THE ASTROPHYSICAL JOURNAL, 927:25 (17pp), 2022 March 1
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /ac4672

CrossMark

Properties of Type Ibn Supernovae: Implications for the Progenitor Evolution and the

Origin of a Population of Rapid Transients

Keiichi Maeda' ® and Takashi J. M0r1ya2 3

National Astronomlcal Observatory of Japan, National Institutes of Natural Sciences, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
3 School of Physics and Astronomy, Faculty of Science, Monash University, Clayton, Victoria 3800, Australia
Received 2021 November 30; revised 2021 December 23; accepted 2021 December 24; published 2022 March 2

Abstract

Type Ibn supernovae (SNe Ibn) show signatures of strong interaction between the SN ejecta and hydrogen-poor
circumstellar matter (CSM). Deriving the ejecta and CSM properties of SNe Ibn provides a great opportunity to
study the final evolution of massive stars. In the present work, we present a light-curve (LC) model for the ejecta—
CSM interaction, taking into account the processes in which the high-energy photons originally created at the
forward and reverse shocks are converted to the observed emission in the optical. The model is applied to a sample
of SNe Ibn and “SN Ibn” rapidly evolving transients. We show that the characteristic post-peak behavior
commonly seen in the SN Ibn LCs, where a slow decay is followed by a rapid decay, is naturally explained by the
transition of the forward-shock property from cooling to adiabatic regime without introducing a change in the CSM
density d1str1but10n The (commonly found) slope in the rapid-decay phase indicates a steep CSM density gradient
(Pcsm X 1™ ) inferring a rapid increase in the mass-loss rate toward the SN as a generic property of the SN Ibn
progenitors. From the derived ejecta and CSM properties, we argue that massive Wolf—Rayet stars with an initial
mass of 218 M., can be a potential class of the progenitors. The present work also indicates the existence of a
currently missing population of UV-bright rapid transients for which the final mass-loss rate is lower than the
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optical SNe Ibn, which can be efficiently probed by future UV missions.

Unified Astronomy Thesaurus concepts: Circumstellar matter (241); Transient sources (1851); Stellar

evolution (1599)

1. Introduction

Core-collapse supernovae (CCSNe) are an explosion of a
massive star with the zero-age main-sequence mass (Mzams) of
28 M, at the end of their evolution, following the exhaustion
of the nuclear fuel and the subsequent catastrophic collapse of
the central core. Classically they are divided into several
observational types based on the presence and/or absence of
characteristic spectral lines (Filippenko 1997); type II SNe
(SNe II) with strong H lines, type Ib SNe (SNe Ib) showing He
lines rather than H lines, and type Ic SNe (SNe Ic) having
neither H nor He lines. Type IIb SNe (SNe IIb) are the bridge
between SNe II and Ib, showing initially strong H lines that are
later replaced by He lines. The sequence of SNe II-IIb-Ib-Ic is
interpreted as the outcome of an increasing amount of the
envelope stripping during their pre-SN evolution, which is
driven either by a strong stellar wind or binary interaction
(Langer 2012). Unlike red-supergiant (RSG) progenitors for
SNe II (Smartt 2009), the progenitors of SNe IIb/Ib/Ic are thus
believed to be massive stars that have lost at least most of the
hydrogen envelope (i.e., an analog of a Wolf—Rayet star; W-R);
they are collectively called stripped-envelope SNe (SESNe).

Supernovae (SNe) provide an irreplaceable opportunity to
deepen our understanding on still unclarified stellar evolution
in their final phases. With the rapidly increasing capability of
transient surveys and follow-up observations, various new
insights have been obtained, some of which indeed raise a
challenge to our standard knowledge on the stellar evolution
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and SN explosion. One of the highlights in such a recent
development is high-density circumstellar matter (CSM)
located just in the vicinity of some (or most of) SN progenitors
(<10 cm). This “confined CSM” was first indicated for SN
IIn 1998S (Chugai 2001), and systematic investigation has
become possible for various types of CCSNe in the modern
survey and follow-up era. The confined CSM manifests itself in
recombination emission lines of highly ionized ions in their
spectra within 1 day or at most a few days since the explosion
(“flash spectroscopy”; Gal-Yam et al. 2014; Khazov et al.
2016; Yaron et al. 2017) or in early light-curve evolution
within the first 10 days either in the thermal emission (Forster
et al. 2018) or in the nonthermal emission (Maeda et al.
2021). For the pre-SN mass-loss wind/ejection velocity of
~10km s~ (for an RSG; Smith 2014; Moriya et al. 2017) or
~1000kms~! (for a W-R star; Chevalier & Fransson 2006;
Crowther 2007), the CSM must have been created by the mass
loss in the final 30 or 0.3 yr toward the SN explosion, with the
mass-loss rate reaching at least ~107> M. yr~' or even larger
(Groh 2014; Morozova et al. 2015; Moriya et al. 2017; Yaron
et al. 2017; Forster et al. 2018), beyond what the standard
theory of stellar evolution and stellar wind predicts. Such an
increasing stellar activity toward the end of a massive star’s
evolution has not been considered in the classical stellar
evolution theory. Identifying the mechanism leading to such a
pre-SN activity (Quataert & Shiode 2012; Smith & Arnett 2014;
Fuller 2017; Fuller & Ro 2018; Ouchi & Maeda 2019;
Morozova et al. 2020), which is under active debate, will be a
key to completing our knowledge of stellar evolution to
provide a solid basis for many branches of astronomy.
Another important insight obtained through the recent
development of transient observations is the emerging diversity


https://orcid.org/0000-0003-2611-7269
https://orcid.org/0000-0003-2611-7269
https://orcid.org/0000-0003-2611-7269
https://orcid.org/0000-0003-1169-1954
https://orcid.org/0000-0003-1169-1954
https://orcid.org/0000-0003-1169-1954
mailto:keiichi.maeda@kusastro.kyoto-u.ac.jp
http://astrothesaurus.org/uat/241
http://astrothesaurus.org/uat/1851
http://astrothesaurus.org/uat/1599
http://astrothesaurus.org/uat/1599
https://doi.org/10.3847/1538-4357/ac4672
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac4672&domain=pdf&date_stamp=2022-03-02
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac4672&domain=pdf&date_stamp=2022-03-02
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 927:25 (17pp), 2022 March 1

of CCSN subclasses, thanks to the rapidly increasing sample
that allows investigation of rare populations. A subclass of
interest in the present work is a class of interacting SNe, i.e.,
those showing signatures of strong interaction between the SN
ejecta and dense CSM (see Smith 2017, p. 403, for a review).
The most famous example is the SN IIn showing strong and
narrow H emission lines, which are interpreted as an SN
explosion within H-rich dense CSM. The corresponding
(estimated) mass-loss rate is >107° M. yr ', sometimes
exceeding ~1 M, yr~ ! (Moriya et al. 2013, 2014). A fraction
of them also show pre-SN activity directly detected in pre-SN
images, reinforcing the idea that the pre-SN activity of massive
stars, irrespective of its unclarified origin, creates the dense
CSM (Pastorello et al. 2007; Ofek et al. 2013, 2014; Smith
et al. 2014; Strotjohann et al. 2021).

There has been increasing interest in the H-poor analog of
SNe IIn, the so-called SNe Ibn as characterized by (relatively)
narrow (typically ~1000 km s~ ') He emission lines (Matheson
et al. 2000; Pastorello et al. 2007). They form a rare population
(with the volumetric rate being ~1% of CCSNe; Section 6),
and thus only recently has it become possible to construct a
statistical sample (Hosseinzadeh et al. 2017). In another view,
they are also considered to be an analog of SNe Ib but with
dense CSM surrounding the progenitor He star. The sites of
SNe Ibn are generally associated with the star-forming
environment (Pastorello et al. 2015a), while one exceptional,
but perhaps non-negligible, case has been found with no/little
association of star formation activity (Sanders et al. 2013;
Hosseinzadeh et al. 2019); it has thus been indicated that a
main route to SNe Ibn is a CCSN of a massive star, while some
fraction may come through a totally different evolutionary
pathway.

Based on the circumstantial evidences summarized above, a
popular idea for their origin is core collapse of a massive W-R
star (Pastorello et al. 2007; Tominaga et al. 2008), while binary
evolution may also play a role (Foley et al. 2007). However,
further testing the ideas has been limited by a lack of our
detailed knowledge on how their characteristic observational
properties are explained. In particular, despite the general idea
that their light curves (LCs) are powered by the interaction
between the SN ejecta and H-poor CSM, the optical LC model
for SNe Ibn based on this scenario has been largely unexplored,
without which the properties of the SN ejecta and the CSM
cannot be quantified. While there are some LC models for SNe
Ibn with different levels of sophistication (Tominaga et al.
2008; Dessart et al. 2022; Pellegrino et al. 2022), some key
processes are still likely missing (see Section 3). This is the
topic of the present work; we construct the (general) LC model
for the SN-CSM interaction scenario, especially addressing
how the kinetic energy dissipated by the interaction is
converted into thermal radiation mostly in the optical (and
UV /near-IR; NIR) as we observe.

SNe Ibn have some distinguishing characteristics in their LC
properties (Pastorello et al. 2016; Hosseinzadeh et al. 2017).
They are among the most luminous SNe with an absolute peak
magnitude in the range of ~—18.5 to ~—20 mag. The rise time
is generally short, with the shortest ones peaking within at most
a few days of the explosion. Indeed, some of them can be
classified as “rapidly evolving transients” (see Section 6). The
rapidly evolving transients have been an underrepresented
population, as the classical surveys were not able to discover
such short-timescale transients, while the increasing number of
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examples rapidly constructed by the recent high-cadence
surveys and follow-up activities indicates that they indeed
form a non-negligible population among explosive transients
(Drout et al. 2014; Tanaka et al. 2016; Pursiainen et al. 2018;
Tampo et al. 2020; Ho et al. 2021). As such, understanding the
origin of SNe Ibn is important to map the different types of
stellar explosions to the rapidly expanding zoo of the
transient sky.

