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ABSTRACT

A growing number of supernovae (SNe) are now known to exhibit evidence for significant interaction with a dense, pre-existing,
circumstellar medium (CSM). SNe Ibn comprise one such class that can be characterized by both rapidly evolving light curves
and persistent narrow Hel lines. The origin of such a dense CSM in these systems remains a pressing question, specifically
concerning the progenitor system and mass-loss mechanism. In this paper, we present multiwavelength data of the Type Ibn SN
2020nxt, including HST/STIS ultraviolet spectra. We fit the data with recently updated CMFGEN models designed to handle
configurations for SNe Ibn. The UV coverage yields strong constraints on the energetics and, when combined with the CMFGEN
models, offer new insight on potential progenitor systems. We find the most successful model is a S4 Mg helium star that lost
its ~ 1 M He-rich envelope in the years preceding core collapse. We also consider viable alternatives, such as a He white dwarf
merger. Ultimately, we conclude at least some SNe Ibn do not arise from single, massive (>30 M) Wolf-Rayet-like stars.

Key words: circumstellar matter — supernovae: individual: SN 2020nxt — ultraviolet: general — transients: supernovae.

1 INTRODUCTION

Core-collapse supernovae (CCSNe) are the explosive endpoint of
massive stars’ lives. These stars typically explode in relatively
low-density environments that have been self-cleared by stellar
radiation pressure and low-density winds prior to explosion. A
growing number of transients, however, have now been observed
to explode in a high-density, slow-moving, circumstellar medium
(CSM) likely generated by progenitor pre-SN mass-loss on the
order of 1073-10"! Mg, yr~! (Smith 2017). These pre-shocked, high-
density winds emit relatively narrow (<1000kms™") lines, adding
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an ‘n’ classification to the subclass (e.g. SNe IIn, Ibn; Schlegel 1990;
Filippenko 1997; Smith 2017, and references therein).

SNe Ibn (see Pastorello et al. 2008a and Hosseinzadeh et al. 2017
for reviews) is one such CCSN subclass that exhibits hydrogen-poor
(e.g. stripped-envelope Type Ib) spectra dominated by narrow He1
emission lines. Their optical light curves are distinct from those of
normal SNe Ib given their high peak luminosity and fast rise/decline.
In the case of the SNe Ibn 2006jc and 2019uo, imaging observations
reveal a pre-SN outburst, potentially an extreme mass-loss event,
~2 yr prior to explosion that may have been the origin of the CSM
(Pastorello et al. 2007; Strotjohann et al. 2021).

Fox & Smith (2019) first proposed a potential connection between
SNe Ibn and another puzzling subclass named Fast Blue Optical
Transients (FBOTs), in particular AT 2018cow (Margutti et al.
2019). These extreme transients are defined by their light curves’
relatively fast rise and decline (<10 d above half-maximum), high
peak bolometric luminosity (>10*ergs™'), and blue colour (e.g.
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Drout et al. 2014). Almost all FBOTSs also show narrow lines and
signs of interaction with CSM, although there is also evidence that
at least some are powered by a central engine (e.g. Yao et al. 2022;
Chen et al. 2023; Ho et al. 2023). Ho et al. (2021) provide a thorough
review, noting that there may really be at least two distinct groups:
(1) at the lower energy end, the more common SNe Ibn (hydrogen-
poor stripped-envelope Type Ibn-like), and (2) at the high-energy
end, the much less frequent FBOTS (e.g. AT2018cow; Margutti et al.
2019). There may even be other types of fast transients with signs
of CSM intetaction connected to these groups, such as the H-poor
and He-poor Type Icn SNe (Davis et al. 2022; Gal-Yam et al. 2022;
Pellegrino et al. 2022; Perley et al. 2022).

SNe Ibn, SNe Icn, and FBOTs invoke a number of questions
specific to our understanding of stellar evolution and explosions. For
many stripped-envelope SNe, two of the most common progentior
systems proposed are a single massive Wolf-Rayet (WR) star with
a high mass-loss rate (e.g. Gaskell et al. 1986; Pastorello et al.
2007; Smith, Foley & Filippenko 2008; Pastorello et al. 2008b,
2015a, b, ¢) or a close binary system (Podsiadlowski, Joss & Hsu
1992). Earlier studies of the Type Ibn SN 2006jc suggested the
dense CSM was formed by a strong wind from a massive WR
progenitor (e.g. Foley et al. 2007; Pastorello et al. 2007). This single,
massive WR star model, however, is problematic (Dessart, John
Hillier & Kuncarayakti 2022). Most known physical mechanisms
for normal stellar winds, particularly for single stars, are insufficient
to produce the inferred mass-loss rates in SNe Ibn (e.g. Smith 2014).
Theory predicts that a standard WR star explosion with inner shell
decelerated by CSM down to speeds of ~2000km s~ should yield
a superluminous SN (Dessart et al. 2016; Dessart et al. 2022), but
SNe Ibn like SN 2006jc only have peak luminosities of Ly =
10% erg s!, at least an order of magnitude fainter than SLSNe.
Also, the presence of HeI lines at all times requires a He-dominated
CSM composition, which is directly incompatible with most massive
WR-star models.

Instead, such massive CSMs require eruptive mass-loss akin
to luminous blue variables (Smith et al. 2011) or pre-SN binary
interaction (Smith & Arnett 2014) may be required. Late-time Hubble
Space Telescope (HST) imaging of SN Ibn explosion sites indicate
that at least some SNe Ibn do not originate from high-mass stars
(Hosseinzadeh et al. 2019; Sun et al. 2020). Shivvers et al. (2017)
use pre-explosion images to rule out a WR progenitor for the Type
Ibn SN 2015G (Shivvers et al. 2017). Progenitor masses of <12
Mg are further constrained by local stellar population studies (Sun,
Maund & Crowther 2023). Furthermore, modelling of Type Ibn
spectra (Dessart et al. 2022) showed that Type Ibn SN progenitors
have final masses of only <5 Mg, much lower than those for WR
stars.

Recently, the theoretical community has proposed a wide range of
new physical scenarios. Binary models are successful at explaining
at least some of the observed CSM characteristics of SNe Ibn
by invoking nuclear flashes in low-mass He stars (Woosley 2019;
Dessart et al. 2022) or repeated mass-transfer episodes in short-
period binaries (Pols 1994; Dewi & Pols 2003; Langer 2012; Tauris
etal. 2013). Other proposed explosion models include a double white
dwarf merger (Lyutikov & Toonen 2019; Dessart et al. 2022; Metzger
2022), a Thorne—Zytkow-like object (TZ1O) as a result of head-on
collision between white dwarf and neutron star (NS) collapse to an
NS or a black hole as a central engine (see Paschalidis et al. 2011),
a millisecond-period magnetar powering an ultrarelativistic gamma-
ray-burst jet (e.g. Metzger et al. 2011), and other potential extreme
scenarios, such as intermediate-mass black holes (e.g. Perley et al.
2022).
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Ultimately, not all SNe Ibn are homogeneous. There are peculiar
SNe Ibn (e.g. very slowly rising objects; see Karamehmetoglu et al.
2021) that may challenge theoretical models. Furthermore, the class
of FBOTs is an observationally defined sample, and as such it
is perhaps unlikely that they all come from the same progenitor
channel. Whether or not multiple mechanisms are at work, more
observations are needed to make any connection between this variety
of mechanisms and progenitors and the diversity of SNe Ibn. Given
the large number of possible interaction configurations, one may
even expect a continuum of events covering the parameter space from
SNe Ibn/Icn to FBOTs (e.g. Dessart et al. 2022). Stellar evolution,
in particular if one invokes binarity, can produce a large set of
evolutionary paths.

