
=}
-E-ls
o
@, i
g oé Q}; ; '....'... P
] §Ooo
5 0&% @
é—ls i Q&@ S ®
2 soo® o
2 8 %% Lo
L S
1 gﬁ
® ¢
@ ey oo B4R X
> ; °
Q."" ° o A
-1
15
1.0 o o
°
Ny . "é ’gs % °
o
L) ° % )
dg‘:&%jo ©o0o® 87‘7’0%2% €°° %
. .O.:. PR ® % °
. ) 0o ® ° ..o. o ©®
o °e °
-1.0 °
1
° o
° ° 0,0
[ O. o
E ) s ° o ° 008 o 009
58 70 I
o °
®, '%000 N (?.i .{} 0.00..0‘
o ®©°§ e o ©
[} o °
o 0o .
”O % o
. ° o0 %%
- R . ° °®
- °
T T
¢
2 °
o °
¥1 - © ‘.’ ‘ d .'. .’.
r ° 8§o
ot \Md'f %
o £
0 w ! !

0 100 200 300 400 500 600
Days from explosion

Figure 4. Top: comparison of R/r-band light curve of different SNe IIn,
including an SLSN, SN 2006gy. Bottom: U-B, B-V, R-1, J-H, and H-K color
evolution of SN 2019vxm and comparison with colors of the sample set of
SNe IIn.

However, the light curve of SN 2010jl also shows two
distinct postmaximum phases: a plateau and a steeper decline
(C. Fransson et al. 2014). SN 2019vxm, even though following
a different light-curve evolution, is comparable to the rest of
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the long-lived IIn SNe. The evolution, however, is in stark
contrast to that of the short-lived SN 2009ip. SN 2009ip is
about 2 mag fainter than SN 2019vxm and drops by nearly 4
mag in 100 days. This indicates that SN 2019vxm is in the
stronger-interacting regime.

We also compare the colors of SN 2019vxm with other
Type IIn SNe in the lower panels of Figure 4. The densely
sampled U-band light curve of SN 2019vxm enabled us to
observe U-B increases over time; the U — B color of SN
2019vxm becomes progressively redder than that of SN
2010jl. The B — V color is more useful for comparison with the
sample, since U-band observations for other SNe are sparse at
later epochs. The B —V color for all SNe in the sample is
similar for the first 100 days. The B — V color of SN 2019vxm
increasingly becomes redder than SN 2010j1 and SN 2015da,
after which it settles down to a constant color from ¢ ~ 300
days. However, SN 2019vxm has a lower B —V than
ASASSN-14il in the initial epochs. It appears to trace the
R — I color in the same manner, lying at the higher end of the
sample, but with an evolution similar to that of SN 2017hcc,
SN 2015da, and SN 2021adxl. All these SNe initially rise, and
at 1~ 200 days, the SN starts being brighter in the R-band.
This phase is reached much earlier in SN 2010jl, whereas
ASASSN-14il does not exhibit this phase. The J —H and
H — K, for all SNe in the sample show a similar slow rise, and
SN 2019vxm is no exception. The J —H color remains near
zero until 1 ~ 300 days, after which it steadily increases while
the H — K, color rises from the initial phases. However, we
also note that the sample presented here is very limited, with
only a subset of Type IIn SNe observed in the IR bands.

4.4. SED Modeling

We obtained the spectral energy distribution (SED) at
epochs with simultaneous multiband observations (including
UV bands up to t ~ 48 days), excluding the R band since it is
dominated by the strong Ha emission. We used UVOIR
observations to model these SEDs, interpolating the JHK LCs.
Until ¢+ ~ 400 days, all the points were fit by a single
blackbody. However, at a later time (¢ > 400 days), the SED
showed an IR excess that could not be fit by a single
blackbody. We fit the JHK bands and the Wise, W1, W2 bands
from K. Lelkes et al. (2026; also see Y.-Z. Cai et al. 2026) at
these epochs with another blackbody, which corresponds to
optically thick dust. We use JHK; points observed nearest to
the optical observation, within a +3 day window (with the
t ~ 496 day IR point relaxed to a 5 day window), and for the
Wise bands, we linearly interpolate the IR LC to obtain
magnitudes corresponding to these epochs. Thereafter, we
model the SED using the relation:

RSN2 RSN2
) = —=—| B\(\, Ts —— | B\((\, TY), 1
AN (D))\( SN)+(D) (A, Ty) (1)

L L

where only the first term is used for modeling up to ¢ ~ 400
days. Here, Tsny and Rgn are the photospheric temperature and
radius, while T, and R, are the temperature and radius of the
IR emitting region. B (A, 7) is the Planck blackbody function
in units of ergs 'cm ? A~'. D, is the distance to the
supernova adopted as 82.6 Mpc from NED.

The resulting best-fit SEDs for some of the epochs are
shown in Figure 5. The blackbody temperature corresponding
to the photosphere drops drastically from >15,000 K at
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Table 1
Best-fit Dust Temperature and Radius

Epoch T, Ry
(days) (K) (x10"® cm)
483.97 1650.047352%% 405001
496.91 1877.441+3205 3.025501
556.89 1691.54135057 3794501
564.83 1510.25782&% 4.2519%}
586.87 1615.05132069 3.91+54!
612.69 1660.27+3%3:21 40500
871.25 1215.52439533 423001

t ~ 16.5 days to ~6000 K at r ~ 130 days. This is also
accompanied by a rise in the blackbody radius from ~2 X
10" cm to 7.5 x 10" cm. This high-temperature blackbody
traces the photosphere of the SN, which expanded outward
until # ~ 130 days and then started receding inwards. The
temperature of the receding photosphere is constant throughout
(~5600 K). The temperature and radius of the NIR emitting
region, including Wise W1, W2 data, are tabulated in Table 1.
The dust temperature estimated is ~1600 K. The radius of the
NIR emitting region is ~4 x 10'® cm, which is the lower limit
since we are assuming the dust to be optically thick.

5. Light-curve Modeling

We modeled the UV-optical light curve of SN 2019vxm
using MOSFIiT (J. Guillochon et al. 2018), a Python-based
open-source code for fitting transient light curves based on
Bayesian inference. It has built-in models that incorporate
radioactive Ni decay (default), interaction with csm (csm
model), interaction with Ni decay (csmni model), magnetar-
powered model (magnetar model), among others. The
interaction model accounts for the conversion of ejecta KE
into radiation through shock heating of the ambient CSM
(E. Chatzopoulos et al. 2012, 2013). The density of the ejecta
and CSM follows a power-law profile as the ejecta expands
uniformly. C. L. Ransome & V. A. Villar (2025) studied the
population properties of SNe IIn using parameters derived
from MOSFiT.

