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Abstract

Type Ibn supernovae (SNe) are a rare class of stellar explosions whose progenitor systems are not yet well
determined. We present and analyze observations of the Type Ibn SN 2019kbj, and model its light curve in order to
constrain its progenitor and explosion parameters. SN 2019kbj shows roughly constant temperature during the first
month after peak, indicating a power source (likely circumstellar material mteractlon) that keeps the continuum
emission hot at ~15,000 K. Indeed, we find that the radioactive decay of *°Ni is disfavored as the sole power
source of the bolometric light curve. A radioactive decay + circumstellar material (CSM) interaction model, on the
other hand, does reproduce the bolometric emission well. The fits prefer a uniform-density CSM shell rather than
CSM due to a steady mass-loss wind, similar to what is seen in other Type Ibn SNe. The uniform-density CSM
shell model requires ~0.1 M, of >°Ni and ~1 M., total ejecta mass to reproduce the light curve. SN 2019kbj differs
in this manner from another Type Ibn SN with derived physical parameters, SN 2019uo0, for which an order of
magnitude lower *°Ni mass and larger ejecta mass were derived. This points toward a possible diversity in SN Ibn
progenitor systems and explosions.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Core-collapse supernovae (304); Massive stars (732)

Supporting material: data behind figure, machine-readable tables

1. Introduction

Type Ibn supernovae (SNe) are a rare class of stellar
explosions characterized by a lack of hydrogen lines and the
presence of narrow Hel emission lines in their spectra
(Pastorello et al. 2007). These events are thought to be SNe
strongly interacting with H-poor, helium-rich circumstellar
material (CSM; e.g., Smith 2016 and references therein). Only
a few dozen of such events are known (see Pastorello et al.
2016 and Hosseinzadeh et al. 2017 for recent compilations),
and their progenitor systems remain a mystery.

The H-rich analogs of Type Ibn events, (i.e., explosions
interacting with a H-rich CSM), known as Type IIn SNe, show
slowly evolving and diverse light curves (e.g., Kiewe et al.
2012). These traits are explained by the fact that CSM
interaction injects extra luminosity through shocks, producing
the observed prolonged emission, while diverse CSM density
distributions produce the observed diversity in light-curve
shapes. However, Hosseinzadeh et al. (2017) showed that many
Type Ibn SN light curves are strikingly similar and rapidly
evolving, in contrast to the expectations from CSM-interaction-
powered emission (but see also outliers to this uniformity
discussed in Pastorello et al. 2016).

Original content from this work may be used under the terms
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Even more puzzling is the discovery of a Type Ibn SN in a
brightest cluster galaxy (Sanders et al. 2013), specifically in an
environment with extremely low star formation, leading
Hosseinzadeh et al. (2019) to conclude that some (if not all)
Type Ibn SNe might not even be explosions of massive stars, as
typically assumed.

Possible clues as to the progenitors of Type Ibn SNe can
come from modeling their bolometric light curves. Gang-
opadhyay et al. (2020) fit the bolometric light curve of the Type
Ibn SN 2019uo0 with the Chatzo é)oulos et al. (2012) model that
includes luminosity from both *°Ni decay and CSM interaction
(after disfavoring “°Ni decay as the sole power source). Their
best fits require ~16 M, of ejecta and just 0.01 M, of *°Ni,
with most of the luminosity at peak coming from interaction of
the ejecta with a few tenths of a solar mass of CSM. They favor
a uniform-density shell, rather than a steady wind, for the
distribution of the CSM. Pellegrino et al. (2022), on the other
hand, find a much smaller ejecta mass (~1 M) for the same
event, while finding a similar SONi mass, using the same
models.

Here we present observations of SN 2019kbj, a well-
observed member of the Type Ibn class, with multiband
photometry and multiepoch spectroscopy. We analyze its light
curve and spectra and model its bolometric light curve in a
similar way to that of Gangopadhyay et al. (2020) for
SN2019u0 to deduce its physical parameters. With this
analysis we aim to increase the sample of Type Ibn events
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with deduced physical parameters. We assume a Planck18
(Planck Collaboration et al. 2020) cosmology throughout.

2. Discovery and Classification

SN 2019kbj was discovered on 2019 July 1 (UT used
throughout) by the Asteroid Terrestrial-impact Last Alert
System (ATLAS; Tonry et al. 2018) transient survey (Smith
et al. 2020) as ATLAS19ohl (Tonry et al. 2019), at R.A.
01:00:39.619 and decl. +19:37:03.5 (J2000).” A faint
(absolute magnitude ~—17) and blue host galaxy is seen in
archival Pan-STARRS1 (PS1) images (Flewelling et al. 2020)
at this position.

The event was initially classified on 2019 July 3 by
Hiramatsu et al. (2019) as a possible young Type II SN at a
redshift of z=0.048, based on the strong blue continuum,
narrow H emission, and possible early flash-spectroscopy
features (short-lived high-ionization emission lines indicative
of a confined CSM; e.g., Khazov et al. 2016). However, it was
later reclassified by Arcavi et al. (2022) as a Type Ibn SN based
on narrow He I emission lines (and a lack of broad H features)
seen in a spectrum taken 1 week later (the narrow H emission
being attributed to the host galaxy rather than the SN). The
redshift remained unrevised.