Unlike many of the other SN subclasses, SNe Ibn do not yet
have direct observational evidence of their quiescent progenitor
systems. Instead, the community has had to rely on indirect evidence,
mostly consisting of optical spectroscopy/photometry and host-
galaxy studies (Hosseinzadeh et al. 2019, and those within). These
observations have highlighted the need for multiwavelength, multi-
epoch observations, especially in the ultraviolet (UV) (e.g. Dessart
et al. 2022). The bolometric light curve, built from UV, optical, and
near-infrared (NIR) observations, is essential to constrain the energy
budget of these transients and identify a multicomponent emission
source. In addition, the degeneracy in the light-curve properties
requires the additional wealth of information encoded in spectra
(e.g. composition, line-profile properties such as morphology, width,
or strength).

In this paper, we present multiwavelength observations of SN
Ibn 2020nxt, including UV, optical, and NIR. Section 2 presents
the observations, while Section 3 discusses the modelling of the
spectral series. In Section 3.4, we examine line diagnostics and their
implications for the progenitor system and evolution channel. Finally,
Section 4 provides the conclusion of our work and implications
for the future. Throughout the paper, we adopt a flat ACDM
cosmological model with Hy = 73 km s~! Mpc~! and Q,, = 0.27
(Riess et al. 2022).

2 OBSERVATIONS

SN 2020nxt was first discovered by the Asteroid Terrestrial-impact
Last Alert System (ATLAS; Tonry et al. 2018a) on 2020 July
3 12:53:16.8 utc (MJD 59033.537) in the o band with m, =
17.192 mag (Tonry et al. 2020), and was spectroscopically classified
as an SN Ibn on July 14 with the Liverpool Telescope (Srivastav
et al. 2020). The last non-detection on SN 2020nxt was on 2020
July 1 14:29:46 UTC (MJD 59031.604) with a limiting magnitude
m, < 19.67. We adopt a redshift of z = 0.0218 & 0.003 measured
from the centroid of He 1 17065 through all phases. This corresponds
to a distance of 91.1 & 1.2Mpc and a distance modulus of pu =
34.798 £ 0.032mag. The Milky Way extinction is relatively low
towards this direction, with E(B — V)yw = 0.067 mag (Schlafly &
Finkbeiner 2011). The peak of ATLAS o band is on MJD 59039.485
with m, peac = 15.985 mag. We applied a quadratic fit to the ATLAS
o-band light curve from MJD 59 035 to 59045 and estimated the
o-band peak to be on 2020 July 8 18:14:24 UTC (MJD 59038.76).

2.1 UV, optical, near-IR imaging

The ATLAS images are processed as described by Tonry et al.
(2018a), and then photometrically and astrometrically calibrated us-
ing the RefCat?2 catalogue (Tonry et al. 2018b). Template generation,
image-subtraction procedures, and photometric measurements are
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carried out following Smith et al. (2020). The ATLAS light curves
are then cleaned, averaged, and converted into AB magnitude system
using a suite of routines described by Rest et al. (2021).! The first
cut uses the x? and uncertainty values of the point-spread-function
(PSF) fitting to clean out bad data. We then obtain forced photometry
of 8 control light curves located in a circular pattern around the SN
with a radius of 17 arcsec. The flux of these control light curves is
expected to be consistent with zero within the uncertainties and any
deviation from that would indicate that there are either unaccounted
systematics or underestimated uncertainties. We search for such
deviations by calculating the 30 cut weighted mean of the set of
control light-curve measurements for a given epoch (for a more
detailed discussion, see Rest et al. in preparation). The weighted
mean of these photometric measurements is expected to be consistent
with zero and, if not, we flag and remove those epochs from the
SN light curve. This method allows us to identify potentially bad
measurements in the SN light curve without using the SN light curve
itself. We then bin the SN 2020nxt light curve by calculating a 3o cut
weighted mean for each night (typically, ATLAS has 4 epochs per
night), excluding the flagged measurements from the previous step.
We find that this method successfully removes outliers from the SN
light curve.

Follow-up observations of SN 2020nxt were also performed by
the 0.76 m Katzman Automatic Imaging Telescope (KAIT) as part
of the Lick Observatory Supernova Search (LOSS; Filippenko et al.
2001), as well as the 1 m Nickel telescope at Lick Observatory. B,
V, R, and I multiband images of SN 2020nxt were obtained with
both telescopes, and additional Clear-band images (close to the R
band; see Li et al. 2003) were obtained with KAIT. All images were
reduced using a custom pipeline’ detailed by Stahl et al. (2019).
The image-subtraction procedure was applied in order to remove
the host-galaxy light, using additional images obtained after the SN
had faded below our detection limit. PSF photometry was obtained
using DAOPHOT (Stetson 1987) from the IDL Astronomy User’s
Library.? Several nearby stars were chosen from the Pan-STARRS14
catalogue for calibration; their magnitudes were first transformed into
the Landolt (Landolt 1992) system using the empirical prescription
presented by equation (6) of Tonry et al. (2012), and then transformed
to the KAIT/Nickel natural system. Apparent magnitudes were all
measured in the KAIT4/Nickel2 natural system. The final results
were transformed to the standard system using local calibrators and
colour terms for KAIT4 and Nickel2 (Stahl et al. 2019).

SN 2020nxt was observed with Las Cumbres Observatory (Brown
etal. 2013) as part of the Global Supernova Project, using the Sinistro
camera on the 1 m telescope at McDonald Observatory (TX, USA)
and the Spectral camera on the 2 m Faulkes Telescope North (FTN) at
Haleakala Observatory (H1, USA). These images were pre-processed
using BANZAI (McCully et al. 2018). We subtracted reference
images taken with the same 1 m telescope on 2022 September 17
UTC using PyZOGY (Guevel & Hosseinzadeh 2017) and measured
PSF photometry on the difference images using lcogtsnpipe
(Valenti et al. 2016). UBV Vega magnitudes are calibrated to Landolt
(1983) standard fields taken on the same nights with the same
telescopes, and gri AB (Oke & Gunn 1983) magnitudes are calibrated
to the Sloan Digital Sky Survey (SDSS; SDSS Collaboration 2017).