Unlike SNe IIn, which tend to evolve slowly, SNe Ibn
generally show a very rapid decay in their LCs after the peak.
While there are some outliers (Pastorello et al. 2015b), the LCs
of SNe Ibn are very homogeneous, and this rapid decay seems
to be a common feature among SNe Ibn (Hosseinzadeh et al.
2017). It has been qualitatively interpreted (e.g., Moriya &
Maeda 2016) that the dense CSM is confined at the vicinity of
the SN progenitor (which may to some extent be a common
feature of CCSNe in general; see above), but quantitative
analysis is largely missing due to the lack of reliable LC
models.

The present paper is structured as follows. To set the scene,
we review the LC properties of SNe Ibn in Section 2. In
Section 3, we present the LC model for the ejecta—CSM
interaction, taking into account the processes in which the
power dissipated at the shocks is converted to the observed
radiation. General LC properties expected for such a model are
clarified in terms of the hydrodynamic interaction and radiation
processes, and the dependence of the LC on the ejecta and
CSM properties is investigated. In Section 4, the LC model is
applied to a sample of SNe Ibn, and the properties of the ejecta
and CSM are derived (or constrained). The results are then used
to infer the possible progenitor systems in Section 5, where we
argue that the massive W-R stars with Mzanvs 2 18 M, are the
most promising progenitors for SNe Ibn. The model is further
applied to a sample of “SN Ibn” rapidly evolving transients in
Section 6, where we predict the existence of currently
underrepresented UV-strong rapid transients. They originate
within the same framework but with a smaller final mass-loss
rate than the presently identified SN Ibn (and rapid) population
in the optical. Our findings are summarized in Section 7.

2. Light-curve Properties of SNe Ibn

Figure 1 shows quasi-bolometric LCs of SNe Ibn studied in
the present work, taken from Moriya & Maeda (2016).
This is a compilation of the data from Pastorello et al.
(2007, 2015a, 2015c, 2015d, 2016). Following the quick
luminosity decrease, some SNe Ibn show signatures of dust
formation in the late phase; for example, a prototypical SN Ibn
2006jc started forming dust at ~50 days after the LC peak
(Smith et al. 2008) followed by the increase in the infrared (IR)
luminosity that dominates the bolometric luminosity at
~80 days after the LC peak (Anupama et al. 2009; Sakon
et al. 2009). In Figure 1, the IR contribution is taken into
account for SNe 2006jc, 2010al, and 2014av (i.e., those shown
by filled symbols). For the other SNe Ibn studied in the present
work, the possible IR contribution is not included. However,
we believe this effect is not important for the phases analyzed
in the present work; for SN 2006jc, the dust formation has
started once the luminosity has decreased to a few x 10! erg
s~'. The other SNe Ibn in our sample stay brighter than this
luminosity almost for the whole duration considered here. For
example, SN 2011hw, which has a similar (optical) decay rate
as the (bolometric) decay rate of SN 2006jc, did not show any
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Figure 1. A compilation of the (quasi-bolometric) light curves of selected SNe
Ibn taken from Moriya & Maeda (2016). The filled symbols are those including
the IR contribution while the open symbols are those including the optical
contribution only. The R/r template light curve for SNe Ibn (gray area;
Hosseinzadeh et al. 2017) represents the sample behavior well. The bolometic
template for SNe Ib (gray-solid line; Lyman et al. 2016) is also shown for
comparison, which is then connected to the **Co energy input with (gray-solid
lines) or without (gray-dashed line) the effect of the ~-ray optical depth
decrease (Maeda et al. 2003). The power-law functions are shown for i3
(black-solid line) and oct~! (black-dashed lines). For SN 2006jc, two cases are
shown with different choices of the peak/explosion date.

signature of dust formation up to 50 days, covering the whole
period considered here (Smith et al. 2012). Recently, Gan et al.
(2021) studied long-term NIR evolution of four SNe Ibn, and
found three out of four form only a negligible amount of dust.
One SN Ibn (OGLE-2012-SN-006) shows a signature of a large
amount of dust, but this SN Ibn is an outlier in its LC evolution
(showing very slow and flat evolution; Pastorello et al. 2015b)
and thus is omitted in the present work.

The LC behavior of SNe Ibn is rather homogeneous
(Hosseinzadeh et al. 2017), though there are some outliers
(Karamehmetoglu et al. 2017; Kool et al. 2021).4 We further
find that the behavior can be divided into three phases: initial
rise (which is not always seen due to the observational
difficulty), relatively slow decay after the LC peak, and rapid
decay. Interestingly, the slow and fast decay phases can be
described by a power-law decline in the luminosity (Figure 1).
In the slow decay phase after the LC peak, a typical evolution
is described by L oc#~'. This is then followed by a rapid decay
with Locr 2.

It is intriguing that the LC shape is very uniform and roughly
described by a (double) power-law function, despite the diversity
in the luminosity scale and timescale to the peak. The power-law
behavior indicates that the underlying physical processes are
described (approximately) by a combination of power-law
functions, supporting the SN—-CSM interaction as a main source
of radiation output from SNe Ibn. However, as noted by
previous studies (e.g., Moriya & Maeda 2016), the decay slope

4 We have omitted OGLE-2012-SN-006 from the sample of Moriya & Maeda
(2016), since its LC behavior is clearly an outlier and does not follow the
template evolution.
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in the late phase is much steeper than those of classical
populations of SNe, including SNe IIn that are powered by the
SN-CSM interaction in the H-rich environment.

3. SN Ejecta—CSM Interaction Model for SNe Ibn

Hydrodynamic evolution of the SN-CSM  interaction,
characterized by the forward shock (FS), contact discontinuity
(CD), and the reverse shock (RS), is a classical problem with a
well-developed solution. The evolution can be described by a
self-similar solution (Chevalier 1982) as long as each of the
ejecta and CSM structures is described by a single power law
as a function of radius (which is the case when the reverse
shock has not yet reached the inner, flat part of the ejecta).
Based on the hydrodynamic evolution, the models for thermal
X-ray emission from the hot regions behind the FS and RS, as
well as the nonthermal emission across wavelengths, have been
intensively investigated (e.g., Chevalier & Fransson 2006, for a
review).

However, once the problem is on the radiation output in the
(thermal) optical emission following the SN-CSM interaction,
surprisingly a detailed model is generally lacking. A key issue is
how kinetic energy dissipated at the FS/RS is converted to
thermal radiation energy in the optical wavelengths. A simplified
assumption of constant conversion efficiency (which basically
assumes full thermalization of the dissipated energy) has been
adopted in analytical treatments (Chatzopoulos et al. 2012;
Moriya et al. 2013, 2014), which are frequently used to model
the LCs of the interaction-powered SNe, including SNe Ibn (e.g.,
Pellegrino et al. 2022). Widely used numerical LC codes also
assume full thermalization at the FS and RS (Morozova et al.
2015; Moriya et al. 2017; Dessart et al. 2022). As we show in the
present work, the conversion efficiency should be generally
time-dependent (see also Chugai 2009, 2018), and this effect is
important in calculating the LCs for SNe Ibn.

In the present work, we provide a model that starts with the
well-developed formalism describing the FS/RS hydrodynamic
evolution and the resulting high-energy radiation. How the high-
energy radiation is converted to the (optical) thermal radiation in
the interacting system is then considered, which leads to the
bolometric (optical) LCs where the conversion efficiency is
directly computed within the model framework. Our model is
indeed similar to pioneering work on the SN-CSM interaction
LC model formalized by Chugai (2001) and then applied to SN
Ibn 2006jc (Chugai 2009; see also a recent work by Tsuna et al.
2019), while there are some differences in detailed treatment. We
further aim at investigating the general behavior expected in
such a model, and clarifying why and how the model explains
the general properties of the SN Ibn LCs. We also investigate
how the resulting LC is dependent on the model parameters, and
this information is used to constrain the general properties of SN
Ibn ejecta and CSM around them. The model is applied to the
LCs of individual SNe Ibn in Section 4.

3.1. Models

The configuration considered in the present work is
schematically described in Figure 2. We assume that the SN
ejecta are described by a broken power law in the density
structure, where the inner density is constant and the outer part
is given as pgy oc v (e.g., Chevalier 1982; Moriya et al.
2013). We fix n =7 in the present study, which is within the
range expected for an explosion of a compact He star
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Figure 2. A schematic picture of the SN ejecta—CSM interaction. Initially both FS and RS are in the optically thick cooling regime, and the dissipated kinetic energy is
immediately converted to the optical photons. Once the FS is either in the adiabatic regime or in the optically thin regime (to the 100 keV photons), the dissipated
energy is carried by the high-energy photons at ~100 keV. The inwardly directed photons are then converted to the optical photons either in the RS region or in the
ejecta, or they escape the system as high-energy photons. As time goes by, the RS becomes adiabatic and/or optically thin (to the soft X-ray photons), and the emitted
photons at ~1 keV either escape the system or are converted to optical photons within the ejecta.

progenitors (Chevalier & Fransson 2006; Matzner &
McKee 1999).° With this ejecta structure, the ejecta properties
are specified by the ejecta mass (M,;) and the kinetic energy
(Ex), which we vary as the input parameters. For the CSM
structure, we assume a power-law density distribution:

r

=Dr*= 10*140/(7
Pesw 5 x 10" cm

)ﬂ gem 3. (1)

Namely, the normalization D’ is taken to be unity for
107" gem™ at 5x 10 cm. The corresponding mass-loss
rate at 5 x 10" cm (0.03 yr before the SN if the mass-loss wind
velocity, vy, is 1000 km sfl) is as follows:

M ~ 0.0SD’(
1000 km s

V—W) M, yr L. )

The mass-loss rate here (D' = 1) corresponds to A, ~ 5000 in
another frequently adopted density scale, where A, =1 is for
the combination of M = 10-5M,, yr ' and vy, = 1000 km s~ ",
i.e., for a typical W-R star. For both SN ejecta and the CSM,
we assume an He-rich composition.