3. Observations and Data Reduction

We obtained BVgri-band imaging of SN 2019kbj with the
Las Cumbres Observatory (Brown et al. 2013) Sinistro cameras
mounted on the network of 1 m telescopes at the Cerro Tololo
Inter-American Observatory (Chile), the South African Astro-
nomical Observatory (South Africa), the Siding Spring
Observatory (Australia), and the McDonald Observatory
(United States), through the Global Supernova Project, from
2019 July 4 to 2019 September 20. Reference images were
obtained on 2021 December 31, long after the SN faded.
Standard image-reduction procedures were applied by the Las
Cumbres Beautiful Algorithms to Normalize Zillions of
Astronomical Images pipeline’® (McCully et al. 2018). We
then performed image subtraction and point-spread function
(PSF) fitting using the PyRAF-based 1cogtsnpipe'' pipe-
line (Valenti et al. 2016), which uses the High Order Transform
of PSF ANd Template Subtraction (Becker 2015) implementa-
tion of the Alard & Lupton (1998) algorithm. BV-band
magnitudes are calibrated to the Vega system, and gri-band
magnitudes to the AB system. We also obtained c- and o-band
host-subtracted photometry of SN 2019kbj from the ATLAS
Forced Photometry Server'? (Tonry et al. 2018; Smith et al.
2020). We find the last pre-explosion ATLAS 5o nondetection
limit to be on 2019 June 29 at a magnitude of 19.89 in the ¢
band, constraining the explosion time to a window of only 2
days between 2019 June 29 and 2019 July 1.

We downloaded images of SN2019kbj taken by the
Ultraviolet Optical Telescope (Roming et al. 2005) on board
the Neil Gehrels Swift Observatory (Gehrels et al. 2004),
obtained under a Target of Opportunity request (PI: Hira-
matsu), from the High Energy Astrophysics Science Archive

® The event was independently discovered on 2019 July 27 by the Panoramic
Survey Telescope And Rapid Response System (Pan-STARRS; Chambers
et al. 2016) as PS19dzw.

' https:/ /github.com/LCOGT /banzai

1 https://github.com/LCOGT /lcogtsnpipe

'2 hitps: //fallingstar-data.com/forcedphot/
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Table 1
Photometry of SN 2019kbj
MID Filter Magnitude Error Source
58663.49 c <19.89 ATLAS
58665.49 o 18.38 0.080 ATLAS
58665.50 o 18.17 0.078 ATLAS
58665.50 o 18.27 0.067 ATLAS
58665.51 o 18.14 0.059 ATLAS
58667.46 c 17.60 0.033 ATLAS
58667.48 c 17.64 0.034 ATLAS
58667.50 c 17.61 0.033 ATLAS
58667.50 c 17.55 0.028 ATLAS
58668.39 B 17.44 0.018 Las Cumbres
58668.39 B 17.36 0.009 Las Cumbres
58668.40 Vv 17.55 0.013 Las Cumbres
58668.40 1% 17.55 0.013 Las Cumbres
58668.40 g 17.30 0.006 Las Cumbres
58668.40 g 17.30 0.006 Las Cumbres

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

Research Center.'> We performed aperture photometry with a
5" radius circular region using the uvotsource package in
HEAsoft v6.18, with version 20200925 of the calibration
database (CALDB), following the standard guidelines from
Brown et al. (2009). Host flux subtraction was performed using
images taken on 2022 April 12 (PI: Grupe), long after the SN
faded, following the prescriptions of Brown et al. (2014).

We correct all photometry for Milky Way extinction using
the Schlafly & Finkbeiner (2011) calibrations of the Schlegel
et al. (1998) maps, retrieved via the NASA/IPAC, Extra-
galactic Database (NED)."* For the ATLAS ¢ and o bands we
use extinction data for the g and r bands, respectively. We
neglect extinction in the SN host galaxy, as we find no
evidence for strong Nal D absorption in a spectrum taken of
the host (see below). Our photometry is presented in Table 1
and in Figures 1-3.

We obtained 12 spectroscopic observations with the Las
Cumbres Observatory Floyds spectrographs mounted on the 2
m Faulkes Telescope North (FTN) and South (FTS) at the
Haleakala (United States) and Siding Spring (Australia)
observatories, respectively, through the Global Supernova
Project. Spectra were obtained through a 2” slit placed on the
SN along the parallactic angle (Filippenko 1982). One-
dimensional spectra were extracted, and flux and wavelength
calibrated using the floyds_pipeline'® (Valenti et al.
2014). One of the spectra is of the host galaxy, obtained long
after the SN faded. A log of the spectroscopic measurements is
given in Table 2. All SN spectra are presented in Figure 4. The
host spectrum is presented in Figure 6.

