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ABSTRACT

Context. In various types of supernovae (SNe), strong interaction between the SN ejecta and circumstellar material (CSM) has been reported.
This raises questions about their progenitors and mass-loss processes shortly before the explosion. Recently, the bright long-lived Type II SN
2021irp was proposed to be a standard Type II SN interacting with disk-like CSM. The observational properties suggest that the progenitor was a
massive star (~8—18 M) in a binary system and underwent a mass-ejection process due to the binary interaction just before the explosion. Similar
scenarios, i.e., a Type II SN interacting with a CSM disk, have also been invoked to explain some Type IIn SNe.

Aims. Here, we study the diversity of the observational properties of bright long-lived Type II (21irp-like) SNe. We analyze the diversity of their
CSM properties, in order to understand their progenitors and mass-loss mechanisms and their relations with the other types of interacting SNe.
Methods. We performed photometry, spectroscopy, and/or polarimetry for four 21lirp-like SNe. Based on these observations as well as published
data of SN 2021irp itself and well-observed bright and long-lived type II SNe including SNe 2010j1, 2015da, and 2017hcc, we discuss their CSM
characteristics.

Results. This sample of SNe shows luminous and long-lived photometric evolution, with some variations in the photometric evolution (from
~—17 to ~—20 absolute mag in the r/o band even at ~200 days after the explosion). They show photospheric spectra characterized mainly by
Balmer lines for several hundreds of days, with some variations in the shapes of the lines. They show high polarization with slight variations in
the polarization degrees (~1-3% at the brightness peak) with rapid declines with time (from ~3—-6% before the peak to ~1% at ~200 days after
the peak). The general observational properties are consistent with the disk-CSM-interaction scenario, i.e., typical Type II SNe interacting with
disk-like CSM. At the same time, the variation in the observational properties suggest diversity in the CSM mass and the opening angle of the CSM
disk. These variations in the CSM properties are likely to be be related to the binary parameters of the progenitor systems and/or the properties of
the progenitor and companion stars.

Key words. techniques: polarimetric — supernovae: general

1. Introduction spectroscopic properties. The observational diversity in inter-
acting SNe originates from different SN ejecta properties (e.g.,
composition, mass, and/or kinetic energy of the SN ejecta)
and/or different CSM properties (e.g., composition, total mass,
and/or distribution of the CSM). However, we have not yet fully

Recent observations have revealed the presence of a large
amount of circumstellar material (CSM) around various types
of supernovae (SNe), suggesting some unknown extensive

mass ejections from their progenitors just before their explo- understood the relations between theses SN-ejecta and CSM

sion. For example, the majority of Type II SNe show signs . C s . . .
. . . oo terist d the ob t 1 t f interact
of substantial CSM interaction at early phases (within a few gl\?éac eristies an ¢ observational properties ol interacting

days after the explosion), including narrow highly ionized or
excited lines in the SN spectra (so-called flash-ionization lines;
Khazov et al. 2016; Yaronetal. 2017; Boian & Groh 2020;
Bruch et al. 2021) and the rapid rise in their early-phase light
curves (LCs; e.g., Gonzdlez-Gaitdn et al. 2015; Forster et al.
2018). As extreme cases, there are SNe whose main energy
source for the radiation is interaction between the SN ejecta
and CSM, such as classical Type IIn SNe (e.g., Smith 2017,
Fraser 2020, for reviews), some Type II superluminous SNe
(e.g., Gal-Yam 2019, for a review), Type [a-CSM SNe (e.g.,
Uno et al. 2023a; Sharma et al. 2023), Type Ibn/Icn SNe (e.g.,
Pastorello et al. 2008; Hosseinzadeh et al. 2017; Pellegrino et al.
2022a; Nagao et al. 2023), and the recently studied interaction-
powered Type II SN 2021irp (Reynolds et al. 2025a,b). These
different types of interacting SNe show diverse photometric and

Type IIn SNe are bright transients predominantly powered
by interaction of the SN ejecta with hydrogen-rich CSM, char-
acterized by strong narrow Balmer lines in their spectra. These
narrow lines originate from the ionized and/or excited unshocked
CSM by high-energy photons from the interaction shocks, indi-
cating the low velocity of the CSM (<1000kms™'; e.g., Smith
2017). Thus, these narrow lines are regarded as an important sign
of the CSM interaction. The more luminous events (<—20 mag)
in this category of SNe are often classified as Type II superlu-
minous SNe (e.g., Gal-Yam 2019, for a review). On the other
hand, in some other SNe that are also powered by interaction
with hydrogen-rich CSM (e.g., some of the Type II superlumi-
nous SNe, SN 2021irp, and some possibly interaction-powered
Type IIL SNe; see Kangas et al. 2022; Reynolds et al. 2025a)
the Balmer lines are dominated by a broad emission compo-
nent (several thousands of kms~™') instead of a narrow one
* Corresponding author: takashi.nagao@utu. fi (<1000 km 57! )-
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Reynolds et al. (2025b) conducted detailed modeling of the
bolometric LC and polarization signals of SN 2021irp, and esti-
mated the CSM mass and distribution as a few Mg in a disk-
like CSM geometry. Based on the estimated configuration of
the CSM interaction, they proposed a new interpretation for the
origin of the broad-line-dominated Balmer lines to be a torus-
shaped photosphere in the SN ejecta, which is locally created by
the heating from the hidden ring-shaped interaction region. This
demonstrates that the CSM geometry is important to determine
the shapes of the Balmer lines in interacting SNe. The authors
also discussed the role of the SN ejecta composition in this con-
figuration of the disk-CSM interaction by comparing the shapes
of the Balmer lines of SN 2021irp with those of the Type Ia-
CSM SN 2020uem (e.g., Uno et al. 2023a,b), which has simi-
lar parameters for the CSM interaction as those in SN 2021irp
but with Type Ia SN ejecta (~1 Mg of hydrogen-poor material)
instead of Type II SN ejecta (~10 Mg of hydrogen-rich mate-
rial). Type Ia SN ejecta are not dense enough to create an opti-
cally thick photosphere at late phases (several hundreds of days
after the explosion) in contrast to the case for SN 2021irp. In the
configuration of an interaction with disk CSM, the hydrogen-
rich gas in the SN ejecta is the key factor to create broad-line-
dominated Balmer lines by hiding the narrow lines from the
unshocked CSM. In other words, broad-Balmer-line-dominated
interacting SNe probably have a Type II SN as the embedded
SN.

It is important to study the CSM properties in 2 lirp-like SNe,
i.e., broad-line-dominated and interaction-powered Type II SNe,
and the relations between the CSM parameters and the observa-
tional properties. This improves our understanding of the radia-
tion processes in interacting SNe, as well as the viewing angle
effects for their observational properties. It is also important to
understand the progenitor systems and mass-loss mechanisms in
2lirp-like SNe, as well as their relations with the other types
of interacting SNe. In this paper, we present photometric, spec-
troscopic and polarimetric observations of four bright long-lived
Type II (21irp-like) SNe (SNe 2018khh, 2021adxl, 202200, and
2022mma) including SN 2021irp itself and the well-observed
similar events, SNe 2010jl, 2015da, and 2017hcc, infer their
CSM parameters, and discuss the relations between the CSM
parameters and the observational properties. We then discuss
their progenitor systems and the mass-loss mechanisms that cre-
ate their CSM, and their relations with the other types of inter-
acting SNe.

In the following section, we present our sample of SNe with
their basic information as well as similar SNe from the litera-
ture. In Section 3, we discuss the properties of their host galax-
ies. In Section 4, we present the observational data and the
data reduction processes. In Section 5, we describe the photo-
metric, spectroscopic, and polarimetric properties of the SNe.
In Section 6, we discuss the main energy sources for these
SNe, their CSM properties, their possible progenitor systems and
mass-loss mechanism, and the relations with the other types of
interacting SNe. We conclude the paper in Section 7.