Uhttps://github.com/srest2021/atlaslc
Zhttps://github.com/benstah192/LOSSPhotPypeline
3http://idlastro.gsfc.nasa.gov/
“http://archive.stsci.edu/panstarrs/search.php
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We also observed SN 2023bee with the PanSTARRS1 (PS1)
telescope (Chambers et al. 2016) in griz bands as part of the Young
Supernova Experiment (Jones et al. 2021a; Aleo et al. 2022). The
PS1 images are reduced by the PS1 Image Processing Pipeline (IPP;
Waters et al. 2020; Magnier et al. 2020a, b, ¢), and then calibrated
using the Pan-STARRS DRI catalogue (Flewelling et al. 2020).

UV and additional optical imaging was performed with the Neil
Gebhrels Swift Observatory (Gehrels et al. 2004; Roming et al. 2005).
Observations began on 2020 July 16 at 02:38:13 UTC. Reductions
were performed using the methods outlined by Brown et al. (2009)
and the pipeline of the Swift Optical Ultraviolet Supernova Archive
(SOUSA; Brown et al. 2014). The count-rate flux from the host
galaxy within the source aperture was subtracted using an observation
on 2021 January 22.

The multiband light curves are shown in Fig. 1. We further use
the SUPERBOL pipeline (Nicholl 2018) to calculate the bolometric
light curve from Lick, ATLAS, and Swift light curves, as shown in
Fig. 2. In order to align measurements in different filters on the same
epochs, we use the B band as the reference filter and interpolate
and extrapolate the light curves in other bands with second-order
polynomials between MJD 59 045 and 59065. We then estimate the
full bolometric light curve by fitting a black-body SED. For the later
phases when no UV data are present, we also calculated the pseudo-
bolometric light curve by integrating the photometry in BVRI bands
as a reference to the bolometric luminosity evolution, as shown in
Fig. 2.

2.2 Host galaxy

SN 2020nxt exploded 4.5 arcsec (2.0 kpc projected) west of the spiral
galaxy WISEA J223736.70 4 350006.5. Following the methodology
of Hosseinzadeh et al. (2019), we downloaded a «’-band image of
this galaxy from the SDSS Collaboration 2017 and measured the
surface brightness within a 5pixel x 5pixel (0.9kpec x 0.9kpc)
aperture centred on the SN location (Fig. 3). The result, o, =
23.2 4 0.2 mag arcsec2, implies a star formation rate (SFR) density
of Tsgr = 0.019 Mg yr~! kpc~2, according to the relationship of
Kennicutt (1998). This places the site of SN 2020nxt near the median
SFR density among SN Ibn (Hosseinzadeh et al. 2019) and other
CCSN (Galbany et al. 2018) hosts.

2.3 Pre-explosion imaging

Given the pre-SN outburst observed 2 yr prior to SN 2006jc (Foley
etal. 2007; Pastorello et al. 2007), we searched the pre-explosion data
of SN 2020nxt for a similar brightening event. ATLAS monitored
the field of SN 2020nxt in the ¢ and o bands for ~3yr prior to
explosion. We use the tool kit ‘ATClean’ (Rest et al. 2023), which
was developed to clean and bin ATLAS light curves as well as search
for excess flux such as outbursts in pre-SN light curves using a
quantitative efficiency and contamination analysis.

As described in Section 2.1, we first obtain a set of eight forced
photometry light curves around the location of SN 2020nxt. These
light curves are 17 arcsec away from the SN so that they can serve
as controls to help determine the background variation and, conse-
quently, the detection limit of any potential outbursts in the pre-SN
light curve. We use ATClean to remove bad or noisy measurements
and bin both the SN and control light curves (see Section 2.1) before
proceeding with our outburst search. We additionally exclude control
light curve #4 because it overlaps with a bright point source. The top
panel of Fig. 4 displays the cleaned and binned pre-explosion ATLAS
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Figure 1. Multiband light curves of SN 2020nxt within the first ~70 d. The rest-frame phases labelled at top of the plot are relative to the inferred time of peak
brightness in the ATLAS o band on MJD 59038.76. For clarity each band has been shifted as labelled in the annotations.
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Figure 2. Bolometric and pseudo-bolometric light curves of SN 2020nxt.
The bolometric light curve (blue) is estimated by fitting a blackbody SED
to the UV-optical light curve when UV data from Swift are present. The
pseudo-bolometric light curve (orange) is estimated by integrating through
the BVRI bands as an indicator of the bolometric light-curve evolution at later
phases. The phases are relative to o-band maximum brightness.

light curve generated by forced photometry at the position of the SN,
along with its cleaned and binned control light curves.

In accordance with our primary objective to identify the presence
of pre-SN outbursts in the SN 2020nxt light curve, our detection

Figure 3. «'-band image (left) and -band image (right) of the host galaxy of
SN 2020nxt. By measuring the UV flux withina 5 x 5 pixel? (0.9 x 0.9 kpc?)
aperture centred on the SN location (white square), we derived a surface
brightness of 23.2 mag arcsec ~2 and an SFR density of 0.019 Mg, yr—!' kpc =2,
near the median for SNe Ibn (Hosseinzadeh et al. 2019).

algorithm is designed to reflect the most basic feature of these
outbursts — that a real eruption adds positive flux to consecutive
detections, even if its individual detections may not exceed 3¢ above
zero. We thus define a figure of merit (FOM; hereafter referred
to as Xpom) for our outburst detection algorithm as the flux-to-
uncertainty ratio convolved with a rolling Gaussian of kernel size
Okemel. This convolution, when applied to a binned ATLAS light
curve, will emphasize the signal of any real (though faint) eruption.
Most importantly, the rolling Gaussian with a kernel size o emel can
best amplify the target pre-SN outburst signal with similar time-scale.

MNRAS 530, 3906-3923 (2024)
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Figure 4. Top: The pre-SN light curve (red) in the o band compared with the
control light curves (green) taken from the background around the position
of SN 2020nxt through all phases. One of the control light curves has
been highlighted (blue) for clarity and comparison. Bottom: To the left, the
weighted sum of the S/N convolved with a rolling Gaussian with kernel sizes
Okemel = 5, 20, and 40 d. The horizontal dotted lines denote the detection
limits X rom,limic Of the corresponding o kemel, as determined by the frequency
distribution of the control light curve Xgom, shown in the right panels. The
vertical dashed lines denote the time of discovery.

We display Xgopm for the pre-SN and control light curves, along with
histograms of the X oy distributions, for three kernel sizes of interest
in the bottom panels of Fig. 4.

To determine whether a detection is real, or set upper limits for non-
detections, we must establish an optimal detection limit X g jimit for
each kernel size 0 yemel in advance of running the algorithm on the
pre-SN light curve. In doing so, we aim to account for contamination
caused by factors such as instrument and reduction artefacts or nearby
bright objects, while simultaneously remaining sensitive to faint

MNRAS 530, 3906-3923 (2024)

eruptions. As our control light curves allow us to assume the absence
of any real astrophysical flux, we can refer to them to calculate
diagnostic measures such as efficiency (i.e. the success rate of the
ATClean outburst detection algorithm on pre-SN outburst events
simulated within these control light curves) and contamination (i.e.
the amount of false positives by the detection algorithm using a
certain detection limit).