4. Photometric Analysis

The multiband light curve of SN 2019kbj is shown in
Figure 1. Using a parabolic fit to the r-band data around peak
(from MJD 58668.4 to 58677.1), we determine the peak date to
be MJD 58670.1 + 0.26, with an apparent peak magnitude of

13 https: / /heasarc.gsfc.nasa.gov/
" hitps: / /ned.ipac.caltech.edu/
15 https://github.com/LCOGT/floyds_pipeline
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Figure 1. Extinction-corrected multiband light curve of SN 2019kbj. Vertical red lines at the top indicate days when spectra were obtained. The arrow indicates the

last nondetection 5o limit.
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Figure 2. Absolute magnitude r-band light curve of SN 2019kbj (black circles) compared to r- and R-band light curves of other Type Ibn SNe and the Type Ibn SN r-
band template (shaded region) from Hosseinzadeh et al. (2017). SN 2019kbj fits well within the population of Ibn SNe. The data for ASASSN-14ms are taken from
Wang et al. (2021), PTF1Irfh, iPTF15ul, iPTF15akq, iPTF14aki, and SN 2015U from Hosseinzadeh et al. (2017), OGLE12-006 from Pastorello (2015b), PS1-12sk
from Sanders et al. (2013), SN 2000er and SN 2002ao from Pastorello et al. (2008a), SN 2005la from Pastorello et al. (2008b), SN 2006jc from Pastorello et al.
(2007, 2008a), SN 2010al and SN 201 1hw from Pastorello et al. (2015a), SN2014av and SN 2014bk from Pastorello et al. (2016), SN 2015G from Foley et al. (2015),

and SN 2019uo from Gangopadhyay et al. (2020).

17.67 £ 0.24, corresponding to an absolute peak magnitude of
—18.99 £ 0.24 (errors are from the parabolic fit).

We calculate the post-peak decline rate using a linear fit to
the magnitudes between MJD 58670 and 58700 for each band
(except the ¢ band, for which there are not enough epochs). Our
results are presented in Table 3. We find a decline rate in all
bands similar to the typical r-band 0.1 mag day ' measured for
Type Ibn SNe by Hosseinzadeh et al. (2017).

Comparing the r-band light curve of SN 2019kbj to those of
other Type Ibn SNe (Figure 2), we find that it is rather typical
and fits well within the template of Hosseinzadeh et al. (2017)
around peak. SN 2019kbj shows excess emission compared to
the template starting at around 20 days after peak, perhaps due to
a larger amount of IONj compared to other events (see below).

The color evolution of SN 2019kbj is shown in Figure 3.
Both its B —r and B — V colors are roughly constant, as seen
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Figure 3. The color evolution of SN 2019kbj (black circles) compared to other
Type Ibn SNe. SN 2019kbj shows constant colors, as do some other Type Ibn
SNe. Colors, symbols, and data sources are as in Figure 2.

Table 2
Log of Spectroscopic Observations
Date MID Phase Telescope
(days)
2019-07-02 58666.68 —2.42 FTS 2m
2019-07-03 58667.49 —1.61 FTN 2m
2019-07-04 58668.43 —0.68 FIN 2m
2019-07-10 58674.43 5.32 FTN 2m
2019-07-13 58677.57 8.47 FTN 2m
2019-07-15 58679.52 10.42 FTN 2m
2019-07-18 58682.48 13.38 FIN 2m
2019-07-24 58688.56 19.45 FTN 2m
2019-07-28 58692.47 23.36 FIN 2m
2019-08-05 58700.52 31.41 FTN 2m
2019-08-09 58704.53 3543 FIN 2m
2022-05-23 59722.52 Host FTN 2m

also in other Type Ibn SNe. SN 2019kbj is one of the bluest
Ibn’s in the sample.

5. Spectroscopic Analysis

The spectroscopic evolution of SN 2019kbj is shown in the
left panel of Figure 4. A blue continuum is seen in the early
spectra, with no prominent flash-spectroscopy features. How-
ever, our earliest spectrum was obtained 2.41 days before peak,
which is later than when flash features were observed in other
Type Ibn events. In SN 2019uo (Gangopadhyay et al. 2020)
prominent flash features were seen only up to 3.7 days before
peak, while in SN 2010al (Pastorello et al. 2015a) flash features
were seen 8 days before peak and disappeared 4 days later.
Since our earliest spectrum is later than these times, we cannot
rule out the existence of flash features for SN 2019kb;.

Ben-Ami et al.

Prominent narrow HeI emission lines can be seen through-
out the evolution, together with Sill, MgI, and Call lines,
which are seen in other Type Ibn SNe as well (right panel of
Figure 4). A very prominent Hel blend at 5015 and 5047 A
develops shortly after peak. This blend is also seen in some
other Type Ibn SNe (Figure 5). It appears after peak, and at
later times the 5047 A component disappears. The 5015 A
component is further blended with Ol 5007 A, which we
attribute to the underlying host galaxy (Figure 6).

Narrow Ha emission is also seen in all epochs. This feature
may be from the host galaxy or from H in the CSM
surrounding the SN progenitor. Here, we attribute the narrow
Ha emission to the host galaxy for a few reasons. First, it
becomes stronger relative to other features as the SN fades.
Additionally, it is seen in our host-galaxy spectrum (Figure 6)
and as an extended feature in the two-dimensional spectra of
our SNe (an example two-dimensional spectrum is shown in
Figure 7). Since the host and SN spectra were each taken under
different seeing conditions and with different slit orientations, it
is not possible to accurately isolate the amount of Ha or O Il
emission contributed by the host galaxy to each SN spectrum.
Therefore, we can neither robustly associate nor rule out an
association of a small amount of Ha or O I with the SN.