We modeled the light curves of SN 2019vxm using the
interaction model (csm).'® The key parameters involved are
the mass of the CSM (Mcswm), ejecta mass (Mejecra), and ejecta
velocity (Vejecta). The density profile of the CSM is given by
pesm < 1 °, where s =0 is a shell profile (eruptive loss) and
s = 2 is a uniform steady wind mass loss. The inner ejecta
profile follows pejeca o< I ", Where smaller values of n (~7-10)
indicate an LBV or WR progenitor, while larger values
(n ~ 12) indicate an RSG progenitor. In the models, the
photosphere expands until the minimum temperature T, is
achieved, after which it starts to recede. The inner radius of the
CSM is given by R, and the inner CSM density is given by p.
The diffusion time, and thus the rise time, is directly related to

16 hitps:/ /mosfit.readthedocs.io/en/latest /index.html
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Figure 5. The evolution of the SEDs with time, where the red data points are the flux densities from photometric observation and the blue is the best-fit model. Single
blackbody fit for two epochs, ¢ ~ 16.5 days and ¢ ~ 312.6 days, and a dual blackbody fit for one epoch, ¢ ~ 564.8 days, along with the SN and the dust temperature

specified.
Table 2

The Parameters Obtained by Modeling the Light Curve by Using csm Model of MOSFiT
Duration s MCSM Mcjccm n ny RO P Thin Vejecta
(days) M, M, (x10"7em ™) (AU) (x107 g em ™) (K) (kms™h
200 1.4 316513 741358 8.551,? 23411385 37.1553789 14.45533% 6025.60114935  8222.4274338°
400 055703 5017139 4.68703% 10741058 5.137163° 28.84122.45 1122127 5308.8478)47 8317.64 110374
400 0.0 4.6870% 7417139 10.63703 17741738 8.917%¢ 6.76379 5308.84 15147 8317.6411%374
400 1.4° 468703 468732 10387082 15.85 154 7.08+348 56.2314782 5370.3155083 8317.6411%37%
400 2.0° 617418 871539 7.621574 9.55+37%2* 50.12+17:99 57.54+2188 5321.08+74:92 8184.65+17138
Note.

 Fixed while fitting.

the amount of CSM. We use the priors and convergence
criteria as given in C. L. Ransome & V. A. Villar (2025) and
Dynesty dynamic nested sampling (J. S. Speagle 2020) for the
modeling. We have performed modeling for two durations:
first, for 200 days as presented in Z. G. Lane et al. (2026), and
second, by considering the shallow decline (until # ~ 400
days). The later phase (+ > 400 days) shows IR brightening
that is not accounted for in the model and is therefore not
included. We model the UV-optical light curves with a fixed
explosion epoch and assuming the efficiency of interaction to
be ~50%. We also assumed a fully ionized H-rich CSM and
fixed the opacity to be k = 0.34 gcm 2.

We have fixed the parameter s, which determines the CSM
density profile, and the best-fit values for the different
parameters are given in Table 2. We have fixed s=0 and
s = 2 to show two extremes, a shell-like CSM and a wind-like
CSM. In addition, we have used s = 1.4, the best-fit parameter
obtained by Z. G. Lane et al. (2026). We obtain CSM mass of
>4 M, for all the models with comparable or slightly higher
ejecta masses. We also note the model’s dependence on the s
values and the extent of the data used for modeling. However,
despite assuming the same s value, the values obtained by us

are in stark contrast with those obtained by Z. G. Lane et al.
(2026); they obtained Mcgym ~ 1.48 M, and Mjecr, ~ 38.8 M.
Further, our models up to 200 days as well as the model by
Z. G. Lane et al. (2026) do not agree with the data beyond this
time, and thus underestimate the parameters. Since we use a
short time range that covers the rise but not the decline
significantly, the parameters may exhibit degeneracies. There-
fore, light-curve modeling up to ¢ ~ 400 days could provide a
better estimate of the parameters. The models also do not
account for the IR excess seen in the later phases. Additionally,
there could be some contribution from Ni decay, which is not
incorporated in the models. Thus, the mass estimates obtained
from the optical light curve, which include only interaction,
would have uncertainties due to the other contributors. The
model fit for s = 2.0 until # ~ 400 days is shown in Figure 6. The
light curve and comparison of models with different s values,
along with their posteriors, is given in Appendix A (Figures Al,
A2, and A3). The CSM mass estimates we obtain also
agree with those reported in K. Lelkes et al. (2026). Y.-Z. Cai
et al. (2026) estimated a slightly lower CSM mass of
>0.1-1 M., from the dust mass.
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Figure 6. The converged fit obtained for LC up to t ~ 400 days for a fixed s = 2.0. The points correspond to the data, while the fit is the model with posterior
distribution (and thus the errors) representing the thickness. The model LC has been extended to ¢ ~ 750 days for comparison.

6. Spectroscopic Analysis

Figure 7 presents the complete optical spectral evolution of
SN 2019vxm from ¢ ~ 16.5 to 716 days, at 38 epochs. The
overall spectral evolution shows a bluer continuum initially
(~17-54 days) that becomes flatter by ~130 days. Later on,
the continuum is almost flat in the optical until the last epoch
of our observations. The spectra are dominated by Balmer
lines throughout, with Ha being the strongest emission line.

6.1. Prepeak and Peak Spectra

The first four spectra, from ¢ ~ 16.5 days to 28.5 days,
represent the prepeak spectra. They are dominated by narrow
emission lines from the shock and intermediate emission lines
from the cold dense shell (CDS), which is sweeping up the
CSM as it expands. These line profiles are clearly visible in the
Ha and are also observed in HB and H-~ lines as seen in
Figure 7 and panel (1) of Figure 8. We subtracted the
continuum from the profiles by taking an emission-line-free
region between £15,000 and +10,000 km s~ ! on either side of
the center. The H/3 line profiles are less clearly distinguishable
due to their relatively lower strength, and the continuum
subtraction is also inefficient owing to contamination from
neighboring lines. The spectra also show strong signatures of
the narrow Hel lines at A\ 5876 and 7065 at the first three
epochs. The presence of He I\ 6678 is not discernible due to
the redder edge of the Ha overlapping at those wavelengths.
He 11 M\4686 is also observed in the first two epochs.

A comparison of the Balmer line profile of SN 2019vxm
(refer to Figure 9) with those of other SNe IIn at similar phases
indicates that such line profiles are very common in this class
of objects. The continuum is also very blue at this epoch,
similar to other SNe IIn. The narrow component is also

accompanied by prominent wings due to electron scattering,
which are fit by a Lorentzian (see Figure 12). HeI lines are
also common in the comparison sample. At these epochs, the
hot expanding photosphere is within the CSM. Thus, the dense
unshocked CSM in front of the photosphere is the cause for the
scattering of narrow line photons (N. Smith 2017).

6.2. Postpeak Spectra

The spectra obtained between ¢ ~ 53 days (maximum) and
372 days (end of the shallow decline) also show prominent
Balmer lines. The He I and HeII lines are no longer observed
in the spectra. The spectra taken near maximum show hints of
a broad Ha component in addition to the narrow and
intermediate components. The symmetry in line profiles
starts to break down after this epoch (r ~ 53 days). The
next spectrum was obtained at ¢t ~ 130 days, and the
broad component is clearly distinguishable, blueshifted
by ~2000 kms~'. Panel (2) of Figure 8 shows the drastic
transition from the symmetric to the asymmetric line profile at
t ~ 130-207 days, as evidenced by the Ha and HS line
profiles. The line profile shape changes little over time from
t ~ 207-377 days in this phase. Despite the line profile being
asymmetric, the wings, however, are symmetric on either side
of the profile (see Appendix C, Table C1).

The spectra from # ~ 183 days also show weak emission
from Ca NIR triplet around 8500 A; the emission lines are
blended into a single broad feature. Hints of Fe and Si are also
seen in the spectra, but are not well distinguished because of
the proximity of H3 and Na ID lines, respectively. Thus, the
signatures of the supernova ejecta, if present, are very weak at
these epochs except for the strong broad Ha emission.

