A&A, 694, A260 (2025)
https://doi.org/10.1051/0004-6361/202452507
© The Authors 2025

tronomy
Astrophysics

SN 2018is: A low-luminosity Type IIP supernova with narrow
hydrogen emission lines at early phases

R. Dastidar"2*®, K. Misra’®, S. Valenti*, D. J. Sand’®, A. Pastorello®®, A. Reguitti7’6 , G. Pignata8 ,

S. Benetti®®, S. Bose?®, A. Gangopadhyay10 , M. Singh11 , L. Tomasella®®, J. E. Andrews'2®, I. Arcavi'3-'4,
C. Ashall’>-10_ C. Bilinski®, K. A. Bostroem?, D. A. H. Buckley”’]&19 , G. Cannizzaro®®, L. Chomiuk?!,
E. Congiuzz, S. Dong23’24’25 , Y. Dong4 , N. Elias-Rosa®®, M. Fraser?°®, C. Gall?’®, M. GromadzkiZ®®,

D. Hiramatsu?*-39®, G. Hosseinzadeh3'®, D. A. Howell?2-33®, E. Y. Hsiao**, C. MCCully32’33,
N. Smith’®, and J. Strader?!

(Affiliations can be found after the references)

Received 6 October 2024 / Accepted 2 January 2025

ABSTRACT

We present a comprehensive photometric and spectroscopic study of the Type IIP supernova (SN) 2018is. The V band luminosity and the expansion
velocity at 50 days post-explosion are —15.1 + 0.2 mag (corrected for Ay = 1.34 mag) and 1400 km ™!, classifying it as a low-luminosity SN II.
The recombination phase in the V band is shorter, lasting around 110 days, and exhibits a steeper decline (1.0 mag per 100 days) compared to most
other low-luminosity SNe II. Additionally, the optical and near-infrared spectra display hydrogen emission lines that are strikingly narrow, even
for this class. The Fe1l and Sc1I line velocities are at the lower end of the typical range for low-luminosity SNe II. Semi-analytical modelling
of the bolometric light curve suggests an ejecta mass of ~8 My, corresponding to a pre-supernova mass of ~9.5 Mg, and an explosion energy of
~0.40 x 10°! erg. Hydrodynamical modelling further indicates that the progenitor had a zero-age main sequence mass of 9 My, coupled with a
low explosion energy of 0.19 x 10°! erg. The nebular spectrum reveals weak [O 1] 116300,6364 lines, consistent with a moderate-mass progenitor,
while features typical of Fe core-collapse events, such as Hel, [C1], and Fel, are indiscernible. However, the redder colours and low ratio of
Ni to Fe abundance do not support an electron-capture scenario either. As a low-luminosity SN II with an atypically steep decline during the

photospheric phase and remarkably narrow emission lines, SN 2018is contributes to the diversity observed within this population.
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1. Introduction

Type II supernovae (SNe II) originate from the core collapse of
massive stars (= 8 M) that retain a portion of their hydrogen (H)
envelope before the explosion. These events are characterised by
pronounced H features in their spectra. Among them, SNe IIP
are the most common type of core-collapse SNe (Li et al. 2011;
Graur et al. 2017). These SNe are notable for their relatively con-
stant luminosity phase, commonly referred to as the ‘plateau’,
which corresponds to the H-recombination phase and lasts
approximately 100days in the VRI bands. Within the SNe IIP
category, there is a significant diversity in intrinsic luminosities,
with peak absolute magnitudes in the V band ranging from about
—14 to —18 mag. SNe IIP with peak magnitudes > —15.5 mag
and plateau magnitudes between —13.5 to —15.5 mag are classi-
fied as low-luminosity SNe IIP (LLSNe II, Pastorello et al. 2004;
Spiro et al. 2014; Miiller-Bravo et al. 2020). This classification
contrasts with the average peak absolute magnitude of around
—16.74 mag typically observed in normal luminosity SNe IIP
(0-=1.01; Anderson et al. 2014; Galbany et al. 2016).

LLSNell are relatively rare, making up ~5% of all
SNe II (Pastorello et al. 2004). However, this low frac-
tion could be influenced by observational biases, as fainter
SNe were more challenging to detect in the early 2000s.
With the improved detection capabilities of modern tran-
sient surveys, it is increasingly clear that LLSNe II are

* Corresponding author; rdastidr@gmail . com

being detected more frequently than estimated in earlier
studies (Spiro et al. 2014; Anderson et al. 2014). SNe 1997D
(de Mello et al. 1997; Turatto et al. 1998; Benetti et al. 2001)
and 2005cs (Pastorello et al. 2006, 2009) are prototypical exam-
ples of LLSNelIl, with V band luminosity consistently below
My =—-14.65mag across all observed epochs. Some of the
faintest SNe II discovered include SNe 1999br (Zampieri et al.
2003; Pastorello et al. 2004) and 2010id (Gal-Yam et al. 2011),
which exhibited plateau luminosities of My =—-13.76 mag
and M, = —13.85 mag, respectively. Pastorello et al. (2004) and
Spiro et al. (2014) conducted a sample study of LLSNe Il and
characterised their photometric and spectroscopic properties.
A distinctive feature of the photospheric spectra of LLSNe II
is the presence of relatively narrow P Cygni profiles, indica-
tive of slow ejecta expansion (a few 1000kms~!) resulting
from a low-energy explosion (Eey, < a few times 10°° erg). These
events also exhibit a lower luminosity during the exponen-
tial decay in the nebular phase, indicating the synthesis of a
smaller amount of Y*Ni (My; < 1072 M) compared to their nor-
mal luminosity counterparts with median My; of 0.03-0.04 Mg
(Anderson 2019; Miiller-Bravo et al. 2020; Rodriguez et al.
2021). However, for LLSNe 2016bkv and 2021gmj, with plateau
luminosities of ~—14.8 mag and —15.4 mag in V band, respec-
tively, the synthesised °Ni mass is estimated to be 0.022 M,
and 0.014 My (Hosseinzadeh et al. 2018; Nakaoka et al. 2018;
Murai et al. 2024; Meza-Retamal et al. 2024). The plateau
phase of LLSNe II tends to be longer than that of nor-
mal luminosity SNe II, lasting, for instance, 120days in
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SN 2005cs (Pastorello et al. 2009) and 140 days in SN 2018hwm
(Reguitti et al. 2021). The extended duration of the plateau
is attributed to the interplay between a massive H envelope
and a low expansion velocity, as both factors contribute to
prolonging this phase through a longer recombination time.
There are a handful of SNe IIP that populates the luminos-
ity space between the low and normal luminosity class, typi-
cally with plateau luminosities within the narrow range of —15.5
to —16mag, such as, SNe 2008in (M€0d=—15.510.2mag,

Roy et al. 2011), 2009N (Mf/od =-15.7+0.1 mag, Takats et al.

2014), 2009js (M%,Od =-15.9+0.2mag, Gandhietal. 2013),
2013am (Zhangetal. 2014; Tomasella etal. 2018), 2013K
(M =-15.9 £ 0.8 mag, Tomasella etal. 2018) and 2018aoq

M?=-15.9 £0.2mag, Tsvetkovetal. 2019, 2021). These
objects create a continuous distribution of luminosity among
Type IIP SNe. The transitional SNe IIP are up to a magnitude
brighter than faint ones and the ®Ni mass yield is comparable
to normal luminosity SNe II. However, the spectra and the low
expansion velocities inferred from the spectral lines resemble
those observed in LLSNe II.

There are three LLSNe I1-2003gd, 2005cs, and 2008bk-
with progenitor detections in archival pre-SN imaging data (e.g.
Van Dyk et al. 2003; Maund et al. 2005; Mattila et al. 2008)
and confirmed optical disappearance of the progenitors post-
explosion (Maund & Smartt 2009; Maund et al. 2014). These
observations suggest that red supergiants (RSGs) with ini-
tial masses (Mzams) between 8 and 15Mg are the pro-
genitors of LLSNe II. Hydrodynamical and spectral models
(e.g. Dessart et al. 2013a; Jerkstrand et al. 2018; Martinez et al.
2020) also support this mass range. Recent hydrodynamic
modelling suggests a positive correlation between progenitor
mass and explosion energy, such that lower mass progenitors
result in less energetic explosions, resulting in a fainter event
(Morozova et al. 2018; Utrobin & Chugai 2019; Martinez et al.
2022). However, Zampieri et al. (2003) propose massive RSGs
as the progenitors of LLSNe II, with a significant amount
of fallback material onto the proto-neutron star, leading to
the release of low quantities of “Ni. Additionally, the core-
collapse of super asymptotic giant branch (SAGB) stars, with
masses at the lower end of 8-12M,, theoretically predicted
to lead to electron capture (EC) SNe (Nomoto 1984, 1987),
has also been suggested as a potential origin for LLSNe
II (Kitaura et al. 2006; Hosseinzadeh et al. 2018; Valerin et al.
2022). Thus far, SNe 2016bkv and 2018zd (Hosseinzadeh et al.
2018; Hiramatsu et al. 2021, but see Callis et al. 2021) are con-
sidered promising candidates for ECSNe, aside from the well-
known historical case of SN 1054, the progenitor of the Crab
Nebula. While SN 2016bkv is a LLSN II, SN 2018zd had a
bright peak of —18.40+0.60 mag and a plateau magnitude of
—17.79 £ 0.55, which are much brighter than LL.SNe II. Further
constraints on progenitor characteristics can be obtained from
late-time nebular spectra of SNe II. Theoretical investigations
have demonstrated that the forbidden lines in the nebular spectra
of SNe II, such as the [O 1] 116300, 6364 doublet, [Fe 11] 17155,
and [Ni11] 47378 lines, can be employed to constrain the progen-
itor mass and explosion dynamics (Fransson & Chevalier 1987,
1989; Woosley & Heger 2007; Jerkstrand et al. 2018).

