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SN 2018is: A low-luminosity Type IIP supernova with narrow hydrogen emission lines at early phases
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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 AV = 1.34 mag) and 1400 km s−1, 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 Fe II and Sc II 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 M⊙, corresponding to a pre-supernova mass of ∼9.5 M⊙, and an explosion energy of ∼0.40 × 1051 erg. Hydrodynamical modelling further indicates that the progenitor had a zero-age main sequence mass of 9 M⊙, coupled with a low explosion energy of 0.19 × 1051 erg. The nebular spectrum reveals weak [O I] λλ6300,6364 lines, consistent with a moderate-mass progenitor, while features typical of Fe core-collapse events, such as He I, [C I], and Fe I, 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 constant luminosity phase, commonly referred to as the ‘plateau’, which corresponds to the H-recombination phase and lasts approximately 100 days 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 classified as low-luminosity SNe IIP (LLSNe II, Pastorello et al. 2004; Spiro et al. 2014; Müller-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 (σ = 1.01; Anderson et al. 2014; Galbany et al. 2016).
LLSNe II are relatively rare, making up ∼5% of all SNe II (Pastorello et al. 2004). However, this low fraction 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 transient surveys, it is increasingly clear that LLSNe II are 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 examples of LLSNe II, with V band luminosity consistently below MV = −14.65 mag 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 MV = −13.76 mag and Mr = −13.85 mag, respectively. Pastorello et al. (2004) and Spiro et al. (2014) conducted a sample study of LLSNe II 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, indicative of slow ejecta expansion (a few 1000 km s−1) resulting from a low-energy explosion (Eexp ≲ a few times 1050 erg). These events also exhibit a lower luminosity during the exponential decay in the nebular phase, indicating the synthesis of a smaller amount of 56Ni (MNi ≲ 10−2 M⊙) compared to their normal luminosity counterparts with median MNi of 0.03–0.04 M⊙ (Anderson 2019; Müller-Bravo et al. 2020; Rodríguez et al. 2021). However, for LLSNe 2016bkv and 2021gmj, with plateau luminosities of ∼−14.8 mag and −15.4 mag in V band, respectively, the synthesised 56Ni mass is estimated to be 0.022 M⊙ and 0.014 M⊙ (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 normal luminosity SNe II, lasting, for instance, 120 days in 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 luminosity space between the low and normal luminosity class, typically with plateau luminosities within the narrow range of −15.5 to −16 mag, such as, SNe 2008in (MV50d = −15.5 ± 0.2 mag, Roy et al. 2011), 2009N (MV50d = −15.7 ± 0.1 mag, Takáts et al. 2014), 2009js (MV50d = −15.9 ± 0.2 mag, Gandhi et al. 2013), 2013am (Zhang et al. 2014; Tomasella et al. 2018), 2013K (MV50d = −15.9 ± 0.8 mag, Tomasella et al. 2018) and 2018aoq (MV50d = −15.9 ± 0.2 mag, Tsvetkov et al. 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 56Ni 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 II-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 initial masses (MZAMS) between 8 and 15 M⊙ are the progenitors 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 56Ni. Additionally, the core-collapse of super asymptotic giant branch (SAGB) stars, with masses at the lower end of 8–12 M⊙, 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 considered 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 LLSNe 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 I] λλ6300, 6364 doublet, [Fe II] λ7155, and [Ni II] λ7378 lines, can be employed to constrain the progenitor mass and explosion dynamics (Fransson & Chevalier 1987, 1989; Woosley & Heger 2007; Jerkstrand et al. 2018).
In this paper, we present an analysis of the photometric and spectroscopic characteristics of a faint Type II SN, DLT18a (a.k.a. SN 2018is, ATLAS18eca). SN 2018is was discovered 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 PROMPT5 0.4 m telescope situated at the Cerro Tololo Inter-American Observatory (CTIO, Wyatt et al. 2018). The SN was first detected on 2018-01-20.3 UT (JD 2458138.8) at the coordinates RA: 13h16m57[image: equation]35, Dec: −16d37m04[image: equation]43, 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 Observatory (LCO) telescope network (Brown et al. 2013). A subsequent optical spectrum, acquired on 2018-01-21.3 UT with the Goodman Spectrograph mounted on the Southern Astrophysical Research (SOAR) telescope, displayed a blue continuum, along with prominent lines of Hα, Hβ and He I with approximate velocities of 4000 km s−1 (Sand et al. 2018) akin to LLSNe II, particularly about 1–2 weeks after the explosion. However, the absolute magnitude of MV ∼ −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 ΛCDM cosmological model with parameters H0 = 67.4 ± 0.5 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7 (Planck Collaboration VI 2020). The basic parameters of the SN and the host galaxy are listed in Table 1.
	[image: thumbnail]	Fig. 1. 300s Sloan-r band image obtained with the 1.82 m Ekar Telescope on 2018 April 19. The location of the SN in the host galaxy NGC 5054 is marked.



Table 1. 
Basic information of SN 2018is.