As discussed by Rest et al. (in preparation) and depicted in the
Y rom histograms of Fig. 4, the oy distribution is not guaranteed to
be Gaussian-shaped, particularly for o yeme; > 40 d. As such, instead
of using the classic o-cut method to determine the detection limits,
we set the aforementioned controlled measures of contamination to a
constant value across each o yemel, then compute the detection limits
which best satisfy this criterion. We define our target contamination
value for the corresponding > rowm jimit to be 1 (falsely) positive control
light curve (i.e. at most one continuous sequence of Xpom rises
above Xpomiimit). In the bottom panels of Fig. 4, we display the
computed detection limits X rom jimic for the kernel sizes of interest
in relation to the pre-SN and control X goy. Note how the Xgoyp dis-
tributions for larger kernel sizes become increasingly less Gaussian-
shaped, further emphasizing the need for meaningful detection
limits.

We now determine the efficiency of our detection algorithm
using the previously established detection limits by calculating the
detection success of many series of simulated outbursts. The first
integral step in achieving this goal is to simulate and inject an
event into a control light curve so that we can apply the detection
algorithm; in order to do so, we model the target pre-SN outbursts
with Gaussians of varying size o, and peak apparent magnitude
Mpeak- Fig. 5 displays an example of a simulated event with o,
= 20 d and mpex = 21.5 mag injected into an example control
light curve. For four kernel sizes of interest, we display the original
YroMm in blue and the simulated ¥poMm in purple. Evidently, for
all kernel sizes, the simulated Xpom surpasses the corresponding
Yromiimit and the algorithm successfully detects the simulated
event.

We aim to analyse the efficiency of the following rolling Gaussian
kernel sizes: 0 germer = 35, 20, 40, 70, 100, and 150 d. For each o yempel,
we inject simulated Gaussian events with similar oy, and calculate
the rate of successful algorithmic detection. As eruptions typically
have time-scales of O ¢rypion between ~5 and 100 d (Ofek et al.
2014; Strotjohann et al. 2021; Jacobson-Galén et al. 2022), we set
the possible o, values to 5, 20, 40, 70, 100, and 150 d, including
the kernel size of 150 d for completeness. We draw mpe. from a
possible range of 16-23 mag and randomly draw the peak MJD
from the observation seasons (we exclude the first two observation
seasons MJD < 57 876 owing to bad cadence). Each simulated event
is injected into a randomly drawn control light curve, which is then
scanned for Xrom > Zpomimie Within 1o of the peak MJD. We
simulate and inject a total of 50 000 events. Then, we calculate the
efficiency (i.e. the per cent of successfully detected simulations) of
each oyemer With respect to simulation o gy, and 7peqx.

Lastly, we compute the peak apparent magnitudes at which each
efficiency curve crosses 50 per cent and 80 per cent to get apparent
magnitude thresholds meshola- In Fig. 6, we display mpreshola aCross
our range of oy for different o yemel. Evidently, we can conclude
that with an 80 per cent efficiency goal, we can set an upper limit of
Minreshold = 19.8 mag or Minreshoia = —15 mag for short pre-explosion
eruptions with 5 d durations, and mpeshoia = 21.3 mag or Mipreshold =
—13.5 mag for long pre-explosion eruptions with 100 d durations
in the case of SN 2020nxt. No significant detection is identified at
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Figure S. The same simulated Gaussian event, with o, = 20 d and mpeac = 21.5 mag, injected into an example control light curve and convolved with four
rolling Gaussians of different kernel sizes: okernel = 5 d (top left), 20 d (top right), 40 d (bottom left), and 70 d (bottom right). In the green points, the control
light curve flux after injection of the simulated event. In the dashed green line, the shape of the injected Gaussian event. In the solid blue line, the original Xrom.
In the solid purple line, the X rom after injection of the simulated event. The simulated Xrom successfully crosses the detection limit X rom,limic (dashed blue

line) for all four o kernel.
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Figure 6. The relationship between the threshold magnitude Mhreshold and
the width of simulated Gaussian o, for different size of rolling Gaussian
kernel oker. Left and right panels show the corresponding threshold curves
for different detection efficiency requirements. Notice that for eruptions with
duration longer than 270 d, the threshold magnitude no longer has a strong
correlation with the eruption duration.

the site of SN 2020nxt over time-scales of 5-150 d in pre-explosion
ATLAS o-band data.

2.4 Optical and near-IR spectroscopy

Optical spectroscopy was obtained with several telescopes, sum-
marized in Table 1 and plotted in Fig. 7. FLOYDS spectra from
FTN were observed with a 2 arcsec-wide slit and reduced using the
floyds_pipeline’ (Valenti et al. 2014). Observations with the
Nordic Optical Telescope (NOT; Djupvik & Andersen 2010) on La
Palma used the Alhambra Faint Object Spectrograph (ALFOSC).
All spectra were obtained using the parallactic angle (Filippenko
1982) and with airmass <1.3. A slit width of 170 and Grism 4 were
used for all observations. Three of the spectra have excellent signal-
to-noise ratio (S/N), while the fourth was affected by calima dust. The
NOT spectra were reduced using the Pypeit pipeline (Prochaska
et al. 2020a, b). The classification spectrum was obtained using
the SPectrograph for the Rapid Acquisition of Transients (SPRAT;
Piascik et al. 2014) on the 2m Liverpool Telescope (Steele et al.
2004). SPRAT uses a 1.8 arcsec slit and covers a wavelength range
of ~4000-8000 A.

Additional optical spectra were obtained through the Young
Supernova Experiment (YSE; Jones et al. 2021b; Coulter et al.

Shttps://github.com/LCOGT/floyds_pipeline
(’Programmes 61.604 & 61-501, P.I. J. Sollerman
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Table 1. Log of spectroscopic observations of SN 2020nxt. The phases are relative to o-band maximum brightness.

MID Phase (d)  Telescope Instrument Grism/grating Wavelength range (A) Resolution (A)
59044.1 +5.3 LT SPRAT - 4020-7580 9.2
59046.5 +7.6 FTN FLOYDS - 3500-10000 22
59048.4 +9.4 Shane Kast - 3618-10712 2.0
59049.0 +10.0 NOT ALFOSC - 4003-9689 3.6
59049.5 +10.5 Shane Kast - 3306-10496 2.5
59049.7 +10.7 HST STIS G140L + G230L 1138-3180 0.6/1.5
59052.5 +13.4 FTN FLOYDS - 3500-10000 1.7
59053.4 + 143 Keck I LRIS - 3302-10097 1.2
59055.0 + 159 NOT ALFOSC - 4000-9635 3.6
59058.4 +19.2 Shane Kast - 3616-10688 25
59058.7 +19.5 HST STIS G230L 1570-3180 1.5
59061.5 +22.3 FTN FLOYDS - 3500-10000 23
59062.1 +22.8 NOT ALFOSC - 4002-9624 3.6
59065.5 +26.2 FTN FLOYDS - 3500-10000 1.7
59070.6 +312 Keck I LRIS - 3505-10493 2.5
59072.4 +32.9 Shane Kast - 3618-10714 2.0
59074.5 +35.7 Keck 2 NIRES - 9650-24670 22
59083.6 +439 Keck I LRIS 60074000 + 400/8500 3156-10280 1.2
59084.6 + 449 Keck I LRIS 60074000 + 400/8500 3202-10147 12