2. SN sample

We collected observations of several bright long-lived Type II
SNe with broad or intermediate-width Balmer lines, which are
similar to SN 2021irp. We also include SN 2021irp itself and
well-observed similar events SNe 2010j1, 2015da, and 2017hcc
in our analysis. The SNe in our sample were arbitrarily picked
based on the observational similarity (see Section 5) and it
is not a complete sample for this kind of SNe. Throughout
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the paper, we assume the cosmological parameters as Hy =
73kms ! Mpc™!, Qy = 0.27, and Q5 = 0.73 (Spergel et al.
2007), and Ry = 3.1 and the extinction curve by Cardelli et al.
(1989), for extinction. All phases reported in this paper are with
respect to the assumed explosion date. The details on the SNe in
our sample are described in the following subsections and sum-
marized in Table 1.

2.1. SN 2018khh

SN 2018khh was discovered by the All-Sky Automated Sur-
vey for Supernovae (ASAS-SN)' on 20.04 December 2018 UT
(58472.04 MJID; Brimacombe & Stanek 2018). It was classified
as a Type IIn SN about a day after the discovery (Cartier 2018).
The redshift of the host galaxy is z = 0.022900 (Colless et al.
2003), reported in NED, and the corresponding distance mod-
ulus is ¢ = 34.92. The last non-detection of the object was
on 17.05 December 2018 UT (58469.05 MJD) with the g-band
magnitude of 17.5 mag, which is about three days before the dis-
covery with the g-band magnitude of 16.3 mag (Fremling 2022).
We adopt 58470.55 MJD, which is the mid date between the dis-
covery and the last non-detection dates, as the explosion date.
We estimated the extinction within the host galaxy using the
empirical relation between the strengths of Na I D interstellar
absorption lines and the extinction, derived by Poznanski et al.
(2012). Using the spectrum at Phase +3.5 days, we measured the
equivalent width of Na I D lines at the host-galaxy redshift to be
EW ~ 0.45A, implying E(B — V) ~ 0.05mag for the extinc-
tion in the host galaxy. Since the extinction for MW extinction is
E(B - V) = 0.021 mag (Schlafly & Finkbeiner 2011), we adopt
E(B - V) = 0.07 the total extinction.

2.2. SN 2021adx|

SN 2021adx] was discovered by the Zwicky Transient Facil-
ity (ZTF; Bellmetal. 2019) on 3.54 November 2021 UT
(59521.54 MID; Fremling 2021). It was classified as a Type IIn
SN ~ 4 months after the discovery (De et al. 2022). The redshift
of the host galaxy was estimated using the narrow emission lines
from the host galaxy (z = 0.018, De et al. 2022), and the cor-
responding distance modulus is ¢ = 34.47. Since the reported
last non-detection was more than ~3 months before the discov-
ery, we cannot precisely estimate the explosion date. We simply
adopt 59500 MJD, which was estimated based on the similarity
of the photometric properties between SNe 2021adx1 and 201051
(Salmaso et al. 2025), as the explosion date of SN 2021adxl.
Due to the lack of significant Na I D interstellar absorption
lines at the host-galaxy redshift in our spectra, we ignore the
extinction in the host galaxy and only correct for MW extinction
(E(B - V) = 0.026 mag; Schlafly & Finkbeiner 2011).

2.3. SN 202200

SN 202200 was discovered by the Asteroid Terrestrial impact
Last Alert System (ATLAS; Tonry etal. 2018; Smith et al.
2020)? on 12.59 January 2022 UT (59591.59 MJD; Tonry et al.
2022). The first detection by ATLAS of this SN was earlier
than the discovery report (59563.66 MJD), and the last non-
detection was on 59545.64 MIJD, even though this last non-
detection (ATLAS-o>18.6mag in the ATLAS-orange band)
was slightly shallower than the first detection (19.1 mag in the

' https://www.astronomy.ohio-state.edu/asassn/
2 https://star.pst.qub.ac.uk/sne/atlas4/


https://www.astronomy.ohio-state.edu/asassn/
https://star.pst.qub.ac.uk/sne/atlas4/

Nagao, T., et al.: A&A, 699, A283 (2025)

Table 1. Summary of the main parameters for the SNe in our sample.

Exp. date  redshift 7 EB-YV)

(MJID) (mag)  (mag)
SN 2018khh  58470.55 0.022900 34.92 0.07
SN 2021adxl  59500.00 0.018 34.47 0.026
SN 202200 59554.65 0.091 38.01 0.064
SN 2022mma 59739.23 0.037474 36.00 0.023
SN 201051 55478.50 0.010620 33.22 0.058
SN 2015da 57030.40 0.007085 33.63 0.98
SN 2017hcc 58027.40 0.0168 34.22 0.029
SN 2021irp 59310.30 0.0195 34.55 0.424

Notes. The explosion date, redshift, and extinction for SNe 2010jl,
2015da, 2017hcc, and 2021irp were taken from Fransson et al. (2014),
Tartaglia et al. (2020), Moran et al. (2023), Reynolds et al. (2025a). The
distance modulus for SN 2015da was estimated based on the luminosity
distance of the host galaxy (53.2 Mpc; Karachentsev et al. 2017), while
the distance moduli for the other SNe are derived from the adopted
redshift.

ATLAS-orange band). Although we cannot estimate the precise
explosion date for this SN, we adopt 59554.65 MJD, which is
the mid date between the discovery and the last non-detection
dates, as the explosion date. This SN was classified as a Type II
SN about two weeks after the discovery (Pineda et al. 2022). We
measured the redshift of the SN or the host galaxy from the posi-
tions of the narrow Ha lines in the spectra on 20.00 and 21.00
August 2022 UT (z = 0.091). The corresponding distance modu-
lus is u = 38.01. Due to the lack of significant Na I D interstellar
absorption lines at the host-galaxy redshift in our spectra, we
ignore the extinction in the host galaxy and only correct for MW
extinction (E(B — V) = 0.064; Schlafly & Finkbeiner 2011).

2.4. SN 2022mma

SN 2022mma was discovered by ZTF on 10.21 June 2022
UT (59740.21 MID; Perez-Fournon et al. 2022). It was clas-
sified as a Type IIn SN within a week after the discovery
(Pellegrino et al. 2022b). The redshift of the host galaxy is z =
0.037474, reported in the NASA/IPAC Extragalactic Database
(NED)?, and the corresponding distance modulus is u = 36.00.
The last non-detection of the object was on 8.25 June 2022
UT (59738.25 MID) with the r-band magnitude of 19.84 mag,
which is about two days before the discovery with the r-band
magnitude of 19.43 mag (Perez-Fournon et al. 2022). We adopt
59739.23 MJD, which is the mid date between the discovery and
the last non-detection dates, as the explosion date. Due to the
lack of significant Na I D interstellar absorption lines at the host-
galaxy redshift in our spectra, we ignore the extinction in the host
galaxy and only correct for MW extinction (E(B — V) = 0.023
mag; Schlafly & Finkbeiner 2011).

3. Host galaxies and local environments

We measured magnitudes for the host galaxies of SNe 2018khh,
202200, and 2022mma, using the HOSTPHOT* package (Miiller-
Bravo & Galbany 2022). Using utilities available as part of the
package, we collected the available optical imaging from the PS1
survey for SNe 202200 and 2022mma, and DES imaging for SN

3 https://ned.ipac.caltech.edu/
4 https://github.com/temuller/hostphot

2018khh, and performed aperture photometry in the images with
a Kron radius optimized by increasing the aperture size until the
change in flux is <0.05%. The g-band photometry is presented
in Table 2.