We measure expansion velocites from the Hel 5876, 6678,
and 7065 A lines as was done for SN 2019uo by Gangopadhyay
et al. (2020). We first normalize the spectra with a parabolic fit to
the continuum and then model each He P Cygni absorption line
with a Gaussian. The offset between the best-fit Gaussian center
and the line rest-frame wavelength is then translated to an
expansion velocity. Our results are shown in Figure 8. All lines
show expansion velocities of a few 10°kms ™' which increase
with time during the first ~30 days after peak. This is the same
behavior seen in the sample of Ibn SNe analyzed by
Gangopadhyay et al. (2020) and references therein.

6. Light-curve Modeling
6.1. Blackbody Fits and Bolometric Light Curve

We fit the spectral energy distribution of each epoch to a
blackbody using a Markov Chain Monte Carlo (MCMC)
routine implemented via the lightcurve_f itting'®
Python library (Hosseinzadeh & Gomez 2020). We include
only epochs with at least three distinct bands observed within 1
day and bin data taken within less than 1 day of each other. The
best-fit blackbody temperature and radius for each epoch,
together with the resulting bolometric luminosity, are presented
in Figure 9 and Table 4. As expected from the roughly constant
colors, the temperature is seen to be roughly constant at
~15,000 K out to about a month after peak luminosity. These
temperatures are low enough that we do not have to limit
ourselves to epochs with ultraviolet coverage to ensure we are
correctly sampling the blackbody spectrum (Arcavi 2022).

We add a bolometric epoch prior to peak where we only
have the single o-band discovery detection, assuming the
measured constant temperature can be extrapolated backward
to that epoch. We assume a temperature of 14,984 + 650 K (the
average temperature and its standard deviation from all
subsequent epochs) to calculate a bolometric correction for
the o-band data point using the synphot'’ package (STScl

16 https://github.com/griffin-h/lightcurve_fitting
7 https: //github.com/spacetelescope/synphot_refactor.git
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Figure 4. Left: the spectral evolution of SN 2019kbj. Prominent spectral lines and days relative to peak luminosity are noted. Right: the spectrum of SN 2019kbj 5.3
days after peak compared to other Type Ibn SNe at similar phases (noted in days relative to peak).

(The data used to create this figure are available.)

Development Team 2018). This epoch is presented with an
empty symbol in Figures 9-11.

6.2. Modeling the Bolometric Light Curve

We fit the bolometric light curve of SN 2019kbj to two
models: the radioactive decay model from Arnett (1982),
Valenti et al. (2007), and Chatzopoulos et al. (2012), and the
radioactive decay model with additional CSM-interaction
power from Chevalier (1982) and Chatzopoulos et al. (2012).
Each model is fit to the data using the Bolometric_Mo-
delling'® module (Ben-Ami 2022).

6.2.1. Radioactive Decay Model

The radioactive decay model assumes that the bolometric
luminosity is powered solely by the radioactive decay of “°Ni
to >°Co to *°Fe with ~-ray leakage taken into consideration
(Valenti et al. 2007; Chatzopoulos et al. 2012). The luminosity

18 https://github.com/Tomariebenami/Bolometric_Modelling

Table 3
Post-peak Luminosity Decline Rates of SN 2019kbj in Magnitudes Per Day
B g Vv o r i
Decline rate 0.099 0.078 0.092 0.083 0.12 0.091
Error 0.003 0.031 0.003 0.006 0.004 0.005

Note. These values are typical for Type Ibn SNe.

is given by
L(t) = My , e
Im

x [(ECO - eNi)foxB@ dz + ecOfox C(z)dz]
x (1 — e, (1)

where the free parameters are the ejecta mass M,;, the “°Ni
mass My;, the characteristic ejecta velocity v, and the optical
opacity Kepe (We also fit for the explosion time relative to the
peak, fp). exi=3.90 x 10° ergs 'g~' and ec,=6.78 x 10°
ergs ' g ! are the energy-generation rates of the decays of
%Ni and *°Co, respectively (Sutherland & Wheeler 1984;
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Figure 5. The He 1 5015 A and 5047 A blend (dashed black lines) in SN 2019kbj, compared to other Type Ibn SNe, at various epochs. The top axis denotes the
velocity relative to 5015 A. All spectra are continuum subtracted. For each epoch, only spectra taken +5 days compared to the phase of the spectra of SN 2019kbj are
compared. The light blue dashed line denotes the O 11 5007 A line (which we attribute to the host galaxy).
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Figure 6. A spectrum of the SN host galaxy taken after the SN faded. Narrow
Ha and O 111, seen also in the spectra taken while the SN was active, are present
here and thus attributed to the host galaxy. No strong Nal D absorption is
detected, indicating little or no host-galaxy extinction.
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Cappellaro et al. 1997). The integrands B(z) = 2ze 2>+ and
C(z) = 2ze 2225+ gre the luminosity outputs of the decays of
*°Ni and *°Co, with y =1t,,/27; and s = t,(7co — i)/ 2TcoTn-
Both integrals are evaluated up to x = ¢/t,, with

Fiont

12 20M5
OBc

3Vé
defined as the light-curve timescale, and 7y; = 8.8 days and
Tco = 111.3 days the respective decay lifetimes (e.g., Nadyoz-
hin 1994). Finally,

1/4

; @)

Im

3)

is the 7-ray leakage factor. We set the y-ray opacity, &, to
0.027 cm® g~ ! following Swartz et al. (1995) and Cappellaro
et al. (1997).