2022, 2023) with the Keck-I 10 m telescope using LRIS (Oke et al.
1995), and also with the Lick 3 m (Shane) telescope using the Kast
spectrograph (Miller & Stone 1993). They were reduced through
the UCSC Spectral Reduction Pipeline’ (Siebert et al.
2020), a custom data-reduction pipeline based on procedures outlined
by Foley et al. (2003), Silverman et al. (2012), and references
therein. The two-dimensional (2D) spectra were bias-corrected, flat-
field corrected, adjusted for varying gains across different chips
and amplifiers, and trimmed. One-dimensional (1D) spectra were
extracted using the optimal algorithm (Horne 1986). The spectra
were wavelength-calibrated using internal comparison-lamp spectra
with linear shifts applied by cross-correlating the observed night-
sky lines in each spectrum to a master night-sky spectrum. Flux
calibration and telluric correction were performed using standard
stars at a similar airmass to that of the science exposures. We combine
the sides by scaling one spectrum to match the flux of the other in
the overlap region and use their error spectra to correctly weight the
spectra when combining. More details of this process are discussed
elsewhere (Foley et al. 2003; Silverman et al. 2012; Siebert et al.
2020; Davis et al. 2022).

An NIR spectrum of SN 2020nxt was obtained on 2020 Aug.
13 (MJID 59074.5) with the Near-Infrared Echellette Spectrometer
(NIRES; Wilson et al. 2004) mounted on the Keck-II 10 m telescope,
with slit width of 0.55 arcsec. The SN was observed in an ABBA
dithering pattern for sky subtraction, and reduced utilizing the
Spextool software package (Cushing, Vacca & Rayner 2004).
The telluric absorption corrections were done with the XTELLCOR
software. The log of NIR spectroscopic observation is given in
Table 1, and the spectrum is presented in Fig. 8.

All spectral data and corresponding information will be made
available via WISeREP® (Yaron & Gal-Yam 2012).

2.5 HST/STIS UV spectroscopy

SN 2020nxt was observed twice with the HST/STIS as part of
programme GO-15834 (PI: O. Fox), as summarized in Table 1

https://github.com/msiebert1/UCSC _spectral_pipeline
Shttps://wiserep.weizmann.ac.il
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and plotted in Fig. 9. The 1D spectrum for each observation
is extracted using the CALSTIS custom extraction software stis-
tools.x1d. The default extraction parameters for STIS are defined
for an isolated point source. For both G140L and G230L, the
default extraction box width is 7 pixels and the background ex-
traction box width is 5 pixels. The UV and optical spectra are then
flux-calibrated to the Swift UVOT UVM2 and B-band photome-

try.

2.6 Line analysis

Most of the identified lines have been marked in Figs 7-8. In this
section, we discuss the evolution of the most prominent lines. The
He features are strong throughout all phases, especially He1 5876,
7065 A. Mg doublets around 7880 A and 9230 A are prominent
within the first 20d but gradually weakened and are hardly visible
afterward. On the other hand, the Ca triplet around 8600 A is not
visible at the earliest phases, but appeared ~14d after the first
detection and gradually became prominent at later phases. Fig.
10 shows the selected line profiles of Her 5876, 7065 A, Mgl
doublets, and Call triplets throughout all phases in velocity space.
Despite the change in the line flux, the variation in the centroid
velocities of Call and Hel lines are negligible. The FWHM of
these lines is <2000kms~' throughout all phases. The lack of
any blueward shift in the line profile combined with the absence
of any NIR excess suggests that any new dust formation is relatively
small. After day 20, a weak and very narrow H o feature becomes
visible in some spectra, most likely originating from the host
galaxy.

In the far-UV, a number of highly ionized emission features are
present, including Nv 1240 A, C11 1335 A, and the C 1V resonance
doublet at 1548, 1550 A. There is another strong emission feature at
1400 A and could originate from O1v, S1v, or SilIv. In the near-UYV,
the only strong features during the early phase are the Mg Il doublets
around 2800 A, while C 1 1907 A and C 12323 A can barely be seen.
In the NIR spectrum taken +35.7 d post-peak, the strongest features
are the broad emission lines of HeT 1.083 wm and 2.0581 pum, while
other relatively weak metal emission lines including C1, Call, and
Mg 1 can also be identified.
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Figure 7. Optical spectral series of SN 2020nxt in the rest frame shown in log scale. Vertical dashed lines indicate the wavelengths of some of the strongest
lines. The grey shadowed region below 5500 A is dominated by the Fe 1 line forest and hard to identify any line features except for He1 4471 A. All of the
spectra have been normalized to the continuum in the range of 6100-6300 A. Phases relative to the o-band peak at MJD 59038.76 are labelled to the right side
of each spectrum. The spectra after 22.3 d are rebinned for clarity owing to their relatively low S/N.
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Figure 8. The NIR spectrum of SN 2020nxt obtained on 2020 Aug. 13 at phase + 35.7 days past maximum brightness with the Keck-II telescope. The two
grey bands mark regions that have high telluric absorption. The flux is plotted on a log scale, and the prominent features in the spectrum are identified.
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Figure 9. UV spectra of SN 2020nxt taken with HST STIS at phase +10.0 and + 14.3 d past maximum. The spectra have been smoothed with a Gaussian
kernel and plotted on a log scale for clarity, and the prominent line features are identified with vertical lines.

3 ANALYSIS

3.1 The type Ibn supernova model

In order to constrain the mass of the progenitor star and ejecta,
we make a comparison between the state-of-the-art simulation with
CMFGEN and our spectral series of SN 2020nxt. The radiative-

MNRAS 530, 3906-3923 (2024)

transfer simulations presented here include some of the original
calculations presented by Dessart et al. (2022, hereafter D22) as
well as new calculations with different parameters. For the SN Ibn
scenario, the context is that of low- or moderate-energy, low-mass
ejecta interacting with ~1 Mg He-rich CSM. The progenitor for
this scenario could be a low-mass binary He-rich star losing its He-
rich envelope just before core collapse, followed by the evolution
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Figure 10. The profiles of He 15876, 7065 A, Mg 11 doublet around 7891 A, and Call triplet around 8542 A from observed (blue) and theoretical (black) spectra,
plotted in velocity space. Spectra are normalized to the 6100-6300 A continuum. Prominent features are marked with vertical dashed lines. Phases are labelled

near each spectrum.