We measured the metallicity of the host galaxies of
SNe 2018khh and 2022mma adopting the commonly used
N2 technique (Pettini & Pagel 2004). For this process, we
used the spectrum taken by The 2dF Galaxy Redshift Survey
(Colless et al. 2003) for the host galaxy of SN 2018khh and the
one taken by Sloan Digital Sky Survey (SDSS) through SDSS
SkyServer’ for the host galaxy of SN 2022mma. The derived
value of 12 +1og(O/H) is 8.75 and 8.63 dex for SNe 2018khh
and 2022mma, respectively. From these values, the metallicity is
derived to be Z/Z, = 1.15 and Z/Z, = 0.87 for SNe 2018khh
and 2022mma, respectively, adopting the solar value to be
12 +log(O/H)e = 8.69dex (Asplund et al. 2021). We note that
these values are not for the local environment of the progenitors
but for the whole galaxies, and thus the local values can be dif-
ferent. Given that these measurements are biased by the bright
central parts of the galaxies, it is likely that the site metallicities
are lower.

The main properties of the host galaxies of the SNe in our
sample are summarized in Table 2. Many of the hosts are a dwarf
spiral galaxies, except those for SNe 2015da, 2018khh, and
2022mma. Indeed, the luminosity of the host galaxies are rel-
atively small, compared to the distribution of the SDSS galaxies
(see Figure 4 in Tremonti et al. 2004). The hosts of SNe 2010j1
(Stoll et al. 2011), 2021irp (Reynolds et al. 2025a), 2021adxl
(Brennan et al. 2024), and possibly 2018khh have irregular
shapes, which might suggest that they are merging galaxies. In
addition, SNe 2010j1 and 202 1adxl are clearly located on a bright
point in the host, which is possibly a star-forming region in the
host. The hosts of SNe 2017hcc and 202200 are so faint that we
cannot discuss their shapes. The host of SN 2022mma is rela-
tively bright and thus possibly as massive as usual host galaxies
for core-collapse SNe. It is located on a bright point in the out-
skirts of the host, which is possibly a star-forming region in the
host. The host of SN 2015da is a normal spiral galaxy.

The metallicity of the hosts of the SNe in our sample are
also relatively small, compared to the distribution of the SDSS
galaxies (see Figure 4 in Tremonti et al. 2004), except the host of
SN 2018khh. Since SN 2018khh is located in the outskirts of the
irregular-shaped galaxy, the metallicity in the local environment
can be smaller than the value estimated for the whole galaxy,
which the galaxy core dominates. This trend of hosts with low
luminosity and low metallicity is also reported for other lumi-
nous Type IIn SNe (Stoll et al. 2011). The star-forming and low
metallicity environment might be the key to the origins of this
type of SNe.

4. Observations and data reduction

We collected the r-band LCs obtained by ZTF through the
Automatic Learning for the Rapid Classification of Events
(ALeRCE) alert broker (Forster et al. 2021)° for SNe 2021adxl
and 2022mma, and the o-band LC obtained by ATLAS for
SN 202200 through the ATLAS Forced Photometry server
(Shingles et al. 2021). In addition, we have obtained g-, r-, i-,
and z-band photometry of SN 2018khh, and the details are shown
in Appendix A. At the same time, we conducted polarimetric
and/or spectroscopic observations for SNe 2021adxl, 2022mma,

> https://www.skyserver.sdss.org/dri8/
® https://alerce.science/

A283, page 3 of 16


https://ned.ipac.caltech.edu/
https://github.com/temuller/hostphot
https://www.skyserver.sdss.org/dr18/
https://alerce.science/

Nagao, T., et al.: A&A, 699, A283 (2025)

Table 2. Summary of the main properties of the environment.

Host galaxy Host brightness (mag) Metallicity (Z/Zy) Data sources
SN 2018khh  WISEA J220315.05-555851.0 M, = -20.3 1.15 (global) This work, PS1
SN 2021adxl ~ WISEA J114806.88—123841.3 M, ~ —17.7 0.08 (local) Brennan et al. (2024)
SN 202200 - M, =-18.8 - This work, PS1
SN 2022mma  WISEA J143901.94+155923.5 M, = -20.6 0.87 (global) This work, PS1

/SDSS J143901.93+155923.1

SN 201051 UGCO05189A Mg = -19.3 0.32 (local) Stoll et al. (2011)
SN 2015da NGC 5337 Mg = -20.69 + 0.61 0.62 (local) Tartaglia et al. (2020)
SN 2017hcc WISEA J000350.27-112828.7 M, =-16.6 0.63 (global) Moran et al. (2023)
SN 2021irp WISEA J052327.68+170431.2 M, = —-18.94 0.34 £ 0.05 (global) Reynolds et al. (2025a)

/SDSS J052327.62+170432.4

Notes. The metallicities for SNe 2010jl, 2015da, 2017hcc, 2021adx], and 2022mma were derived from the value of 12 +log(O/H), adopting
the solar value to be 12 +1log(O/H), = 8.69 dex (Asplund et al. 2021). The host brightness was corrected for extinction. The metallicities for
SNe 2010jl, 2015da, and 2021adxl were estimated for their local environments (local), while that for the others is for their host galaxies (global).

202200, and 2018khh. The details on the polarimetry and spec-
troscopy are in the following subsections.

4.1. Polarimetry

We obtained spectro- and/or imaging polarimetry of SNe
2021adxl and 2022mma using the FOcal Reducer/low disper-
sion Spectrograph 2 (FORS2; Appenzeller et al. 1998) mounted
at the Cassegrain focus of the Very Large Telescope (VLT)’
UT1 telescope at the Paranal observatory and/or the Alhambra
Faint Object Spectrograph and Camera (ALFOSC)® mounted on
the 2.56-m Nordic Optical Telescope (NOT) at the Roque de
los Muchachos Observatory. The observing logs are shown in
Appendix B.

The spectropolarimetric observations of SN 2021adx] were
obtained using the low resolution G300V grism and a half-wave
retarder plate (HWP) adopting the optimal set of HWP angles of
0°, 22.5°, 45° and 67.5°. We analyzed these data with standard
methods (e.g., Patat & Romaniello 2006; Nagao et al. 2024a),
using IRAF (Tody 1986, 1993). After applying cosmic-ray
removal, bias subtraction, and flat-field corrections to the object
frames, we extracted the ordinary and extraordinary beams of
the SN with a fixed aperture size of 10 pixels. The extracted
spectra were rebinned to 50 A bins to have a better signal-to-
noise ratio. We also corrected the polarization angles for HWP
zeropoint angle chromatism, using tabulated values for the zero-
angle given in the FORS2 user manual'®. The wavelength scale
was corrected to the rest frame using the host-galaxy redshift.
To derive the continuum polarization from the spectropolari-
metric data, we adopted the wavelength ranges between 6800
and 7200 A and between 7820 and 8140 A, as in Nagao et al.
(2024a).

In the case of imaging polarimetry, the same instrumental
set-up was adopted, using two broad-band filters (V and R) for
NOT, instead of the grism in the optical path. We applied bias
subtraction and flat-field correction to the object frames and then
performed aperture photometry on ordinary and extraordinary
sources of the object. For the aperture photometry, we adopted

7 https://www.eso.org/public/teles-instr/
paranal-observatory/vlt/

8 https://www.not.iac.es/instruments/alfosc/

% https://www.not.iac.es/

10 http://www.eso.org/sci/facilities/paranal/
instruments/fors/doc/VLT-MAN-ESO-13100-1543_P07.pdf
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the same procedures as in Nagao et al. (2024b), using an aper-
ture size that is twice as large as the full-width-half-maximum
(FWHM) of the ordinary beam’s point-spread function and a
background region whose inner and outer radii are twice and four
times as large as the FWHM, respectively. Based on the derived
values, we calculated the polarization degree and angle. When
calculating the polarization degrees, we subtracted the polariza-
tion bias, following Wang et al. (1997).