In this paper, we present an analysis of the photomet-
ric and spectroscopic characteristics of a faint Type II SN,
DLT18a (a.k.a. SN 2018is, ATLAS18eca). SN 2018is was dis-
covered during the ongoing Distance Less than 40 Mpc (DLT40,
Tartaglia et al. 2018) sub-day cadence supernova search, which
at that time was largely conducted using the PROMPTS5 0.4 m
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Fig. 1. 300s Sloan-r band image obtained with the 1.82 m Ekar Tele-
scope on 2018 April 19. The location of the SN in the host galaxy NGC
5054 is marked.

telescope situated at the Cerro Tololo Inter-American Obser-
vatory (CTIO, Wyattetal. 2018). The SN was first detected
on 2018-01-20.3 UT (JD 2458138.8) at the coordinates RA:
13"16™57535, Dec: —16937™04543, exhibiting a magnitude of
approximately R ~ 17.9 mag in the nearby galaxy NGC 5054,
which at that time was just coming from behind the Sun. The
location of the SN in the host galaxy is marked in Figure 1. A
follow-up confirmation image was obtained on 2018-01-20.6 UT
utilising a 0.4 m telescope at the Siding Spring Observatory in
New South Wales, Australia, as part of the Las Cumbres Obser-
vatory (LCO) telescope network (Brown et al. 2013). A subse-
quent optical spectrum, acquired on 2018-01-21.3 UT with the
Goodman Spectrograph mounted on the Southern Astrophysi-
cal Research (SOAR) telescope, displayed a blue continuum,
along with prominent lines of Ha, HB and HeT with approxi-
mate velocities of 4000 kms™! (Sand et al. 2018) akin to LLSNe
II, particularly about 1-2 weeks after the explosion. However,
the absolute magnitude of My ~ —13 mag could also indicate
a luminous blue variable (LBV) outburst. Further analysis of
the light curve and spectroscopic properties in Sects. 4 and 5
provided conclusive evidence categorising SN 2018is as a SN
II. Throughout this paper, we adopt a flat ACDM cosmological
model with parameters Hy = 67.4 +0.5kms™' Mpc™', Q,, =0.3,
and Q4 =0.7 (Planck Collaboration VI 2020). The basic param-
eters of the SN and the host galaxy are listed in Table 1.

The paper is organised as follows: Section 2 describes the
instrumental setups and the tools employed for reducing the pho-
tometric and spectroscopic data of SN 2018is. In Section 3, esti-
mation of the explosion epoch of SN 2018is, distance to the
SN, and reddening of the host galaxy are reported. Section 4
presents the light curve evolution, and the spectral features
are discussed in Section 5. The photometric and spectroscopic
parameters of SN 2018is are compared with other SNe II in
Section 6. In Section 7, the modelling of the bolometric light
curve using both semi-analytical and hydrodynamical methods
are discussed. Finally, the nature of the progenitor is discussed
in Section 8 and an overall summary of this work is presented in
Section 9.
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Table 1. Basic information of SN 2018is.

Host Galaxy NGC 5054

RA 13"16m57535

Dec -16437m04343
Discovery JD 2458136.2
Explosion epoch (! JD 24581334+ 1.1
Redshift @ 0.005811

Helio. radial velocity 1734 +2 km s7!
(corrected for LG infall onto Virgo)

EB-V)mw P 0.0708 + 0.0003 mag

EB-V)post 1 (Colour method)
E(B—V)pog * (NaID)
Distance (V)

0.12 +0.06 mag
0.36 + 0.07 mag
21.3+1.7Mpc

Notes. VThis work. @Pisano et al. (2011), from NED. ®From Hyper-
LEDA. @Low reddening estimate. ®High reddening estimate.

2. Observations and data reduction

The observing campaign of SN 2018is commenced a few hours
after its DLT40 discovery, using instruments equipped with
broadband UBVgriz filters. PROMPTS unfiltered DLT40 images
are reduced as described in Tartaglia et al. (2018), using the ded-
icated pipeline and calibrated to the » band. Observations in the
UBVgri bands were conducted through the Global Supernova
Project (GSP) using the 0.4 m, 1 m, and 2 m telescopes of the
Las Cumbres Observatory (LCO). Pre-processing of the images,
including bias correction and flat-fielding, is conducted using
the BANZALI pipeline (McCully et al. 2018). Subsequent data
reduction is performed with 1cogtsnpipe (Valenti et al. 2016),
a PyRAF-based photometric reduction pipeline. Since the SN
was offset from the host galaxy in a region with a smooth back-
ground, image subtraction is not required. The UBV band data
are calibrated to Vega magnitudes (Stetson 2000), using standard
fields observed on the same night by the same telescope. The gri
band data are calibrated to AB magnitudes using Henden et al.
(2009). Additional optical photometry in BVgriz filters was
obtained with (i) the optical imaging component of the Infrared-
Optical imager: Optical (I0:0, Barnsley et al. 2016), mounted
on the 2m Liverpool Telescope (LT, Steele et al. 2004), (ii) the
Alhambra Faint Object Spectrograph and Camera (ALFOSC)
and Stand-by camera (STANcam) on the 2.56 m Nordic Opti-
cal Telescope (NOT, Djupvik & Andersen 2010), and (iii) the
Asiago Faint Object Spectrograph and Camera (AFOSC) on the
1.82m Copernico Telescope. The data from these telescopes
are reduced similarly, and PSF photometry is performed using
DAOPHOT IT (Stetson 1987) to compute the instrumental magni-
tudes of the SN. We also include the ATLAS forced photometry
data (Tonry et al. 2018; Smith et al. 2020) in our work.

SN 2018is was also observed with the Ultra-Violet/Optical
Telescope (UVOT; Romingetal. 2005) on board the Neil
Gehrels Swift Observatory (Gehrels et al. 2004). The observa-
tions were carried out in three UV (uvw2: A, =1928 A, uvm2:
A.=2246 A, uvwl: A, =2600 A) and three optical (u, b, v) filters
at four epochs. UV photometric data are obtained from the Swift
Optical/Ultraviolet Supernova Archive (SOUSA!; Brown et al.
2014). The reduction procedure is outlined in Brown et al.
(2009), which includes the subtraction of the host galaxy count
rate. For estimating the magnitudes, revised zero points and time
dependent sensitivity are adopted from Breeveld et al. (2011).

I https://archive.stsci.edu/prepds/sousa/

Spectroscopic observations of SN 2018is were carried out
from 3.4 to 384 days post-discovery, using (i) the Robert Sto-
bie Spectrograph (RSS, Burghetal. 2003) with the PG300
lines/mm grating on the Southern African Large Telescope
(SALT; Buckley et al. 2006), which covers 3400-9000 10\, at a
resolution of ~18 A with a 1.5” slit, (ii) the Goodman High
Throughput Spectrograph (GHTS-R; Clemens et al. 2004) on
the Southern Astrophysical Research Telescope (SOAR), (iii)
the ALFOSC on the NOT, (iv) the Double Beam Spectrograph
(DBSP; Oke & Gunn 1982) mounted on the 200-inch Hale tele-
scope at Palomar Observatory (P200), (v) the Boller and Chivens
(B&C) Spectrograph with the 300 lines/mm grating on the Uni-
versity of Arizona’s Bok 2.3 m telescope located at Kitt Peak
Observatory, which are reduced in a standard way with IRAF
(Tody 1986, 1993) routines, (vi) the Blue Channel (BC) spec-
trograph on the 6.5m MMT, with the 1200 lines/mm grating
covering a range of ~5700-7000 A, (vii) the Optical System
for Imaging and low-Intermediate-Resolution Integrated Spec-
troscopy (OSIRIS, grating ID R1000B) mounted on the Gran
Telescopio Canarias (GTC), and (viii) the Low Resolution Imag-
ing Spectrometer (LRIS; Oke et al. 1995) on the 10 m Keck-I
telescope. The LRIS spectrum was taken using a 1” aperture
with the 560 dichroic to split the beam between the 600/4000
grism on the blue side and the 400/8500 grating on the red side.
Taken together, the merged spectrum spans ~3200-10 200 A.In
addition, a near-infrared low resolution spectrum was obtained
with FIRE at the Magellan 6.5m telescope (8000-25000 A).
The compiled photometry for SN 2018is and log of spectro-
scopic observations are provided in Tables A.1 to A.5 of the sup-
plementary material, which is available online?.