of the remaining star until core collapse and a weak neutrino-driven
explosion — such events are predicted from stellar-evolution models
in this mass range (Woosley 2019). This envelope loss could arise,
for example, through a Case BB unstable mass-transfer episode (Pols
1994; Dewi & Pols 2003) or through a nuclear flash as may arise in
single or binary stars having a small core mass (Woosley & Heger
2015; Woosley 2019). Our numerical approach applies best after
bolometric maximum light, when the inner and outer shells have
been essentially entirely swept up (i.e. the interaction is essentially
over) into a dense narrow shell (i.e. 8V/V « 1, where V is the ejecta

velocity) that evolves in a quasi-steady state and expands ballistically
while the power arises from the residual interaction. In this work, we
treat directly the interaction shock power in the radiative transfer with
CMFGEN to better accounting for greater non-local thermodynamic
equilibrium (NLTE) effects, H-deficient interactions and stronger
role played by lines, under which the methodology in the study
of SN 1994W do not work well (Dessart, Audit & Hillier 2015;
Dessart et al. 2016). With this approach, we lose a little on the the
physical consistency of the treatment on hydrodynamics, but we gain
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Figure 11. Two different model spectra illustrating the impact of the He content and ejecta mass on the SED for a dense shell moving at 2000km s~ !, located

at a radius of 3 x 103 cm and with an injected power of 2 x 10*? ergs~!. The models shown are he4 (total mass of 1.62 Mg, with 0.92 Mg, of He) and he8
(total mass of 3.95 Mg, with 0.84 M, of He) from D22. The model with higher mass and lower He content shows weak or no Hel lines (e.g. at 3888, 4471,
5875, 6678, 7065, 10 830, or 20 581 A) and exhibits extra blanketing in the blue (mostly because of the greater mass but identical power).
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Figure 12. Grid of interaction calculations based on the he4p0 model, a radius of 3 x 10'% cm, and a velocity of 2000km s~! with powers of 2 x 10*!,
2 x 10*2, and 10 erg s~!. With decreasing power, the ionization of the dense shell gets lower and continuum gets weaker especially in the UV region.

significantly on the treatment of the gas and the interaction between
radiation and matter.

A further assumption of D22 is to treat the shock power re-
leased in the complicated, inherently 3D interaction region in a
similar way to the y-ray energy deposition from decay power. In
practice, the model injects the power within the dense shell and
ignores any distinction between the relative contributions from the
reverse and forward shocks. That is, it focuses on that part of
the total shock power that is thermalized within the dense shell
(this might be 1 percent, 10 percent, or 100 percent of the
total power produced by the shock) and injects that power in the
form of high-energy electrons. Then, using the non-thermal solver
in CMFGEN, the model computes the degradation of these high-
energy electrons as they collide with electrons, ions, and atoms in
the plasma. From this degradation spectrum, the influence of non-
thermal electrons on the temperature, ionization, and excitation is

MNRAS 530, 3906-3923 (2024)

determined. The overall approach in CMFGEN is therefore analo-
gous to the treatment of radioactive decay in models of standard
SNe.

Other models for interacting SNe have been produced by Groh
(2014) with CMFGEN, but in this case use a radiative-transfer solver
adapted for the conditions of optically thick stellar winds. In this
‘stellar wind’ approach, one assumes a steady-state configuration
with a prescribed luminosity at a diffusing inner boundary layer,
an optically thick medium at that inner boundary, and an overlying
steady flow that reprocesses the impinging continuum flux. However,
these assumptions are not well suited for SNe Ibn at most epochs. As
discussed by D22, the physical conditions post-maximum brightness
in SNe Ibn suggest an optically thin nebula cooling through a forest
of Fe 11 lines and a negligible contribution from continuum processes
apart from the far-UV range. The observations also suggest the
presence of low-velocity dense material (probably in a dense shell
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Figure 13. Comparison of he4 models and multiwavelength spectra of SN 2020nxt at 11, 20, 34, and 36d after o-band maximum brightness. The top two
panels combine HST/UV and optical data calibrated to contemporarneous photometry.
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Figure 14. Same as Fig. 13 but with UV spectra only.

formed from the interaction between ejecta and CSM) and powered
by a shock (D22). The power originates from within the interaction
region rather than being exterior to it. This interaction is also
marginally optically thin and thus a non-LTE treatment is preferred.
Under these assumptions, the radiative-transfer calculations with
CMFGEN reproduce satisfactorily the observed spectra of SNe Ibn
(D22).

Because of the spectral similarity between SN 2020nxt and the
SNe Ibn discussed by D22, we use similar He-rich models. The
presence of Hel lines at all times suggests a He-rich progenitor.
Woosley (2019) shows that the persistent presence of Hel lines in
SNe Ibn like SN 2020nxt excludes high-mass progenitors, instead
corresponding to a He-star model with an initial mass on the He
zero-age main sequence (ZAMS) of < 4 Mg,. For reference, Fig. 11
shows the UV and NIR spectra of models based on the composition
of a He star explosion from a progenitor that had 4 or 8 M, initially
on the He ZAMS, i.e. the he4 and he8 models. All the material from
this He-star model is then placed within a narrow, dense shell, with a
profile given by a Gaussian centred on a velocity of 2000 km s~! and
a characteristic width of 70km s~'. While the persistent presence of
He 1lines in SNe Ibn like SN 2020nxt excludes high-mass progenitors
such as model he8, any model with about 50 percent He mass
fraction seems suitable. In the He-star models of Woosley (2019),
this suggests that models he3 (i.e. a He star progenitor of 3 Mg
initially on the He ZAMS) to he4 are adequate; we choose the he4
model for the present study. This model is characterized by a total
mass of 1.62 Mg, with 0.92 Mg of He, 0.31 Mg of O, 0.03 Mg of Mg,
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0.0014M, of Ca, and a solar metallicity. Fig. 12 further shows the
UV to NIR spectra of he4 models with different input power ranging
from 2 x 10*' to 10** erg s™'. In our simulations, we assume all the
power comes from interaction and thus ignore any radioactive-decay
heating.

3.2 Modelling the spectra

Fig. 13 shows a comparison between the he4 model and the
spectra of SN 2020nxt at multiple epochs after bolometric maximum
brightness. In particular, we highlight the comparison with the
exquisite STIS UV spectra in Fig. 14. For simplicity, we use
the same model for all epochs although variations in composition
would reduce the discrepancy for certain lines. With increasing
time, the only parameter that is changed is power, dropping from
6 x 10 to 5 x 10" erg s! between 10 and 34-36d after
o-band maximum, while the dense shell is set at 3 x 10" cm
and moves at 2000km s~!. These powers are roughly compatible
with the inferred bolometric light curve (Fig. 2). The radius is
not firmly established, but in the similar-looking SN Ibn 2006jc
a pre-SN outburst occurred 2 yr before the main explosion. So, a
representative year-long time-scale with line widths suggestive of
a velocity of order 1000km s~! yields a representative radius of
3 x 10 cm.