4.2. Spectroscopy

We obtained optical spectra of SNe 2018khh, 2021adx1, 202200,
and 2022mma, using ALFOSC/NOT (with grism #4, giving a
wavelength coverage of 3200-9600 A and a spectral resolution
of ~360), FORS2/VLT (with grism 300V) and the Goodman
High Throughput Spectrograph (Goodman HTS) mounted on
the Southern Astrophysical Research (SOAR) telescope. The
FORS2/VLT spectrum of SN 2018khh was obtained as part of
the FOSSIL survey (see Kuncarayakti et al. 2022). We also con-
ducted spectroscopic observations for SNe 2018khh and 202200
using the ESO Faint Object Spectrograph and Camera version
2 (EFOSC2; with grism #13) mounted on the New Technology
Telescope (NTT) at La Silla Observatory in Chile as part of the
extended Public ESO Survey for Transient Objects (ePESSTO+;
Smartt et al. 2015). The log of spectroscopic observations are
provided in Tables B.3-B.6.

The ALFOSC/NOT spectra were reduced using the alfos-
cgui pipeline'!. This pipeline includes the following procedures:
overscan, bias, and flat-field corrections, cosmic-ray removal,
extraction of a one-dimensional spectrum, and sky subtraction.
The wavelength calibration was performed by comparison with
arc lamps. The flux scale of the extracted spectra were cali-
brated using a sensitivity function derived from a standard star
observed on the same night. We reduced the EFOSC2/NTT
and FORS2/VLT data using the PESSTO'?> and ESOReflex
(Freudling et al. 2013) pipelines, respectively, which include
standard tasks such as correction for bias, flat field, and wave-
length scale using arc lamp. The flux calibration was conduced
based on observations of a standard star. The Goodman spectra

' FOSCGUL is a graphical user interface aimed at extracting SN spec-
troscopy and photometry obtained with FOSC-like instruments. It was
developed by E. Cappellaro. A package description can be found at
https://sngroup.oapd.inaf.it/foscgui.html

2 https://github.com/svalenti/pessto


https://www.eso.org/public/teles-instr/paranal-observatory/vlt/
https://www.eso.org/public/teles-instr/paranal-observatory/vlt/
https://www.not.iac.es/instruments/alfosc/
https://www.not.iac.es/
http://www.eso.org/sci/facilities/paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_P07.pdf
http://www.eso.org/sci/facilities/paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_P07.pdf
https://sngroup.oapd.inaf.it/foscgui.html
https://github.com/svalenti/pessto

Nagao, T., et al.: A&A, 699, A283 (2025)

|
N
N

18khh(r) —=—
21adx|(r) —e—
2200(0)
Beun 22mmalr) ——
z 10jI(r" )
15da(r) o
17hce(r) ——
(7(_‘2'Lirp(o) ——

| |
N N
o -

-
o O

L L
2
T T

r/o—band absolute magnitude

A
)]
T

0 100 200 300 400 500 600
Days from explosion

Fig. 1. Light curves of the SNe in our sample. All data are corrected
for the assumed extinction (see Section 2). The data points from the
same night are binned. The data for SNe 2010j1, 2015da, 2017hcc, and
2021irp are taken from Fransson et al. (2014), Tartaglia et al. (2020),
Moran et al. (2023), and Reynolds et al. (2025a), respectively.

of SN 2018khh were observed at the parallactic angle using the
1770 slit with the 400 lines/mm grism providing a spectral resolu-
tion of R ~ 1000. The spectra were reduced, wavelength and flux
calibrated using standard procedures in IRAF (see Cartier et al.
2024). The wavelength calibration was checked against sky
lines, and the telluric correction was performed using a standard
star observed on the same night. Most of the Goodman spectra
of SN 2018khh were presented in Jacobson-Galan et al. (2024).

5. Results
5.1. Photometric properties

Figure 1 shows the r/o-band LCs of the SNe in our sam-
ple. These SNe are intrinsically bright and long-lived, show-
ing absolute magnitudes between ~—17 and ~—20 mag even at
~200days after the explosion. In contrast, Type IIP SNe show
absolute magnitudes between ~—12 and ~—15 mag in the V band
already at the beginning of the tail phase, i.e., ~100days after
the explosion (Anderson et al. 2014). The LC of SNe 2010jl,
2017hcc, and 2022mma have a bumpy structure during the first
~50-200days after the explosion followed by a relatively lin-
ear decline, while those of SNe 2015da, 2021adx], and 202200
show a relatively linear decline from early phases. Due to lack
of data, the early-phase evolution of SNe 2018khh and 2021irp
is unclear.

The peak absolute magnitudes in the r/o/g bands spreads
over a wide range from ~-18.7 to ~—21mag. Here, since
our sparse data do not cover the LC peaks of SNe 2018khh,
2021irp, and 2021adxl, their actual peak magnitudes might
be brighter than the observed maxima. For SN 2022mma, it
takes a long time to reach the LC peak (~50days), which is
much longer than for Type IIP/L SNe (e.g., ~7.5 days in the g
band; Gonzélez-Gaitan et al. 2015). The rise time of SN 202 1irp
is also estimated to be long (>20.5 + 3 days; Reynolds et al.
2025a), although the precise value is unclear due to the lack of
observational coverage around the LC peak. SNe 2015da and
2017hcc also have long rise times of 100 + 3 days in the R band
(Tartaglia et al. 2020) and 57 + 2days in the ATLAS o band
(Moran et al. 2023), respectively. On the other hand, the rise time
for SN 2018khh is short. The first detection, which was ~3 days

after the last non-detection (Brimacombe & Stanek 2018), was
brightest in all our observation epochs (see Figure A.1). Thus,
the brightness peak should be at a timing between the last non-
detection and the second detection, and the rise time should be
<28 days and probably much shorter than this. The rise times for
SNe 2010j1, 2021adxl, and 202200 are unclear due to the lack of
a good estimation of the explosion dates and/or good observa-
tional coverage of the LC peaks.

The decline rates of the LCs of the SNe in our sample are
all similarly slow, although this is one of our criteria for the
target selection. In the case of SN 2021irp, the decline rate
in the o-band LC is 0.0076 magday~' from 132 to 230days,
and 0.027 mag day~' between 250 and 300 days, although the
latter accelerated decline is interpreted not as an intrinsic fea-
ture but as the apparent effect of the attenuation by newly
formed dust (Reynolds et al. 2025a). The decline rates are from
~0.001 to ~0.007 magday~' for SNe 2010jl (in the # band,
from ~100 to ~250 days), 2015da (in the r band, from ~100 to
~600 days), 2017hcc (in the r band, from ~230 to ~280 days),
2018khh (in the r band, from ~100 to ~200 days), 2021adxl (in
the r band, from ~200 to ~400days), 202200 (in the o band,
from ~50 to ~150days), and 2022mma (in the r band, from
~200 to ~400days). All these decline rates are smaller than
the value of the *°Co decay with full gamma-ray trapping, i.e.,
0.0098 mag day~".

SNe 201051, 2017hcc, 2018khh, and 2021adxl seem to have
some kind of acceleration of the LC decline at certain points
between ~250 and ~350 days, around ~280 days, between ~200
and ~250days, and between ~250 and ~350days after the
explosion, respectively. On the other hand, SNe 2015da and
2022mma do not show clear signs of an accelerated decline at
least until ~900 days (Tartaglia et al. 2020) and ~400 days after
the explosion, respectively. SN 2015da even shows deceleration
of the decline at ~900 days after the explosion (Tartaglia et al.
2020).

5.2. Spectroscopic properties

Figures 2-5 show the evolution of the spectra of the SNe in
our sample. The comparison of the early-phase and late-phase
spectra between the SNe are shown in Figures 6 and 7, respec-
tively. They show photospheric spectra with a continuum radi-
ation and emission lines from allowed lines (e.g., Balmer lines,
He I 15876, Na I D A4 5890, 5896, He 1 17065, or Ca II NIR
triplet 441 8498, 8542, 8662) for several hundreds of days.