The SN-CSM interaction creates the FS and RS, separated
by the CD. The hydrodynamic evolution of the system can be
solved analytically, e.g., by the self-similar solution given by
Chevalier (1982). We note that the self-similar solution
assumes that the two shocks are in the adiabatic regime with
a negligible radiation loss, which is not necessarily the case in
the high-density situation considered in the present work,
especially for the RS. However, in the cooling regime, the
detailed structure of the shocked regions is not important for
the purpose of this work, since only the rate of the dissipation
of the kinetic energy matters in such a regime.® Further, a key
regime we will see in the present work is controlled by the FS
in the adiabatic regime (e.g., Section 3.2).

The post-shock ion temperatures in the FS and RS regions
are computed using the expansion velocity of the CD through

5 We have also investigated models with n = 10, and confirmed that our main

conclusions would not change.

6 Indeed, most of the analytical works of SN IIn LCs adopt the self-similar
solution in the adiabatic regime and compute the radiation output assuming it is
in the cooling regime (e.g., Chatzopoulos et al. 2012; Moriya et al. 2013).
Moriya et al. (2013) showed that the resulting LC is consistent with the result
of numerical (LTE) radiation-hydrodynamic simulations.

the requirement that the ion bulk kinetic energy is converted to
the internal energy at the shock, and they are connected by
Trs=(B —5)/(n— 3))*Tgs o V2, where V is the expansion
velocity of the CD. With V~10° cm s~' (which is to be
obtained by the SN-CSM ejecta dynamics), the typical post-
shock (ion) temperature is ~10° K for the FS and ~107 K for
the RS. In the present work, we assume that the electrons
quickly reach the equipartition with ions, and thus the (initial)
post-shock electron temperatures are given by the above
estimate. The assumption of the electron-ion equipartition will
also be checked with the Coulomb collision timescale (e.g.,
Chevalier & Fransson 2006). As we will see below, the
equipartion is generally realized in the situation studied in the
present work.

The photons that are initially produced in each region have a
characteristic energy of ~100 keV (FS; hereafter “FS photons”)
and ~1keV (RS; “RS photons”). The (absorption) opacity (k)
in each region for these photons is thus dominated by the
Compton scattering and photoelectric absorption, respectively.
Assuming k ~ 0.1 cm? g ! for the former (i.e., in the He-rich
composition) and ~60 cm? g_1 for the latter (i.e., the inner-
shell electrons of metals, assuming that the metals are not fully
ionized in the RS region), we compute the optical depth and
diffusion time within each region for these high-energy
photons. If the diffusion time exceeds the dynamical timescale,
we assume that the photons are trapped within each region and
would not make any contribution to the optical output. The
emissivity for these high-energy photons is computed with the
cooling function presented by Chevalier & Fransson (2006),
with the upper limit set by the total kinetic power dissipated at
the corresponding shock.

For the FS photons, we assume that half of the luminosity
always escapes from the system as high-energy photons (as
long as the corresponding diffusion time is shorter than the
dynamical timescale). The remaining half is assumed to be
directed inward. We judge the characteristic spectral energy of
the photons escaping from the FS region to the RS region by
the following criteria: (1) the cooling timescale is shorter than
the dynamical timescale (i.e., in the cooling regime), and (2)
the optical depth to the Compton scattering for the high-energy
photons exceeds unity. If these two criteria are satisfied, we
assume that the FS region is cooled down, and (half of) the
energy is carried away from the system as optical photons (the
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situation we call the optically thick cooling regime, noting that
it is optically thick for the high-energy photons, not for the
optical photons).

In case the inward radiation from the FS is of high energy
(middle panel of Figure 2), we further compute the Compton
optical depths for these photons within the RS and the freely
expanding unshocked ejecta, and convert these to the fractions
of the FS high-energy photons absorbed either in the RS region
or in the ejecta. These radiation inputs are then added to the
~1keV photons originated in the RS region and the optical
photons in (the outer layer of) the ejecta, respectively.

The treatment of the X-ray photons originated in the RS
region follows a similar manner. The total energy input from
the RS region is a sum of the one computed by the cooling
function for the RS region and the one deposited by the FS
photons (see above). If the RS region is judged to be in the
optically thick cooling regime, it is assume that the RS region is
quickly cooled down and all of the energy input to the RS
region is converted to optical photons. Otherwise, the radiation
from this region escapes as X-ray photons (~1keV) from the
RS region, as long as the diffusion timescale is shorter than the
dynamical timescale (right panel of Figure 2). Half of the X-ray
energy is assumed to be directed inward; the fraction of the
energy deposited to the unshocked ejecta (thus the contribution
to the optical luminosity) is computed in the same manner as
the FS photons (but with the opacity at ~1 keV).

The above procedures yield the optical luminosity as a sum
of the direct contributions from the FS and RS regions (if these
regions are in the optically thick cooling regime) and the
energy input to the unshocked ejecta by the high-energy
photons originally emitted at the FS and RS regions. Finally,
we compute the diffusion timescale for the optical photons
within the FS/RS regions and the unshocked CSM, and this
optical luminosity is set as the observed optical (bolometric)
luminosity if the diffusion timescale is shorter than the
dynamical timescale. While it is not relevant for the purposes
of this work, we also compute the high-energy radiation
luminosity at ~1keV (RS) and ~100keV (FS), taking into
account the optical depths of the unshocked CSM for these
high-energy photons.

3.2. General Properties

Figure 3 shows examples of the model LCs, in which the
CSM properties (s, D’) are varied for the fixed ejecta properties
(Me;j=2 M and Ex = 10> erg =1 Bethe). The luminosity at a
given epoch is higher for larger D’ (i.e., denser CSM), and the
evolution is quicker for larger s (i.e., steeper CSM density
distribution), both of which are generally expected in the SN—
CSM interaction. To account for the peak luminosity of SNe
Ibn, D' ~ 0.5 — 5 is required in this scenario. The character-
istic slope in the late-time rapid-decay phase (Loct *; see
Section 2) is explained by a steep CSM density gradient
(s ~3). The “starting time” in each model corresponds to the
peak luminosity, and it is expected that the LCs are in the rising
phase before that epoch (but it is not solved in the present
study). The peak date is delayed as D’ increases, as expected.
We note that while a larger peak luminosity is reached for a
model with a later peak date for the CSM with a relatively flat
CSM distribution (s ~ 2 or flatter) as seen in many numerical
simulations for SN IIn LCs (e.g., Moriya et al. 2013), it is not
necessarily the case for a steep CSM density distribution (e.g.,
s ~ 3) because of a larger energy input at an earlier date (with
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steeply increasing CSM density inward). We also note that the
initial, post-peak LC decay rates for the flat CSM model
(s=1.6) and the steep CSM model (s=2.8) are not very
different, which might naively be against physical intuition.
The (immediate) post-peak phase is indeed powered by
different mechanisms in these two extreme cases, where it is
(already) the adiabatic FS in the former while it is (still) the
cooling FS in the latter. This behavior is addressed below in
more detail.

Figure 3 shows that a typical SN Ibc ejecta model exploding
within a high-density CSM with a steep density gradient (s ~ 3)
explains typical (homogeneous) LC evolution of SNe Ibn. To
further clarify the model behaviors, Figure 4 shows the
contributions from the FS and RS regions, characteristic
timescales, and optical depths, for a few selected models.

The model with My;=2 M., Ex= 10°! erg, s=2.8, and
D’ = 2 is our reference model for SNe Ibn, which is shown in
the top panels of Figure 4. In this model, the RS is always (up
to ~100 days) in the optically thick cooling regime
(c(RS) < tgyn for the cooling and dynamical timescales, and
T1(RS) > 1 for the optical depth for ~1 keV photons within the
RS region). Therefore, the X-ray photons originally emitted
within the RS region will be quickly converted to optical
photons. Despite the high efficiency of converting the
dissipated kinetic energy to the optical photons at the RS
region, the intrinsic power is generally negligible as compared
to that in the FS region (see Section 4.1). The contribution from
the RS to the optical radiation becomes important only after
~100 days. The FS is in the cooling regime in the first ~10
days, and in the adiabatic regime afterward. In the early cooling
phase, the optical depth for the high-energy photons (at
~100keV) is above unity within the FS, and thus the optical
luminosity traces the rate of the kinetic energy dissipation.
After ~10 days when the FS becomes adiabatic, the optical
depth for the FS photons is below unity; a fraction of the FS
photons is then absorbed in the RS. The remaining high-energy
photons are all absorbed in the ejecta up to ~100 days.
Therefore, ultimately all of the energy input at the FS
(subtracting another half of the power, which is assumed to
be directed outward and escape the system) is converted to the
optical luminosity in the time window of interest in the present
work. We note that the assumption of the -electron-ion
equipartition in the FS region is not justified after ~100 days,
but this is basically beyond the phase of the observations for
which the data have been taken for the sample of SNe Ibn
studied here. Further, in such a late phase, the contribution
from the RS starts dominating the optical output, for which the
equipartition is still realized.