Standard procedures are followed for the spectroscopic data,
which are reduced within IRAF®. The APALL task is employed
to extract one-dimensional spectra, which are subsequently cal-
ibrated in wavelength and flux using arc lamps and spectropho-
tometric standard star spectra, respectively. These standards are
observed at comparable airmasses either on the same night or on
adjacent nights. Night sky emission lines in the spectra are used
to validate the accuracy of wavelength calibration, and necessary
shifts are applied as required. In order to account for absolute
flux calibration, the spectra are scaled with respect to the pho-
tometric data and further corrected for the redshift of the host
galaxy.

3. Parameters of SN 2018is
3.1. Explosion epoch and distance

The last non-detection date of SN 2018is is recovered from
the ATLAS forced photometry light curve and determined to
be 2018 January 12.6 (JD 2458131.1), with a limiting magni-
tude of 19.85 in the ATLAS o-filter. The SN was first detected
in the ATLAS o-filter at a magnitude of 18.01 +0.06 on 2018
January 17.7 (JD 2458136.2), 2.6 days before the DLT40 detec-
tion on 2018-01-20.3 UT (JD 2458138.8). Therefore, using the
last non-detection and first detection from ATLAS, the explosion
date is estimated to be 2458133.6 + 2.6. An alternate method for
estimating the explosion epoch is by cross-correlating the SN
spectra with a library of spectral templates using the SuperNova

2 https://zenodo.org/records/14618123

3 IRAF refers to the Image Reduction and Analysis Facility distributed
by the National Optical Astronomy Observatories, which was operated
by the Association of Universities for Research in Astronomy, Inc.,
under a cooperative agreement with the National Science Foundation.
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Table 2. Derived parameters of SN 2018is for the EPM distance estimate: the angular size (6), photospheric temperature (7'), and the interpolated

photospheric velocity (v,,).

o)

Opy Ty Opvr Tgyr Ovi Ty, Uph

(days) (10° km Mpc~') (K) (10° km Mpc™) (K) (10° km Mpc™) (K) (kms™h)

46 178 (0.09) 13208 (767)  1.25(0.08) 16609 (923)  0.96(0.07) 19347 (1019) 3967 (357)
22.4 2.84 (0.06) 8027 (210) 2.48 (0.08) 9695 (256) 2.05 (0.16) 11766 (741) 2322 (252)
25.7 3.16 (0.08) 6941 (253) 2.70 (0.13) 8866 (403) 2.03 (0.23) 12027 (1084) 2242 (303)
27.0 3.16(0.11)  6213(177)  3.03(0.09) 7438 (188)  2.45(0.33) 10077 (1399) 2060 (291)
35.7 3.22 (0.03) 6128 (64) 3.18 (0.04) 7165 (102) 2.59 (0.11) 9747 (383) 1944 (261)
41.5 3.23 (0.02) 5503 (224) 3.22 (0.05) 6511 (268) 2.74 (0.37) 9164 (1123) 1763 (272)
452 324(0.02)  5764(159)  321(0.03) 6778 (181)  2.82(0.23) 9092 (610) 1649 (313)

Notes. (VSince discovery, #, = JD 2458136.2.

IDentification package (SNID, Blondin & Tonry 2007) as done
in Gutiérrez et al. (2017). We perform spectral matching on the
first two spectra of SN 2018is, obtained on 2018 January 21.0
and 21.3 (0.5 and 0.7day after discovery, respectively). The
best match is determined based on the SNID ‘rlap’ parameter,
which quantifies the quality of fit, with a higher value indicat-
ing a better correlation. In addition to the ‘rlap’ parameter, the
top three spectral matches provided by SNID are checked visu-
ally. We found a good match between the spectra of SN 2018is
and SN 2006bc (available in the SN IIP templates in SNID from
Gutiérrez et al. 2017). SN 2006bc is a LLSN II, with absolute
plateau magnitude of —15.1 mag in V band and with a +4 day
uncertainty in the explosion epoch obtained from a photomet-
ric non-detection (Anderson et al. 2014). For both spectra of
SN 2018is, the best match is found to be with the 9 (+4) day
spectrum of SN 2006bc, with a higher ‘rlap’ value for the sec-
ond spectrum of SN 2018is. Considering the age of the super-
nova on 2018 January 21.3 to be 9 (+ 4) days post-explosion, the
explosion epoch is estimated to be 2018 January 12.3 (+4), cor-
responding to JD 2458130.8.

A number of redshift-independent distance estimates are
available in the NASA Extragalactic Database (NED) for
NGC 5054, the host galaxy of SN 2018is. These estimates span a
range from 12.40 Mpc to 27.30 Mpc. The Virgo infall distance to
the galaxy NGC 5054 is 25.7 + 0.2 Mpc, based on the recessional
velocity of the galaxy, vyi = 1734 + 2kms~!, from HyperLeda
(Makarov et al. 2014). The distance estimate of NGC 5054 in
the Cosmicflows-3 catalog (Tully et al. 2016) is 18.2 + 2.5 Mpc.

To obtain an independent distance estimate, we apply the
expanding photosphere method (EPM) utilising the early pho-
tometric and spectroscopic data of SN 2018is. The EPM is
a variant of the Baade-Wesselink method to estimate SN dis-
tances (Kirshner & Kwan 1974). We follow the steps and tech-
niques outlined in Dastidar et al. (2018) to implement EPM in
SN 2018is. During the early phases, the SN ejecta is fully
ionised, and electron scattering is the primary source of opacity
at the photosphere. In this phase, the SN can be approximated as
radiating like a diluted blackbody. The EPM compares the lin-
ear and angular radius of the homologously expanding optically
thick SN ejecta to compute the SN distance. The angular radius
of the expanding ejecta at any time ¢ can be approximated as

o E ~ £110044,
D gj(Tc)ﬂBxl(Tc)

where B, is the Planck function at colour temperature T, f; is
the flux density received at Earth, A, is the extinction at wave-

ey
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length A, and {(T,.) is the colour temperature dependent ‘dilu-
tion factor’. Here, R = vp;(f — 1), where (¢ — 1p) is the time since
explosion and v, is the photospheric velocity at the correspond-
ing epoch. Eq. (1) can be written in terms of magnitudes obtained
from broadband photometry integrated over the filter response
function. The convolution of the filter response function was
computed by Hamuy et al. (2001). The dilution factors { can be
expressed as a function of T, as described in Dessart & Hillier
(2005). We convert the Sloan r and i magnitudes to / magnitudes
by using the equations given by Lupton et al. (2005). The extinc-
tion at the central wavelengths of the BV bands are determined
using the high reddening value, Ay = 1.34 mag (see Sect. 3.2).

Employing coeflicients from Dessart & Hillier (2005), we
estimate 6 in three filter combinations, { BV}, {BVI}, and {VI},
and list the values in Table 2. The photospheric velocity v is
determined using the H 3 line up to 4.6 days after discovery and
the ScII 16246 line up to 45.0 days after discovery. We inter-
polated the velocity to the photometry epochs using Automated
Loess Regression (ALR, Rodriguez et al. 2019).

A linear fit is performed on t vs 6/v,; to derive the distance,
following the equation:

1= D(@/Uph) + 1y 2)

where the slope of the linear equation gives the distance, and
the y-intercept provides the time of explosion fy. We used
emcee (Foreman-Mackey et al. 2013) to perform the linear fit,
and the best fit to the {BV'}, {BVI} and {VI} filter sets, along
with their 1o confidence intervals, are shown in the upper
panel of Figure 2. The bottom panel of this figure shows
the joint likelihoods of the parameters #) and D for the three
filter sets along with the marginalised likelihood functions.
The distances are estimated as the mean and standard devia-
tion of the marginalised functions, which are 21.8 + 1.9 Mpc,
21.3+1.7Mpc and 24.5 2.2 Mpc for {BV}, {BVI}, and {VI}
filter sets, respectively. The corresponding intercept values are
—-6.2+1.8, 2.8+ 1.1, and —1.9 + 1.0 days with respect to the
discovery date from ATLAS. We will use the distance and f
obtained from the { BV} filter set in the rest of the paper. Thus,
the estimated explosion epoch from EPM is JD 2458133.4 + 1.1
(2018 January 14.9). This value is consistent with those esti-
mated from last non-detection and SNID within the errors, and
we will use the EPM estimated explosion epoch throughout this
work. The EPM estimated distance (21.3 + 1.7 Mpc) is small
compared to the Virgo infall distance; however it is in agree-
ment with the Cosmicflows-3 distance within the errors. We will
use the EPM derived distance in the rest of this paper.
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3.2. Extinction

The extinction along the line of sight to the SN due to dust in
both the Milky Way (MW) and the host galaxy plays a cru-
cial role in studying the intrinsic nature of the event. Based
on the infrared dust maps provided by Schlafly & Finkbeiner
(2011), the Galactic reddening for SN 2018is is E(B —
V)mw =0.0708 + 0.0003 mag.