The paper is organised as follows: Section 2 describes the instrumental setups and the tools employed for reducing the photometric and spectroscopic data of SN 2018is. In Section 3, estimation 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.
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. PROMPT5 unfiltered DLT40 images are reduced as described in Tartaglia et al. (2018), using the dedicated pipeline and calibrated to the r 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 BANZAI pipeline (McCully et al. 2018). Subsequent data reduction is performed with lcogtsnpipe (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 background, 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 (IO:O, Barnsley et al. 2016), mounted on the 2 m 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 Optical Telescope (NOT, Djupvik & Andersen 2010), and (iii) the Asiago Faint Object Spectrograph and Camera (AFOSC) on the 1.82 m Copernico Telescope. The data from these telescopes are reduced similarly, and PSF photometry is performed using DAOPHOT II (Stetson 1987) to compute the instrumental magnitudes 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; Roming et al. 2005) on board the Neil Gehrels Swift Observatory (Gehrels et al. 2004). The observations were carried out in three UV (uvw2: λc = 1928 Å, uvm2: λc = 2246 Å, uvw1: λc = 2600 Å) and three optical (u, b, v) filters at four epochs. UV photometric data are obtained from the Swift Optical/Ultraviolet Supernova Archive (SOUSA1; 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).
Spectroscopic observations of SN 2018is were carried out from 3.4 to 384 days post-discovery, using (i) the Robert Stobie Spectrograph (RSS, Burgh et al. 2003) with the PG300 lines/mm grating on the Southern African Large Telescope (SALT; Buckley et al. 2006), which covers 3400–9000 Å, at a resolution of ∼18 Å 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 telescope at Palomar Observatory (P200), (v) the Boller and Chivens (B&C) Spectrograph with the 300 lines/mm grating on the University 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) spectrograph on the 6.5 m MMT, with the 1200 lines/mm grating covering a range of ∼5700–7000 Å, (vii) the Optical System for Imaging and low-Intermediate-Resolution Integrated Spectroscopy (OSIRIS, grating ID R1000B) mounted on the Gran Telescopio Canarias (GTC), and (viii) the Low Resolution Imaging 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 Å. In addition, a near-infrared low resolution spectrum was obtained with FIRE at the Magellan 6.5 m telescope (8000–25 000 Å). The compiled photometry for SN 2018is and log of spectroscopic observations are provided in Tables A.1 to A.5 of the supplementary material, which is available online2.
Standard procedures are followed for the spectroscopic data, which are reduced within IRAF3. The APALL task is employed to extract one-dimensional spectra, which are subsequently calibrated in wavelength and flux using arc lamps and spectrophotometric 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 photometric 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 magnitude 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 detection 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 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 0.7 day after discovery, respectively). The best match is determined based on the SNID ‘rlap’ parameter, which quantifies the quality of fit, with a higher value indicating a better correlation. In addition to the ‘rlap’ parameter, the top three spectral matches provided by SNID are checked visually. 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 photometric 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 second spectrum of SN 2018is. Considering the age of the supernova on 2018 January 21.3 to be 9 (± 4) days post-explosion, the explosion epoch is estimated to be 2018 January 12.3 (± 4), corresponding 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, vVir = 1734 ± 2 km s−1, 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 photometric and spectroscopic data of SN 2018is. The EPM is a variant of the Baade-Wesselink method to estimate SN distances (Kirshner & Kwan 1974). We follow the steps and techniques 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 linear 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 t can be approximated as
[image: thumbnail](1)
where Bλ is the Planck function at colour temperature Tc, fλ is the flux density received at Earth, Aλ is the extinction at wavelength λ, and ζλ(Tc) is the colour temperature dependent ‘dilution factor’. Here, R = vph(t − t0), where (t − t0) is the time since explosion and vph is the photospheric velocity at the corresponding 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 ζ can be expressed as a function of Tc, as described in Dessart & Hillier (2005). We convert the Sloan r and i magnitudes to I magnitudes by using the equations given by Lupton et al. (2005). The extinction at the central wavelengths of the BVI bands are determined using the high reddening value, AV = 1.34 mag (see Sect. 3.2).
Employing coefficients from Dessart & Hillier (2005), we estimate θ in three filter combinations, {BV}, {BVI}, and {VI}, and list the values in Table 2. The photospheric velocity vph is determined using the Hβ line up to 4.6 days after discovery and the Sc IIλ6246 line up to 45.0 days after discovery. We interpolated the velocity to the photometry epochs using Automated Loess Regression (ALR, Rodríguez et al. 2019).
Table 2. 
Derived parameters of SN 2018is for the EPM distance estimate: the angular size (θ), photospheric temperature (T), and the interpolated photospheric velocity (vph).

	[image: thumbnail]	Fig. 2. Linear fit to t vs θ/vph to determine the explosion epoch and distance. Top panel shows the fit for the three filter combinations {BV}, {BVI} and {VI}. Bottom panel shows the one and two dimensional projections of the posterior probability distributions of D and t0 for the three filter sets in the corner plot.