We use the MCMC fitting method, implemented through
the emcee package (Foreman-Mackey et al. 2013), with 500
burn-in steps, followed by 8000 fitting steps with 150 walkers.

Y o

Figure 7. The Ha region of the two-dimensional calibrated spectrum of
SN 2019kbj taken on 2019 August 9, with the wavelength axis along the
horizontal direction and the spatial axis along the vertical direction. The Ho
line, marked with yellow arrows, is adjacent to a sky line but can be clearly
seen as an extended emission feature. We thus attribute it to the host galaxy.
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Figure 8. He I expansion velocities measured from the P Cygni minima of each
line. These velocities and their time evolution are similar to those seen in other
Type Ibn SNe (Gangopadhyay et al. 2020 and references therein).

We limit the *°Ni mass to be less than the total ejecta mass
and use a very broad ejecta velocity (vej) prior, since
otherwise the fit prefers an unphysical solution with more
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Figure 9. The blackbody temperature, radius, and inferred bolometric
luminosity of SN 2019kbj. For the first epoch (empty symbol), where only
one band is available, we assume the temperature to be equal to the average
temperature during the rest of the evolution, and use our single-band data at
that epoch to constrain the radius and hence bolometric luminosity there. The
unbinned data are shown in black semitransparent points.
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Figure 10. Radioactive decay model (100 lines, chosen at random from the
MCMC walker distribution) compared to the bolometric light curve of SN 2019kbj
(binned data in opaque points, unbinned data in semitransparent points).

6Ni than total ejecta mass (see Table 9 in Appendix B.1; a
similar result was obtained for the extremely luminous Ibn
SN ASASSN-14ms by Vallely et al. 2018 and Wang et al.
2021).

Our fit is shown in Figure 10, and the best-fit parameters are
given in Table 5. The corner plot of the fit is shown in
Figure 13 in Appendix B. Although we find a reasonable fit to
the data, it requires a very high ejecta velocity (of order
60,000 km s~ '), which is not typically seen in any type of SN.
In addition, it requires a large “°Ni mass of ~0.8 M., which is
also not typical of core-collapse SNe. The ejecta mass remains
unconstrained within the prior bounds. We conclude that
radioactive decay is disfavored as the sole power source of the
light curve of SN 2019kb;j.

Ben-Ami et al.

Table 4
Results of Blackbody Fits to the Photometry of SN 2019kbj
Phase Temperature Radius Luminosity
(days) (K) (10"*cm) (10¥erg s™)
-3.61 149841830 5.98+92¢ 128540332
-0.7 1382478 11.89+3% 3.68150109
0.26 126261311 13.047033 3.080703%
1.26 160471352 9.761919 4.499+03¢1
2.0 13630172 10.89+9% 2.915+03%
3.21 13248*138 11435518 2.86710148
498 15823735 8.91790% 3.5427038
6.68 14771+3% 9.117538 2.81370%3
8.0 134787310 9.01793¢ 19077039
9.13 173363% 6.35%03 2.591+0342
10.21 17143653 6.13+9:2¢ 2.313104%0
13.22 18728+1828 4.855049 20639873
17.6 19587298 3.857932 155750148
19.26 1841111378 3.4615033 0.9837944
20.32 190272113 3.5240%2 1.154+03%8
24.11 9946287 6.92+038 0.334+99%
28.31 1160225330 4674008 0.28270:134
3233 1071911347 4497983 0.18979138
36.28 137757333 2.88%132 0.213+03%

Note. For the first epoch, where only one band is available, we assume the
temperature to be equal to the average temperature during the rest of the
evolution, and use our single-band data at that epoch to constrain the radius and
hence bolometric luminosity there.

(This table is available in machine-readable form.)

Given the long-lived blue continuum and narrow He lines in
Type Ibn SNe, CSM interaction is a most likely additional
source of power.

6.2.2. Radioactive Decay + Circumstellar Material Interaction Model

We next fit a radioactive decay model with additional CSM-
interaction power as formulated by Chevalier (1982) and
Chatzopoulos et al. (2012). In this model the CSM density,
Pesms> 18 described by a power law, p.sn=gr °. The ejecta
distribution is described by two power laws, pejocr © for r
smaller than a critical normalized radius xo, and pejoc 7" for r
larger than x,. The total SN luminosity in this model is given
by (Chatzopoulos et al. 2012)

! ! —s n—
L) = le—%f eli| — 2T =i 0 — 32— 5)
fo 0 (n — 5)%)
53 2n+65s—ns—15

x B VA — 1) O(tks po — 1)

57%
+27T(Ag ) ﬂ?{”g"(—gj S)
q

n—s
2n+6s—ns—15
X '+ )7 = O(trs x — )]
1 _«
+ —/6 0
A

! r t t
X f eicMy;il(eni — €co)e ™ + €coe co]dt’.
0
4)

The model has 10 free parameters (in addition to the density
power-law indices s, 6, and n, which we fix): the ejecta mass
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Figure 11. Radioactive decay + CSM interaction model (50 lines, chosen at random from the sampler’s distribution) compared to the bolometric light curve of
SN 2019kbj (binned data in opaque points, unbinned data in semitransparent points) for different values of the fixed parameters. For the n = 7, s = 2 cases, the reverse
shock contribution is 51040 ergs ', and is not shown. Small bumps seen in some models at ~30 days are numerical artifacts from the integration.