The empirical relations correlating the Na ID (44 5890, 5896)
equivalent width with the colour excess (e.g. Munari & Zwitter
1997; Poznanski et al. 2012) have been used for various SNe
(e.g. Nakaokaetal. 2018; Meza-Retamal et al. 2024). The
rest-frame SALT spectrum of SN 2018is, obtained 3.9 days
post-explosion, shows a conspicuous feature around 5893 A
(as shown in Fig. 3). The equivalent width of this fea-
ture is estimated to be 1.26+0.01A. Using Equation (9)
from Poznanski et al. (2012), we estimate E(B — V)pos to be
0.42 +0.08 mag. Given that Poznanski et al. (2012) used the
dust maps from Schlegel et al. (1998), we further multiply
E(B — V)post by the re-normalisation factor of 0.86, as sug-
gested by Schlafly & Finkbeiner (2011), resulting in E(B —

1.20

=
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Fig. 3. Cut-out of the SALT spectrum showing the blended NaID lines
(shaded in the plot). The continuum considered for the estimation of the

equivalent width is marked with a red dashed line.

Vhost =0.36 £ 0.07 mag. We note that the accuracy of using
the NaID line in low-resolution spectra has been challenged
(Poznanski et al. 2011; Phillips et al. 2013), hence the E(B —
V)host €stimated using this method can only be considered as an
upper limit.

The V band magnitudes at 50 days, considering only Milky
Way (MW) extinction as well as MW plus host extinction, are
—13.94 and —15.08 mag, respectively. Furthermore, using SNID,
the early spectra of SN 2018is are found to closely match those
of the LLSN 2006bc. This, along with the low expansion veloc-
ities discussed in Sect. 6.2, suggests that SN 2018is belongs to
the LLSNe II category. Therefore, as an independent estimate of
the host galaxy extinction, we compare the MW-corrected colour
evolution of SN 2018is with that of the well-observed LLSN
II, SN 2005cs, and calculate the shift required for SN 2018is’s
colour to align with that of SN 2005cs. The E(B — V)5 esti-
mated using this method is 0.12 + 0.06 mag, which is three times
lower than the value obtained from the Na ID feature. The result-
ing colour curve, using both estimates, is shown in Fig. 5.

Given the caveats associated with different methods for
calculating host-galaxy extinction, and with no method being
definitively preferable, we are considering two values of extinc-
tion in this study. Therefore, we adopt a total E(B — V) of
0.19£0.06 as the low-extinction estimate and 0.43 +0.07 mag
as the high-extinction estimate, with the corresponding Ay val-
ues being — Ay r =0.59 £ 0.19 mag and Ay p, = 1.34 £ 0.21 mag,
assuming total-to-selective extinction ratio, Ry =3.1, and
using the extinction function from Gordon (2024) (also
see Gordon et al. 2009, 2021, 2023; Fitzpatrick et al. 2019;
Decleir et al. 2022).

4. Light curve evolution

The multiband optical and UV absolute and apparent magnitude
light curves of SN 2018is are shown in Fig. 4. The high red-
dening value, which is converted to extinction estimates in the
different bands using the dust-extinction law from Gordon et al.
(2023), are used to derive the absolute magnitudes. Initially,
the light curves exhibit an increase in brightness for the first
10 days following the assumed explosion epoch, followed by a
decrease in the bluer filters. Meanwhile, in the r and i bands, the
luminosity increases until 28 days and remains nearly constant

A260, page 5 of 18
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shown.

thereafter. The plateau phase, lasting nearly 100 days, is relatively
short for typical LLSNe II (Pastorello et al. 2009; Spiro et al.
2014). The V band light curve shows a linear decline with a
slope of 1.04 +0.03 mag (100d)~!, which is steeper than usual
for LLSNe II (Pastorello et al. 2009; Spiro et al. 2014). Post-
maximum decline rates in the r and i bands are 0.26 + 0.02 mag
(100d)~" and 0.02 + 0.02 mag (100 d)~', respectively, consistent
with other LLSNe II (Pastorello et al. 2009; Spiro et al. 2014).
The decline rates in the plateau and the tail phase in the BgVri
bands are provided in Table 3.

Using Equation (1) from Valenti et al. (2016), which is the
same as Equation (4) from Olivares et al. (2010) without the
Gaussian component, we fit the V band light curve to derive
parameters that can be compared to those of other LLSNe II.
From the best fit, over-plotted on the V band light curve in
Figure 4, we determine #p, the time from explosion to the tran-
sition point between the end of the plateau and the start of the
radioactive tail phase, to be 113.9+1.1d. The parameter w
gives an estimate of the duration of the post-plateau decline until
the onset of the radioactive tail phase to be (6 X wg) 15 days.
The parameter ap = 2.4 + 0.1 mag, which quantifies the magni-
tude drop when the light curve transitions from the photospheric
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Table 3. Light curve slopes at different phases.

Band  fgun fstop Slope
(d) (d)  (mag/100d)
B 246 945 2.60+0.05
1209 1730 0.11+0.42
g 246 958 2.10+0.03
121.6  173.0 0.26+0.15
14 246 945 1.04 +£0.03
1199 173.0 0.51+0.16
r 24.6 899 0.26+0.02
1209 1949 0.77+0.08
i 24.5 899 0.02+0.02
122.7 1949 0.55+0.06

phase to the radioactive tail, is typical for SNe IIP (Olivares et al.
2010), although, under-luminous objects generally show a larger
drop of about 3-5 mag (Spiro et al. 2014; Valenti et al. 2016).

The decay rates in the tail phase of the bolometric light
curve of LLSNe II are generally smaller than the 0.98 mag
(100d)~" expected from the *Co to *°Fe decay assuming com-
plete y-ray trapping (Pastorello et al. 2009; Spiro et al. 2014).
For SN 2018is, the decline rates in the tail phase for the B, g,
V, r and i band light curves are 0.3 +0.4, 0.4+0.2, 0.7+0.2,
0.8+0.1 and 0.6+0.1 mag (100d)~!, respectively. The light
curves of SN 2005c¢s exhibit similar decline rates between 140—
320day in the BVRI bands, measured at 0.32, 0.46, 0.71, and
0.77 mag (100d)~!, respectively. (Spiro et al. 2014) calculated
the decline rate of SN 2003Z in the tail phase (>150d) in VRI
bands to be 0.67, 1.05, and 0.58 mag (100 d)1, respectively. It
has been proposed that the shallower slope in LLSNe II is due to
an additional radiation source generated in the warm inner ejecta
(Utrobin 2007).

In order to compare the light curve and spectral properties of
SN 2018is with other Type II SNe, we construct a comparison
sample constituting the normal luminosity Type II SN 1999em,
and a number of intermediate and LLSNe II. The distances, red-
dening and references of the comparison sample and some of
the physical parameters estimated in this work from their light
curves are provided in Tables A.6 and A.7 of the online supple-
mentary material*.

4.1. Colour and temperature evolution

The extinction-corrected colour evolution of SN 2018is is com-
pared to a subset of SNe II from the comparison sample in Fig. 5.
In the low-extinction case, SN 2018is exhibits a colour that falls
on the red end of the sample. If only the MW extinction correc-
tion is applied, the colour of SN 2018is would be 0.12 mag red-
der than the colour obtained using the low-extinction estimate.
Studies by Pastorello et al. (2009) and Spiro et al. (2014) have
noted that LLSNe II, when compared to normal SNe II, tend to
have redder intrinsic colours.

In SN 2018is, a rapid increase in the B — V colour by
around 0.2 mag is observed in the first 5days, as shown in the
zoom-in plot. This is followed by a slight decrease and then a
rapid rise after 10 days. Similar behaviour is noted in the colour
evolution of SNe 2018lab and 2022acko (Pearson et al. 2023;
Bostroem et al. 2023). SNe 2018lab, 2021gmj and 2022acko
exhibit a trend towards bluer colours after the end of the

4 https://zenodo.org/records/14618123
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recombination phase, around 100 and 110days, respectively,
unlike SNe 2003Z and 2005cs, which evolves towards redder
colours. However, due to the large error bars associated with
the colour of SN 2018is after the recombination phase, it is
difficult to ascertain whether it followed a pattern similar to
SN 2005cs or SN 2022acko. When using the high reddening
estimate, SN 2018is is about 0.24 mag bluer than with the low
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Fig. 7. Comparison of absolute V band light curves of SN 2018is with
other SNe II. The magnitudes are corrected for distance and reddening.

reddening estimate, aligning more closely with the colour evolu-
tion of SNe 2016aqf, 1999em, and 2009ib (Miiller-Bravo et al.
2020; Takats et al. 2015).