A linear fit is performed on t vs θ/vph to derive the distance, following the equation:
[image: thumbnail](2)
where the slope of the linear equation gives the distance, and the y-intercept provides the time of explosion t0. 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 1σ confidence intervals, are shown in the upper panel of Figure 2. The bottom panel of this figure shows the joint likelihoods of the parameters t0 and D for the three filter sets along with the marginalised likelihood functions. The distances are estimated as the mean and standard deviation of the marginalised functions, which are 21.8 ± 1.9 Mpc, 21.3 ± 1.7 Mpc 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 t0 obtained from the {BVI} 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 estimated 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 agreement with the Cosmicflows-3 distance within the errors. We will use the EPM derived distance in the rest of this paper.
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 crucial 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 NaID (λλ 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. Nakaoka et al. 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 Å (as shown in Fig. 3). The equivalent width of this feature is estimated to be 1.26 ± 0.01 Å. Using Equation (9) from Poznanski et al. (2012), we estimate E(B − V)host 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)host by the re-normalisation factor of 0.86, as suggested by Schlafly & Finkbeiner (2011), resulting in E(B − V)host = 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 estimated using this method can only be considered as an upper limit.
	[image: thumbnail]	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.



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 velocities 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)host estimated using this method is 0.12 ± 0.06 mag, which is three times lower than the value obtained from the NaID feature. The resulting colour curve, using both estimates, is shown in Fig. 5.
	[image: thumbnail]	Fig. 5. (B − V) colour evolution of SN 2018is, corrected for the high (AV = 1.34 mag) and low (AV = 0.59 mag) extinction scenarios, are compared with other SNe II.



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 extinction in this study. Therefore, we adopt a total E(B − V)tot of 0.19 ± 0.06 as the low-extinction estimate and 0.43 ± 0.07 mag as the high-extinction estimate, with the corresponding AV values being – AV, lr = 0.59 ± 0.19 mag and AV, hr = 1.34 ± 0.21 mag, assuming total-to-selective extinction ratio, RV = 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).
	[image: thumbnail]	Fig. 4. Absolute (corrected for AV = 1.34 mag) and apparent magnitude UV and optical light curves of SN 2018is, shifted arbitrarily for clarity. Vertical grey lines mark the epochs of spectroscopic observations. Parameterized fit to the V band light curve Valenti et al. (2016) is also shown.



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 reddening 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 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 (100 d)−1, 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 (100 d)−1 and 0.02 ± 0.02 mag (100 d)−1, 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.
Table 3. 
Light curve slopes at different phases.

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 tPT, the time from explosion to the transition point between the end of the plateau and the start of the radioactive tail phase, to be 113.9 ± 1.1 d. The parameter w0 gives an estimate of the duration of the post-plateau decline until the onset of the radioactive tail phase to be (6 × w0) 15 days. The parameter a0 = 2.4 ± 0.1 mag, which quantifies the magnitude drop when the light curve transitions from the photospheric 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 (100 d)−1 expected from the 56Co to 56Fe decay assuming complete γ-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 (100 d)−1, respectively. The light curves of SN 2005cs exhibit similar decline rates between 140–320 day in the BVRI bands, measured at 0.32, 0.46, 0.71, and 0.77 mag (100 d)−1, respectively. (Spiro et al. 2014) calculated the decline rate of SN 2003Z in the tail phase (> 150 d) 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, reddening 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 supplementary material4.
	[image: thumbnail]	Fig. 6. Temperature and radius evolution of SN 2018is, obtained by fitting a blackbody to the SED constructed from the observed photometric fluxes. Estimates are shown for both low-reddening (LR) and high-reddening (HR) corrected fluxes, as well as for SN 2005cs for comparison.



4.1. Colour and temperature evolution
The extinction-corrected colour evolution of SN 2018is is compared 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 correction is applied, the colour of SN 2018is would be 0.12 mag redder 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 5 days, 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 recombination phase, around 100 and 110 days, 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 reddening estimate, aligning more closely with the colour evolution of SNe 2016aqf, 1999em, and 2009ib (Müller-Bravo et al. 2020; Takáts 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 distribution (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 reddening scenarios, compared to that of SN 2005cs. In the high reddening scenario, the temperatures during the first 60 days are higher than those of SN 2005cs. However, the temperature evolution 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 declining, although we note that the error bars are large at these times.
	[image: thumbnail]	Fig. 7. Comparison of absolute V band light curves of SN 2018is with other SNe II. The magnitudes are corrected for distance and reddening.



4.2. Absolute magnitude comparison and 56Ni mass
In Figure 7, the absolute V band magnitude of SN 2018is is compared to a subset of SNe II from the comparison sample. Typically, LLSNe II exhibit long plateaus (> 100 days), 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 56Ni decay (Kasen & Woosley 2009; Morozova et al. 2018; Kozyreva et al. 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 luminosity Type II SNe, while higher 56Ni 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.
	[image: thumbnail]	Fig. 8. Spectral evolution of SN 2018is from 6.2 to 106.1 day is shown and the prominent features are marked.