The denser CSM (D' = 8, shown in the second panels from
the top in Figure 4) leads to properties similar to the reference
model. The difference from the reference model (D’ = 2) can
be understood in a straightforward manner; it is bright thanks to
the high density, and the transition from the post-peak slow
(cooling) phase to the rapid-decay (adiabatic) phase is delayed
for the same reason. The longer diffusion timescale for the
optical photons leads to the peak date being reached later than
in the reference model.

The effect of the CSM density slope is highlighted in the
third panels from the top in Figure 4. Here, s =2 is adopted
(i.e., the steady-state mass loss). Due to the flatter CSM density
distribution, the LC evolution is generally slower than in the
reference model. The peak luminosity is comparable to the



THE ASTROPHYSICAL JOURNAL, 927:25 (17pp), 2022 March 1

10% ¢
i oMo, 1B, s=1.6

—

(]
S
w

il

~
n

—_

o
hiny

T

Optical Luminosity [erg 3_1]
o
T

1 10

Day

100

- 2Mo, 1B, s=2.4

—

(]
S
W

il

—_

o
by

T

Optical Luminosity [erg 3_1]
o
S
T

—
o
N
o
o
.

1 10
Day

Maeda & Moriya

10 ———m )
- 2Mo, 1B, s=2.0 1
- I 1
o107
)
=
B
£ 10%
S
=}
-
_81041
a
O
1040 Ll | :
0.1 1 10 100
Day
10% ————m ]
3 2Mo, 1B, s=2.8 1

—

o
I
W

T

—_

o
hin

T

Optical Luminosity [erg 3_1]
=
]
T

100

—

o
N
o

1 10
Day

b
—

Figure 3. The light curves for the SN-CSM interaction model for SNe Ibn. The ejecta mass and the kinetic energy are set to be 2 M., and 10°" erg, respectively, which
are typical for SNe Ibc. The four cases are shown changing the slope of the CSM density distribution (p o< r~*): s = 1.6, 2.0, 2.4, and 2.8. The CSM density scale, D',
is varied from 0.03 to 32 with a step factor of two, each. The models with D’ = 1 and 4 are shown by the thick lines. After the RS is estimated to reach to the inner
(flat) ejecta, the assumption in the model can no longer be justified; the LCs there are shown by dashed lines (for large D’). The “starting time” in the model LCs is set
by the diffusion timescale for the optical photons; we attribute it to the peak luminosity. It is expected that the SN is in the rising phase before this epoch, but the
diffusion process to construct the LC in this rising phase is not solved in the present work.

reference model; D’ is normalized at 5 x 104 cm, which is the
physical scale of the shock wave expansion around the peak
date (and D’ is taken to be identical between this model and the
reference model). The behavior of the RS contribution is
essentially the same as the reference model; it is always in the
optically thick cooling regime. The relative contribution of the
RS to the FS is larger in this model, which is generally
expected for the flatter CSM distribution.

One important, qualitative difference is in the power input by
the FS. The FS is already in the adiabatic phase at the peak
date, and thus the entire LC evolution is basically controlled by
the FS energy input in the adiabatic phase. In this phase, the
decline in the LC is slower for the flatter CSM distribution. As
a combination of these two effects, the post-peak decline rate is
indeed similar to that in the reference model, despite very
different regimes for the post-peak emission.

Finally, how the SN ejecta properties affect the LC is (partly)
addressed in the bottom panels. The model here assumes the
SN properties correspond to the so-called broad-lined SNe Ic

(SNe Ic-BL) or hypernovae (HNe), sometimes associated with
a gamma-ray burst (GRB; Galama et al. 1998; Iwamoto et al.
1998; Woosley & Bloom 2006). The model represents an
energetic SESN explosion with Mq; =6 M, and Ex = 10> erg.
Due to the high shock velocity, the model results in a large
kinetic energy dissipation and initially a bright emission.The
high velocity also leads to a large shock radius and thus a low
CSM density; it thus results in a quick transition from the
cooling to adiabatic regime for the FS, and it is already
adiabatic at the peak date. It thus lacks the post-peak slow
decay phase and shows a quick decay already at the beginning.
The RS is still in the cooling regime even for this model, and
thus the main power source changes from the FS to the RS at
~50 days, showing flattening in the LC afterward. It thus
results in a qualitatively different LC shape from the reference
model.

The dependence on the ejecta properties is further shown in
Figure 5. As long as M. is a few times M, and the Kinetic
energy is ~10°"erg, the general behavior of the LC is not
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Figure 4. The behaviors of the selected four models (from the top to bottom panels). The left panels show the LCs deconvolved into the contributions from the FS
(blue-solid lines) and RS (red-solid lines) regions. The kinetic energy dissipation rate in each region is shown by the magenta-dashed lines. The resulting optical
(bolometric) LC is shown by the gray line. The middle panels show characteristic timescales: dynamical timescale (fayy,; gray lines), diffusion timescale of the optical
photons (#4; black lines), cooling timescale (7; solid lines), and electron-ion equipartition timescale (Z; dotted lines) in the FS (blue lines) and RS (red lines) regions.
The right panels show the following characteristic optical depths: the photons originally emitted at the FS (~100 keV) traveling either in the FS or RS region (7190;
blue-dashed lines; note that the optical depths in the FS and RS are similar in the present work), the photons emitted at the RS (~1 keV) traveling within the RS (74;
red-dashed lines), and those emitted either in the FS (blue-solid lines) or RS (red-solid lines) traveling into the ejecta.

sensitively dependent on the ejecta properties; they all show the higher for models with larger Ex/M,; (i.e., higher velocity)
characteristic power-law LC with a break marking a transition followed by the earlier transition to the fast decay phase.
from the slow to fast decay phase. This case covers models Interestingly, they merge in the fast decay phase; higher
with relatively massive ejecta, e.g., ~4 M. (or even larger, velocity leads to a larger shock radius and thus lower CSM
while it is not shown here; see Section 5.2). As a general density, and these two effects nearly cancel to result in the
behavior, the luminosity at the slow decay phase tends to be similar luminosity.
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Figure 5. Dependence of the interaction-powered SN Ibn LCs on the ejecta
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This homogeneous nature in the LCs is no longer realized if
the ejecta properties are substantially outside the range expected
for canonical SESNe. Figure 5 shows two extreme cases: very
energetic (and massive) ejecta corresponding to SNe Ic-BL (or
GRB-SNe; see Woosley & Bloom 2006, and references therein),
and weak SNe with low energy and small ejecta mass
corresponding to the so-called ultra-stripped-envelope SNe
(USSNe), electron-capture SNe, or their variants, for which the
observed candidates have been reported recently (e.g., De et al.
2018, 2021; Hiramatsu et al. 2021; Nakaoka et al. 2021, and
references therein). The former (energetic model) has a very
rapid decay from the beginning, a reason for which has been
already addressed above. The latter (the low-energy and low-
mass SNe) indeed shares the general LC behavior, but the
luminosity is lower than the canonical cases in the post-peak
slow decay phase, due to the lower kinetic energy content. This
model only reaches ~10**erg s™', and thus it could explain at
most only the faintest SN Ibn population.

Robustness of constraining the ejecta properties requires
further discussion. This is a general problem for SNe powered by
the SN-CSM interaction; for example, the problem of unique-
ness of ejecta parameters for SNe IIn has been discussed by
Chandra et al. (2015) and Chugai (2021). The three physical
parameters (M., Ex, and D’) are degenerate to produce the same
LC for fixed ejecta and CSM slopes (n and s), in each limit of the
cooling and adiabatic FS regimes (see, e.g., Moriya et al. 2014,
for the cooling regime applied to SNe IIn). It is possible to
introduce additional constraints to solve a part of the degeneracy
and place separate constraints on the ejecta properties (M.; and
Ex) and the CSM property (D). This can be done by adding
information on the velocity from spectra (e.g., Chugai 2009). In
the present model, this separation between the ejecta and CSM
properties is possible by using the LC evolution covering the
cooling and adiabatic FS regimes (e.g., the transition date
introduces an additional constraint to the problem). Further
solving the degeneracy to derive M. and Ex separately is
problematic. Indeed, in the idealized situation of applying the
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self-similar solution for two power-law segments (n and s), it is
in principle impossible; the same power-law density distribution
of the outer ejecta can be realized by different combinations of
(Mg, Ex). Namely, for a given M., one can find Ex that can
reproduce the identical LC, and thus one can only define a series
of (M., Ex) from the LC analysis. In the discussion above on the
allowed range of ejecta mass, we take the opposite approach. We
first adopt a relation between M. and Ex motivated either
theoretically or observationally, and then investigate whether
each of the adopted combinations can explain the SN Ibn LCs.
We believe that the rough constraint derived by this approach is
sufficient for the purpose of the present work; we plan to
investigate the possibility of using the velocity evolution and
spectral appearance to further constrain the ejecta properties in
the future.

4. Application to a Sample of SNe Ibn
4.1. Key Behaviors

The high optical luminosity of SNe Ibn, which is probably
powered by the SN-CSM interaction, suggests that the CSM is
very dense. In such a system, at least initially, the energy
dissipated at the FS and RS should be (nearly) fully converted
to the optical radiation (i.e., both FS and RS are in the optically
thick cooling regime). The luminosity is thus estimated by a
simple formula frequently adopted for SNe IIn:

L  pegyR*V? o R?=5V3, (3)

Note that the luminosity from the FS dominates over that from the
RS; the ratio of the dissipated power is Lgs/Lgs X prs
/Prs(Ves/Vks)® o (4 — 5)(n — 3)*/(n — 4)/(3 — 5)*, and the
ratio is ~4 for s =0, ~10 for s=2, or even exceeds ~100
for s >2.7.