The comparison of SN 2019vxm spectra at ¢ ~ 183 and
244 days with the sample of Type IIn SNe in Figure 10
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Figure 7. Spectral evolution of SN 2019vxm from premaximum to the late nebular phase spanning about 2 yr of observations is shown here. Phases are marked with
reference to the explosion epoch (JD~2458804.5). (All spectra are corrected for redshift, extinction, and absolute flux).

(The data used to create this figure are available in the online article.)

indicates that, although there is some asymmetry in the line
profile, its degree is not uniform. SN 2010jl has a less
asymmetric profile, while the Hao of SN 202 1adx] matches that
of SN 2019vxm, with a red wing, a flux deficit at redder
wavelengths, and an excess of blue flux, making the line
profile appear more skewed. A similar line profile is seen in
ASASSN-14il (refer to Figure 11). The asymmetry of SN
2015da and SN 2017hcc appears to be between that of SN
2010jl and SN 2021adx] (and therefore SN 2019vxm). The H(
line profile and its evolution also follow those of Ha. Weak
ejecta features are also visible in SN 202ladxl and SN
2017hcc at this epoch, similar to SN 2019vxm.

6.3. Late Spectra

The optical spectra from ¢ ~ 377 days until  ~ 716 days are
dominated by Ha and weak Hf3 lines. No other prominent line
profiles are observed at these epochs; thus, we can conclude
that the ejecta remains dense or is significantly obscured. The
H~ line, which is visible until # ~ 500 days, is enshrouded in
the noisy spectrum as time progresses. The Ha line profile at
t ~ 377 days is similar to that at the mid-epochs and to those of
ASASSN-14il and SN 2021adx]. However, the drastic drop in
red flux is only prominent in SN 2015da. This is more
conspicuous in the third panel of Figure 8§, where the red side
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Figure 9. Spectrum of SN 2019vxm compared with other Type IIn SNe
around peak.

flux sharply drops with time. This variation is also seen in the
Hp line profile despite it being weak. However, the Ha wings
extend to ~5000 km s~ on both sides and are thus symmetric,
despite the asymmetric line profile. We discuss more about this
blue-red asymmetry in Section 6.5.

6.4. Evolution of o Line Profile

The Ha component was modeled using primarily three
components. The first spectrum, taken at t ~ 16.5 days, was
modeled with a narrow Lorentzian and an intermediate
Gaussian, indicating emission from the CSM and the CDS.
The narrow component corresponding to the CSM is not
resolvable, and thus, we could only constrain the upper limit of
the velocity. As the SN rises to its maximum, from ¢ ~ 53.5
days a broad ejecta component of v ~ 13,000kms™" starts
becoming visible and is prominent in the next spectrum
taken ~76 days later. For ¢ > 53.5 days, we do not require a
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Figure 10. Spectrum of SN 2019vxm compared with other Type IIn SNe
before the linear decline.

Lorentzian profile to model the narrow component; a Gaussian
profile suffices, since the wings are less prominent and are partly
already included in the broad component. After r > 130 days, we
also observe a red tail and a blue excess, which are initially
modeled by three components. When the narrow line is not
detectable anymore from ¢t ~ 271 days, we use two Gaussian
profiles for the intermediate and broad components.

In the initial phases, the Ha was dominated by emission
from the CDS and the CSM, while the ejecta flux became
noticeable near peak. The ejecta flux contribution increases,
reaching a maximum at ¢ ~ 239 days and then falls from
t ~ 337 days, thus showing prominence near the shallow
decline phase. The narrow component always has an FWHM
below the resolution limit; therefore, we take 600 km s as
the upper limit of the velocity. The CDS, initially moving at a
velocity of v ~ 4000 km s, decelerates as the ejecta becomes
visible, and evolves with a velocity of v ~ 2000 kms~'. The
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Figure 11. Spectrum of SN 2019vxm compared with other Type IIn SNe
during the late phase decline.

ejecta, initially fast moving ~15,000 kms~' at r ~ 50 days,
decelerates rapidly, reaching a velocity of ~8000 km s~!at
t ~ 200 days, after which it decelerates very slowly
to ~7000 kms ™' by r ~ 300 days. This is in agreement with
the ejecta velocity of ~8300 kms ™' obtained from MOSFiT
models (refer to Table 2). We did not perform further
modeling beyond ¢ ~ 400 days due to pronounced asymmetry
that suppresses the redder flux and leads to miscalculations.
We also stress that the velocities obtained from the fit are
subject to uncertainties, as we have not accounted for the blue
excess or the red deficit.

From the prominent broad He line flux, an oversimplified
estimate of the ejecta mass can be obtained. We used the flux
at t ~ 270 days to obtain the electron density using:

f=ennV/d, )

where fis the flux, € is the emissivity, n, and n; are the electron
and ion densities, V (V = (4/ 3)7r(vexpt)3f,) is the volume, and d
is the distance to the SN. Here, we use the volume
corresponding to the extent to which the ejecta has expanded
at this epoch (vexpt), and we assume a volume-filling factor (f,)
of 0.1. The recombination coefficient was obtained from
D. G. Hummer & P. J. Storey (1987) assuming 7= 5000 K for
calculating the emissivity. The mass of the ejecta (Mejecra) Was
further calculated using:

3)

where my is the mass of hydrogen. Thus, we estimate a lower
limit of 3.88 M, for the ejecta mass. This is lower than the
ejecta mass estimates for Type II SNe (5-30 M,; V. P. Utrobin
& N. N. Chugai 2024) and comparable to those obtained for
Type IIn SNe by A. Ercolino et al. (2026) through population
synthesis models. For low luminosity Type IIP SNe, the ejecta
mass range is from 5.7 to 12.9 M., (K. K. Das et al. 2026).
Short-plateau IIP SNe have ejecta mass varying from a few
solar masses to up to 25 M (D. Hiramatsu et al. 2021;
R. S. Teja et al. 2022; V. P. Utrobin & N. N. Chugai 2024). A
substantial amount of stripping in SNe IIn can essentially
support a low ejecta mass inferred from the Ha line.

Mejecta =n.myV,

11
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6.5. Asymmetry

The presence of line asymmetry is not uncommon in SNe
IIn, as previously discussed in Sections 6.2 and 6.3. However,
to qualitatively fathom the degree of asymmetry, we can
compare the flux on either side. To represent the flux deficit,
we have mirrored the blue side on both sides of the zero
velocity, as shown by the blue profile in Figure 12. As is
evident from the evolution, the line profile is symmetric in the
initial phases (¢ ~ 16.5 days). However, it becomes
asymmetric, and a red deficit is observed from ¢ ~ 130 days.
The degree of asymmetry is visually the same from 7 ~ 200
and 400 days (similar to the profile in Figure 12 for ¢ ~ 238
days). There is a red deficit, and the red wing is more
pronounced than the blue. But the spectra taken from ¢ ~ 400
days show a more obvious asymmetry, with a sharper deficit of
red photons. The red wing seen in earlier epochs damps down,
and the blue side appears more boxy. The line profile is also
blueshifted relative to the previous epochs. The blue-red
asymmetry of Ha in the spectral line profile is also
quantitatively shown as the ratio of the flux in the blue side
to the flux in the red side in the right panel of Figure 12. The
ratio gradually increases until #~40 days, then remains
constant until 7 ~ 400 days. It then rises rapidly from ¢ ~ 426
days, which corresponds to the same epoch where the optical
light curve declines sharply, and the IR excess starts
appearing. We discuss this in detail in Section 7.4.