As the SN expands and cools, the photospheric temperature
and radius evolve over time. These parameters can be traced
by fitting a blackbody model to the spectral energy distribu-
tion (SED) at different epochs. The SED is constructed using
SuperBol (Nicholl 2018), as described in Sect. 7. The top and
bottom panels of Figure 6 illustrate the temperature and the
radius evolution of SN 2018is for both high and low redden-
ing scenarios, compared to that of SN 2005cs. In the high red-
dening scenario, the temperatures during the first 60 days are
higher than those of SN 2005cs. However, the temperature evo-
lution in the low reddening scenario aligns more closely with
SN 2005cs. Overall, SN 2018is shows a gradual temperature
decline during the first 30 days, followed by a slower decline
from around 6000 K to 4000 K over the next 100 days. The radius
increases rapidly in the first 30 days and then continues to expand
slowly, similar to the evolution observed in SN 2005cs. Around
day 110, a rapid decline in radius is observed in SN 2018is,
whereas SN 2005cs exhibits an increase in radius before declin-
ing, although we note that the error bars are large at these times.

4.2. Absolute magnitude comparison and *°Ni mass

In Figure 7, the absolute V band magnitude of SN 2018is is
compared to a subset of SNe II from the comparison sam-
ple. Typically, LLSNe II exhibit long plateaus (>100days),
although also some normal luminosity SNe II (e.g. SN 2015ba,
Dastidar et al. 2018) have extended plateaus. In H-rich SNe II,
the plateau length is primarily influenced by the H envelope
mass and the ejecta velocity, with a modest contribution from
the energy released by °Ni decay (Kasen & Woosley 2009;
Morozova et al. 2018; Kozyrevaetal. 2019; Martinez et al.
2022). The low ejecta velocity in LLSNe II, which is typically
a factor of a few lower than in normal luminosity Type II SNe,
results in higher ejecta densities. This slows the recombination
wave, thereby extending the plateau duration. In normal lumi-
nosity Type II SNe, while higher °Ni yields can extend the
plateau length by 10-20% (Kasen & Woosley 2009), the higher
expansion velocity leads to lower densities and a faster-moving
recombination wave, resulting in an overall shorter plateau.
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LLSNe II events like SNe 2003Z and 2005cs exhibit longer
plateaus compared to SN 2018is, with similar plateau luminosi-
ties, when the low reddening scenario is considered. In the high
reddening scenario, the plateau luminosity of SN 2018is is a
closer match to SNe 2018lab and 2022acko. The fall from the
plateau in the case of SN 2018is is adequately sampled and has a
similar plateau length as SN 2018lab. Moreover, from this figure,
it is apparent that SNe II with similar plateau luminosities can
have a range of tail-luminosities (=9.5 to —12.5), depending on
the amount of °Ni produced in the explosion.

For SN 2018is, we estimate the synthesised °Ni mass
from the tail bolometric luminosity, which is obtained from
the tail V band magnitudes using a bolometric correction
(BC) from Hamuy (2003). The tail V band magnitudes at two
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epochs, 148.6 and 173.6d, are considered, and the correspond-
ing mean bolometric luminosities are 8.3+ 1.4 x 10* ergs™!
and 1.6+0.3x10*ergs™! for the low and high reddening
scenarios, respectively. This results in a mean °°Ni mass
of 0.0026 +£0.0004 My and 0.0051 +0.0009 M, for the low
and high reddening scenarios, respectively. In addition, using
BCs in the Vri bands from Rodriguez etal. (2021), deter-
mined using a larger sample of SNe II, the *Ni masses are
0.0027 £ 0.0009, 0.0030 £ 0.0008, 0.0030 + 0.0007 Mg, respec-
tively, for the low reddening scenario and 0.0052 +0.0017,
0.0053 +£0.0015, 0.0046 + 0.0011 Mg, respectively, for the high
reddening scenario, closely matching the earlier value. The
weighted average of **Ni mass using BCs from Rodriguez et al.
(2021) are 0.0029 +0.0004 and 0.0049 +0.0008 M. Both val-
ues align well with those of other LLSNe II.

5. Key spectral features
5.1. Features in the optical spectra

The first spectrum of SN 2018is was obtained 6.2 days post-
explosion. The spectral evolution from 6.2-106.1days of
SN 2018is is shown in Figure 8. Until 7.4d, the spectra of
SN 2018is show a blue continuum with weak and shallow
P Cygni profiles of the Balmer H lines. A weak HeI 15876 fea-
ture is visible until 7.4 days, after which it disappears. The Fe 11
A5018 line emerges as early as 9.5 days. An absorption feature at
16300, which we identify as Sill 16355, is discernible between
11.6 and 30.3 days, disappearing afterwards. This feature was
also detected in the early spectra of SN 2005cs (Pastorello et al.
2006). We attribute this feature to SiIl, given its velocity similar-
ity with other metal lines (around 3000 kms~! at 11.6 days and
1300kms~! at 30.3 days).

Two nebular phase spectra of SN 2018is, at 168.2 and
386.7days, are shown in Figure 9. In the 386.7 day spec-
trum, besides prominent H@ emission, the strongest feature
is the 17300 doublet emission, associated with [CaTlI] lines
A47291,7324. An unblended emission bluewards of [CaIl] lines
is identified as [Fe I1] 47155, observed in the late time spectra of
several SNe II (e.g. 2016aqf, 2016bkv). The [O1] 116300, 6364
doublet can be identified in this spectrum, while the Calr NIR
triplet is inconspicuous. A weak [NiII] 47378, produced by sta-
ble 3Ni, a nuclear burning ash, is identifiable. The presence of
[Ni1I] is a unique signature of neutron excess in the innermost
Fe-rich layer, and hence it is a crucial tracer of explosive burning
conditions (Wanajo et al. 2009). This feature has been analysed
and discussed in more detail in Sect. 8.1.

5.2. Features in the NIR spectrum

The 16.3 day NIR spectrum of SN 2018is is shown in Fig. 10,
alongside those of SN 2009N (Takats et al. 2014) and two other
Type II SNe from Davis et al. (2019) for comparison. The spec-
trum of SN 2018is displays the Ca 1l NIR triplet, partial blends of
Py 110940 and Sr11 110915 and PS8 412820, and Bry 121650.
The location of Pa 418750 is contaminated by strong telluric
absorption, making it indiscernible.

In normal luminosity Type II SNe, such as SN 2012A
(Tomasella et al. 2013), Py and He1 110830 lines are strongly
blended which gives rise to a broad absorption feature. However,
LLSNe II, with their narrow features, exhibit partially unblended
P+, Sr11, and He 1 lines, as seen in the spectra of SNe 2009N and
2018is. C1 2110691 also contributes to the broad absorption that
is clearly absent in SN 2018is. In normal Type II SNe with a
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relatively high Ni yield, the absorption in this region is pri-
marily dominated by Hel, which is produced via non-thermal
excitation when °Ni is located close to the He region in the
ejecta (Graham 1988). However, in LLSNe II, where the SN
yield is minimal, He I is not expected to significantly contribute
to this feature. Instead, Py, Sr11 and C1 dominate the absorption
(Pastorello et al. 2009).

The PgS line, visible in all the SNe, exhibits a symmet-
ric P Cygni profile, which is dominated by its emission fea-
ture with very little absorption in SNe 2012A, ASASSN-14;jb,
while in SN 2018is a narrow absorption component is visible.
The Brackett series hydrogen line, Bry is prominent in absorp-
tion in both SNe 2009N and 2018is. Overall, in the NIR spec-
tra, the emission features of the comparison SNe are broad at
early times, even in the case of ASASSN-14jb, which is a LLSN
(M“),eak = -14.93 mag). In contrast, the features of SN 2018is are
remarkably narrower, which is also evident in the optical spectra
comparison discussed in Sect. 6.2.

6. Juxtaposition with other type Il SNe
6.1. Comparison based on photometric parameters

We compare some of the photometric parameters of SN 2018is
with those of a sample of SNe II from the literature
(Anderson et al. 2014; Valenti et al. 2016; Dastidar et al. 2024).
In Fig. 11, the absolute magnitude at 50 day (M%,Od) is plotted
against fpr, slope during the plateau phase (s;), and log(My;). A
general trend is observed where higher luminosity SNe II tend
to have a shorter and steeper plateau, as well as a larger °Ni
mass yield, consistent with findings from earlier studies (e.g.
Anderson et al. 2014; Valenti et al. 2016). While the absolute
magnitude in the high-reddening scenario for SN 2018is fits this
trend, in the low-reddening scenario, SN 2018is appears slightly
offset from the general trend in the M3 vs. fpr and s, plots.

In Figure 12, we have plotted fpr vs s, for the SNe II sam-
ple from the literature alongside SN 2018is. These parameters
are known to exhibit a negative correlation, where SNe II with
longer plateaus tend to have shallower decline rates. The figure
is colour-coded by the V band absolute magnitude at 50 day.