For the CSM density decreasing outward, first the FS
becomes adiabatic due to the lower density than for the RS.
The energy input from the FS still dominates for the reason
mentioned above. The RS and the unshocked ejecta are still
optically thick to the FS photons, and most of the (inward)
radiation emitted originally as high-energy photons at the FS
will be converted to optical photons. In this situation, the
luminosity is estimated as follows:

L o< T Mys pesy o< VR ™2, 4)

where Mgg is the CSM mass swept by the FS.

It is then possible to evaluate the power-law behav10r of the
optical (bolometric) LC in the two phases (L o< ¢/ %, by inserting
the (self-similar) dependence of the evolution of the shock
radius on n (ejecta den51ty slo Se) and s (CSM density slope)
For n=7 and s =2, Roc £"/"=9 = {98 and thus Vot °
(Chevalier 1982). This results in 3 ~—O.6 in the early (cooling)
phase and 3 ~—1 in the late (adiabatic) phase, where the latter
does not depends on n. This estimate demonstrates that the
observed characteristic behavior (3~—1 in the post- peak
phase, followed by (3~—3 in the steep decay phase) is not
consistent with the standard CSM distribution (pcgm X 7~ 2)
created by the steady-state mass loss, irrespective of the
emission processes (either the radiative /cooling or adiabatic).

A straightforward solution is obtained if s ~ 3. In this case,
the shock expands almost at a constant velocity, and thus
B ~—1 in the early phase and 3 ~—3 in the late phase. Given
the rapid decrease in the CSM density outward, the transition
from the cooling regime to the adiabatic regime is indeed well
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motivated by the underlying physics, and it does take place in
the situation considered in the present work (Section 3). This
simple picture explains the general (and homogeneous) LC
evolution of SNe Ibn very well.

As another possibility, one might be tempted to introduce a
non-smooth CSM distribution where the inner part is flat and
the outer part is steep, under the assumption that the optical
luminosity traces the total kinetic power dissipation rate. For
the late-phase steep decay, it will require s ~ 5. This will then
inevitably lead to the adiabatic FS rather than the cooling FS
due to the rapidly decreasing density, and the underlying
assumptions become self-inconsistent. While we do not reject
the possibility of a change in the CSM density gradient (see
Section 4.2), we conclude that the steep decay phase must be
powered by the FS in the adiabatic regime and thus s~ 3 at
least in the (relatively) outer CSM density distribution.

4.2. Individual Objects

The argument in the previous section shows that the model
presented here can explain the general behavior of the SN Ibn
LCs, and the required model parameters are largely constrained
even without studying the LCs of individual SNe Ibn. As a
result of the interaction between the high-density CSM with
steep density gradient (s~2.5—3 and D' ~ 0.5 — 5) and
typical (or massive) SESN ejecta (M~ a few M up to
~5 M., and Eg ~10°"erg), the LCs reproduce the general
properties of SN Ibn LCs. To further constrain the nature of the
CSM around SNe Ibn, we construct model LCs for individual
SNe Ibn.

As clarified in the previous section, the LC properties are
sensitive to the CSM properties but not to the ejecta properties.
Adopting a particular set of the ejecta properties, as we do
below, is thus only for demonstrative purposes. The examples
of the fits to the individual SN Ibn LCs are shown in Figure 6.
In the examples shown here, we set the ejecta mass either as 2
or 3 M. Then, the kinetic energy is varied to match to the early
phase luminosity and the timing of the transition. The CSM
properties are largely determined by the luminosity and the
slope in the late rapid-decay phase, and they are insensitive to
the ejecta properties.

For four out of the seven objects (noting that two cases are
shown for SN 2006jc for different choices on the explosion
date), only a single CSM component is required. For the
remaining three objects, the early phase evolution is indeed
flatter than the model prediction, or is even increasing. This
behavior is not explained by the model with a single CSM
component, and thus we introduce an additional, flat CSM
distribution in the inner part (as shown by the blue lines). For
these SNe, it is seen that the timing when the corresponding
CSM changes (i.e., the intersection between the red and blue
lines) is roughly coincident with the kink predicted in the outer
CSM due to the transition in the shock properties. This is
indeed a natural situation, as once the shock reaches to the
outer steep CSM, the density quickly decreases, and thus the
shock property changes.

5. Nature of SNe Ibn
5.1. Circumstellar Environments and Mass-loss History

Figure 7 shows the CSM distribution for a sample of SNe
Ibn adopted to explain their LC behaviors. The CSM
distribution constrained here is largely in the range from
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~3 % 10" cm to ~3 x 10" cm depending on the object. The
inner and outer radii correspond to the look-back time of
~0.1-1yr (for vy =100-1000km s~ ") and ~1-10yr in the
mass-loss history, respectively. The CSM distribution is steeper
than the steady-state mass loss, following s ~ 3 for all SNe Ibn
examined in the present work. If the mass-loss velocity does
not change much, the steep CSM distribution indicates that the
mass-loss rate has been increasing toward the core collapse,
roughly following M o< (ty — t)~!, where t,— ¢ is the look-back
time toward the core collapse.

Further, the derived CSM density is very high, in the range
of D' ~0.5-5. At ~5x 10" cm, this corresponds to D ~
(5-50) x 107" gem™ or A, ~2,500-25,000; M ~ 0.025—
0.25 M, yr " if v, =1000kms~ ', or M ~ 0.0025-0.025M,,
yr ' if v, =100kms~'. We note this is roughly consistent
with the estimate using the diffusion timescale as compared to
the peak date by Moriya & Maeda (2016). This constraint is
also included in our model, and the present work shows that
this CSM density is also consistent with the overall LC
behaviors. The mass-loss rate derived at ~5 x 10" cm is
roughly within the range found for a sample of SNe IIn
(0.001-0.1 M, yr~' for v, = 100 kms~'; Moriya et al. 2014;
Moriya & Maeda 2014) but on the highest side. Note however
that the evolution of the mass loss is very different; a typical
value for SNe IIn is s ~ 2, which is consistent with steady-state
mass loss (Moriya et al. 2014), while it is s ~ 3 for SNe Ibn
(this work).

For three objects out of the seven SNe Ibn, there is a hint of
the inner flat CSM component, where the transition radius from
the outer steep CSM component is ~(1-3) x 10'>cm. The
behavior is similar to that found for SN Ic 202001, albeit overall
flatter and with much lower density (by two orders of
magnitude) for SN 20200i (Maeda et al. 2021). The similarity
in the characteristic timescale might indicate that they share key
physical mechanisms as a driver for intensive mass loss, while
the differences would indicate that there is an important
difference between the progenitors of SNe Ibn and canonical
SESNe that leads to the rapidly increasing and very energetic
mass-loss driving mechanism for SNe Ibn.

The CSM mass swept up in 50-200 days after the explosion
is typically ~0.2 M., covering ~0.05-0.4 M. Given the
accelerated mass-loss activity toward the core collapse in the
final 1-10 yr derived in these models, the estimate here is not
affected even if the longer LC evolution is observed (unlike the
case for SNe IIn, for which the swept-up mass typically keeps
increasing with time). The mass lost in this final phase is thus
below a typical He layer mass (~2 M, but depending on the
rotation, convection, and binarity; Nomoto & Hashimoto 1988;
Woosley & Weaver 1995; Langer 2012; Laplace et al. 2021).
This provides a consistent picture of a W-R progenitor for SNe
Ibn. This further suggests that the final activity is not a major
mechanism for the H and He envelope stripping (Fang et al.
2019).

5.2. Implications for the Progenitors

With the properties of the ejecta and CSM quantitatively
constrained through the LC models, in this section we discuss
possible implications for the nature of the progenitors of SNe
Ibn. Before going this far, we also emphasize another important
difference between SNe Ibn and canonical SESNe; it is the
mass of *°Ni ejected at the explosion.
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Figure 6. The light-curve models for individual SNe Ibn. The name of SNe and the model ejecta properties, ejecta mass (M) and kinetic energy (Bethe for 10°! erg),
are shown by a label in each panel. The models are shown by red lines, with another component for the inner CSM shown by blue lines if such a component is
required. The CSM properties (s for the density slope and D’ for the density scale) are shown in the labels. The maximally allowed **Ni /Co contribution is described
by the black lines, where the phase after the expected diffusion timescale for this contribution is shown by the solid curves. For SN 2006jc, two cases are shown for
different choices of the peak/explosion date.

10



THE ASTROPHYSICAL JOURNAL, 927:25 (17pp), 2022 March 1

107" ———— T
- SN 2006jc-1
SN 2006jc-2 1
'=0.5-10) LSQ13ccw 3
SN 2014av
ASASSN-15ed
SN 2010al
~. SN 2011hw
- LSQ12btw

1075 |
I A.=1000°
10718 |
L 0.1=1 yr
107" a3 f | )
L ol L L N B
1x10'® 1x10'8

R [cm]

Figure 7. The CSM distribution adopted in the LC models shown in Figure 6.
For comparison, the CSM density distribution created by steady-state mass loss
is shown for two cases (dashed lines), as described by pcsm =35 X
10"A?gem™'; A, =1 corresponds to a typical W-R wind (i.e.,
M =10"M, yr~" and v, =1000kms™"), and Ay ~ 5000D’. Also, the
CSM distribution with s =3 is shown for D’ = 0.5-10 by the shaded area,
which covers the CSM distributions derived for SNe Ibn. The CSM distribution
derived for a canonical SN Ic 20200i, with the density multiplied by 100, is
shown by the gray line (Maeda et al. 2021). The corresponding look-back time
toward the core collapse is indicated at the bottom for vy, = 100-1000 km s~

Previous works have demonstrated that M(*°Ni) is generally
smaller for SNe Ibn than canonical SESNe (Moriya &
Maeda 2016; Perley et al. 2021). We further quantify this
argument. A strong constraint on M(*°Ni) can be obtained by
the requirement that the bolometric luminosity in the rapidly
decaying tail phase should not exceed the *°Ni /Co contribution
(Figure 6). One issue is a possible dust formation that leads to
underestimation of the bolometric luminosity if the NIR/IR
contribution is not taken into account. However, we note that
this effect is included for objects showing clear dust-formation
signatures, or this effect is considered not to be important in the
objects and phases considered in the present work (see
Section 2).