7. Discussion
7.1. The SN Environment: The Properties of the CSM

The bolometric light curve of the SN is initially dominated
by UV reaching a peak luminosity ~5.23 x 10%ergs !,
which is comparable to ~3 x 10%ergs™' of SN 2010jl
(C. Fransson et al. 2014), even though its evolution follows a
completely different trend. D. Hiramatsu et al. (2026)
investigated the radiated energy distribution and found a clear
bimodality centered near ~ 10* erg and ~2 x 10°° erg. So SN
2019vxm falls in the highly energetic category among Ilns. In
the late phases, the optical light curve declines at a rate similar
to radioactive Co-Fe decay, assuming complete 7-ray trapping.
Modeling the entire duration of multiband light curves using
the CSM+Ni decay model in MOSFiT has proved unfruitful.
Moreover, the pseudo-bolometric light curve, with the IR
contribution included, does not match with the Co-Fe decay at
late time. K. Lelkes et al. (2026) also infer the same through
modeling. This dominance of IR luminosity is seen in multiple
IIn SNe, including SN 2010j1, where the IR rises from 33% to
50% to 85% at t ~ 100, 400, and 800 days, respectively.

The CSM mass estimated for the interaction of SN 2010jl1 is
>3 M, (C. Fransson et al. 2014), while Z. G. Lane et al.
(2026) estimated a mass of Mcsm ~ 1.5 Mfor SN 2019vxm
from s = 1.4. However, the model is unable to explain the data
at later phases. We obtain higher masses for our models, but
the fits are poor, with large errors, as shown in Appendix A.
Despite convergence, the model degeneracies arising from the
large number of free parameters make such estimates highly
dependent on the data and the prior. Additionally, constraining
s would indirectly place bounds on the CSM mass, ejecta
mass, density, and R,. Moreover, IR brightening is prominent
at late phases; thus, the estimates we obtain with MOSFiT are
lower. Therefore, we compare the bolometric luminosity we
obtained with the theoretical bolometric luminosity evolution
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presented by L. Dessart et al. (2015; L. Dessart 2016). The
authors used a radiative transfer model implemented in
HERACLES to obtain the light curve based on properties of
the well-studied SN 2010jl. The model considers various CSM
and energy density combinations; they also have more
luminous models, but since we are using it for comparison
with SN 2019vxm, those are not included. Figure 13 represents
the evolution of bolometric luminosities for four models:
X, Xe3, Xm3, and Xm6. X corresponds to the model with
kinetic energy 10°' erg while Xe3 has an energy of 3 x
10°" erg; the CSM mass and mass-loss rates are 2.89 M., and
0.1 M. yr~' for both. Xm3 and Xm6 have the same kinetic
energy as X, but the mass-loss rates are M ~ 0.3 and
0.6 M. yr ', respectively. These mass-loss rates are for the
inner CSM (R < 10'® cm), while the mass-loss rates are two
orders lower at R > 10'® cm. We see that the peak luminosity
matches that of Xm6, with a much shorter rise time.
Considering the dynamics at play, where the bolometric
luminosity depends on both the intrinsic KE and the energy
tapped during interaction (related to the CSM mass, with
efficiency held constant), we can say that this SN is less
energetic than Xe3 with similar CSM mass. However, the rise
time is shorter than that of Xm3; thus, the CSM mass is
between ~2.8 and 8 M, with the lower end inferred only from
the rise times. The total radiated energy calculated from the
HERACLES simulation for Xm3 is ~4.9 x 10> erg, which
agrees with the obtained value for SN 2019vxm. However,
recent calculations for SN 2015da show a massive CSM
despite having a shorter rise time than Xm3 (N. Chugai 2026).
Further detailed radiative transfer modeling and spectro-
photometric modeling are important to put tighter constraints
on the estimates.
We can also obtain an approximate mass-loss rate using:

_ 2L vesm

M 3
W Vg

“)

12

a4 -== Xm3
1071 Xm6
--= X
-=-=- Xe3
SN 2019vxm
TU)
2
L
2 il
g 1043_|
£
€
=1
|
N \
] \
i v
1042 : ; ; ; "\
0 100 200 300 400

Days from explosion

Figure 13. Comparison of SN 2019vxm (red) with results of radiative transfer
models given by L. Dessart et al. (2015), details of which are mentioned in
the text.

at each epoch (N. N. Chugai & I. J. Danziger 1994; N. Smith
et al. 2024), with L denoting the luminosity, vcsy is the CSM
velocity set to 100 kms™', w represents the efficiency of
conversion of KE to luminosity, and the forward shock
velocity vy, is determined from the initial velocity of the
intermediate component and taken as 4000 km s~ '. Integrating
it over time, t = tgy X Vin/Vesm Up to tgny ~ 612 days (t N is
the time taken from the shock to traverse to that region) gives
an estimated mass of ~5.91 M, assuming 50% efficiency.
The same calculation for SN 2015da yielded a mass of
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~20 M. and 5.6 M. for ASASSN-14il (N. Dukiya et al.
2024; N. Smith et al. 2024).

Thus, the CSM mass from MOSFiT, the analytical model,
and the luminosity-mass relation suggest that SN 2019vxm has
a massive CSM. However, the ejecta masses are relatively low.
These could be due to intrinsically low ejecta or to modeling
degeneracies. Since the model involves multiple parameters,
some of which are dependent on one another, constraining s
would indirectly place bounds on the CSM mass, ejecta mass,
density, and R,. A smaller s indicates a denser CSM; they are
inversely related to each other. The ejecta mass and CSM mass
also follow an inverse relation; assuming the same conversion
efficiency and ejecta velocity, a more massive ejecta, owing to
larger kinetic energies, would require less CSM than a less
massive ejecta to produce the same energy output. Addition-
ally, if the efficiency of KE conversion is lower than what we
have assumed, the KE associated with it, and thus the ejecta
mass, could be larger. From the broad Ha component, we
calculated the lower limit of ejecta mass as ~3.88 Mg
(Section 6.4). This is in agreement with all the models and
with Z. G. Lane et al. (2026). K. Lelkes et al. (2026) obtain an
ejecta mass of 26-100 M.,

The deconvolution of the Ha line profile up to ¢t ~ 400 days
indicates an enhanced flux solely due to interaction in the
initial phases; the flux from the intermediate and broad
components dominates near the maximum. The broad comp-
onent starts becoming apparent at t ~ 50 days (though the
significance is very low) and starts becoming stronger by
t ~ 130 days, reaching a maximum flux of ~12 X
10" ergs™" at t ~ 250 days, after which it fairly stays the
same and then declines slowly from 300 days. The contrib-
ution of the intermediate flux does not change prominently
during the evolution and is ~2 x 10~ ?ergs '. We further
note that the phase when the flux from the broad component
becomes dominant also corresponds to the shallow decline in
the light curve. The spectra also show signatures of ejecta,
with weak Ca NIR triplets at AA) 8498, 8542, and 8662 A, and
possibly other lines that could be blended with the strong
Balmer features at the same epoch. The narrow component is
not resolvable from ¢ ~ 250 days, indicating that either the
unshocked CSM is not sufficient to produce strong narrow
lines or that they are unresolvable due to our instrument
limitations. The broad component decelerates slowly, attaining
a constant value, which is also followed by the intermediate
component. We do not attempt to make quantitative compar-
isons of the velocity, taking into account the uncertainties due
to asymmetry.