	[image: thumbnail]	Fig. 9. Nebular phase spectra at 168.2 and 386.7 day of SN 2018is are shown and the prominent features are marked.



LLSNe II events like SNe 2003Z and 2005cs exhibit longer plateaus compared to SN 2018is, with similar plateau luminosities, 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 56Ni produced in the explosion.
For SN 2018is, we estimate the synthesised 56Ni 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 epochs, 148.6 and 173.6 d, are considered, and the corresponding mean bolometric luminosities are 8.3 ± 1.4 × 1039 erg s−1 and 1.6 ± 0.3 × 1040 erg s−1 for the low and high reddening scenarios, respectively. This results in a mean 56Ni mass of 0.0026 ± 0.0004 M⊙ and 0.0051 ± 0.0009 M⊙, for the low and high reddening scenarios, respectively. In addition, using BCs in the Vri bands from Rodríguez et al. (2021), determined using a larger sample of SNe II, the 56Ni masses are 0.0027 ± 0.0009, 0.0030 ± 0.0008, 0.0030 ± 0.0007 M⊙, respectively, for the low reddening scenario and 0.0052 ± 0.0017, 0.0053 ± 0.0015, 0.0046 ± 0.0011 M⊙, respectively, for the high reddening scenario, closely matching the earlier value. The weighted average of 56Ni mass using BCs from Rodríguez et al. (2021) are 0.0029 ± 0.0004 and 0.0049 ± 0.0008 M⊙. Both values 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 6.2–106.1 days of SN 2018is is shown in Figure 8. Until 7.4 d, the spectra of SN 2018is show a blue continuum with weak and shallow P Cygni profiles of the Balmer H lines. A weak He Iλ5876 feature is visible until 7.4 days, after which it disappears. The Fe IIλ5018 line emerges as early as 9.5 days. An absorption feature at λ6300, which we identify as Si IIλ6355, 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 Si II, given its velocity similarity with other metal lines (around 3000 km s−1 at 11.6 days and 1300 km s−1 at 30.3 days).
	[image: thumbnail]	Fig. 10. NIR spectrum of SN 2018is obtained at 16.3 day is compared to intermediate luminosity Type II SNe 2009N, 2012A as well as a LLSN ASASSN-14jb.



Two nebular phase spectra of SN 2018is, at 168.2 and 386.7 days, are shown in Figure 9. In the 386.7 day spectrum, besides prominent Hα emission, the strongest feature is the λ7300 doublet emission, associated with [Ca II] lines λλ7291,7324. An unblended emission bluewards of [Ca II] lines is identified as [Fe II] λ7155, observed in the late time spectra of several SNe II (e.g. 2016aqf, 2016bkv). The [O I] λλ6300, 6364 doublet can be identified in this spectrum, while the Ca II NIR triplet is inconspicuous. A weak [Ni II] λ7378, produced by stable 58Ni, a nuclear burning ash, is identifiable. The presence of [Ni II] 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 (Takáts et al. 2014) and two other Type II SNe from Davis et al. (2019) for comparison. The spectrum of SN 2018is displays the Ca II NIR triplet, partial blends of Pγ λ10940 and Sr IIλ10915 and Pβ λ12820, and Brγ λ21650. The location of Pα λ18750 is contaminated by strong telluric absorption, making it indiscernible.
In normal luminosity Type II SNe, such as SN 2012A (Tomasella et al. 2013), Pγ and He Iλ10830 lines are strongly blended which gives rise to a broad absorption feature. However, LLSNe II, with their narrow features, exhibit partially unblended Pγ, Sr II, and He I lines, as seen in the spectra of SNe 2009N and 2018is. C Iλ10691 also contributes to the broad absorption that is clearly absent in SN 2018is. In normal Type II SNe with a relatively high 56Ni yield, the absorption in this region is primarily dominated by He I, which is produced via non-thermal excitation when 56Ni is located close to the He region in the ejecta (Graham 1988). However, in LLSNe II, where the 56Ni yield is minimal, He I is not expected to significantly contribute to this feature. Instead, Pγ, Sr II and C I dominate the absorption (Pastorello et al. 2009).
The Pβ line, visible in all the SNe, exhibits a symmetric P Cygni profile, which is dominated by its emission feature with very little absorption in SNe 2012A, ASASSN-14jb, while in SN 2018is a narrow absorption component is visible. The Brackett series hydrogen line, Brγ is prominent in absorption in both SNe 2009N and 2018is. Overall, in the NIR spectra, the emission features of the comparison SNe are broad at early times, even in the case of ASASSN-14jb, which is a LLSN (MVpeak = −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.
	[image: thumbnail]	Fig. 11. Position of SN 2018is on the absolute magnitude at 50 day (based on the low reddening (LR) and high reddening (HR) scenarios) vs. tPT, V band slope (s2) and 56Ni mass plot are shown alongside other SNe II. The sample from Anderson et al. (2014) and Valenti et al. (2016) are marked with a ‘+’, from Dastidar et al. (2024) with an ‘x’, and from this work with a ‘⋆’.