Table 5
Best-fit Parameters for the Radioactive Decay Model
MNi Mcj Vej Ropt )
M) (M) (10°kms™") (em’g™") (days)
0.776%0%s  10.085%%, 59.05'7,2%, 0.0040%0%8%,  —5.32%09,

M., the 50N mass My;;, the CSM mass Mgy, the characteristic
ejecta velocity ve;, the density of the CSM shell, pcsm,in, at its
innermost radius 7;, (¢ = pcsu infin)» the efficiency of convert-
ing shock energy to luminosity €, the normalized radius at
which the ejecta power law switches indices x,, the optical
opacity Kep, and the explosion time fy, relative to peak time.

In addition to the free parameters, O(tgs — t) and O(tgs — 1)
are Heaviside step functions corresponding to the termination
of the forward and reverse shock waves at times fgrg and fgs,
respectively, which are dictated by the free parameters (see
Chatzopoulos et al. 2012 and Chevalier 1982 for the full
details), g(n, 0, M., v¢j) is a scaling parameter for the ejecta
density, and (g, OF, and A are all constants found in Chevalier
(1982). All parameters related to the radioactive decay
component (the second integral in Equation (4)) are identical
to those of the radioactive decay model described in
Section 6.2.1.

Here, we study two cases: s =0 (a uniform-density CSM
shell) and s =2 (CSM due to a steady mass-loss wind). For each
case, we test both § =0 and § =2, which are values typically
assumed for the inner density profile in SNe (Chatzopoulos et al.

2012). As for the outer density profile, n, previous works used
n =10 and n = 12 (Gangopadhyay et al. 2020; Pellegrino et al.
2022). However, Chatzopoulos et al. (2012) mention that

n=11.7 corresponds to red supergiant progenitors (Matzner &
McKee 1999), while more compact stars (such as the stripped-
envelope progenitors expected for Type Ibn SNe) are character-
ized by lower values of n. Therefore, n =12 is probably not
appropriate for Type Ibn SN progenitors, and even n = 10 might
be too high. Chevalier (1981, 1982) find that n =7 is able to
reproduce light curves of Type Ia SNe from white dwarf
progenitors. Therefore the true value of n for Type Ibn
progenitors is possibly somewhere between 7 and 10. Here we
test both edge values. In summary we test all combinations of
n=7,10,5s=0, 2, and §=0, 2.

Given the large number of parameters, we fit each case using
the dynamic nested sampling method as implemented by the
DYNESTY Python package (Speagle 2020). We use uniform
and log-uniform priors, as detailed in Appendix A. We require
the *°Ni mass to be less than the total ejecta mass in all fits.

Our fits are shown in Figure 11, best-fit parameters given in
Table 6, and corner plots are shown in Figures 14-21 in
Appendix B.

7. Discussion

SN 2019kbj is photometrically and spectroscopically similar
to other Type Ibn SNe, with a post-peak luminosity decline rate
that is similar to that of the average Type Ibn light curve
(Figure 2).

The blackbody temperature of SN 2019kbj is relatively
constant around 15,000 K, in contrast to the cooling seen in
H-rich Type II SNe, for example (e.g., Valenti et al. 2014).
This indicates that an ongoing power source, likely CSM
interaction, continues to heat the ejecta as it expands. A
constant color, indicative of constant temperature, is seen also
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Best-fit Parameters for the Radioactive Decay + CSM Interaction Model

Table 6

Ben-Ami et al.

n s g Mej MNi Mcsm Vej Pesm,in Tin € Xo Ropt fo
Me) Me) M) (10°kms™)  (107%gem™) (10" cm) (em’g™ (days)
70 0 076042 008703 01350 9345333 0.93+:22 920789 056703 0.60707 079733 —4.62101
2 07893 008799 01375 14,5839} 073438 10597390 0461038 057103 078043 —4.637912
20 04270% 023709 0297913 14,0214 0117542 51782 0197580 022798 021708 —3.9770 2
2028504 022700 o.12t8.3§ 13.007483 0.13919 307430 0417518 025508 066703 —3.97%048
100 0 0 119%93]  0.10%097  0.0675% 11.257%32 07608 392832 0617928 054793 0767015 —4.9570%
2 1.42t8§‘2‘ 0.10509%  0.079% 11877443 0.65%)% 4521335 0467030 0.61503) 078704 74.95t8§%
20 0265005 02358 0215085 13.53+289 1205033 172533 061509 0454007 014503 —3.9550%
2 02380% 021798 0.0873% 16.0573% 0.607932 13279% 0967003 048704 0541013 —3.9275%¢
in other Type Ibn’s (but not all; Figure 3). The constant color mass-loss rate is
and temperature might be an indication of a common CSM-
interaction power source for this class of events. Determining M (r) = 47r? =S pegaiinTin Vi (6)

why some events do not show constant color requires
additional modeling of those data, which we leave to
future work.