7.2. Pre-explosive Mass Loss and Detection

The binned ATLAS light curve shows no enhanced mass-
loss episodes over the 4 yr preceding the explosion. Z. G. Lane
et al. (2026) also observed no detected precursor in ATLAS,
TESS, and Pan-STARRS observations. However, we can
estimate the expected magnitude from the CSM mass obtained
and infer whether such mass loss and timescales can indeed
lead to a detectable precursor.

The extent of CSM traced by 7 ~ 612 days is 2.1 x 10'® cm
assuming a CDS velocity of 4000 kms~' throughout, which,
on assuming a wind velocity of 100 kms ™', corresponds to
mass lost ~ 67 yr before explosion. Considering a uniform
mass loss, the average mass-loss rate is ~0.088 M. yr '. We
present two scenarios for enhanced luminosity corresponding
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to such mass losses: an interaction-powered luminosity or a
line-driven wind (E. O. Ofek et al. 2014; N. L. Strotjohann
et al. 2021).

If we assume a line-driven wind in a super-Eddington
system leading to instability in the atmosphere given by
N. J. Shaviv (2001), we can relate the mass-loss rate and
luminosity as:

Mcsmese

erd W 5

where L4 is the radiated luminosity, Mcgy is the mass-loss

rate, ¢, is the speed of sound taken as 60 kms ™', ¢ is the speed

of light and W= 5 is a constant. The radiated energy then is
2.1 x 10* ergs .

On the other hand, for an interaction-powered precursor, the
kinetic energy would be converted to radiation as:

)

Lag = G%MCSMVCSMZ» (6)
where ¢ is the efficiency of conversion and vcgy is the CSM
velocity during the mass loss. A population study of precursors
by N. L. Strotjohann et al. (2021) has shown that, by
comparing the luminosity of the explosion and the precursor,
the estimate of vegy during the mass loss is ~2000 km s L.
Then the luminosity, assuming ¢ = 1, would be ~1.17 X
10*! erg s~ ! In this specific case, the vcgy estimate is still
unknown; however, since the luminosity is lower than in the
former case, we can use that to obtain magnitude estimates.
Since the nature of the progenitor is unknown, we have used
a range of temperatures from 3000 to 10,000 K for the
progenitor. We assume the CSM has approximately the same
temperature as the star. Thus, using the luminosity obtained,
one can determine the flux density assuming a blackbody. The
magnitudes in specific filters were obtained using sncosmo,
incorporating the filter response of the instrument. Thus, we
obtain ATLAS-0 band magnitude, SDSS-r magnitude, and
ZTF-r band magnitude corresponding to such mass loss to be
22.12, 22.6, and 22.42 mag for 3000 K and 21.88, 21.82, and
21.84 mag for 10,000 K, respectively. This can explain why
we did not detect any precursors for SN 2019vxm. If the mass-
loss rate were >0.24 M. yr ', we would obtain a magnitude
<20 for the precursor (the luminosity needed is ~5.78 x 10*'
erg), making it detectable in the wind-driven mass-loss
scenario. On the other hand, for the interaction-driven
precursor, we would need M ~ 0.88 M. yr ' assuming
e = 0.5. However, this depends on the velocity and efficiency.

7.3. Scattering Dominated Evolution

Prominent line asymmetry sets in by 7 ~ 130 days as seen in
Figure 12. The first figure (left) shows fairly symmetric line
profiles, while the second (center) shows blueshifted emission
with large velocities. This can be explained by the occultation
of red photons by the receding photosphere (R. A. Chevalier
1976); in that case, the prolonged asymmetry should
decrease over time. The SED evolution at this epoch also
corresponds to the photosphere beginning to recede into
the ejecta from the unshocked CSM. The profile from
t ~ 206-377 days (see Figure 8), however, shows asymmetry
where the Ha profile does not change with time. We also note
prominent wings in the redder part; they are of equal extent on
either side, but the profile is skewed. Table C1 presents the
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maximum velocities measured from the Ha line profile,
showing that the extent on both sides is symmetric about the
rest wavelength. In case of SN 2019vxm, we do not observe
any blueshift in the peak emission-line profile, in agreement
with N. N. Chugai (2001), who concludes that the blueshift is
very small (~30 kms™") in such electron scattering scenarios,
but this could also be due to resolution limitations.

The line asymmetry observed until ¢+ ~ 380 days is not
unique to SN 2019vxm. The profile is similar to that of SN
2015da, and there are two explanations put forward for the
asymmetry: L. Tartaglia et al. (2020) adopts an electron
scattering model, while N. Smith (2017) claims occultation by
the CDS. The Ha profile is very similar to that of SN
2021adxl, for which S. J. Brennan et al. (2024) successfully
modeled the emission by assuming the intrinsic emission arises
from the CDS and undergoes scattering as it propagates
through the environment. Such line profiles are also observed
in SN 2010j1, which C. Fransson et al. (2014) claim to be due
to electron scattering, while N. Smith & J. E. Andrews (2020)
claim the same line profile due to obscuration by CDS.
However, all these scenarios are equally possible and will be
discussed further in Section 7.4.

Flux ratios, including those of Balmer lines like
H,/Hs Hs/H, and Paschen lines, are indicators of the
properties of the line-emitting region (D. E. Osterbrock 1989).
Figure 12 represents the evolution of H,/Hz and Hg/H., flux
with time. Here, since both Har and HQ are strong, we use the
flux under the line to calculate the ratio, while for Hy, we scale
the profile to that of H{ to estimate the values due to low SNR.
Since it is manually done for the latter, we use a scaling step of
0.5; the error included here is the scaling step. The Balmer
decrement rises and then settles into a constant value of ~3-4
from ¢ ~ 130-400 days. Such decrement values are also
observed in SN 2010jl1 and may be attributed to scattering by a
dense or optically thick medium, assuming Case B recombina-
tion (S. A. Drake & R. K. Ulrich 1980; D. E. Osterbrock
1989). The constant Balmer decrement indicates that the
properties of the obscuring scattering medium remain
unchanged during that phase. The Balmer decrement values
matches with the theoretical predictions for electron temper-
ature 7T, = (1.2-1.6) x 10* K and electron number density
N, = 10°-10"%cm > (S. A. Drake & R. K. Ulrich 1980). It also
is in agreement with values calculated for 7, = 1000 K and
N, = 10°-10%*cm > (D. G. Hummer & P. J. Storey 1987). Prior
studies show that the Balmer decrement of SNe like SN 2010j1,
ASASSN-14il, and SN 2015da increased steadily (C. Fransson
et al. 2014; N. Dukiya et al. 2024), in contrast with SN
2019vxm, where the Balmer decrement shows little or no
variation from ¢ ~ 150 to 400 days, after which it steadily
increases. The sudden increase in Balmer decrement as well as
asymmetry ratio indicates that there is a change in properties
of the extincting medium, and the change is ongoing until the
last epoch of observation at t ~ 715 days.