6. Juxtaposition with other type II 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 (MV50 d) is plotted against tPT, slope during the plateau phase (s2), and log(MNi). A general trend is observed where higher luminosity SNe II tend to have a shorter and steeper plateau, as well as a larger 56Ni 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 MV50d vs. tPT and s2 plots.
In Figure 12, we have plotted tPT vs s2 for the SNe II sample 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 MV50 d 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 tPT similar to SNe 2018lab and 2022acko5.
	[image: thumbnail]	Fig. 12. Position of SN 2018is on the V band slope (s2) vs. tPT plot, alongside other SNe II. The points are colour-coded with MV50 d values. SNe for which MV50 d is not available are shown in grey. SN 2018is is colour-coded with MV50 d based on the high reddening scenario.



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 components. The emission components of the H Balmer lines in SN 2018is are narrower than those in the spectra of the comparison sample, indicating a lower expansion velocity of the ejecta compared to the others.
	[image: thumbnail]	Fig. 13. Early spectra of SN 2018is are compared to spectra of other LLSNe II at similar epochs. The right panel shows the Hα region in velocity space, with the shaded area representing twice the FWHM of the Hα line for SN 2018is.



The velocities of various elements in the ejecta, such as Hα, Hβ, Fe IIλ5169, and Sc IIλ6246 lines, are estimated from the position of their absorption minima and are compared to a subset 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 km s−1 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.
	[image: thumbnail]	Fig. 14. Velocity evolution of the H Balmer and metal lines are compared with a sample of low and standard luminosity SNe IIP.



Meanwhile, SNe 2002gd, 2020cxd (Valerin et al. 2022), 2021gmj and 2022acko also exhibit a flattening in velocity evolution 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 layers even during the later phases (Faran et al. 2014). This scenario 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 Ba IIλ6497 is the probable cause for the flattening, which complicates the estimation of the true absorption minimum of Hα. Compared to the sample of LLSNe II, the expansion velocity of Fe IIλ5169 in SN 2018is is consistently lower at all epochs. Similarly, the Sc IIλ6246 velocities are on the lower end of the comparison sample. The photospheric velocity, inferred from the Sc IIλ6246 minimum, rapidly decreases from ∼2500 km s−1 at about two weeks to less than 800 km s−1 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 spectrum of SN 2018is are weaker compared to other LLSNe II. [O I] λλ6300, 6364, and Hα are similar in strength to those in SN 2005cs, while SNe 1997D and 2018lab exhibit much stronger features. However, features such as [Fe I], [C I] and Ca II 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.
	[image: thumbnail]	Fig. 15. Comparison of the nebular spectra of SN 2018is with other LLSNe II at similar epochs. The panels show the key spectral features [O I] λλ6300, 6364, Hα, [Fe II], [Ca II], [Ni II], [Fe I], and Ca II lines.



	[image: thumbnail]	Fig. 16. Bolometric magnitude evolution of SN 2018is considering both the low extinction and high extinction estimates are shown in the top and bottom panels, respectively, and the corresponding 50 best-fitted light curves are over-plotted.



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 semi-analytical modelling of Nagy et al. (2014). The bolometric light curve of SN 2018is is constructed using SuperBol (Nicholl 2018), by using uvw1 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 contribution 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), developed in Jäger 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 symmetric SN ejecta and uses the diffusion approximation for the radiation 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 constant opacity approximation results in a negative correlation between Thomson opacity (κ) and ejecta mass (Mej), which has a significant effect on the estimated Mej. The correlation between the various explosion parameters makes it important to explore the parameter space with the MCMC approach. Jäger 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 (R0), the ejected mass (Mej), and the energies (total explosion energy: E0 = Ekin + Eth, kinetic: Ekin, thermal: Eth), ejecta velocity (vexp) and 56Ni mass. We searched for the best-fit parameters in the parameter space: R0: (2–10) × 1013 cm, Mej: 4–20 M⊙, Ekin: 0.1–2 foe (1 foe = 1051 erg), Eth: 0.001–1 foe, κ: 0.05–0.4 cm2 g−1. The recombination temperature is fixed to 5500 K. The initial expansion velocity is set to 2500 km s−1 with an uncertainty of 250 km s−1, which is basically the velocity obtained from the minima of the Sc IIλ6246 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.
Table 4. 
Best-fit core parameters for the true bolometric light curve of SN 2018is using Nagy et al. (2014) and Jäger et al. (2020) for the low reddening (LR) and high reddening (HR) scenarios.

The reported parameter values are the mean of the joint posterior, corresponding to the best-fitting solution. The uncertainty limits are derived from taking the 95th percentile of the marginalised posterior probability density function and subtracting the 50th percentile for the upper error. The lower error is estimated by subtracting the 5th percentile from the 50th percentile. The top and bottom panel of Figure 16 shows the observed bolometric magnitude evolution of SN 2018is corrected for low and high extinction estimate, respectively, and the corresponding best fifty model light curves from the 3 × 105 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 material6. 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 R0 and Eth, ejected mass and opacity; kinetic energy and opacity, which can also be seen in the corner plot. Since the parameter pairs: Eth–R0 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 M⊙, the lower limit of the progenitor mass would be ∼8–10 M⊙, which indicates that SN 2018is is most likely arising from the collapse of a progenitor close to the lower mass limit for core collapse.
Table 5. 
Pre-supernova structure summary and CSM parameters from SNEC models.