The bolometric light curve of SN 2019kbj yields extreme
parameter values when fit by radioactive decay alone, but can
be fit with much more reasonable values with the addition of
CSM-interaction luminosity.

The steady-wind CSM (s =2) models require higher Ni
masses and lower ejecta masses compared to a uniform-density
CSM shell (s=0; Table 6). In fact, the steady-wind CSM
models require most (~50%-90%) of the ejecta to be Ni, while
in the uniform-density CSM model less than 10% of the ejecta
mass is Ni, as seen in most core-collapse SNe. This is the case
regardless of the value of n chosen. Therefore, we conclude that
our models show a slight preference for a uniform-density
CSM shell over a steady-wind CSM. This is consistent with the
results of Karamehmetoglu et al. (2017) and Gangopadhyay
et al. (2020), who also prefer a uniform-density CSM shell over
a steady-wind CSM to explain the light curves of the Type Ibn
SNe OGLE-2014-SN-131 and 2019uo.

In the uniform- dens1ty CSM case, the bolometric light curve
of SN 2019kbj requires a >°Ni mass of 0.08-0.1 M., which is
an order of magnitude higher than the 0.01 M, derlved by
Gangopadhyay et al. (2020) and Pellegrino et al. (2022) for
SN 2019uo0 (for both CSM cases). In the steady-wind CSM
case, we derive an even higher value of 0.22 M, for the *°Ni
mass. The ejecta masses of ~0.2-1.4 M, that we find are
substantially lower than the ~16 M, derived for SN 2019uo by
Gangopadhyay et al. (2020), but overlap with the ~1 M, found
by Pellegrino et al. (2022) for that event.

The ejecta masses deduced are not highly sensitive to the
value of n, and change only within a factor of 2 for n="7
versus n=10. The “°Ni and CSM masses are even less
sensitive to n, and are in fact consistent within the errors for the
different n values tested.

The mass-loss rate, M, that produced the CSM can be
obtained from the continuity equation:

M(I") = 47rr2pCSM(")Vw(”)
g (1), S)

where v,, is the CSM wind velocity, and we recall that
g = Pesm.in’in- If We assume a constant wind velocity, then the

For the s =2 case, this results in a constant M. Typical
Wolf-Rayet wind velocities are of order 1000 kms™'
(Crowther 2007), which is consistent with the order of
magnitude of the earliest He velocity we measure in
Section 5 (before the CSM might have accelerated significantly
due to impact from the SN ejecta). With our s =2 best-fit
parameters we thus ﬁnd a mass-loss rate on the order of ~0.5
(W) M. yr~" (for both n =7 and n = 10). At this mass-
loss rate, to reach the total CSM mass from each fit, the mass-
loss episode that shaped the light curve of SN 2019kbj would
have lasted only ~0.2-1.1 yr.

The mass-loss rate found here is similar to the mass-loss rate
derived for the Type IIn SN iPTF13z (0.1-2 M., yr'; Nyholm
et al. 2017). Gangopadhyay et al. (2020) found a much higher

value for SN2019uo (~200 (W) M. yr™"), which

motivated them to rule out the s =2 model for that event.
For s = 0, the mass-loss rate is not constant for a constant v,,.
Using the best-fit parameters for this case, the mass-loss rate at

the inner CSM radius, M (ry,), is ~16 (m) M yr! for

n=7 and ~2.5 (m) M, yr~' for n=10. We can not
derive a timescale for the ejection of this shell, without
knowing the difference between r;, and the progenitor radius
(which we can not constrain here). In addition to these
uncertainties, v,, might also not be constant in this type
of CSM.

Although the light curve of SN 2019kbj is ~1-2 mag
brighter than that of SN 2019uo, both are within the observed
spread of Type Ibn SN luminosities (Figure 2). Therefore, our
results indicate a possible diversity in Type Ibn SN progenitor
systems and explosions. However, this apparent diversity may
be due, at least in part, to the different model implementation
and fitting methods used for each event. As noted previously,
Pellegrino et al. (2022) also fit a Ni decay + uniform-density
CSM model to SN 2019uo, but find a very different ejecta mass
than that found by Gangopadhyay et al. (2020), ~1 M, versus
~16 M, using the same data. Comparing physical parameters
between events requires fitting their light curves with the same
models and methods. We plan to perform such systematic
comparisons in future work (T. Ben-Ami et al. 2023, in
preparation).
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8. Summary and Conclusions

SN 2019kbj is similar both photometrically and spectro-
scopically to other Type Ibn SNe.

We show that the radioactive decay of *°Ni is likely not
enough to explain the light curve, but that an additional power
source is needed. This is also evidenced by the roughly
constant blackbody temperature of SN 2019kbj.