7.4. Dust

The IR excess seen in the SED (Figure 5), coupled with a
marked asymmetry in line profiles and drop in optical LC, is a
telltale signature of the influence of dust, either preexisting or
newly formed. Unlike SN 2017hcc, where S. Moran et al.
(2023) is unable to detect the transitioning phase due to a lack
of observations during solar conjunction, we can observe the
smooth evolution of the line profiles. The line profile narrows,
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Figure 14. The evolution of Ca NIR triplets at r ~ 373, 378, 497, and
529 days.

indicating deceleration of the ejecta, but it also becomes more
boxy. In addition to the steady rise in asymmetry, we also
observe a steady increase in the Balmer decrement. But since
we only have Ha/H{, we cannot infer the properties of the
extincting material, where we would expect wavelength-
dependent extinction. However, there is a clear blueshift in
the line profiles before and after the IR becomes dominant,
strengthening the claim of dust being present. The IR light
curves also show a decrease in magnitude in the H and
K bands at r ~ 871 days. The H — K; color at this epoch is
1.44, which supports both the preexisting and newly formed
dust cases. Assuming the dust to be composed of carbon grains
of p ~2.25gcm > and <1 pm size, we can estimate the mass
as ~ (0.85-1.42) x10*M., (A. Evans et al. 2017).

Preexisting dust in the CSM can be heated by the expanding
shock, provided it has not evaporated during the explosion.
C. Fransson et al. (2014) calculated the evaporation radius
for SN 2010j1 wusing the maximum luminosity of
Lpax ~ 3 x 10¥ergs™!, which is comparable to SN
2019vxm. The evaporation radius obtained for SN 2010jl
using the relation from B. T. Draine & E. E. Salpeter (1979) is
Reyap ~ 3.4 x 10" cm and ~7.2 x 10'® em for T, ~ 6000 K
and dust grain size of 1 um for graphite and silicate dusts,
respectively. For SN 2019vxm, the values would be 1.5 times
higher due to its higher luminosity. From SED modeling, we
get the radius of the NIR emitting component to be
~4.0 x 10" cm. Thus, the presence of preexisting dust is
entirely plausible. K. Lelkes et al. (2026) used the maximum
velocity from the photospheric radius to show that the shock
can reach this radius and thus contribute to the IR excess and
the pronounced asymmetry at this phase. They also observe an
MIR excess at t <400 days, which can be attributed to IR
echo, not prominent in the JHK bands as presented. In that
case, the constant Balmer decrement could be due to scattering
by low-temperature dust; however, we cannot conclude
whether the extinction is wavelength-dependent due to poor
SNR of Hv line. Evidence of preexisting dust is present in
many Type IIn SNe that have been extensively followed up in
the IR (O. D. Fox et al. 2011).

Newly formed dust can also account for most of the optical
and spectral data obtained for SN 2019vxm. The increase in
the Balmer decrement and asymmetry could be due to newly
formed dust, which preferentially absorbs at shorter wave-
lengths. This can also explain the Ca features visible at t ~ 377
days but not at t ~ 496 days (refer to Figure 14), since dust
obscuration would mask the ejecta (see also Y.-Z. Cai et al.
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(2026)). Thus, in this case, the early phase is dominated by
scattering by an optically thick dense medium, while the latter
phase is dominated by IR emission from newly formed dust.
The Ha/H and Hj3/Hry ratios being equal could possibly hint
at wavelength-independent scattering. However, the poor SNR
of H~, along with the lack of other emission lines, makes it
difficult to reach a firm conclusion. Since the photospheric
temperature is still significant (~5000 K), dust formation in
the optically thick ejecta is not viable. Y.-Z. Cai et al. (2026)
also suggest newly formed dust as well as CSM asymmetry as
possible explanations for the line profiles, the former
supported by MIR excess.

There are multiple SNe IIn where dust formation and
preexisting dust are proposed. SN 2010jl is one of the
prototypical IIn with multiwavelength observations, with
studies proposing the presence of both preexisting and newly
formed dust (A. M. Bevan et al. 2020; E. Dwek et al. 2021).
Other interesting and well-known SNe IIn include the long-
lived IIn, SN 2005ip, with a plateau lasting 5 yr, followed by a
decline (N. Smith et al. 2009), accompanied by preexisting
dust (O. Fox et al. 2009). Recent observations have also
revealed active dust formation (M. Shahbandeh et al. 2025).
SN 2006jc is a Ibn with evidence of dust formation by ¢ ~ 50
(R. J. Foley et al. 2007; G. C. Anupama et al. 2009), showing
marked asymmetry in He I A7065 line profile. Similar to these
IIn SNe, in SN 2019vxm as well, we are unable to distinguish
the origin of the dust or whether there is an interplay between
preexisting and newly formed dust reflected in the photometric
and spectroscopic observations.

8. Summary

SN 2019vxm is a slow-rising, slow-declining type IIn SN,
with an absolute R-band magnitude of —20.3 mag, making it
brighter than the median magnitude of such objects but less
bright than SLSNe. We do not detect any enhanced mass loss
over the 4yr preceding the explosion. The photometric
analysis indicates that SN 2019vxm evolved through three
major phases: the rise, dominated by UV; a postmaximum
shallow decline, with a major contribution from the optical;
and a steeper IR-dominated decline. The initial evolution is
strongly dominated by interaction, while the shallow decline is
mainly influenced by the broad component from the interac-
tion. This phase also shows an asymmetric line profile with
prominent wings that remain significantly unchanged until
400 days, which we attribute to scattering by an optically thick
medium or dust. The degree of scattering remains fairly the
same as does the Balmer decrement (~3-4), indicating an
unchanging scattering region. Hints of ejecta are weak, and
blended emission lines of Ca NIR are also observed at this
phase. After + ~ 400 days, the SN transitions to an IR-
dominated phase, where the Balmer line profiles show a
rapidly rising degree of asymmetry, with the red flux
completely suppressed except for faint wings. The trend
toward asymmetry is also reflected in the Balmer decrement,
which rises to ~10. This indicates a very weak H( line as
compared to Ha. The line profiles are also blueshifted as they
transition from an optical- to an IR-dominated phase.
However, H lines at longer and shorter wavelengths will give
more insight into the degree of line shift, asymmetry, and
wavelength-dependent extinction. Nevertheless, the combina-
tion of optical decline and IR rise, increased asymmetry due to
the suppression of redder fluxes, and blueshifted line emission
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is a self-evident signature of dust at play, either preexisting or
newly formed, both of which cannot be ruled out with the
available data. However, a high photospheric temperature
implies that the inner ejecta is not the site of dust formation at
this epoch, since the photospheric temperature is well above
the dust formation temperature. We also observe no nebular
emission lines at later phases, indicating that the ejecta
remained dense at the last epoch or was completely shrouded
by the ongoing interaction and/or dust.
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Appendix A
MOSFiT Models and Posteriors

Figure Al shows the posterior distributions corresponding
to the fit in Figure 6. Figures A2 and A3 are the best fits and
posteriors for the csm model with different s values,
respectively.
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Figure A1l. Corner plot until 7 ~ 400 days for s = 2.0.
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Appendix B
LC Parameters

Table B1 summarizes the rise time with respect to explosion
and the maximum apparent and absolute magnitudes across

different filters for SN 2019vxm.