7.2. 1D hydrodynamical modelling
We use the open-source 1D radiation hydrodynamics code, Supernova Explosion Code (SNEC, Morozova et al. 2015), for multi-band light curve modelling to infer the progenitor parameters and explosion properties of SN 2018is. SNEC is a local thermodynamic equilibrium (LTE) code that employs grey opacities without spectral calculations. The code takes progenitor model, explosion energy, 56Ni mass, and 56Ni mixing as inputs and simulates 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 metallicity RSG models from Sukhbold et al. (2016), which are computed 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 M⊙ in steps of 0.5 M⊙, explosion energy within 0.1–0.5 foe in steps of 0.01 foe, while maintaining a constant 56Ni mass of 0.0049 M⊙. The 56Ni mixing parameter, representing the mass-coordinate until which 56Ni is mixed outwards, is fixed to 2 M⊙.
	[image: thumbnail]	Fig. 17. Multi-band model light curves for scenarios with ‘No CSM’ and CSM extents of 430, 500 and 600 R⊙, with KCSM values of 2, 3, 4, and 5 × 1018 g cm−1, are shown alongside the observed light curves. The shaded region marks the area below tPT, after which non-LTE conditions dominate, making SNEC models invalid.



The best-fitting progenitor model is determined by finding the minimal χ2, computed as
[image: thumbnail](3)
where mλobs(t) and Δmλobs(t) are the magnitudes and their corresponding errors at time t, mλmodel(t) are the model magnitudes at time t, λ denotes the Vri filters, N is the number of filters, Nλ is the total number of observed data points in filter λ, Nvel is the number of observed photospheric velocity data points, and vobs(t) and Δvobs(t) are the observed photospheric velocity and their error at time t. The model photospheric velocity at time t is denoted by vmodel(t). We compute mλcalc by reddening the model magnitudes to compare with the observed magnitudes (without extinction correction). We vary AV between the Galactic extinction 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 estimating the minimum chi-square, as these light curves are more susceptible to being affected by line blanketing at later phases. We identify the best-fit solution as corresponding to a 9.0 M⊙ ZAMS star, with a pre-SN mass of 8.75 M⊙, 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 ρ = KCSMr−2, where KCSM is the mass-loading parameter. We generate models with KCSM values from 2 to 5 × 1018 g cm−1 and CSM extents (RCSM) of 430, 500, and 600 R⊙.
	[image: thumbnail]	Fig. 18. Model photospheric velocities for scenarios with ‘No CSM’ and CSM extents of 430, 500 and 600 R⊙, and KCSM values of 2, 3, 4, 5 × 1018 g cm−1 are shown, alongside the line velocity of Sc IIλ6246 for SN 2018is.



	[image: thumbnail]	Fig. 19. Model bolometric luminosities for scenarios with ‘No CSM’ and CSM extents of 430, 500 and 600 R⊙, and KCSM values of 2, 3, 4, 5 × 1018 g cm−1 are shown, alongside the observed bolometric luminosity of SN 2018is. The shaded region marks the area below tPT, after which non-LTE conditions dominate, making SNEC models invalid.



Fig. 17 shows the absolute model magnitudes alongside the observed light curves. The distance and extinction correction (AV) 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 Sc II 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 KCSM values of (2–5) × 1018 g cm−1 and RCSM = 600 R⊙, which we will consider as the best-match models. The progenitor, explosion and CSM parameters for the best-match model are tabulated in Table 5. The CSM mass is estimated to be 0.17–0.43 M⊙, using
[image: thumbnail]
where R⋆ = 403 R⊙ is the pre-supernova radius.
We note that these models overestimated the plateau length by ∼3 days, while the model photospheric velocity mostly corresponds to the upper limit of the observed Sc II line velocities. 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 possible explanation for the plateau-length discrepancy in SN 2018is. Overall, light curve modelling indicates that SN 2018is is consistent with a low-energy explosion (1050 erg) of a low-mass star (9 M⊙), with the shorter observed plateau potentially due to an asymmetric explosion.
	[image: thumbnail]	Fig. 20. 386.7 day nebular spectrum of SN 2018is compared to the 9 M⊙ model and hydrogen-zone model of Jerkstrand et al. (2018). Narrow emission lines (probably) from the host galaxy in the observed spectrum have been removed.