The early spectra show narrow ionized and/or excited lines
with Lorentzian wings (so-called flash-ionization lines; e.g.,
Balmer lines, He I and/or He II lines) superposed on a blue
continuum in SNe 2018khh, 2021adx]l, and 2022mma. These
features are also observed in early phases of SNe interacting
with CSM, for example, in Type IIP and IIn SNe, and are
regarded as a sign of a strong CSM interaction. As these narrow
lines become weaker, the continuum becomes redder and broad
emission lines emerge around ~50—-100 days after the explosion
in SNe 2018khh, 2021adx], and 2022mma, as in SN 2021irp.
These features are similar to those of some Type IIL SNe (e.g.,
Faran et al. 2014), some broad-line-dominated Type II super-
luminous SNe (e.g., Kangas et al. 2022) and some luminous
Type II SNe (e.g., Pessi et al. 2023). At the same time, the so-
called Fe bump (an excess flux at 4 < 5500 A, which is inter-
preted to be due to ionized and/or excited Fe lines) develops.
Unlike the other SNe, SN 202200 shows a significant absorption
part in the similarly broad Balmer emission lines at least during
the period between ~50—170 days. The spectroscopic features of
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the narrow ionized and/or excited lines in the early spectra and
the Fe bump in the late spectra are often seen in other interacting
SNe, for example, in Type IIn, Ia-CSM, interacting Ibc SNe, Ibn,
or Icn SNe (e.g., Gangopadhyay et al. 2025; Sharma et al. 2023;
Kuncarayakti et al. 2018; Pastorello et al. 2008; Pellegrino et al.
2022a). The main spectral features such as the continuum and
broad Balmer lines are similar to those of Type II SNe, in par-
ticular Type IIL SNe, which typically have Balmer lines with
shallower absorption parts than Type IIP SNe. This suggests that
these SNe have a photosphere in the SN ejecta not for ~100 days
as in prototypical Type II SNe but at least for several hundreds
of days. In these SNe we have not observed nebular-phase spec-
tra, dominated by forbidden lines suggesting radiation from low-
density ionized gas in the SN ejecta, even at the latest epochs of
our observations (e.g., ~500days in the case of SN 2021adxl)
and ~1500 days in the case of SN 2015da (Tartaglia et al. 2020).
This lack of nebular features is also seen in long-lived Type IIn
SNe at these phases (e.g., Zhang et al. 2012; Fox et al. 2013).
Our SNe show diverse shapes of the broad Balmer lines. In
the case of SN 2021irp (see Reynolds et al. 2025a), the He line
consists of a narrow component with FWHM of 2100kms~!
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and a broad component with 7700 km s~ at ~200 days after the
explosion. The peaks of these components are blueshifted from
the rest wavelength of the Ha line. This line shape remains for
a while, and its red part is slightly decreased at ~300 days. At
~350days, the red part of the line profile is further reduced, and
a slight erosion of the bluer part is observed as well. Eventu-
ally at ~530 days, the blue part also becomes narrower. The line-
shape evolution before ~200 days is unclear, due to the lack of
observations.

SN 2021adxl also has an He line with narrow and broad
components. During the phases from ~140 to ~240days, the
width of the blue part of the broad component is relatively con-
stant at ~4000—-5000 kms~!, while that of the red part increases
from ~2500kms~! to ~4000kms~!. Then, at ~500 days, both
the blue and red parts of the broad component decrease to
~2500kms~'. The narrow component is relatively stable at
~1000kms~' over the whole period of time with its width
slightly increasing. SN 2022mma shows an Ha line with a
narrow component dominating with possible Lorenzian wings
(~1000kms~") until ~75 days. A broad component emerges at
~100 days and becomes dominant by ~230 days. After that, the
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shape does not evolve until ~300 days. The width of the blue part
of the broad component is larger than that of the red part through-
out the evolution. SN 202200 shows a slightly different evolution
for the Her line. From ~50 to ~170 days, it exhibits a broad P-
Cygni shape with a significant absorption part. The absorption
minimum is at ~8000kms~! at ~50 days, and at ~6000km s~!
around ~150days. The Ha line of SN 2018khh also follows a
similar evolution. At early phases, it shows a narrow component
with Lorentzian wings. At ~120days, it develops a broad Ha
line with a boxy shape. As time goes, the line becomes narrower.

The overall behavior of the Ha line of these SNe resembles
those of the well-observed similar SNe 2010jl (see Figure 12
in Fransson et al. 2014), 2015da (see Figures 11 and 13 in
Tartaglia et al. 2020), 2017hcc (see Figure 11 in Moran et al.
2023), and 2021irp (see Figure 10 in Reynolds et al. 2025a). At
early phases (until ~100days since the explosion), the narrow
component with Lorentzian wings dominates. Then, the contri-
bution from the broad component starts to increase, as is shown
by the increase in the line width. For a while, the broad compo-
nent remains with the same width. Sometimes the redder parts
are dramatically decreased. Finally (from ~300days since the
explosion) the line becomes narrower with time. For quantify-
ing the time evolution of the width of the He line, we derived

the velocity from the width of its blue part at the half maximum,
except for SN 202200. As for SN 202200, we measured the Ha
velocity from the absorption minimum of its P-Cygni profile.
The estimated velocities are shown in Figure 8.

5.3. Polarimetric properties

Figure 9 shows the polarization spectra of SN 2021adxl at
+139.4 and 164.1 days. The spectra show continuum polariza-
tion with high degrees (~1.2%) and relatively constant angles
(~10degrees), as well as some line polarization and/or depolar-
ization in the emission lines. In general, this continuum polariza-
tion observed in SNe can originate not only from the SN intrin-
sic polarization but also from the interstellar polarization (ISP).
However, the empirical relation between the extinction and the
consequent polarization by dust (P < 9E(B—V); Serkowski et al.
1975) indicates that its ISP should likely be smaller than ~0.2%
for the assumed extinction (E(B — V) = 0.026 mag). Since the
observed polarization degrees are much higher than this maxi-
mum ISP value, we simply ignore the ISP and assume that the
observed polarization is purely the intrinsic SN polarization.
We estimated the degree and angle of the continuum polar-
ization at each epoch by averaging the signals of the polarization
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spectrum in the wavelength regions from 6800A to 7200 A
and from 7820 A to 8140 A (see the red hatching in Figure 9;
e.g., Chornock et al. 2010; Nagao et al. 2019, 2021, 2024a;
Reynolds et al. 2025b). The time evolution of the continuum
polarization and the V- and R-band polarization is shown in
Figure 10. Although the broad-band polarization can generally
be affected by the line polarization and/or depolarization, all the
data points show relatively constant degrees and angles over the
whole period of the observations (from ~140 to ~230 days). This
suggests that this SN has an aspherical photosphere with a rela-
tively constant orientation of the axis with time.

Figure 11 shows the time evolution of the V- and R-band
polarization in SN 2022mma. Both the V- and R-band data show
very high polarization degrees (~3.5%) with a relatively con-
stant polarization angle (~50 degrees) at early phases before the
LC peak, and a decline to ~1.5% at ~70days after the explo-
sion. After that, they exhibit a slight increase in the degree of
polarization and a slight change in the polarization angle, as
well as a light deviation between them. This later-epoch behav-
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ior would be due to the contamination of some components
of line polarization/depolarization, creating different values for
the V- and R-band polarization, and could possibly also be
due to other components of continuum polarization. As in the
case of SN 2021adxl, the empirical relation between the extinc-
tion and the polarization by dust also indicates minimal ISP
for SN 2022mma (Pisp < 0.2% for the assumed extinction of
E(B — V) = 0.023 mag). Therefore, the observed early-phase
polarization should originate from the SN itself and suggests a
very aspherical shape of the photosphere.