We fit the bolometric light curve of SN 2019kbj with a
radioactive decay + CSM interaction model, and find that a
uniform-density CSM shell produces more reasonable fits
compared to a steady-wind CSM.

Other Type Ibn SNe show lower “°Ni masses and higher
ejecta masses compared to SN 2019kbj. This diversity might be
intrinsic to Type Ibn SN progenitor systems and explosions,
but it might also arise from differences in the way physical
parameters have been inferred for different events. A
systematic study of Type Ibn light curves could elucidate this
issue and provide additional clues as to the puzzling nature of
these events.
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Appendix A
Model Priors

The priors chosen for the radioactive decay model are shown
in Table 7 and those for the radioactive decay + CSM
interaction model in Table 8. In addition, a limit on My; was
given such that samples with My; > M.; were rejected by the
algorithm. The prior on the explosion time %, is based on the
explosion window discussed in Section 3.

Table 7
Bounds for the Priors Used When Fitting the Radioactive Decay Model
M My Vej Kopt To
M) M) (10°km's™") (cm’g ™) (days)
Lower 1073 10~ 1.0 1073 5.5
bound
Upper 20.0 10.0 100.0 1.0 —4.1
bound
Type Log- Log- Uniform Uniform Uniform
uniform uniform
Table 8
Bounds for the Priors Used When Fitting the Radioactive Decay + CSM Interaction Model
Mej MNi Mcsm Vej Pcsm,in Fin € Xo Ropt to
M) M) M) (10°kms™") (107 Pgem™) (10" cem) (em’g™)  (days)
Lower bound 1073 107 10~ 1.0 0.01 0.01 0.1 0.1 1073 5.5
Upper bound 20.0 10.0 12.0 20.0 1.0 20.0 1.0 1.0 1.0 —4.1
Type Log-uniform  Log-uniform  Log-uniform Uniform Uniform Uniform Uniform  Uniform Uniform  Uniform
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Appendix B
Model Convergence

For the radioactive decay + CSM interaction model fits, we
use the original stopping function offered by Dynesty, which
is robust for most applications (Speagle 2020). The algorithm
performs a “baseline” run, which is stopped when 99% of the
evidence has been explored, followed by a stopping function
for the additional batch runs, based on whether the posterior
has been estimated well enough (see Speagle 2020 for more
details).

My

My,

Pn

Ben-Ami et al.

Taking the s =0, 6 =0 case (Figure 14) as an example, we
can see two types of posterior distributions. Some (e.g., those
for My; and t;) are Gaussian-like, while others (e.g., for xg)
have broader, more complicated distributions. While this might
be interpreted as not “converged” in an MCMC fit, the entire
relevant phase space of the priors has been explored
(Figure 12). This is the case for all model variations fit here.
Therefore we conclude that the fits are converged but that there
exist inherently complex degeneracies between some of the
parameters.

Fesm

Xo

Figure 12. Corner plot of the samples constructed for the radioactive decay + CSM model with s =0 and § = 0. Colors represent each sampling’s weight in
calculating the posterior. The relevant parameter space was covered well by the sampling, leading us to conclude that the fits are converged. The same is true for all

other radioactive decay + CSM models fit here.
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Figure 13. Corner plots of the radioactive decay fit to the bolometric light curve of SN 2019kbj. The units for the parameters are given in Table 5. Left: fit in which the
36Ni mass is constrained to be lower than the total ejecta mass and the velocity prior is extended up to 100 x 10° km s~ '. Right: fit in which the *Ni mass is not
constrained by the ejecta mass and the velocity priors are limited to <20 x 10 km s~'. In this case the preferred *°Ni mass is larger than the total ejecta mass, making
the solution unphysical.

Table 9
Best-fit Parameters for the Unconstrained Radioactive Decay Model
MNi Me' Vej Ropt to
(M) (M) (10°kms™") (em’g™") (days)
0.787-991% 0.489% 13.02439% 0.02019822 —5.385913
Note. The larger Ni than total mass makes this model unphysical.
B.1. Corner Plots and Fit Parameters
Figure 13 shows the corner plot for the radioactive-decay- unconstrained model. Corner plots for the radioactive decay +

only fit, and Table 9 lists the best-fit parameters from the CSM fits are shown in Figures 14-21.
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Figure 14. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n =7, s =0, 6 = 0. The
units for the parameters are given in Table 6.
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Figure 15. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n =7, s =0, 6 = 2. The
units for the parameters are given in Table 6.
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Figure 16. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n =7, s =2, 6 = 0. The
units for the parameters are given in Table 6.
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Figure 17. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n =7, s =2, 6 = 2. The
units for the parameters are given in Table 6.
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Figure 18. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n = 10, s =0, 6 = 0. The
units for the parameters are given in Table 6.
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Figure 19. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n = 10, s = 0, 6 = 2. The
units for the parameters are given in Table 6.
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Figure 20. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n = 10, s =2, 6 = 0. The
units for the parameters are given in Table 6.
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Figure 21. Corner plot for the radioactive decay + CSM interaction fit to the bolometric light curve of SN 2019kbj, with fixed parameters n = 10, s =2, 6 = 2. The

units for the parameters are given in Table 6.
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