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 stellar 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 [O I] line is primarily influenced by the progenitor’s ZAMS mass (Jerkstrand et al. 2012). Progenitors with higher masses tend to display more pronounced [O I] features in their nebular spectra.
To allow a consistent comparison, we scale the model spectrum to match the 56Ni mass of 0.0049 M⊙, distance and epoch of the SN 2018is nebular spectrum. Additionally, owing to uncertainties in extinction, all spectra are normalised to their respective Hα 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 M⊙ 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 progenitor is composed entirely of material from the hydrogen envelope. It is anticipated that this model would resemble the nebular spectra of ECSNe, characterised by faint features such as Mg I], Fe I, [O I], He I, [C I] λ8727, and O Iλ7774, along with a prominent O Iλ8446 line. The two insets in Figure 20 zoom in on the [O I] and [Ca II] regions. The [O I] emission of SN 2018is lies between the two models, whereas [Ca II] is better matched by the H-zone model.
Although Fe I lines between 7900–8400 Å and [C I] λ8727, which are present in the 9 M⊙ RSG progenitor model, are absent in SN 2018is, features such as [Fe II], [Ni II], and (weak) He I are discernible. The O Iλ8446 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 strong [O I] λλ6300, 6364 doublet and Mg I], both of which arise from the O zone. In SN 2018is, while the [O I] λλ6300, 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 M⊙ 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 386.7 day shows several forbidden 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 Å region, which are [Ca II] λλ7291, 7323, [Fe II] λ7155, [Fe II] λ7172, [Fe II] λ7388, [Fe II] λ7453, [Ni II] λ7378, and [Ni II] λ7412. 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 L7155, L7172 = 0.24 L7155, L7388 = 0.19 L7155, and the nickel lines are constrained by L7412 = 0.31 L7378. 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 = 1.2 × 1037 erg s−1, L7155 = (2.7 ± 0.4) × 1036 erg s−1, L7378 = (1.8 ± 0.3) × 1036 erg s−1, and V = 1400 km s−1. 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 L7155 and M56Ni (in the high reddening scenario) to be (8.9 ± 1.7) × 1038 erg s−1 M[image: equation]. 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 386.7 day 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 15 M⊙ ZAMS mass star. Based on these predictions, the upper limit of the progenitor’s ZAMS mass for SN 2018is can be constrained to 15 M⊙. 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 Sukhbold et al. (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.
	[image: thumbnail]	Fig. 21. Spectrum cut-out of the 386.7 day spectrum showing the Gaussian fits to determine the [Ni II] λ7378/[Fe II] λ7155 in SN 2018is.



We estimate the [O I] λλ6300, 6364 luminosity by Gaussian fit to be 2.9 × 1036 erg s−1, assuming a ratio [O I] λ6300/[O I] λ6364 = 3. The luminosity ratio of [Ca II]/[O I] is considered a good diagnostic for the He core mass, and consequently the progenitor mass (Fransson & Chevalier 1987, 1989), with higher ratios corresponding to lower ZAMS masses. For SN 2005cs, this ratio was estimated to be ∼4.2 ± 0.6 (Pastorello et al. 2009). The [Ca II]/[O I] 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 analysis of nebular spectra and from semi-analytical and hydrodynamical 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 56Ni. 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. Consequently, features associated with He burning, such as, Fe I, He Iλ7065, and [C I] λ8727, 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 signatures of He Iλ7065, [C I] λ8727, [C I] λ9850, O Iλ7774, Fe Iλ5950 and Fe I lines between 7900–8500 Å, with the Fe I and [C I] 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 56Ni mass, a low-mass progenitor (below 9 M⊙), and the absence of Fe I, He Iλ7065 and [C I] λ8727 lines in the nebular spectrum, are consistent with an ECSN. However, the lack of the O Iλ8446 line, which originates from the H-zone, contradicts this scenario. 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 ∼ 1042 erg s−1, a duration of 60–100 days, and a subsequent luminosity drop of approximately 4 magnitudes. Additionally, ejecta velocities during the plateau phase are expected to exceed 2000 km s−1. These predictions do not match the observed properties of SN 2018is.
Recently, Sato et al. (2024) proposed a new diagnostic to differentiate 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 (tPT/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 (100 d)−1, 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 Fe IIλ5169 and Sc IIλ6246 lines are notably low compared to other SNe in this category.
The nebular spectrum lacks lines such as He Iλ7065 and [C I] λ8727, which are expected in low-mass progenitors exploding but absent in SN 2018is. According to models, such as those proposed 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 spectra. 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 O Iλ8446 are strong evidences against EC nature of SN 2018is.
Semi-analytical modelling of the bolometric light curve suggests an ejecta mass of approximately 8 M⊙, implying a pre-supernova mass of about 9.5 M⊙, and an explosion energy of 0.40 foe (considering the high reddening scenario). Hydrodynamical modelling further supports a progenitor with a ZAMS mass of 9 M⊙ and a low explosion energy of 0.19 × 1051 erg. Additionally, the models suggest the presence of a dense CSM with a mass of at least 0.17 M⊙ close to the progenitor (within 200 R⊙) 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 population of low-luminosity Type II SNe.
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All the photometry tables are publicly available on Zenodo7. All spectra are publicly available8 on the WISeREP interface (Yaron & Gal-Yam 2012).
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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.