Figure 8 shows the cumulative distribution of M(5 6Ni). For
SNe Ibn, M(°°Ni) is given as an upper limit for all of the
objects, and the gray-shaded area is the allowed region. The
figure also shows the cumulative M(°°Ni) distribution for
(observed) SESN and SN II samples (Meza & Anderson 2020;
Ouchi et al. 2021). We note that the distributions for SESNe
may not represent unbiased, volume-limited samples. While
there could be an intrinsic difference in the *°Ni production
between SESNe and SNe II (Anderson 2019; Meza &
Anderson 2020), at least a part of the difference is likely
attributable to the selection bias effect. The SN II sample is
likely volume-limited so that the observed *°Ni distribution
traces the intrinsic property, while M(°Ni) of SESNe is
systematically overestimated. It is possible that the “intrinsic”
*Ni distribution of SESNe may not be very different from that
of SNe II (Ouchi et al. 2021).

Figure 8 shows that M(*°Ni) ejected in SNe Ibn is clearly
smaller than that of the (observed) SESN sample, confirming
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to a selection effect (Ouchi et al. 2021; see the main text).

the previous claim. We further note that the M(56Ni)
distribution for SNe Ibn is very likely skewed to a lower value
than that of SNe II. While the sample is very small, it would be
very surprising if all of the upper limits placed for SNe Ibn
were close to the real values, so that the distribution would be
marginally consistent with that for SNe II. Therefore, even if
we consider a possible selection bias for SESNe, we conclude
that the difference between SNe Ibn and SESNe should be real;
SNe Ibn produce a smaller amount of *°Ni than other SESNe
(and even than SNe II). Given that the >°Ni production is
controlled by the progenitor core structure and the explosion
mechanism (Maeda & Tominaga 2009; Sukhbold et al. 2016;
Sawada & Maeda 2019; Suwa et al. 2019), the finding here
indicates that there must be an intrinsic difference in the
progenitors of SNe Ibn and other canonical CCSNe (i.e.,
SESNe and SNe IIP).

The ejecta properties have been constrained to be largely
consistent with those for (canonical) SESNe. As a variant of the
SESN ejecta properties, we note that it is still possible that
ejecta as massive as ~6 M, are reproducin§ the SN Ibn LCs, as
long as Ex ~ 10’ erg (up to a few x 10°" erg), as shown in
Figure 9.

In summary, we have the following constraints on the nature
of SN Ibn progenitors and explosion mechanism(s).

1. Ejecta: Moj ~2—6 M, and Ex ~ 10°" erg (see Section 3.2
for the degeneracy between M and Ex). Namely, the
ejecta properties are consistent with those derived for
canonical SESNe, but relatively massive ejecta (but with
a canonical explosion energy) are also allowed in view of
the LC evolution.

2. CSM: Generally steep density gradient (s~ 3), which
indicates that the mass-loss rate has increased toward the
time of the explosion. The CSM density in the inner
region (<10'° ¢m) is similar to that derived for SNe IIn
while the steep distribution for SNe Ibn is very different
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from SNe IIn. The CSM density is much higher than
those derived for SESNe and SNe IIP. In summary, there
is no counterpart in known SN populations showing a
combination of the very high mass-loss rate and the rapid
increase of the mass-loss rate toward the explosion as
indicated for SNe Ibn.

3. %°Ni production: SNe Ibn eject no or little “°Ni, with the
upper limits significantly lower than M(°°Ni) in canonical
CCSNe (i.e., SNe IIP and SESNe). Given that the
production of **Ni is linked to the progenitor (either
directly or indirectly through the explosion mechanism),
there must be an intrinsic difference in the nature of the
progenitors between SNe Ibn and canonical CCSNe.

There has been a consensus on the nature of SN IIP
progenitors, especially thanks to the number of progenitor
detection in pre-SN images (Smartt 2009, 2015); they are RSGs
with Mzams ~8—18 M. The case is less certain for
(canonical) SESNe, but it has been suggested that a bulk of
the SESN population shares a similar ZAMS mass range to
SNe IIP (Lyman et al. 2016), and the difference between
SESNe and SNe IIP is largely attributable to the strong binary
interaction effect for SESNe, without which the progenitor
would explode as an SN IIP rather than an SESN (Fang et al.
2019). As a variant of SESNe, there is a population of SNe Ic-
BL and GRB-SNe. While the nature of their progenitors is even
less certain, a popular suggestion is that they are a highly
energetic explosion of massive W-R stars, probably more
massive than canonical SESNe and Mzays 2 20 M., (Iwamoto
et al. 1998; Woosley & Bloom 2006).

While the difference in the nature of the CSM between SNe
Ibn and SESNe could be related to the details of the binary
evolution (e.g., the timing of the strong interaction), the effect
of the binary alone would not produce the difference in the *°Ni
production as the Fe core structure is mainly controlled by the
ZAMS mass (Nomoto & Hashimoto 1988; Woosley &
Weaver 1995). A more straightforward interpretation is that
SNe Ibn and SESNe are indeed distinct in their progenitors,
probably in the initial mass range. The difference in the nature
of the CSM, specifically the rapid increase of the mass-loss rate
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toward the SN in the final several years as derived for SNe Ibn,
may then be viewed as a more extreme case of what has been
inferred for SESNe (Maeda et al. 2021). Assuming that the
ZAMS mass range for (canonical) SESNe is largely over-
lapping that for SNe IIP (~8—18 M, ; Lyman et al. 2016), we
may consider either the low-mass range (~8 M) or the high-
mass range (218 M) for SNe Ibn, if they are distinct in the
ZAMS mass from SESNe. The low-mass interpretation is not
preferred, as they will result in low-mass ejecta and a low
explosion energy (e.g., USSNe; Tauris et al. 2017), which is
inconsistent with the constraints derived in the present work.

The high-mass W-R progenitor is indeed one of the popular
scenarios so far suggested for SNe Ibn (Pastorello et al. 2007,
Tominaga et al. 2008). For example, a star with Mzams ~ 25
M., will produce an 8 M., He star or 6 M. C+O star, which
results in M; ~ 4.6-6.6 M, if a neutron star (NS) is left behind.
If a black hole (BH) is formed following the SN explosion, the
ejecta mass can be even smaller and could be similar to
canonical SESNe. In what follows, we argue that this scenario
is consistent (or at least not inconsistent) with the constraints
derived from the present LC analysis.

1. The ejecta mass is within the range allowed by the LC

analysis.
2. The binding energy of the He or C+O core in this
scenario is ~10°" erg. Therefore, if the canonical

explosion energy (~10°" erg as constrained by the LC
analysis) is realized in the SN explosion following the N'S
formation, it will suffer from a substantial amount of
fallback to the NS that may (or may not) be converted to a
BH. Because of the fallback, no or little SNi will be
ejected (Woosley & Weaver 1995; Maeda et al. 2007).

3. They produce a large core with a large luminosity during
the evolution. While a relation between the nature of the
core and the final evolution is yet to be clarified
(Fuller 2017; Fuller & Ro 2018), the high Iuminosity
(or a high Eddington ratio) might result in a high level of
activity in the final evolution just before the core collapse,
thus in the dramatic increase of the mass-loss rate toward
the SN.
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The massive stars with Mzams = 18 M, can, and indeed
should, become a bare He or C+O star even without a binary
interaction thanks to the strong stellar wind (Heger et al. 2003;
Langer 2012), and in principle there should be a population of
transients that represents explosions of this type of stars in their
final phase. One caveat is that it is also possible that they would
directly collapse to a BH with no or weak SN explosion
(Lovegrove & Woosley 2013; Sukhbold et al. 2016; Basinger
et al. 2021; Neustadt et al. 2021). However, from a view point
of the Galactic chemical evolution, it has been argued that a
large fraction of them should eject most of the C+O core
material (Suzuki & Maeda 2018), which requires an SN
explosion with explosion energy at least on the order of the
core binding energy, i.e., ~10°" erg (Maeda et al. 2007).

While some slowly evolving SESNe (Valenti et al. 2012;
Taddia et al. 2016; Barbarino et al. 2021), as well as SNe Ic-BL
(Woosley & Bloom 2006, and references therein), have been
suggested to have a high-mass W-R progenitor, there is a clear
deficiency of these massive progenitors with Mzanms ~ 18 M, as
compared to the expectation from a standard initial mass function
(e.g., Valenti et al. 2012). The high-mass progenitor scenario for
SNe Ibn may thus be a missing piece to fill in the gap between
the observed SN population and stellar evolution theory. It may
also explain the so-called RSG problem, i.e., a lack of SN IIP
progenitors with Mzanms 2 18 M, (Smartt 2009, 2015).

In the high-mass progenitor scenario, SNe Ibn may represent
a large, or at least non-negligible, fraction of end-products of
massive star with Mzams 2 18 M. They may branch into the
different phenomena (SNe Ibn, slowly evolving SESNe, and
SNe Ic-BL) by additional parameters in stellar evolution such
as the rotation, which may be further related to the binarity
(Yoon & Langer 2005; Mandel & de Mink 2016). We note that
there is a hint of intensive mass loss just before the explosion
for at least a fraction of slowly evolving SESNe and SNe Ic-BL
(Taddia et al. 2016; Ho et al. 2019).