SNe for which M%,Od is not available are shown in grey. While
SN 2018is follows the overall trend, its decline rate is higher
than that of other LLSNe II. It also has a shorter tpy similar to
SNe 2018lab and 2022acko’.

6.2. Comparison based on spectroscopic features

Figure 13 shows the comparison of the early spectra of
SN 2018is with similar epoch spectra of other LLSNe II. All
the spectra exhibit a blue continuum with superimposed P Cygni
profiles of H Balmer lines, featuring weak absorption com-
ponents. The emission components of the H Balmer lines in
SN 2018is are narrower than those in the spectra of the compar-
ison sample, indicating a lower expansion velocity of the ejecta
compared to the others.

The velocities of various elements in the ejecta, such as Ha,
Hp, Fell 15169, and Sc1I 16246 lines, are estimated from the
position of their absorption minima and are compared to a sub-
set of SNe from the comparison sample as shown in Figure 14.
Before 30 days, the H Balmer line velocities of SN 2018is are the
lowest among the comparison SNe. After 30 days, the H Balmer
line velocities settle at around 3000 kms~! with little evolution
thereafter. In contrast, the velocities of the H Balmer lines in
SNe 1999br, 2003Z and 2005cs, which are higher in the early
phases, drop below those of SN 2018is at later phases.

Meanwhile, SNe 2002gd, 2020cxd (Valerin et al. 2022),
2021gmj and 2022acko also exhibit a flattening in velocity evo-
lution after an initial rapid decline, similar to SN 2018is. This
flattening could occur if the inner layers of the SN ejecta are
relatively H-poor, causing the H Balmer absorption to originate
from the H-rich outer (and therefore higher-velocity) ejecta lay-
ers even during the later phases (Faran et al. 2014). This sce-
nario is typical when the pre-SN star has a low H-envelope
mass, as proposed for fast-declining SNe II. However, in the
case of LLSNe II, the formation of Ball 16497 is the probable

5 The tpr of SNe 2018lab and 2022acko are approximate values
obtained from Pearson et al. (2023) and Bostroem et al. (2023) as esti-
mations using fitting are not possible in these cases due to absence of
tail phase V band data.
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cause for the flattening, which complicates the estimation of the
true absorption minimum of Ha@. Compared to the sample of
LLSNe II, the expansion velocity of Fell 15169 in SN 2018is
is consistently lower at all epochs. Similarly, the Sc11 16246
velocities are on the lower end of the comparison sample. The
photospheric velocity, inferred from the ScII 16246 minimum,
rapidly decreases from ~2500km ™! at about two weeks to less
than 800 kms~! at ~100 days.

Cut-outs of the main features in the nebular phase spectrum
of SN 2018is, along with a subset of the comparison sample, are
shown in Figure 15. Most of the features in the nebular spec-
trum of SN 2018is are weaker compared to other LLSNe II.
[O1] 416300, 6364, and Hea are similar in strength to those
in SN 2005cs, while SNe 1997D and 2018lab exhibit much
stronger features. However, features such as [Fe1], [CI] and Ca11
NIR triplet, which are present in the spectrum of SN 2005cs, are
not discernible in the spectrum of SN 2018is, which could be
due to low signal-to-noise ratio in the NIR.

7. Bolometric light curve modelling
7.1. Semi-analytical modelling

In order to derive estimates of the explosion and progenitor
parameters from the bolometric light curve, we employed the
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semi-analytical modelling of Nagy et al. (2014). The bolometric
light curve of SN 2018is is constructed using SuperBol (Nicholl
2018), by using uvwl and UBgVri magnitudes up to 9.4 days,
followed by UBgVri magnitudes up to 34.8 days and thereafter
BgVri magnitudes. This is done to ensure that the UV contri-
bution is taken care of in the early part of the light curve. The
de-reddened magnitudes supplied to the routine are interpolated
to a common set of epochs and converted to fluxes. The fluxes
are used to construct the SED at all the epochs. The routine then
fits a blackbody function to the SED, extrapolating to the UV
and IR regimes to estimate the true bolometric luminosity.

We use the Markov Chain Monte Carlo (MCMC) version of
the semi-analytic light curve code of Nagy et al. (2014), devel-
oped in Jéger et al. (2020), for fitting the output model to the
observed light curves. The semi-analytic code of Nagy et al.
(2014) is based on the original model of Arnett & Fu (1989). The
model assumes a homologously expanding, spherically symmet-
ric SN ejecta and uses the diffusion approximation for the radi-
ation transport. However, the simple diffusion-recombination
model that assumes constant opacity in the ejecta limits the
accuracy of the derived physical parameters. For example, the
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constant opacity approximation results in a negative correlation
between Thomson opacity (k) and ejecta mass (M;), which has a
significant effect on the estimated M,j. The correlation between
the various explosion parameters makes it important to explore
the parameter space with the MCMC approach. Jéger et al.
(2020) applied this approach to obtain the best estimates and
uncertainties for the core parameters.

In our case, the parameters are the initial radius (Ry), the
ejected mass (M,;j), and the energies (total explosion energy: Eq
= Exin + Eq, kinetic: Eyj,, thermal: Ey,), ejecta velocity (Vexp)
and °Ni mass. We searched for the best-fit parameters in the
parameter space: Ro: (2-10) x 10" cm, Mj: 4-20 Mo, Ein: 0.1-
2foe (1 foe= 10°! erg), Eq: 0.001-1 foe, «: 0.05-0.4 cm? g’l.
The recombination temperature is fixed to 5500 K. The initial
expansion velocity is set to 2500km s~! with an uncertainty of
250kms~!, which is basically the velocity obtained from the
minima of the ScIl 16246 absorption profile at 18 day as the
starting day of the fitting is set to 20 day after the explosion. The
parameter estimates obtained from the MCMC routine for both
the low and high reddening scenarios are listed in Table 4.

The reported parameter values are the mean of the joint
posterior, corresponding to the best-fitting solution. The uncer-
tainty limits are derived from taking the 95th percentile of
the marginalised posterior probability density function and
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subtracting the 50th percentile for the upper error. The lower
error is estimated by subtracting the Sth percentile from the
50th percentile. The top and bottom panel of Figure 16 shows
the observed bolometric magnitude evolution of SN 2018is cor-
rected for low and high extinction estimate, respectively, and
the corresponding best fifty model light curves from the 3 x 103
iterations in the MCMC, while the posterior distribution of
the parameters and their correlations are shown in Figures A.1
and A.2 of the online supplementary material®. The parameter
estimates and their uncertainties are also provided in Table 4.
There are known parameter correlations (Arnett & Fu 1989;
Nagy et al. 2014) between Ry and Ey,, ejected mass and opac-
ity; kinetic energy and opacity, which can also be seen in the
corner plot. Since the parameter pairs: Ey,—R( are significantly
correlated, separate determination of the quantities in the pair is
not possible. Rather, the product of the pair should be used as an
independent parameter. Assuming a remnant neutron star mass
of 1.5-2 Mg, the lower limit of the progenitor mass would be
~8-10 Mg, which indicates that SN 2018is is most likely arising
from the collapse of a progenitor close to the lower mass limit
for core collapse.

7.2. 1D hydrodynamical modelling

We use the open-source 1D radiation hydrodynamics code,
Supernova Explosion Code (SNEC, Morozova et al. 2015), for

% https://zenodo.org/records/14618123
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Table 4. Best-fit core parameters for the true bolometric light curve of
SN 2018is using Nagy et al. (2014) and Jager et al. (2020) for the low
reddening (LR) and high reddening (HR) scenarios.

Parameters LR HR Remarks

Ro (Ro) 637363 690723 Initial radius of ejecta

Mj Mo) 6.0f}:g S.Zf}fﬁ Ejecta mass

Exin (foe) 0.27f8:82 0.36f8:8§ Initial kinetic energy

Ey, (foe) 0.03f8:8} 0.04{8:8]1 Initial thermal energy

Kk (cm?/g) 0.26f8:(1)2 0.14f8:?§ Thomson scattering opacity
Myi (1073 Mg) 3173083 4717053 3Ni mass

Table 5. Pre-supernova structure summary and CSM parameters from
SNEC models.

Mass Ry Mu Mg Resm Avir Mcosm  Eexp
Mo) Re) Mg) (M) (Ro) (mag) (Mg) (foe)
9 403 58 1.6 600 1.18 >0.17 0.19

multi-band light curve modelling to infer the progenitor parame-
ters and explosion properties of SN 2018is. SNEC is a local ther-
modynamic equilibrium (LTE) code that employs grey opacities
without spectral calculations. The code takes progenitor model,
explosion energy, **Ni mass, and *°Ni mixing as inputs and sim-
ulates a range of outputs, including multi-band and bolometric
light curves, photospheric velocity, and temperature evolution.