4 https://zenodo.org/records/14618123
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	[image: thumbnail]	Fig. 11. Position of SN 2018is on the absolute magnitude at 50 day (based on the low reddening (LR) and high reddening (HR) scenarios) vs. tPT, V band slope (s2) and 56Ni mass plot are shown alongside other SNe II. The sample from Anderson et al. (2014) and Valenti et al. (2016) are marked with a ‘+’, from Dastidar et al. (2024) with an ‘x’, and from this work with a ‘⋆’.
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	[image: thumbnail]	Fig. 12. Position of SN 2018is on the V band slope (s2) vs. tPT plot, alongside other SNe II. The points are colour-coded with MV50 d values. SNe for which MV50 d is not available are shown in grey. SN 2018is is colour-coded with MV50 d based on the high reddening scenario.
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	[image: thumbnail]	Fig. 13. Early spectra of SN 2018is are compared to spectra of other LLSNe II at similar epochs. The right panel shows the Hα region in velocity space, with the shaded area representing twice the FWHM of the Hα line for SN 2018is.
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	[image: thumbnail]	Fig. 14. Velocity evolution of the H Balmer and metal lines are compared with a sample of low and standard luminosity SNe IIP.
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	[image: thumbnail]	Fig. 15. Comparison of the nebular spectra of SN 2018is with other LLSNe II at similar epochs. The panels show the key spectral features [O I] λλ6300, 6364, Hα, [Fe II], [Ca II], [Ni II], [Fe I], and Ca II lines.
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	[image: thumbnail]	Fig. 16. Bolometric magnitude evolution of SN 2018is considering both the low extinction and high extinction estimates are shown in the top and bottom panels, respectively, and the corresponding 50 best-fitted light curves are over-plotted.
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	[image: thumbnail]	Fig. 17. Multi-band model light curves for scenarios with ‘No CSM’ and CSM extents of 430, 500 and 600 R⊙, with KCSM values of 2, 3, 4, and 5 × 1018 g cm−1, are shown alongside the observed light curves. The shaded region marks the area below tPT, after which non-LTE conditions dominate, making SNEC models invalid.
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	[image: thumbnail]	Fig. 18. Model photospheric velocities for scenarios with ‘No CSM’ and CSM extents of 430, 500 and 600 R⊙, and KCSM values of 2, 3, 4, 5 × 1018 g cm−1 are shown, alongside the line velocity of Sc IIλ6246 for SN 2018is.
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	[image: thumbnail]	Fig. 19. Model bolometric luminosities for scenarios with ‘No CSM’ and CSM extents of 430, 500 and 600 R⊙, and KCSM values of 2, 3, 4, 5 × 1018 g cm−1 are shown, alongside the observed bolometric luminosity of SN 2018is. The shaded region marks the area below tPT, after which non-LTE conditions dominate, making SNEC models invalid.
In the text



	[image: thumbnail]	Fig. 20. 386.7 day nebular spectrum of SN 2018is compared to the 9 M⊙ model and hydrogen-zone model of Jerkstrand et al. (2018). Narrow emission lines (probably) from the host galaxy in the observed spectrum have been removed.
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	[image: thumbnail]	Fig. 21. Spectrum cut-out of the 386.7 day spectrum showing the Gaussian fits to determine the [Ni II] λ7378/[Fe II] λ7155 in SN 2018is.
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        Position of SN 2018is on the absolute magnitude at 50 day (based on the low reddening (LR) and high reddening (HR) scenarios) vs. tPT, V band slope (s2) and 56Ni mass plot are shown alongside other SNe II. The sample from Anderson et al. (2014) and Valenti et al. (2016) are marked with a ‘+’, from Dastidar et al. (2024) with an ‘x’, and from this work with a ‘⋆’.
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        Position of SN 2018is on the V band slope (s2) vs. tPT plot, alongside other SNe II. The points are colour-coded with MV50 d values. SNe for which MV50 d is not available are shown in grey. SN 2018is is colour-coded with MV50 d based on the high reddening scenario.
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        Early spectra of SN 2018is are compared to spectra of other LLSNe II at similar epochs. The right panel shows the Hα region in velocity space, with the shaded area representing twice the FWHM of the Hα line for SN 2018is.
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        Velocity evolution of the H Balmer and metal lines are compared with a sample of low and standard luminosity SNe IIP.
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        Comparison of the nebular spectra of SN 2018is with other LLSNe II at similar epochs. The panels show the key spectral features [O I] λλ6300, 6364, Hα, [Fe II], [Ca II], [Ni II], [Fe I], and Ca II lines.
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        Bolometric magnitude evolution of SN 2018is considering both the low extinction and high extinction estimates are shown in the top and bottom panels, respectively, and the corresponding 50 best-fitted light curves are over-plotted.
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        386.7 day nebular spectrum of SN 2018is compared to the 9 M⊙ model and hydrogen-zone model of Jerkstrand et al. (2018). Narrow emission lines (probably) from the host galaxy in the observed spectrum have been removed.
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