Table B1
The Rise Time and the Maximum Apparent and Absolute Magnitudes at Peak

Filter Rise Time Mmax Miax

(days) (mag) (mag)
U 22.77:9% 13.441 548 —21.14933
B 24357921 1446991 —20.12791¢
% 37.81+023 14.42+002 —20.16317
R 4343434 14.2540%3 —20.331013
I 64.0%435 14.07°56 —20.51703
J 69.58713 13.90*351 —20.68311¢
H 72217972 13.6510:12 —20.93+93¢
K, 96.03 24 13.46-9% —2L.12%§15
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Appendix C
H Alpha Velocity

The maximum velocity from the H-alpha profile is included

Rameshan et al.

in Table Cl1.
Table C1
Spectroscopic Observations with the Maximum Velocity on H-alpha Profile in the Blue and Red Sides
Phase Blue Side Red Side
D (days)’ Spectral Range Velocity (km s™") Velocity (km s
2458821.06 16.53 37009200 A 4750
2458824.06 19.53 3500-7600 A 5000
2458825.05 20.52 5300-9200 A 4200
2458833.10 28.57 3700-9200 A 4200
2458858.05 53.52 3500-7400 A 9000
2458934.44 129.89 3800-7500 A 9000
2458987.39 182.86 36009200 A 9000
2458990.35 185.85 3700-9200 A 8800 8000
2459011.32 206.79 3600-9200 A 8500 9000
2459018.31 213.78 3600-9200 A 8600 9000
2459040.30 235.77 3600-9200 A 8200 8400
2459043.27 238.74 3500-9200 A 8200 8000
2459048.26 243.73 3600-9200 A 8200 8000
2459076.28 271.75 36009200 A 8200 8000
2459083.22 278.69 36009200 A 8200 8000
2459106.31 301.78 3600-9200 A 7200 8200
2459111.14 306.61 3600-9200 A 7800 8000
2459117.19 312.66 3600-7500 A 8000 8000
2459123.11 318.58 36009200 A 7800 8200
2459126.09 321.56 36009200 A 8000 8200
2459138.18 333.65 3600-9200 A 8100 8000
2459142.11 337.58 3600-9200 A 8600 8000
2459167.14 362.61 3600-9200 A 8400 8200
2459170.07 365.54 36009200 A 8000 8200
2459177.06 372.53 3600-9200 A 8600 8000
2459182.06 377.53 3600-9200 A 8600 8000
2459245.05 440.52 3600-7200 A 7600 8000
2459294.43 489.90 36007200 A 7800 8000
2459301.36 496.83 3600-9200 A 7300 7800
2459333.38 528.85 36009200 A 6800 7400
2459360.40 555.87 3600-7200 A 6200 6000
2459432.27 627.74 4000-7200 A 5600 6000
2459433.14 628.61 4000-7200 A 5800 5800
2459439.14 634.61 36009200 A 6000 6000
2459441.18 636.65 3600-9200 A 6200 6200
2459456.26 651.73 36007200 A 6000 5600
2459477.19 672.66 4000-7200 A 5600 6000
2459520.16 715.63 4000-7200 A 5600 5400
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The optical, NIR, and UV photometric observations of SN

Appendix D

2019vxm are shown in Tables D1, D2, and D3, respectively.
All the magnitudes are in the Vega system.

Rameshan et al.

Table D1

Photometric Observation from HCT (Vega Magnitude)
D Phase® U B 1% R I
2458821.05 16.52 14.26 + 0.08 15.07 + 0.03 15.11 + 0.01 15.00 + 0.02 1498 + 0.03
2458824.04 19.51 1421 + 0.05 1496 + 0.03 1496 + 0.01 14.83 + 0.02 1478 + 0.23
2458825.02 20.49 14.17 £+ 0.05 1490 + 0.02 1491 + 0.01 14.77 £ 0.02 1472 + 0.02
2458833.06 28.53 1426 + 0.22 14.82 + 0.02 14.73 + 0.02 1455 + 0.02 1445 + 0.03
2458858.05 53.52 1455 + 0.17 15.04 + 0.05 1474 + 0.02 14.48 + 0.03 1423 + 0.04
2458901.48 96.95 1479 + 0.04
2458934.42 129.89 16.04 + 0.09 16.10 + 0.03 15.56 + 0.02 15.01 + 0.03 14.69 + 0.03
2458963.40 158.87 16.45 + 0.03 15.87 + 0.02 1524 + 0.03 15.01 + 0.07
2458981.25 176.72 16.63 + 0.03 16.03 + 0.01 15.33 £+ 0.02 15.11 + 0.02
2458989.38 184.85 16.78 + 0.08 16.69 + 0.03 16.08 + 0.02 1539 £+ 0.09 15.17 + 0.09
2459011.34 206.81 17.00 + 0.09 16.86 + 0.03 16.24 + 0.02 15.47 £+ 0.02 1536 + 0.04
2459018.30 213.77 17.03 + 0.05 16.87 + 0.03 16.25 + 0.02 15.46 + 0.04 1534 + 0.03
2459040.26 235.73 17.24 £+ 0.11 17.03 + 0.03 1641 + 0.02 15.55 + 0.03 1549 + 0.03
2459043.25 238.72 17.23 + 0.08 17.04 + 0.03 16.40 + 0.02 15.56 £ 0.02 1550 = 0.04
2459048.30 243.77 17.30 + 0.05 17.07 + 0.02 16.43 + 0.01 15.56 + 0.03 15.54 + 0.03
2459076.27 271.74 17.47 + 0.09 17.22 + 0.02 16.55 + 0.01 15.63 + 0.03 15.68 + 0.03
2459083.19 278.66 17.51 £ 0.07 17.24 + 0.02 16.58 + 0.02 15.65 + 0.02 15.72 + 0.02
2459087.43 282.90 17.59 + 0.20 17.28 + 0.03 16.60 + 0.02 15.65 £ 0.04 1573 + 0.03
2459100.38 295.85 17.65 £+ 0.13 17.35 + 0.03 16.67 + 0.02 15.69 + 0.02 15.81 + 0.04
2459117.18 312.65 1776 + 0.12 17.42 £+ 0.02 16.74 + 0.02 1574 + 0.02 15.89 + 0.03
245912221 317.68 17.76 + 0.08 17.45 + 0.01 16.77 + 0.01 1577 + 0.01 1591 + 0.02
2459123.09 318.56 17.73 + 0.11 17.47 £ 0.02 16.78 + 0.01 15.78 + 0.01 1593 + 0.02
2459125.27 320.74 17.67 £ 0.15 17.46 + 0.04 16.79 + 0.01 15.78 + 0.03 1594 + 0.03
2459142.09 337.56 17.87 + 0.11 17.51 + 0.06 16.81 + 0.07 15.77 £ 0.08 1597 + 0.07
2459138.25 333.72 17.83 + 0.12 17.54 + 0.04 16.83 + 0.03 15.80 + 0.03 16.00 + 0.03
2459162.05 357.52 18.01 + 0.11 17.69 £ 0.04 1698 £+ 0.03 15.93 + 0.04 16.18 = 0.05
2459170.04 365.51 18.06 + 0.08 17.73 + 0.02 17.04 + 0.01 15.96 + 0.02 16.21 + 0.02
2459242.07 437.54 16.38 + 0.02 16.71 + 0.05
2459288.50 483.97 18.22 + 0.03 16.81 + 0.04 17.23 + 0.12
2459301.44 496.91 19.08 + 0.04 18.33 + 0.03 16.93 + 0.02 17.40 + 0.06
2459303.32 498.79 18.59 + 0.08 18.30 + 0.06 16.85 + 0.04 17.26 + 0.05
2459333.34 528.81 19.62 + 0.07 19.02 + 0.08 17.22 + 0.03 17.74 + 0.07
2459349.40 544.87 17.43 + 0.07
2459361.42 556.89 19.11 + 0.03 17.51 £ 0.06 18.02 + 0.14
2459369.36 564.83 20.23 + 0.20 19.83 + 0.04 19.15 + 0.03 17.58 + 0.03 18.10 + 0.07
2459379.40 574.87 19.26 + 0.04 17.74 + 0.03 18.24 + 0.06
2459391.40 586.87 20.06 + 0.08 19.40 + 0.04 17.82 + 0.02 18.24 + 0.04
2459403.38 598.85 19.62 + 0.04 18.00 + 0.03 18.56 + 0.04
2459417.22 612.69 20.32 + 0.06 19.68 + 0.04 18.11 + 0.02 18.53 = 0.06
2459431.31 626.78 20.53 + 0.05 19.94 + 0.05 18.25 + 0.04 18.73 + 0.07
2459520.22 715.69 20.71 + 0.10 19.26 + 0.04
Note.