For the progenitor, we adopt a set of non-rotating solar metal-
licity RSG models from Sukhbold et al. (2016), which are com-
puted using the stellar evolution code KEPLER (Weaver et al.
1978). The lowest mass limit of progenitor models for Fe
core collapse, as generated in Sukhbold et al. (2016), is 9 M.
The length of the plateau phase in the simulated light curves
is observed to increase with higher ZAMS mass, whereas it
decreased with an increase in explosion energy. We generate
a grid of SNEC models encompassing ZAMS masses between
9 and 11 Mg in steps of 0.5 Mg, explosion energy within 0.1—
0.5 foe in steps of 0.01foe, while maintaining a constant °Ni
mass of 0.0049 M. The *°Ni mixing parameter, representing the
mass-coordinate until which °Ni is mixed outwards, is fixed to
2Me.

The best-fitting progenitor model is determined by finding
the minimal y?, computed as

ol L mi‘“(r)—mza“(t))z
D) Z( AmSP (1)

A N’l t<tpr

3

1 UObS(l‘) _ vmodel(t) 2
m t<tpr ( AP (1) ) ’

where mjbs(t) and Amﬁbs(t) are the magnitudes and their corre-
sponding errors at time f, m?"dd(t) are the model magnitudes at
time ¢, A denotes the Vri filters, N is the number of filters, N,
is the total number of observed data points in filter A, Ny is
the number of observed photospheric velocity data points, and
v°® () and Av°™() are the observed photospheric velocity and
their error at time #. The model photospheric velocity at time 7 is
denoted by v™°%!(r). We compute mialc by reddening the model
magnitudes to compare with the observed magnitudes (without
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and 5 x 10'® gcm™!, are shown alongside the observed light curves. The

shaded region marks the area below tpr, after which non-LTE conditions
dominate, making SNEC models invalid.

extinction correction). We vary Ay between the Galactic extinc-
tion value (0.22 mag) and the high extinction value considered in
this work (1.34 mag). For the fitting, we also allow the distance
to vary between 19.6 Mpc and 23 Mpc based on the mean value
and the error in the distance (21.3 + 1.7 Mpc). We did not include
the bluer band light curves, such as the UBg bands, for estimat-
ing the minimum chi-square, as these light curves are more sus-
ceptible to being affected by line blanketing at later phases. We
identify the best-fit solution as corresponding to a 9.0 My, ZAMS
star, with a pre-SN mass of 8.75 Mg, and a pre-SN stellar radius
of 403 R, and an explosion energy of 0.19 foe.

To improve the fit to the early light curve (<30 days), we add
a wind-like circumstellar medium (CSM) profile to the best-fit
progenitor model, as in Dastidar et al. (2024) and Reguitti et al.
(2024). The density profile follows p = Kesmr2, where Kesum

logio(L) [erg s™1]
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Fig. 18. Model photospheric velocities for scenarios with ‘No CSM’
and CSM extents of 430, 500 and 600 R, and Kcgy values of 2, 3, 4,

5x 10" gcm™' are shown, alongside the line velocity of Sc 1T 16246 for
SN 2018is.
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Fig. 19. Model bolometric luminosities for scenarios with ‘No CSM’
and CSM extents of 430, 500 and 600 Ry, and Kcgy values of 2, 3, 4,
5% 10" gcm™' are shown, alongside the observed bolometric luminos-
ity of SN 2018is. The shaded region marks the area below fpr, after
which non-LTE conditions dominate, making SNEC models invalid.

is the mass-loading parameter. We generate models with Kcgm
values from 2 to 5 x 10'® g cm™" and CSM extents (Rcsy) of 430,
500, and 600 R.

Fig. 17 shows the absolute model magnitudes alongside
the observed light curves. The distance and extinction cor-
rection (Ay) applied to the observed light curves are 23 Mpc
and 1.18 mag, respectively. Thus, these models suggest a total
E(B-V) value of 0.38 mag, close to the high reddening estimate.
Fig. 18 compares model photospheric velocities with the Sc1I
line velocities, while the model bolometric luminosity alongside
the observed bolometric luminosity for SN 2018is is shown in
Fig. 19. The early bolometric luminosity is better reproduced
with Kesy values of (2-5)x 10" gem™ and Resy =600 R,
which we will consider as the best-match models. The progen-
itor, explosion and CSM parameters for the best-match model
are tabulated in Table 5. The CSM mass is estimated to be

A260, page 13 of 18



Dastidar, R., et al.: A&A, 694, A260 (2025)

0.17-0.43 Mg, using
Mcom = 47rKcsm(Resm — Ryo),

where R, =403 Ry, is the pre-supernova radius.

We note that these models overestimated the plateau length
by ~3 days, while the model photospheric velocity mostly cor-
responds to the upper limit of the observed ScII line veloci-
ties. The explosion energy, which influences both luminosity and
expansion velocity, also plays a crucial role in determining the
plateau length, with higher energies generally leading to shorter
plateaus. Therefore, the plateau length of SN 2018is could
theoretically be modelled with an increased explosion energy,
though this would result in velocities exceeding those observed.
Kozyreva et al. (2022) showed that plateau length might depend
on the viewing angle in asymmetric explosions, offering a possi-
ble explanation for the plateau-length discrepancy in SN 2018is.
Overall, light curve modelling indicates that SN 2018is is con-
sistent with a low-energy explosion (10°° erg) of a low-mass star
(9My), with the shorter observed plateau potentially due to an
asymmetric explosion.

8. Discussion
8.1. Nebular constraints on the progenitor mass
8.1.1. Comparison with spectral models

During the nebular phase, the ejecta becomes optically thin,
revealing the SN core. Analysing nebular spectra, therefore,
provides insight into the core properties, including its mass
(Jerkstrand et al. 2012; Dessart et al. 2021). The mass of the stel-
lar core, in turn, serves as an indicator of the star’s initial mass.
We constrain the ZAMS mass of the progenitor by comparing the
nebular spectra to the nebular spectral models of Jerkstrand et al.
(2018). In their study, they observed that the luminosity of the
[O1] line is primarily influenced by the progenitor’s ZAMS mass
(Jerkstrand et al. 2012). Progenitors with higher masses tend to
display more pronounced [O1] features in their nebular spectra.

To allow a consistent comparison, we scale the model spec-
trum to match the ®Ni mass of 0.0049 M., distance and epoch of
the SN 2018is nebular spectrum. Additionally, owing to uncer-
tainties in extinction, all spectra are normalised to their respec-
tive Ha peak flux. Figure 20 shows the comparison of the
390 day nebular spectrum of SN 2018is with the scaled nebular
spectral models for a 9 My RSG progenitor. The 9 M, progenitor
model of Sukhbold et al. (2016), evolved with KEPLER, is used
in Jerkstrand et al. (2018). Additionally, we plot the 9 M, ‘pure
hydrogen-zone’ model in Figure 20. In this model, the progeni-
tor is composed entirely of material from the hydrogen envelope.
It is anticipated that this model would resemble the nebular spec-
tra of ECSNe, characterised by faint features such as MgI], Fel,
[O1], HeT, [C1] 48727, and OT 17774, along with a prominent
O1 18446 line. The two insets in Figure 20 zoom in on the [O 1]
and [Ca 1] regions. The [O I] emission of SN 2018is lies between
the two models, whereas [CaI1] is better matched by the H-zone
model.

Although FeT lines between 7900-8400 A and [C1] 28727,
which are present in the 9 My RSG progenitor model, are absent
in SN 2018is, features such as [Fe 1I], [Ni 1], and (weak) He I are
discernible. The O 1 18446 line, which is an important diagnostic
in the nebular spectra of ECSNe and is present in the H-zone
model, is also absent in the observed spectrum. The presence of
He, Fe, and Ni lines in the observed spectrum may imply the
presence of He shell in the ejecta. The 9 M model also predicts
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strong [O 1] 116300, 6364 doublet and Mg 1], both of which arise
from the O zone. In SN 2018is, while the [O1] 116300, 6364
doublet is discernible, Mg I] cannot be identified due to the low
SNR of the nebular spectrum. From this comparison, it is evident
that the progenitor mass of SN 2018is is 9 My or lower. The
possible presence of a He-shell suggests that it likely underwent
Fe-core collapse before exploding as a SN.