Given the simplifications of the approach (i.e. the dense shell,
the power source, spherical symmetry, etc.), the observations are
satisfactorily reproduced. In particular, the landmarks of SNe Ibn
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with strong Fell line emission everywhere below 5500 A and the
myriad of He1 lines is well reproduced at all epochs. Fig. 15 further
shows the evolution of he ratio of the flux associated with Fe1I line
emission below 5500 A and some individual HeT lines. At early
times after maximum brightness, our assumption of a narrow dense
shell is probably the least adequate and may explain in part the
overestimation of the Hel line strengths (top panel of Fig. 13). At
that time, the flux between lines does not drop to very small values as
observed at later epochs and the contrast in flux between the blue and
red parts of the optical is moderate. Our model successfully reproduce
this feature by employing a greater power (5 x 10> ergs~!). Hence,
relative to later epochs when the luminosity is smaller, the stronger
continuum flux is caused by the greater ionization, which also causes
a greater ejecta optical depth (the total Rosseland-mean optical depth
TRoss = 24)

At subsequent epochs, we adopt the bolometric luminosity inferred
in Section 2.1 and the power is thus reduced, first to 3 x 10*?> (20d
post-maximum) and then 5 x 10*! erg s~! (34-36 d post-maximum).
With a lower power, the dense shell has a lower ionization, a smaller
optical depth (Tress is then 1.4 and 0.55, respectively), and Ca*
eventually dominates over Ca’*, causing the strengthening of the
Call NIR triplet. This feature, never reproduced in the D22 models,
may now be explained exclusively through an ionization (rather than
an abundance) effect. In these models, the Mg 11 lines at 7896, 8234,
and 9218 A tend to be overestimated at all epochs, although we do
reproduce their observed weakening with time — the strength of these
Mgl lines varies between observed SNe Ibn and they eventually
weaken, probably as a result of the reduction in ionization and density
(which are also inferred from the strengthening of the Call NIR
triplet). The change in these two sets of lines can be more easily seen
in Fig. 15. The NIR spectrum shown in the bottom panel of Fig. 13
yields a satisfactory match to the observations of SN 2020nxt at
35.7 d, although the model tends to overestimate the strength of some
metal lines, in particular those associated with C1, Mg1, and Mgl
(the same discrepancy affects Mg 1 lines in optical spectra). The UV
spectrum shown in Fig. 14 also yields a relatively satisfactory match
including the dominant Mg I doublets around 2800 A, though there
are deviations in the continuum, likely caused by the difficulties
in accurately simulating the line-blanketing effect from Fe-group
elements.

There are two important discrepancies here. First, the model
spectra for the first two epochs struggle to reproduce the whole UV
and optical range, as well as account for the simultaneous presence
of Mg 1 and Cali lines. A possible solution to this discrepancy is that
the spectrum forms in a more complex environment than adopted
here, one that includes a broader range in density and ionization,
as might be expected in a 3D interaction model. Evidence for this
comes from another discrepancy in line-profile shapes. As discussed
by D22 (in particular their section 4.2 and fig. 6), our 1D dense-shell
models exhibit a dip as well as a blue-red asymmetry in essentially all
strong lines (i.e. He lines but also those of Mg 11). This arises from
a moderate continuum optical-depth effect (the blue-red asymmetry)
as well as a line optical depth effect quenching the emission from the
regions in the dense shell located in the mid-plane (at line-of-sight
velocities near zero). This feature occurs in many similar dense-shell
models and affects HI lines in H-rich models. However, this feature
is not observed at similar epochs, even in observations of SNe Ibn
at high resolution and high S/N (e.g. SN 2006jc; Foley et al. 2007).
One way of reducing such optical-depth effects in the model is to
break up the dense shell into radially- and laterally-confined clumps.
The 2D broken-shell models of clumped WR winds carried out by
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Flores, Hillier & Dessart (2023) indicate that clumping can resolve
this feature. Conversely, the lack of blue-red asymmetry and central
dip in HeT line profiles of observed SNe Ibn suggests that the dense
shell that forms in those interactions is significantly clumped.

3.3 Composition and unique spectral line diagnostics

In numerous SNe IIn, the thermalized shock radiation within the
dense shell at the interface between ejecta and CSM escapes pre-
dominantly in the UV, where a multitude of resonance lines of
ions with different ionization potentials provide constraints on the
abundances of both iron-group and intermediate-mass elements (e.g.
Fransson et al. 2005; Groh 2014). Furthermore, the composition
alters the colour through the changes in metal line blanketing
and plasma cooling processes. The line-profile morphology also
constrains the dynamics and geometry (e.g. Dessart & Hillier 2011).
In the context of SN 2020nxt, the NUV range does not reveal such a
variety of lines because of the much cooler gas and its low ionization
at the epochs observed. Despite its low abundance, Fe (essentially at
solar metallicity) represents the strongest coolant for the gas. This is
in stark contrast from standard SN ejecta at nebular times where the
low gas density favours the formation of strong forbidden lines that
dominate the cooling. Here, because of the material compression
associated with the interaction, such lines do not form. At earlier
times, when a fraction of the CSM has not been shocked and
compressed but is instead lower density slow gas influenced by
the radiation injected at the shock, the SN may emit a much bluer
spectrum with lines from ions with a high ionization potential.

The flux of a few dominant emission lines has been measured
(after subtracting the continuum) for line diagnostics. For the Mg 11
doublet around 7891 A and the Ca I triplet around 8542 A that largely
overlap, the flux in the whole line region is taken into account. We
integrate flux in the range 4000-5500 A to approximate the total flux
of Fe 11 emission lines. Owing to its complicated and extended profile,
the Fe 11 emission continuum is indistinguishable from the underlying
blackbody continuum, so the result is unavoidably an overestimation
of the real flux of Fe Il emission. However, beyond ~15 d after peak,
the emission lines gradually dominate the spectra as the continuum
fades, so the total optical flux below 5500 A can serve as a good
approximation of the Fe line emission at later phases. A few relatively
weak lines, such as He 14471, may also contribute to the systematic
bias in measuring Fe 1l emission. The left panel of Fig. 15 shows
the ratios between the flux intensity of the continuum dominated by
Fe 1T emission lines below 5500 A and He 1 5876, 7065 A at different
epochs, and the right panel shows the evolution of the flux ratio
between Hel 5876 A and the Mg 1 doublet or the Call triplet. We
also include the ratio measured from the simulation as discussed in
Section 3 following the same line-measurement scheme.

The [Fe/He1] ratio decreases with time as the underlying contin-
uum weakens and He I features become stronger, gradually levelling
off after ~20d with ratios still 2 20. This feature shows the
dominance of Fe I emission as the major coolant throughout all
phases. Other trends include the fading of the Mg 11 doublets and the
increase in the Call flux. After ~30d, there is no obvious evolution
in any of these line ratios.

In general, the model predictions agree with observations quan-
titatively except for a few systematic biases. At ~10d after peak
brightness, all of the line ratios in Fig. 15 are underestimated, likely
caused by the fact that He is largely overestimated at early phases.
As discussed in Section 3, such a systematic bias is likely caused
by our oversimplified assumption of a narrow dense shell in the
modelling. Another issue is that the model fails to reproduce the
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Figure 15. Left: The evolution of the line flux ratio between Fe 1t continuum below 5500 A and the prominent He 1 5876 A. Right: The evolution of the line flux
ratio between Mg 11 7891 A, the Cal triplet around 8542 A, and the prominent He1 5876 A. The phases are relative to the o-band peak.