Figure 12 shows the time evolution of the intrinsic SN polar-
ization in our sample, compared with those of SN 2021irp and
other Type IIn SNe. The polarization of most Type IIn and 21irp-
like SNe shows very high values (*3%) at early phases, rapid
declines to ~1% at several tens of days after the LC peak, and
then slower declines for another several hundreds of days, except
for a few Type IIn SNe. All the 2lirp-like SNe in this paper
seem to follow this general trend, suggesting the presence of
some common CSM geometries for Type II SNe interacting with
hydrogen-rich CSM.

6. Discussion
6.1. The dominant energy source in 21irp-like SNe

The SNe in our sample are more luminous and of longer dura-
tion than the most common subtype of Type II SNe, that is,
Type IIP SNe (see Section 5.1). This requires an additional
energy source rather than the usual ones in Type IIP SNe, i.e.,
the thermal energy deposited by the explosion shock and the
decay energy of radioactive elements such as *°Ni/*®Co. They
show quite common photometric, spectroscopic, and polarimet-
ric properties: they are luminous and long-lived, and show pho-
tospheric spectra (a continuum plus allowed lines) with broad
Balmer lines and high polarization (~ a few %). As discussed in
the case of SN 2021irp in Reynolds et al. (2025a), the photomet-
ric, spectroscopic, and polarimetric properties of these SNe do
not support a large amount of *°Ni or the presence of a central
engine (e.g., magnetar, fallback accretion). In particular, their LC
decline rates at late phases do not match with those predicted for
%Co decay, magnetar power (172, e.g., Dessart & Audit 2018),
or fallback accretion (13, e.g., Dexter & Kasen 2013). In
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addition, the line shapes especially of the Balmer lines, where
the emission part is dominant compared to the absorption part,
do not support scenarios with the ejecta heated from an energy
source in the central parts of the ejecta.

Another important argument for excluding the Ni/Co and
central engine scenarios comes from the fact that the shape of the
photosphere of 21irp-like SNe should be aspherical. The loca-
tions of the emitting regions of these SNe, estimated from the
line velocities, are much larger than the blackbody radius. Fol-
lowing the discussion in Section 6.1 in Reynolds et al. (2025a),
the location of the emitting region at 300 days should be r >
2500 km s~ x 300 days ~6x 10'> cm, while the blackbody radius
is 7 < 2 x 10" cm estimated from the brightness and tempera-
ture of these SNe (see Sections 5.1 and 5.2). This argument is
supported by the high polarization degrees for the SNe with the
polarimetric observations (see Section 5.3). Therefore, as in the

case of SN 2021irp, we conclude the CSM interaction to be the
main energy source for the radiation of these SNe, and that the
CSM interaction should be aspherical to some extent.

Many of these SNe show narrow components of Balmer
lines at least at early phases (SNe 2010jl, 2015da, 2017hcc,
2018khh, 2021adxl, and 2022mma; see Figure 6) and were
indeed classified as Type IIn SNe, indicating the presence of
CSM interaction. At the same time, several SNe (SNe 2010jl,
2015da, 2017hcc, 2018khh, 2021irp, 2021adxl, and 2022mma;
see Figure 7) have a so-called “Fe bump” in their late-phase
spectra, which is often seen in SNe interacting with CSM. Most
importantly, all the observational properties of these SNe can be
at least qualitatively explained by the aspherical CSM interac-
tion scenario. The general picture for the aspherical CSM inter-
action has been described in Reynolds et al. (2025b, see their
Figure 6). Here, parts of the SN ejecta collide with aspherical
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CSM, creating shocked regions. This CSM interaction creates a
luminous and long-lived LC as well as narrow Balmer lines at
early phases. The other parts of the ejecta in the CSM-free direc-
tions can freely expand, and cover the shock regions at some
point of time. Optically thick regions, i.e., the photospheres, can
be created around the shocked regions in the SN ejecta, which
is the origin of the long-lived broad-line-dominated photo-
spheric spectra in 2lirp-like SNe. These aspherical photospheres
introduce the high continuum polarization degrees observed in
21irp-like SNe.

6.2. CSM properties

In this subsection, we discuss the CSM properties of the SNe in
our sample. In the above subsection (Section 6.1), we conclude
that the CSM interaction around the 2lirp-like SNe should be
aspherical based on the relation between the location of the emit-
ting region and the blackbody radius and on their high polariza-
tion (see Section 5.3). The next question we consider is: which
aspherical CSM structures are consistent with our observations
of 2lirp-like SNe. All the SNe in our sample have relatively
smooth LC shapes (see Figure 1), although this is unclear in
the case of SN 202200 due to the poor quality of the pho-
tometry. In addition, the polarization angles of SNe 2021irp
(Reynolds et al. 2025b), 2021adx] and 2022mma are relatively
constant with time. We note that, the late-phase evolution for
SN 2022mma does not follow this trend, but this might be due
to the possible contamination of the line polarization, implied by
the discrepancy of the V- and R-band polarization. These obser-
vational features support some continuous distribution in the
radial direction, excluding randomly distributed multiple small
CSM clumps. Even if they have such clumpy CSM distributions,
the interaction with one major CSM clump should last at least
for several hundreds of days. As discussed in Reynolds et al.
(2025b), the Ha line profiles in these SNe smoothly spread
both to blue and red directions from the rest wavelength (see
Section B). This requires the emitting regions to smoothly spread
between the approaching and receding sides in the line of sight
to the observer. This is consistent with a disk-like distribution
of CSM as proposed for SN 2021irp in Reynolds et al. (2025b).
In this interpretation, some red parts of the He line can be hid-
den by the CMS disk and/or the photosphere in the near side,
depending on the viewing angle (see Figure 6 Reynolds et al.
2025b). Indeed, most 21irp-like SNe have, more or less, some
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reduction of the red parts of the Ha lines compared to the blue
parts, that is, blueshifted line profiles.

The general observational properties of the 21irp-like SNe
are similar: luminous and long-lived LCs, long-lived broad-line-
dominated photospheric spectra, and high polarization. How-
ever, the details of these observational properties are different
from each other, as we see in Section 5. This could reflect the
different CSM properties, different SN ejecta properties and/or
different viewing angles. The diverse properties of the LCs (see
Section 4.1) most likely mainly represent the different distribu-
tions of the CSM and/or the different SN properties, although
some viewing angle effects could also exist as suggested in, for
example, Suzuki et al. (2019). For SN 2021irp, Reynolds et al.
(2025b) determined the CSM properties as a disk-like CSM
with a corresponding mass and half-opening angle >2 M, of
and 30-50 degrees, respectively, based on the bolometric light
curve evolution and the high polarization. Since the difference
of the optical brightness between the other SNe in our sample
and SN 2021irp is roughly within +2 mag (i.e., the flux differ-
ence within a factor of ~6; see Figure 1), the overall difference
of the brightness reflects different scales of the CSM, i.e., the
total CSM masses ranging from ~0.1 to a few tens of M. At the
same time, the LCs show slightly different evolutions with differ-
ent decline rates. For example, the LCs of SNe 2010j1, 2015da,
2021adxl, and 2022mma have similar peak absolute magnitudes,
while the late-phase absolute magnitudes (at ~200—400 days)
have a larger discrepancy with ~2mag. This behavior cannot
be explained only by the different scales of the CSM density
but requires different radial distributions and/or different open-
ing angles of the CSM disk.