 Phases are relative to the explosion epoch, JD 2458804.53.

(This table is available in its entirety in machine-readable form in the online article.)
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Table D2

NIR Photometric Observation from Kanata Telscope (Vega)
MID Phase’ J H K,
2458822.0 17.470 1494 + 0.03 1475 £+ 0.05
2458824.9 20.370 14.84 + 0.02 1474 £+ 0.08 14.60 £ 0.10
2458826.0 21.470 14.68 + 0.02 14.63 + 0.03 14.49 £+ 0.06
2458828.0 23.470 14.62 £+ 0.03 14.40 £ 0.05
2458829.0 24.470 14.62 + 0.01 15.18 + 0.03 1443 £+ 0.05
2458830.0 25.470 1459 + 0.01
2458830.9 26.370 14.49 + 0.02 1439 + 0.05 1433 £ 0.07
2458840.9 36.370 14.03 £ 0.02
2458841.9 37.370 14.19 + 0.05 14.12 + 0.13 13.89 £+ 0.06
2458845.9 41.370 14.13 £ 0.02 14.05 £+ 0.06 13.85 + 0.04
2458851.9 47.370 14.08 + 0.02 13.78 + 0.02
2458858.9 54.370 14.02 £ 0.02 13.78 £+ 0.06 13.71 £ 0.04
2458867.0 62.470 13.98 + 0.01 13.63 £+ 0.03
2458910.3 105.770 14.10 + 0.01 13.82 + 0.03 13.50 + 0.04
2458926.3 121.770 1420 + 0.02 13.95 + 0.02 13.57 + 0.03
2458945.2 140.670 1456 + 0.01 1427 £ 0.05 13.64 £ 0.07
2458950.3 145.770 1437 £ 0.02 14.09 + 0.03 13.68 + 0.03
2458968.2 163.670 14.53 + 0.03 1431 + 0.14 13.78 + 0.04
2458992.2 187.670 14.62 + 0.02 14.39 £+ 0.05 13.93 + 0.06
2458996.3 191.770 14.68 + 0.02 14.38 + 0.06 13.96 + 0.05
2459008.2 203.670 14.66 £+ 0.02 1489 + 0.17 13.94 + 0.05
2459020.1 215.570 14.54 + 0.04 14.16 + 0.04
2459022.1 217.570 14.81 + 0.03 1451 £+ 0.04 13.98 + 0.05
2459024.1 219.570 14.80 + 0.02 14.64 + 0.04 14.04 + 0.09
2459032.2 227.670 1491 + 0.02 1459 + 0.05 14.04 £+ 0.05
2459061.3 256.770 1499 + 0.04 1483 + 0.14 14.06 + 0.18
2459062.0 257.470 14.88 + 0.06 .
2459067.1 262.570 1496 + 0.02 14.75 + 0.03
2459094.1 289.570 15.10 £ 0.04 1491 + 0.05
2459153.1 348.570 15.32 + 0.02 14.44 + 0.06
2459164.0 359.470 1539 + 0.02 1439 + 0.07
2459177.0 372.470 1542 + 0.05 1444 + 0.02
2459192.9 388.370 1553 £ 0.02 15.17 £ 0.04 1430 £ 0.07
2459205.0 400.470 15.13 £+ 0.20
2459288.4 483.870 1494 + 0.03 1422 + 0.03
2459303.3 498.770 16.04 + 0.02 15.05 + 0.01
2459326.2 521.670 16.08 + 0.01 14.14 £ 0.02
2459344.3 539.770 16.36 + 0.01 14.04 + 0.01
2459366.2 561.670 16.29 + 0.01 14.04 + 0.01
2459368.2 563.670 1648 + 0.01 1534 £+ 0.01 14.12 + 0.01
2459373.2 568.670 16.22 + 0.01
2459385.3 580.670 16.60 £+ 0.02
2459387.2 582.670 16.42 + 0.02 15.17 £ 0.02 -
2459415.2 610.670 16.56 + 0.01 15.49 £+ 0.01 1420 £+ 0.01
2459424.0 619.470 17.14 £ 0.02 1559 + 0.01
2459455.1 650.570 16.84 + 0.03 1537 £ 0.02 14.06 + 0.02
2459676.3 871.770 16.68 + 0.04 1522 + 0.03

(This table is available in its entirety in machine-readable form in the online article.)
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Table D3
Photometric Observation from Swift/UVOT (Vega)

JD Phase’ uvw2 UvVM2 UVW1 Uuvu UVB UBV

2458820.500 15.970 13.95 + 0.03 13.88 + 0.02 13.89 + 0.03 14.06 + 0.03 15.24 + 0.03 15.17 + 0.05
2458821.700 17.170 14.01 £+ 0.03 13.92 + 0.03 13.91 £+ 0.03 14.05 £+ 0.04 15.15 + 0.04 15.12 + 0.06
2458823.000 18.470 14.03 + 0.03 13.92 + 0.03 13.89 + 0.03 13.99 + 0.03 15.11 + 0.03 15.09 + 0.04
2458824.400 19.870 14.07 + 0.03 13.97 + 0.03 13.94 + 0.03 13.93 + 0.03 15.10 + 0.03 15.03 + 0.04
2458827.600 23.070 14.21 £+ 0.03 14.08 + 0.03 13.99 + 0.03 13.94 + 0.03 15.03 + 0.03 14.87 + 0.04
2458830.000 25.470 14.32 + 0.03 14.19 + 0.03 14.06 + 0.03 13.98 + 0.03 1495 + 0.03 14.83 + 0.05
2458832.000 27.470 1443 £+ 0.03 14.28 + 0.03 14.11 + 0.03 13.97 + 0.03 15.01 + 0.03 1475 + 0.04
2458833.800 29.270 14.53 £ 0.03 1436 + 0.03 14.18 £+ 0.03 14.03 + 0.03 1499 + 0.03 1479 + 0.04
2458836.300 31.770 14.67 + 0.03 14.44 + 0.03 14.25 + 0.03 14.08 £ 0.04 1495 + 0.04 14.78 + 0.05
2458839.600 35.070 14.82 + 0.03 14.62 + 0.03 14.44 + 0.03 14.18 + 0.03 1492 + 0.03 1470 + 0.04
2458843.200 38.670 14.96 + 0.03 14.84 + 0.03 14.52 + 0.03 14.16 £ 0.04 15.00 + 0.03 1470 + 0.05
2458846.000 41.470 e ‘e 1433 £+ 0.03 15.09 + 0.03

2458848.700 44.170 15.31 + 0.03 15.14 + 0.03 1479 + 0.03 14.37 + 0.03 15.06 + 0.03 1476 + 0.04
2458852.300 47.770 15.54 + 0.04 1523 + 0.04 1491 + 0.04 1442 + 0.04 15.10 + 0.04 14.82 + 0.05

(This table is available in its entirety in machine-readable form in the online article.)
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