Canl triplet, as can be seen from the first panel of Fig. 10. Such an
effect can now be explained by an ionization effect, as discussed in
Section 3. Overall, the model predictions show an excellent match
with the observations, given the oversimplified assumptions used.

3.4 Model implications and discussion

The best-fitting model for SN 2020nxt is a moderate-mass He star
powered by interaction. We show some good matches for a He-star
model of 4 M, initially on the He ZAMS, which corresponds to a pre-
SN star mass of 3.16 Mg and amass of 18.11 M onthe HZAMS. We
have not covered the full parameter space of composition, powers,
and locations for the shell, but tests have shown that the persistence
of Hel lines at all epochs requires a large He mass fraction relative
to the total mass. Given the modest mass of the He-rich shell (i.e,
the He/C and the He/N shells) of ~1 Mg in massive stars at the time
of core collapse (D22, Fig. 1), this constraint suggests that the total
pre-SN mass cannot be much greater than 3—4 Mg,. This effectively
excludes massive stars with M >18 Mg on the H ZAMS such as WR
stars and points instead to lower mass massive stars that, in addition,
have evolved in an interacting binary and lost their H-rich envelope
through mass transfer from even lower mass stars. This type of binary
interaction is required, since red supergiant winds are too weak to
remove the H envelope in this initial mass range (Beasor et al. 2020;
Beasor, Davies & Smith 2021). It also opens the possibility that some
SNe Ibn arise instead from low-mass stars such as He white dwarfs.

The models presented in this work constrain the physical con-
ditions necessary to generate the spectra, namely the presence of
a high-mass helium envelope and a relatively helium-rich star (i.e.
>80 per cent). These models do not directly constrain the nature of
the envelope ejection in SN 2020nxt or any SN Ibn, although such
a helium-rich system is exceptionally rare and limits the possible
mechanisms, which include unstable mass transfer and nuclear
flashes.

Extending the CMFGEN models to other fast transients, such as
SNe Icn and FBOTS, is enticing because a small CSM shell around
such SNe can naturally produce other fast luminous transients. For
H-free ejecta, the mass of CSM that one expects from a massive
star tends to be smaller than typically encountered in H-rich mass
stars. Furthermore, metal-rich (or H-free) ejecta are poor donors of
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free electrons and thus have a lower electron-scattering opacity (the
associated mass-absorption coefficient is reduced by a factor of a
few to a few tens). Consequently, the CSM has a lower optical depth
and traps radiation for a shorter period, naturally leading to shorter
rise times. If one assumes a similar energy injection from kinetic
energy of the inner ejecta in the interaction scenario, this implies a
greater peak luminosity. For example, radiating at 10*3 ergs™! for
100 days is energetically identical to radiating 10* ergs~' for 10d
or 10% ergs™! for 1d. The critical energy constraint is not the peak
luminosity but the time integral of the bolometric luminosity. One
may thus expect a natural trend for greater luminosity for shorter
lived transients (see section 3 and fig. 3 of D22).

But such assumptions may be oversimplifying the situation. The
composition and geometry of these other systems likely changes
substantially. Furthermore, the presence of hydrogen in FBOTs
points towards the likely explosion of a more massive star or a
non-supernova event (e.g. tidal disruption event), while the lack
of both hydrogen and helium in a Type Icn SN makes it difficult
for CMFGEN models to constrain any progenitor mass. A physical
relationship may indeed exist between the different classes of fast
transients, but they may also simply be related by the fact that brief
circumstellar interaction drives the shape and speed of the light curve
around peak brightness. Additional multiwavelength observations
may still be a useful tool, especially in the UV, where resonance
lines with very high optical depths allow us to probe a larger range
in radii.

4 CONCLUSIONS

We present multiwavelength observations of the Type Ibn SN
2020nxt. In addition, a comparison is provided of its spectroscopic
evolution to the state-of-the-art radiative-transfer simulations based
on D22, supporting a He-star progenitor of 4 Mg, initially on the He
ZAMS that lost its ~1 Mg He-rich envelope in the years prior to
explosion. There are discrepancies in reproducing the UV flux, some
line ratios, and the line profiles, but there is hope in solving these
issues with a more realistic, 3D interaction model of a clumpy dense
shell. From the analysis of the pre-SN light curve in the ATLAS
o band within 3 yr of the SN discovery, no signature of a pre-SN
eruption has been found with a limiting magnitude of Minreshola = —15
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mag for short pre-explosion eruption with 5 d duration or Mypeshold =
—13.5 mag for long pre-explosion eruption with 100 d duration.
The relatively low mass of the progenitor star disfavours the single
massive star scenario, indicating that the progenitor system is likely
to be an interacting binary system in which CSM may arise from
the mass-transfer process. This result is consistent with low-mass
progenitor star models for three other SNe Ibn fit by D22: SNe
2006jc, 201 1hw, and 2018bcc.

UV spectra were important in this work. In addition to the
spectroscopic evolution, we show that a fundamental quantity of
interest is the fraction of the total kinetic energy that has been
extracted from the impacting shell. This fractional kinetic energy
is radiated, typically on a diffusion timescale, and produces the
bolometric light curve of the SN. Because the emitting interaction
region is often hot and ionized, a significant fraction of that radiation
falls in the UV range and can be critical for differentiating between
progenitor models (i.e. Fig. 11). The UV spectra were also key to
securing the identification of Fe 11 line forest as the main contributor
to the emission below 5500 A, emphasizing that this Fe IT emission
actually extends down to 1000 A where it vanishes. SNe Ibn are
known for this strong emission in the blue part of the optical, and
it is clearly not related to continuum emission; if that had been the
case, the flux would have been much stronger in the UV.

Although very challenging, earlier UV will better help constrain
the progenitors of SNe Ibn and FBOTSs. At earlier phases (i.e. around
or before bolometric maximum), the underlying continuum would
have been stronger in the UV and the ionization likely would have
been higher, at a time when the optical spectrum tends to be blue and
featureless (e.g. like in FBOTs). It is at such times that lines for He 11,
C1, C1v, or NV could be seen in the UV, at a time when the optical
spectrum tends to be blue and featureless (e.g. like in FBOTSs).

In summary, these results provide an important perspective on the
broader conversation about the evolutionary pathways of stripped-
envelope SNe. Like non-interacting SNe Ib/c, the progenitor star
likely went through multiple eruptions or interaction process to lose
its H envelope and form massive He rich CSM around it (though
such activities were not detected in the pre-SN ATLAS light curve).
At the same time, the H-free CSM around such SNe can naturally
produce other fast luminous transients like SNe Icn or FBOTsS that
are featureless in optical but full of high ionization features in UV at
early time. Thus, the early UV spectra will be a key to understand the
physical nature of SNe Ibn, fast transients, and all stripped-envelope
SNe in the future.
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