Recently, a class of “SNe Icn,” showing the signature of
strong interaction with the C/O-rich CSM, has been discovered
(Fraser et al. 2021; Gal-Yam et al. 2022; Perley et al. 2021). A
massive W-R progenitor has been suggested, in which a BH
might be formed through fallback accretion (Perley et al. 2021).
This is basically the same scenario as suggested here for SNe
Ibn (while NS formation is not rejected in the present work). A
possible relation between SNe Ibn and Icn in the nature of the
progenitor is highly interesting. For example, in the single
massive star evolutionary scenario for Mzams 2 18 M., there
is a transition mass below /above which the final state is an He/
C+O star. SNe Icn may thus be a variant of SNe Ibn in the
highest mass range in this scenario. Given the SN Icn rate of
about a-factor-of-10 smaller than that for SN Ibn (Perley et al.
2021), then the transition mass should be Mzams ~ 40-50 M,
for the standard initial mass function (Kroupa 2001; see also
Section 6.2). Alternatively, other factors, e.g., rotation and/or
binary, may be at work, and then the difference in the ZAMS
mass may not be so large. We plan to apply our model to LCs
of SNe Icn and investigate possible differences in the natures of
the ejecta and CSM between SNe Ibn and Icn, which will be
key to constraining the progenitor scenario for SNe Icn.

A challenge for the massive stellar explosion scenario has
been raised for PS1-12sk, which shows no detectable star
formation activity at the explosion site (Sanders et al. 2013;
Hosseinzadeh et al. 2019). Its peak luminosity is roughly
~10% erg s™', and the rising timescale is 210 days. Putting
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these observational features into the present LC model
framework, we infer that it is difficult to explain its LC by a
combination of low explosion energy and small ejecta mass
(e.g., ~10°erg and 0.5 M..). This can be a strong constraint
for a white-dwarf (WD) thermonuclear explosion origin for
PS1-12sk; a partial explosion of a WD (e.g., “.Ia” Bildsten
et al. 2007) predicts a small ejecta mass and a low explosion
energy (as compared to canonical SNe). To satisfy the
constraints derived here would likely require a whole
disruption of a WD (i.e., SNe Ia) under the WD thermonuclear
scenario. We note that no strong constraint has been placed on
M(®Ni) for PS1-12sk; <0.5 M., or <1.5 M. depending on
how it is estimated (Sanders et al. 2013). This may then be a
counterpart of “SNe Ia” and “SNe Ia-CSM” (Hamuy et al.
2003; Dilday et al. 2012), similarly to the other SNe Ibn related
to SESNe and SNe IIn.

6. Applications to Rapidly Evolving Transients

The recent progress in high-cadence surveys has been
expanding the phase space in the transient observations,
leading to the discovery of various new classes of objects.
One of the most exciting findings is the existence of rapidly
evolving transients with a characteristic timescale of <10 days,
which had been missed previously in traditional surveys. A few
examples have been discovered by chance (Kasliwal et al.
2010; Ofek et al. 2010; Poznanski et al. 2010) with diverse
observational properties, including the spectral classification
type, indicating multiple populations within the rapidly
evolving transients. It has only recently become possible to
systematically search for the rapidly evolving transients by
high-cadence surveys (Drout et al. 2014; Tanaka et al. 2016;
Pursiainen et al. 2018; Tampo et al. 2020). However, these
survey samples were not based on the real-time transient
identification, and thus spectral classification has been largely
unavailable.

Very recently, Ho et al. (2021) presented 42 rapidly evolving
transients from the Zwicky Transient Facility (ZTF) survey
(Bellm et al. 2019), with about half classified spectroscopically.
This allowed for the first characterization of a uniform sample,
and they confirmed the existence of multiple populations,
largely divided into three categories: the subluminous SN IIb/
Ib population, luminous SN Ibn population, and fast and blue
optical transients (FBOT; or AT2018cow-like transients;
Margutti et al. 2019; Perley et al. 2019).

Therefore, SNe Ibn form one of the major populations
among the rapidly evolving transients. Indeed, the opposite
seems to also be the case; a large fraction of SNe Ibn belong to
the rapid-transient population (Moriya & Maeda 2016; Hos-
seinzadeh et al. 2017). It is therefore of great interest to
compare a grid of the present models and observations of the
SN Ibn subclass of the rapidly evolving transients.

6.1. Comparison to “SN Ibn” Rapidly Evolving Transients

Figure 10 shows the relation between the LC timescales (the
rise time and the time above the half-max) and the peak
magnitudes. The square symbols are for the models. The
models with s = 2.8 are shown for various combinations of the
ejecta properties; (Mej/M@, EK/1051 erg) = (6, 10), 4, 2),
2, 1), (3, 1), (0.5, 0.1), following the same color coordinate as
in Figure 5. Additionally, models with s =2.4, 2, and 1.6, all
with M;=2 M., and Ex/ 10°! erg = 1, are shown by the black
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Figure 10. The relation between the LC timescale and the peak absolute magnitude. The timescale is shown for the rise time (left) or for the time above half-max as
defined by the duration in which the transient is brighter than the half of the peak luminosity (right). The square, black-triangle, black-diamond, and black-circle
symbols are for the models (see the main text for details). For comparison, we plot the ZTF samples of “SN Ibn” rapid-transient population (including some literature
samples; cyan-crosses; Ho et al. 2021), and the HSC sample of rapid transients (gray-crosses; Tampo et al. 2020). The dashed line indicates a photospheric
temperature of 25,000 K for a velocity of 15,000 km s~ ', which is typically found in the models. The solid curve defines the critical line above which the required *°Ni

mass exceeds the ejecta mass.

triangles, diamonds, and circles, respectively. For each model
sequence, different points are for different values of D/, ranging
from 32 to the right to 0.033 to the left, with a step factor of
two, each. Additionally, the models with D’ = 0.003 are
shown, which are mostly overlapping in the left-bottom corner
of the panel. For comparison, we plot the ZTF (plus literature)
samples of “SN Ibn” rapid-transient population (cyan-crosses;
Ho et al. 2021, and references therein), and the Subaru-HSC
sample of rapid transients (gray-crosses; Tampo et al. 2020).
Note that the observational points are either for the observed g
or i band, while the model points are for the bolometric LC.

The characteristic properties in the timescale and the peak
magnitude are well explained by the present model sequence,
with the parameter set similar (or basically identical within the
uncertainty) to those applied to the SN Ibn sample in the
previous sections (i.e., s~2.8, D' = 1-4, with SESN or
massive SESN ejecta properties). It is not surprising, as the
peak magnitude (~—19 mag) and characteristic timescale
(<10 days) of the SN Ibn sample examined in the previous
section largely overlap with the typical properties of the ZTF
SN Ibn rapid population. The HSC sample, which is not
spectroscopically classified, seems to be a mixture of the “SN
Ibn” and “faint SN IIb” populations, where the former overlaps
with the ZTF sample in their LC properties.

Figure 11 compares the rise time and decay time. The
observed sample of rapidly evolving transients generally shows
that there is a rough correlation between the two, while the
decay timescale is longer than the rise time. While our estimate
on the rise time in the model is very crude since we have not
solved the diffusion process directly, qualitative behavior is
reproduced. Interestingly, a ratio of the decay time to the rise
time is controlled by the CSM slope (s) and is insensitive to the
ejecta properties (M,; and Ex) and the CSM density scale (D').
The exception for this behavior is found for an energetic ejecta
model (red squares); the model predicts very rapid decay, since
the high shock velocity leads to the transition to the adiabatic
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Figure 11. The relation between the rise time and the decay time (the duration
in which the luminosity decreases by 50% after the peak). The models and
observed samples are the same as those in Figure 10.

shock already at the peak (Section 3.2). The predicted behavior
for the energetic model thus does not fit the observed properties
of the rapidly evolving transients.

As outliers, there are two luminous and rapid SNe Ibn in the
ZTF/literature sample (~—21 mag and ~1day for the rise
time) shown in Figure 10 that seem to be distinct from the
remaining SNe Ibn. They overlap with the AT2018cow-like
(FBOT) transients in the phase space; indeed, one of them is
AT2018cow itself, for which Ho et al. (2021) gave a label of
“SN Ibn?” according to the classical spectral classification;
however, they noted that this is indeed very different from SNe
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Ibn in many aspects. The other one is iPTF15ul, but its spectra
are heavily contaminated by the host galaxy, and thus the SN
Ibn classification is very tentative (Hosseinzadeh et al. 2017).
Therefore, these two outliers indeed may not be SNe Ibn at all.
The origin of AT2018cow has been discussed intensively with
various scenarios suggested, but so far no firm conclusion has
been reached. Our SN Ibn models with standard ejecta
properties fail to explain the LC characteristics of these
FBOTs. It is interesting that the CSM interaction between the
dense CSM (D’ ~ 1) and the “SN Ic-BL/GRB-SN” ejecta
could explain their LC characteristics, i.e., the combination of
the high peak luminosity and very short timescale. However,
such a scenario encounters various difficulties in explaining the
best-observed FBOT AT2018cow (e.g., Uno & Maeda 2020),
and it is also unable to explain the relation between the rise and
decay timescales (see above). Still, an energetic version of SNe
Ibn in the present scenario (i.e., SNe Ic-BL within a confined
CSM) may contaminate these luminous FBOTS, if they exist in
nature. It is thus interesting to further investigate if the
properties of the FBOTs are uniform or diverse, where the latter
may probe a possible contamination of an energetic version of
the interaction-powered SNe Ibn.