8.1.2. Constraints from forbidden lines

The nebular spectrum at 386.7day shows several forbid-
den transitions, which can aid in constraining the stable Ni
to Fe abundance ratio. Theoretical model predicts that the
ZAMS mass of the progenitor decreases with increasing Ni/Fe
abundance ratio, and hence, this ratio can be used to put
constraints on the progenitor mass. The 386.7 days spectrum
is calibrated to extrapolated gVri bands photometry. Using
Gaussian components, we fit the seven dominant line transitions
in the 7100-7500 A region, which are [Ca1l] 417291, 7323,
[Fetr] A7155, [Feu] A7172, [Fem] A7388, [Fell] 47453,
[Nim] A7378, and [Nill] A7412. The relative luminosities of
lines from a given element are taken from Jerkstrand et al.
(2015). So, the iron lines are constrained by L7453 =0.31 L7ss,
L7172 =0.24 L7155, L7333 =0.19 L7155, and the nickel lines are
constrained by L7412 =0.31 L7373. A single line width for all
lines, the full width at half-maximum (FWHM) velocity V,
is used. The free parameters are then L7291 7323, L7155, L7378,
and V. As shown in Figure 21, a good fit is obtained for
L7291’7323 =12x10% erg Sil, L7155 =(2.7+0.4) X 10% erg Sil,
L7375 = (1.8 £0.3) x 103° erg s7!, and V=1400kms~'. From
this we determine a ratio L7378 /L7155 =0.67. The iron-zone
temperature is estimated to lie in the range 2550-2650 K, using
the ratio of L7;s5 and Mssy; (in the high reddening scenario) to
be (8.9+1.7) x 10% erg s M!. Using the above temperature,
the Ni to Fe abundance ratio is found to be 0.04, which is
0.7 times the solar value (0.056, Lodders 2003). However,
as noted by Jerkstrand et al. (2015), primordial Fe and Ni
may contaminate the observed ratio, potentially leading to
an underestimation by a factor of three. Consequently, the
estimated Ni/Fe ratio derived from the 386.7day spectrum
should be regarded as a lower limit and could be as high as
0.12. Theoretical studies indicate that CCSNe originating from
moderate-mass progenitors (9—-11 M) exhibit higher Ni/Fe
abundance ratios (Woosley & Weaver 1995). For example, the
models of Woosley & Heger (2007) predict a Ni/Fe ratio of 0.04
for a 15My ZAMS mass star. Based on these predictions, the
upper limit of the progenitor’s ZAMS mass for SN 2018is can
be constrained to 15M,. Finally, it is important to note that
recent theoretical models present conflicting perspectives on the
dependence of the Ni/Fe abundance ratio on the progenitor’s
ZAMS mass. While 1D explosion nucleosynthesis models
by Sukhboldetal. (2016) do not show a significant Ni/Fe
enhancement for moderate-mass progenitors, 3D models of
Fe-core CCSNe (Burrows et al. 2024; Wang & Burrows 2024)
suggest that initial velocity perturbations can significantly affect
the Ni/Fe ratio, yielding values from sub-solar to as high as
50 times the solar value. Thus, using the Ni/Fe abundance
ratio to constrain the progenitor’s ZAMS mass remains highly
uncertain.

We estimate the [O1] 116300, 6364 luminosity by Gaussian
fit to be 2.9x 10% ergs™!, assuming a ratio [O1] 16300/[O1]
16364 = 3. The luminosity ratio of [CaIl]/[O1] is considered a
good diagnostic for the He core mass, and consequently the pro-
genitor mass (Fransson & Chevalier 1987, 1989), with higher
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ratios corresponding to lower ZAMS masses. For SN 2005cs,
this ratio was estimated to be ~4.2 + 0.6 (Pastorello et al. 2009).
The [Ca1r]/[O1] luminosity ratio is 4.1 for SN 2018is, which
indicates a low-mass progenitor for SN 2018is. However, the
line ratio is only a rough diagnostic of the core mass due
to the contribution to the emission from primordial O in the
hydrogen zone (Jerkstrand et al. 2012; Maguire et al. 2012) and
the effects of mixing, which can complicate the determination
of relative abundances based on line strengths, as noted by
Fransson & Chevalier (1989).

8.2. Investigating the electron-capture nature of SN 2018is

The progenitor mass of SN 2018is, as estimated from the anal-
ysis of nebular spectra and from semi-analytical and hydro-
dynamical modelling of the bolometric light curve, suggests
that the ZAMS progenitor mass is below 9 M. The explosion
energy inferred from hydrodynamical modelling is also low,
below 0.20 foe, along with a low mass of synthesised *°Ni. These
factors raise the possibility that SN 2018is could be an ECSN,

resulting from the core-collapse of an oxygen-magnesium-neon
(OMgNe) core in a SAGB star.

In SAGB stars, the helium-rich layer is almost destroyed
during the second dredge up. As a result, ECSNe from single-
star progenitors are not expected to have O-rich or He-rich
shells. Additionally, progenitor evolution models predict that
the H/He layer becomes diluted during the SAGB stage. Con-
sequently, features associated with He burning, such as, Fel,
He1 17065, and [C1] 48727, are expected to be absent in such
cases.

In contrast, layers of Si, O and He would not be entirely burnt
to Fe group elements in Fe-core collapse SN and may provide
additional lines of S, Ca, O, C and He to spectra. The presence
of He-core material, as in Fe-core SNe, is characterised by sig-
natures of HeI 47065, [C1] 28727, [CI1] /190850, O1 17774, Fel
A5950 and Fel lines between 7900-8500 A, with the Fel and
[C1] lines being particularly prominent. The absence of these
lines would be the distinctive marker for ECSNe.

Certain properties of SN 2018is, such as its low *Ni mass,
a low-mass progenitor (below 9 M), and the absence of Fel,
He1 17065 and [C1] A8727 lines in the nebular spectrum, are
consistent with an ECSN. However, the lack of the OT1 18446
line, which originates from the H-zone, contradicts this sce-
nario. Additionally, the Ni/Fe abundance ratio upper limit for
SN 2018is is 0.12, which is significantly lower than the expected
range of 1-2 for ECSNe (Wanajo et al. 2009). Therefore, the
nebular spectrum of SN 2018is does not align clearly with either
the ECSN or Fe-core SNe scenario.

Further evidence against SN 2018is being an ECSN
comes from light curve modelling of ECSNe, which predicts
an explosion as bright as typical SNe IIP (Tominaga et al.
2013; Moriya et al. 2014), with a plateau luminosity around
L~10*ergs™!, a duration of 60-100days, and a subsequent
luminosity drop of approximately 4 magnitudes. Additionally,
ejecta velocities during the plateau phase are expected to exceed
2000 kms~!. These predictions do not match the observed prop-
erties of SN 2018is.
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Recently, Sato et al. (2024) proposed a new diagnostic to dif-
ferentiate between ECSNe and Fe-core SNe, based on the B—V
and g — r colour indices during the plateau phase. Their models
suggest that ECSNe are bluer during the plateau phase compared
to Fe-core SNe. For both reddening scenarios, the B—V colour of
SN 2018is at half plateau duration (tpy/2) exceeds 1 mag, which
does not satisfy the criteria outlined in equation C1 required for
ECSNe. Therefore, the ECSN scenario for SN 2018is can be
clearly dismissed.

9. Summary

We present an analysis of SN 2018is, a low-luminosity Type
IIP supernova, based on comprehensive optical photometry and
spectroscopy. Through a concerted community effort, we are
able to achieve good cadence photometry in the photospheric
phase, during the transition to the radioactive tail, and in the
radioactive tail phase, which is rare for a LLSN II. SN 2018is
exhibits a V band light curve decline rate of 1.04 mag (100d)~!,
with a plateau phase lasting approximately 110 days, which is
shorter and steeper than most other low-luminosity SNe IIP.
The optical and near-infrared spectra display hydrogen emission
lines that are strikingly narrow, even for this class. The velocity
derived from Fem 15169 and Sc1I 16246 lines are notably low
compared to other SNe in this category.

The nebular spectrum lacks lines such as He 1 47065 and [C 1]
A8727, which are expected in low-mass progenitors exploding
but absent in SN 2018is. According to models, such as those pro-
posed by Dessart et al. (2013b), Jerkstrand et al. (2018), these
lines are expected in SNe II with low-mass progenitors, as more
massive stars tend to have extended oxygen shells that shield
the He shell from gamma-ray deposition. Nevertheless, some
LLSNe II, like SN 2005cs, also lack these lines in their spec-
tra. In accordance with the discussion in Jerkstrand et al. (2018),
these observations are more consistent with ECSN rather than
Fe-CCSN, as ECSN typically lack lines produced in the He
layer. However, the substantially low Ni/Fe abundance ratio,
redder colours, and absence of O1 18446 are strong evidences
against EC nature of SN 2018is.

Semi-analytical modelling of the bolometric light curve sug-
gests an ejecta mass of approximately 8 My, implying a pre-
supernova mass of about 9.5 Mg, and an explosion energy of
0.40 foe (considering the high reddening scenario). Hydrody-
namical modelling further supports a progenitor with a ZAMS
mass of 9M; and a low explosion energy of 0.19 x 10°! erg.
Additionally, the models suggest the presence of a dense CSM
with a mass of at least 0.17 Mg, close to the progenitor (within
200Ry) which is necessary to reproduce the early light curve.
The shorter plateau duration observed in SN 2018is could be
explained by explosion asymmetries in low-mass progenitors, as
suggested by existing models in the literature. In summary, the
rapid V band decline, relatively shorter plateau, and remarkably
narrow emission lines make SN 2018is stand out among the pop-
ulation of low-luminosity Type II SNe.

Data availability

All the photometry tables are publicly available on Zenodo’.
All spectra are publicly available® on the WISeREP interface
(Yaron & Gal-Yam 2012).

7 https://zenodo.org/records/14618123
8 https://www.wiserep.org/object/665
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