The viewing angle can also play an important role in the
LC shapes of these SNe. The optical-depth effects by the SN
ejecta depend on the viewing angle. At the same time, since
the photospheres of these SNe are aspherical, a different bright-
ness is expected for different viewing angles even toward a sys-
tem with identical SN and CSM parameters. For evaluating this
effect, we would need to conduct radiation hydrodynamic simu-
lations as in Suzuki et al. (2019) but with a proper treatment for
the ionization and recombination of hydrogen. Moreover, newly
formed dust in the SN ejecta and/or the interaction shocks can
change the LC shapes in these systems. Indeed, Reynolds et al.
(2025a) pointed out that the acceleration of the LC decline in
SN 2021lirp is due to the effects by the newly formed dust.
SN 2018khh has an earlier timing of such acceleration of the LC
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Fig. 12. Time evolution of the continuum polarization of the SNe in
our sample with polarimetric data (colored points), compared with
those of Type IIn SNe presented in Bilinski et al. (2024) (gray points).
The R-band polarization is regarded as the continuum polarization
for SNe 2021adx] and 2022mma. The data for SNe 2010j1, 2015da,
2017hce, and 2021irp are taken from Bilinski et al. (2024, and refer-
ences therein) and from Reynolds et al. (2025b).

decline (around ~180-250days), while SNe 2010jl, 2017hcc,
and 2021adxl seem to have a later timing at ~250-350days.
SNe 2015da and 2022mma do not show clear evidence for such
an accelerated LC decline at least until ~450days. This fact
might indicate different dust formation, although this can also be
due to the viewing angle effects or to the different radial distribu-
tion of the CSM. For more robust conclusions, we need proper
observational campaigns including also infrared observations as
in Reynolds et al. (2025a).

The profiles of the Ha lines of the SNe after the broad
component emerges (¢t > 100days) reflect the rough locations
of the emitting regions in the SN ejecta. In cases with a less
dense CSM, the interaction shock can expand further out, and
thus heat more outer parts of the SN ejecta. Therefore, fainter
21irp-like SNe would generally have wider Ha lines. In fact, the
fainter objects in the sample (SNe 2018khh, 2021irp, 202200,
and 2022mma) have higher velocities, while the brighter ones
(SNe 201051, 2015da, and 2017hcc) have lower velocities at
~200days after the explosion (see Figure 8). Here, there is one
exception though: SN 2021adxl is luminous and shows rela-
tively high velocities though. At the same time, the shapes of
the spectral lines originating from aspherical emitting regions
should depend on the viewing angle as well. The consistency of
the observed shapes of the Ha lines with the disk CSM interac-
tion scenario need to be investigated in more quantitatively, for
example, with radiation hydrodynamic simulations.

All the 2lirp-like SNe with polarimetric observations
(SNe 2010jl, 2015da, 2017hcc, 202lirp, 2021adxl, and
2022mma) show high polarization (~1-6%; Figure 12), and
evolve similarly with a rapid decline from a polarization degree
of several percents shortly after the explosion to a few per-
cents at ~50days from the LC peak followed by a relatively
slow evolution to around ~1% later on. The lack of wave-
length dependence of the polarization suggests its origin to be
an aspherical scattering-dominated photosphere created by the
aspherical CSM interaction. The relatively similar polarization
behavior in 21irp-like SNe suggests similar aspherical structures
of the photosphere, and thus of their CSM. The viewing angle

effects on the polarization degree might be seen in the small vari-
ation in the degree of polarization.

6.3. Possible progenitor systems

In this subsection, we speculate about the possible progeni-
tor systems, based on the inferred CSM properties. We con-
cluded that 2lirp-like SNe have disk-like CSM whose masses
(~0.1-10My,), radial distributions, and/or opening angles are
diverse (see Section 6.2). For the origin of SN 202lirp,
Reynolds et al. (2025b) proposed the possibility of a typical
massive star like the progenitors of normal Type II SNe in a
binary system but with an extreme binary interaction, for exam-
ple, a common envelope evolution triggered by some unknown
mechanism, just before the SN explosion. Since the observa-
tional properties, and thus the CSM properties of the other SNe
in this sample are generally similar to those of SN 2021irp, they
might also be explained with similar scenarios with slightly dif-
ferent binary and/or progenitor parameters.

The key information on these 2lirp-like SNe is that they
tend to be in the star-forming and generally low-metallicity envi-
ronments (see Section 3), although the metallicity of the host
galaxy of SN 2018khh is slightly higher than solar metallic-
ity. This is consistent with the above progenitor scenario, which
needs a massive star with significant amount of hydrogen enve-
lope. For example, in high metallicity environments, massive
stars could easily lose their hydrogen envelopes via line-driven
wind, and would not keep enough hydrogen envelope to cre-
ate a nearby CSM inferred in the 2lirp-like SNe. At the same
time, the fraction of massive stars in close binary systems is
increased at low-metallicity environments (e.g., Villasefior et al.
2025), which might also be another reason for the environmen-
tal preference of the 21irp-like SNe. It is important to study the
CSM properties more precisely and investigate the correlations
between the CSM parameters (e.g., the CSM mass vs. opening
angle, or the CSM mass vs. radial distribution), by increasing
the sample size. This would further constrain the mass-ejection
mechanism and the progenitor systems. We note that, since these
systems are not spherically symmetric, the observational mea-
surements (e.g., the luminosity evolution, the line widths, the
polarization degrees, the extinction by newly formed dust), and
thus the estimated ejecta and CSM properties should depend on
the viewing angle. Therefore, it is important to statistically study
these 21irp-like SNe, by increasing the sample size.

6.4. Relations with the other types of interacting SNe

We compared the SNe in our sample with the well-observed
long-lived Type IIn SNe, SNe 2010j1, 2015da, and 2017hcc, and
noticed the similarities in their photometric, spectroscopic, and
polarimetric properties. In particular, SN 2010jl is regarded as a
prototypical long-lived Type IIn SN that showed similar observa-
tional characteristics with other long-lived Type IIn SNe. There-
fore, also other long-lived Type IIn SNe might essentially be
similar systems as SN 2021lirp. In addition, since some Type
II superluminous SNe with broad emission-dominated Balmer
lines show similar photometric and spectroscopic properties
(e.g., Kangas et al. 2022; Pessi et al. 2025), they might share
similar radiation processes. Indeed, the host galaxies of Type II
SLSNe are similar to those for the 21lirp-like SNe (faint dwarf
galaxies with low metallicity Inserra et al. 2018). We note that
some Type II superluminous SNe are claimed to have too large
total radiated energies to be powered by the CSM interaction
of usual Type II SNe (whose kinetic energy is 107! erg; e.g.,
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Kangas et al. 2022; Pessi et al. 2025) and they should have a
different origin than SN 2021irp has. However, they might be
explained by the viewing angle effects of such aspherical sys-
tems as 2lirp-like SNe. If the CSM disk is very dense, and
thus the CSM interaction is intensive in a 21irp-like system, a
larger fractions of the generated radiation might escape to the
CSM-free directions than to the CSM disk directions. This might
explain the brightest Type II SLSNe and fainter 21irp-like SNe
with the same system with different viewing angles (polar and
equatorial directions, respectively). If this is true, we should find
correlations between the brightness, the polarization degree, the
shapes of the broad Balmer lines, and the P-Cygni profiles of
the narrow Balmer lines. It is therefore important to carry out a
similar analysis using polarimetry and LC modeling for Type II
SLSNe.

7. Conclusions

In this paper, we have presented results from our pho-
tometric, spectroscopic, and/or polarimetric observations of
four 2lirp-like events, SNe 2018khh, 2021adxl, 202200, and
2022mma. Based on their observational properties and includ-
ing SN 2021irp itself as well as well-observed bright and long-
lived Type II SNe, SNe 2010jl, 2015da, and 2017hcc, we have
investigated their CSM characteristics. These events generally
have luminous and long-lived LCs, with some variations in
the brightness and the evolution (from ~—17 to ~—20 absolute
mag in the r/o band even at ~200days after the explosion).
They show photospheric spectra characterized mainly by broad
Balmer emission lines for several hundreds of days, with some
variations in the shapes of the lines. They show high polariza-
tion (~1-3% at the brightness peak) with rapid time evolution
(from ~3—-6% before the peak to ~1% at ~200days after the
peak). The overall properties can qualitatively be explained by
the disk-CSM-interaction scenario, that is, a typical Type II SN
interacting with disk-like CSM. The diversity in the observa-
tional properties suggest variations in the CSM properties, such
as the CSM mass, the radial distribution, and/or the opening
angle of the CSM disk. In the disk-CSM-interaction scenario,
these variations in the CSM properties possibly originate from
the difference of the binary parameters of the progenitor systems
and/or of the properties of the progenitors and their companion
stars.
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Fig. A.1. Light curves of SN 2018khh in the optical bands. The G-
band LC obtained by Gaia (Gaia Collaboration 2016) is taken through
the Gaia Photometric Science Alerts (http://gsaweb.ast.cam.ac.
uk/alerts/home). The green open square and arrow symbols indicate
the discovery and last non-detection g-band magnitudes, respectively
(Brimacombe & Stanek 2018).