An advantage of performing a comparison between the
model grid and uniform sample is the possibility of constrain-
ing the model parameter space that would in turn provide a hint
for the progenitor evolution toward SNe Ibn and a part of the
rapid-transient population. Figure 10 shows that the ejecta
properties are basically limited to those of typical SESNe and
potentially massive SESN ejecta. The ejecta properties
corresponding to SNe Ic-BL (or GRB-SNe) and less-massive
SESNe (e.g., USSNe) are largely rejected for the SN Ibn rapid
population (but see above for the “FBOT” population). There
seems to be no strong bias such that they would be missed if
they exist in nature (e.g., fainter “SNe IIb/Ib” rapid population
has been detected). Similarly, the distribution is consistent with
the steep CSM distribution (s > 2), suggesting that the steep
CSM is a generic feature of the SN Ibn rapid population.

Interestingly, the observed sample of the SN Ibn rapid
population has a limited range in CSM density (D’ ~ 1 — 4),
if they are interpreted as an SN—CSM interaction. This has
various implications for the origin(s) of SNe Ibn and the related
rapid population. If there were events with very high mass-loss
rates exceeding D’ ~ 4, there seems no particular observa-
tional bias with which they could be missed from the survey or
follow-up observations. Therefore, the upper limit of D’ ~ 4 is
probably real, and this must be a strong constraint on any
progenitor evolutionary scenario for SNe Ibn. This may be the
maximum level of pre-SN activity that such a massive W-R star
can have. And yet another possibility is that this limit could be
related to SNe Icn; the mass-loss rate significantly exceeding
D' ~ 4 will eject all of the He envelope, and further mass loss
may create the C/O-rich CSM and result in SNe Icn.

On the other hand, the lower limit, D’ ~ 1, may represent
either an observational bias or real properties of SN Ibn
progenitors. If the latter is the case, this makes the SN Ibn
progenitor very distinct from canonical SESNe. On the other
hand, if the former is the case, the SN Ibn progenitor can be
still distinct from SESN progenitors, but the transition from
SESNe to SNe Ibn may take place in a continuous manner. We
will discuss further details on the possible observational bias in
the next section.
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Figure 12. The estimated photospheric temperature in the models with various
ejecta properties and D', but with s fixed to 2.8. The optical depth within the
CSM is taken into account. The same color coordinate as in Figure 5 is used to
distinguish different ejecta properties.

6.2. Possible UV Population

Figure 10 provides an interesting possibility on the possible
observational bias to account for a lack of SNe Ibn and/or SN
Ibn rapid population with relatively less-dense CSM (D’ < 1).
In the context of the present SN—CSM interaction scenario, a
less-dense CSM results in a brighter and shorter event with a
smaller photospheric radius at the peak. They are thus
associated with higher photospheric temperature. Within the
SN-CSM interaction scenario, we can estimate the photo-
spheric temperature (7¢) according to the Stefan—Boltzmann
relation, Ly, = 4mv220 T, where v is the velocity at the CD
and ¢ is the time elapsed from the explosion (noting that this is
generally an underestimation for the photospheric radius, as the
optical depth within the CSM may not be negligible). Adopting
a typical velocity of ~15,000 km s~ for the present models, a
line corresponding to g = 25,000 K is shown in Figure 10.
Interestingly, this line seems to define the limit for the SN Ibn
population, above which (i.e., at higher temperatures) no SNe
Ibn are found in this diagram (note that there are two
exceptions belonging to FBOTs, for which the present model
would not apply; see above).

This raises an interesting possibility. Even if there could be
SNe Ibn with relatively less-dense CSM (D’ < 1) than that
applied to the present samples, they may emit mostly in the
UV, and thus such a population may be underrepresented in the
present sample constructed based on optical surveys. Figure 12
further presents model details, where T,y at the peak is
estimated based on the photospheric radius calculated in each
model. For a range of the ejecta properties except for low /high-
energy models, the relation between the rise time and the
temperature at the peak turns out to be universal. The
temperature generally increases toward the event with shorter
rise time, and it is 225,000 K for objects with rise times less
than 1 or 2 days.

Assuming that a large fraction of the radiation is emitted in
the UV at such a high temperature, this hypothesized
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population may be characterized by a peak (UV) Iuminosity of
>10% erg s~ and a timescale of at most a few days (or even
less than 1 day for most of them). Assuming that a typical
bolometric magnitude of ~10*" erg is mostly emitted in the
NUYV (~2500 A), the detectable horizon is estimated to be ~2
Gpc for the limiting magnitude of 23 mag (AB). This is
~400 Mpc even for the 20 mag (AB). Future UV facilities like
ULTRASAT (Sagiv et al. 2014), with daily all-sky survey
down to ~23 mag in NUV,” will thus provide a complete
census of the possible UV rapid-transient population, and will
definitely answer whether the final mass-loss rate for SNe Ibn is
indeed continuously distributed toward the lower rate than
those so far discovered in the optical. Shallower surveys (e.g.,
down to 20 mag) will reach z ~ 0.1 and will start discovering
these UV populations if they do exist in nature.

Indeed, if the scenario suggested here is correct, we would
expect that there could have been an even larger number of
“UV” rapid Ibn than were so far discovered in the optical. The
volumetric rate of the rapid population has been estimated to be
~5% of CCSNe (Drout et al. 2014). They are dominated by the
SN IIb/Ib population, and the contribution of the SN Ibn
population is ~10% (Ho et al. 2021). Therefore, the rate of the
rapid SN Ibn population is ~0.5% of the CCSN rate. The rates
of SNe Ibn classified into rapid and non-rapid populations seem
comparable (see, e.g., Table 1 of Moriya & Maeda 2016); thus,
we estimate that the SN Ibn volumetric rate observed so far is
~1% of CCSNe. This is far below the fraction of massive stars
with Mzams 2 18 M, to those with Mzams = 8 M., which is
~20% for the standard initial mass function (Kroupa 2001), by
an order of magnitude. While it is possible that not all massive
stars with 218 M, explode as SNe Ibn (or even as any classes
of SNe), it is very likely that a number of events are indeed left
undetected so far in the optical, if a majority of SNe Ibn are the
end-products of massive stars with Mzams 2 18 M.,

7. Summary

In this paper, we present a light-curve model for SNe
powered by the interaction between the ejecta and CSM, taking
into account the conversion of the dissipated kinetic power to
optical (and UV /NIR) thermal emission. The model is applied
to a sample of SNe Ibn and “SN Ibn” rapidly evolving
transients. For SNe Ibn, our findings are summarized as
follows.

1. The characteristic post-peak behavior commonly seen in
the SN Ibn LCs, where a slow decay is followed by a
rapid decay, is naturally explained by the transition of the
FS property from cooling/radiative to adiabatic regime
without introducing a change in the CSM density
distribution.

2. The steep decay in the light curves of SNe Ibn indicates a
steep CSM density gradient (pesm o< 7).

3. The CSM properties are constrained as follows: pcsy ~
(0.5-5) x 10 gem™" at ~5x 10" cm (D’ = 0.5-5);
M ~ 0.025 — 025M, yr ' if v, =1000kms ', or
M ~ 0.0025 — 0.025M,, yr " if v, = 100km s~ ".

4. The dense and steep CSM structure naturally leads to the
transition from the cooling to adiabatic regime in the FS
properties as mentioned above.
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5. The ejecta properties are constrained as follows:
Mej~2—6 M. and Ex ~ 10°" erg; the properties are
consistent either with those of canonical SESNe or those
with more massive ejecta (but with the canonical
explosion energy of ~10°' erg).

6. SNe Ibn produce no or little “°Ni; the mass of “°Ni is
significantly lower than SESNe or even than SNe IIP.

These properties are different from those of canonical
SESNe and SNe IIP, indicating that the SNe Ibn progenitor
is intrinsically different and likely originated in an initial mass
range different from these SNe. Assuming that SNe IIP and
(most of) SESNe are the end-products of massive stars with
Mzanms < 18 M., this finding reinforces the idea that SNe Ibn
are explosions of massive W-R stars with Mzays 2 18 M. We
have shown that the expected properties are consistent (or at
least not inconsistent) with the properties of the ejecta and
CSM derived in the present work.

The inferred mass-loss properties in the final phase of the
progenitor evolution are very unique. The mass-loss rate
increases toward the explosion and reaches a level similar to
those inferred for SNe IIn. The characteristic timescale of the
pre-SN activity is similar to that inferred for SN Ic 20200i, but
the mass-loss rate is much larger for SNe Ibn. This similarity
and difference suggest that the key mechanism that drives the
final mass loss may be common, but the magnitude of the
activity may be dependent on the core mass.

We have applied the present model to a sample of the “SNe
Ibn” rapidly evolving transient population. As the sample has
been constructed through a systematic survey, the comparison
allows us to place constraints on the properties of the ejecta
and CSM.

1. The general properties of the SN Ibn rapid population are
explained by the present model.

2. The constraints on the ejecta properties are essentially the
same as derived for a sample of SNe Ibn, either canonical
SESN or massive (but non-energetic) ejecta.

3. The range of the (final) mass-loss rate is also consistent
with that derived for the literature sample of SNe Ibn.

4. The upper limit in the mass-loss rate (D' ~ 4) should be
real; under the massive W-R progenitor scenario, this is
viewed as the maximum level of the pre-SN activity that
such a massive W-R star leading to SNe Ibn can have.
Indeed, a mass-loss rate significantly exceeding this will
eject the entire He envelope, and may turn into SNe Icn.

5. On the other hand, the lower limit of the mass-loss rate
(D' ~ 1) may be due to a selection bias. Even if such a
progenitor with a mass-loss rate lower than that derived
for the “optical” SNe Ibn (and related rapid transients)
exists, they will become UV-bright rapidly evolving
transients with a characteristic luminosity of ~10* erg
s~ ! and timescale of about 1 day.

6. We suggest that future UV missions such as ULTRASAT
will potentially discover a number of the currently
missing UV-bright rapid transients.
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