Table A.1. Log and measurements of the polarimetric observations of
SN 2021adx].

MID g T i z

(days) (mag) (mag) (mag) (mag)
58497.04 17.00 £0.01 16.67 +0.01 16.66 + 0.02 -
58589.39 18.20+0.01 17.40+0.01 17.72+0.01 -
58620.39 18.33 +0.03 - - -

58684.31 18.98 +0.02 17.96 +0.02 18.65+0.02 18.05+0.02

58771.24 20.70 +£0.19 19.53 +0.05 20.22 +0.15 -

58774.13 - 19.59 +0.01 20.52+0.03 19.77 £0.03
58799.10 - 20.28 +0.03 20.28 +0.03 20.38 +0.03
58800.16 20.70 +0.08 - - 20.50 £ 0.08

Appendix A: Photometric observations for
SN 2018khh

We obtained g-, r-, i-, and z-band photometry of SN 2018khh.
The images of the SN were obtained with the Goodman instru-
ment. The image reduction consisted in bias subtraction and
flat fielding of the images and was performed with IRAF. The
astrometric registration of the images was done with astrom-
etry.net (Lang et al. 2010), and the host galaxy light was sub-
tracted from the SN images using HOTPANTS (Becker 2015)
employing template images obtained in 2022 when the SN had
significantly faded. The photometry was computed performing
a Point Spread Function (PSF) fit of the SN with python on
host-galaxy-subtracted images. The results of photometry are
provided in Table A.1 and Figure A.1. The photometry of SN
2018khh was also presented in (Jacobson-Galan et al. 2024).

Appendix B: Logs of the polarimetric and
spectroscopic observations
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Table B.1. Log and measurements of the polarimetric observations of SN 2021adxl.

Date MID Phase  Exp. time Pol. degree Pol. angle Obs. mode Telescope
(UT) (days) (days)  (seconds) (%) (degrees)
2022-03-01.35 59639.35 +1394 4 x 150 1.19+0.05 10.0=x1.5 spec. VLT
2022-03-26.07 59664.07 +164.1 4 x 300 1.18+0.04 93+1.1 spec. VLT
4% 60 0.89+£0.10 04=+3.1 image (V)
2022-04-24.02  59693.02 +193.0 4% 50 1132008 152419 image (R) NOT
4% 80 1.01 £0.10 21.0+2.7  image (V)
2022-06-03.91 5973391 +233.9 4% 50 141009 1749+17 image (R) NOT
Notes. The phase is measured relative to the assumed explosion date (59500.00 MJD).
Table B.2. Log and measurements of the polarimetric observations of SN 2022mma.
Date MJD Phase  Exp. time Pol. degree Pol. angle Obs. mode Telescope
(UT) (days) (days)  (seconds) (%) (degrees)
4 x 100 3.10+0.10 54.7+1.0 image (V)
2022-06-26.98  39756.98 178 4100  3.67+0.010 49.6+08 image(®R) ~ NOT
4 x70 200+0.09 426+14 image (V)
2022-07-20.94 59780.94  +41.7 4570 2484010 572+10 image (R) NOT
4x170 1.82+0.11 46.0+1.7  image (V)
2022-07-31.92 5979192  +52.7 4%70 1522010 487+19 image (R) NOT
4% 80 215+0.14 36.1+19 image (V)
2022-08-22.87 59813.87 +74.6 4%70 1232014 596431 image (R) NOT
2022-00-16.84 59838.84 +99.6 X80 3.10£042 1735+ 38 image (V) yor

4 x 80 1.64 £0.26 224+44  image (R)
2022-12-23.28 59936.28 +224.1 4x100 246+0.32 368+3.6 image(R) NOT

Notes. The phase is measured relative to the assumed explosion date (59739.23 MJD).

Table B.3. Log of the spectroscopic observations of SN 2021adxl.

Date MIJD Phase  Exp. time Instrument/Telescope
UT) (days) (days)  (seconds)

2022-03-01.35 59639.35 +139.4 600 FORS2/VLT
2022-03-26.07 59664.07 +164.1 1200 FORS2/VLT
2022-04-24.01 59693.01 +193.0 600 ALFOSC/NOT
2022-05-21.88 59720.88 +220.9 600 ALFOSC/NOT
2022-06-05.91 5973591 +235.9 900 ALFOSC/NOT
2023-02-21.12  59996.12  +496.1 1200 ALFOSC/NOT
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Table B.4. Log of the spectroscopic observations of SN 2022mma.

Table B.5. Log of the spectroscopic observations of SN 202200.

Table B.6. Log of the spectroscopic observations of SN 2018khh.

Date MIJD Phase  Exp. time Instrument/Telescope
T (days) (days)  (seconds)
2022-06-27.00 59757.00 +17.8 600 ALFOSC/NOT
2022-07-13.91 5977391 +34.7 300 ALFOSC/NOT
2022-07-31.93 5979193  +52.7 300 ALFOSC/NOT
2022-08-22.88 59813.88  +74.7 300 ALFOSC/NOT
2022-09-17.84 59839.84 +100.6 300 ALFOSC/NOT
2023-01-24.18 59968.18 +229.0 1200 ALFOSC/NOT
2023-02-21.16  59996.16 +256.9 1200 ALFOSC/NOT
2023-03-30.04 60033.04 +293.8 1200 ALFOSC/NOT
Notes. The phase is measured relative to the assumed explosion date (59739.23 MJD).
Date MIJD Phase  Exp. time Instrument/Telescope
UT) (days) (days)  (seconds)
2022-01-25.30  59604.30  +49.7 900 EFOSC/NTT
2022-04-23.98 5969298 +138.3 1800 ALFOSC/NOT
2022-05-24.24 59723.24 +168.6 2700 EFOSC/NTT
Notes. The phase is measured relative to the assumed explosion date (59554.65 MID).
Date MJD Phase  Exp. time Instrument/Telescope
(UT) (days) (days)  (seconds)
2018-12-21.09 58473.09 +2.5 400 Goodman HTS/SOAR
2018-12-22.06  58474.06 +3.5 1260 Goodman HTS/SOAR
2018-12-30.04 58482.04 +11.5 3000 EFOSC2/NTT
2019-01-09.04 58492.04 +21.5 1500 EFOSC2/NTT
2019-01-14.03  58497.03  +26.5 1300 Goodman HTS/SOAR
2019-04-16.40 58589.40 +118.8 1200 Goodman HTS/SOAR
2019-04-30.36  58603.36 +132.8 1370 FORS2/VLT
2019-05-17.37 58620.37 +149.8 1800 Goodman HTS/SOAR
2019-07-20.29 58684.29 +213.7 2600 Goodman HTS/SOAR
2019-08-15.19 58710.19 +239.6 5400 Goodman HTS/SOAR
2019-09-14.10 58740.10 +269.6 2120 Goodman HTS/SOAR
2019-10-18.09 58774.09 +303.5 3600 Goodman HTS/SOAR
2019-10-28.03 58784.03 +313.5 5400 EFOSC2/NTT
2019-11-12.05 58799.05 +328.5 6000 Goodman HTS/SOAR
2019-11-13.13  58800.13  +329.6 2100 Goodman HTS/SOAR

Notes. The phase is measured relative to the assumed explosion date (58470.55 MID).
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