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ABSTRACT

We present high-cadence photometric and low-resolution (R ~ 400-700) optical spectroscopic observations of Type IIP
supernova, SN 2018pq, which exploded on the outskirts of the galaxy IC 3896A. The optically thick phase (‘plateau’) lasts
approximately 97 d, the plateau duration of normal Type IIP supernovae. SN 2018pq has a V-band absolute magnitude of
—16.42 £ 0.01 mag at 50 d, resembles normal-luminous supernova, and the V-band decline rate of 0.42 4 0.06 mag 50 d~!
during the plateau phase. A steeper decline rate of 11.87 4 1.68 mag 100 d~! was observed compared to that of typical Type
IIP supernovae during the transition between plateau to nebular phase. We employ detailed radiative transfer spectra modelling,
TARDIS, to reveal the photospheric temperature and velocity at two spectral epochs. The well-fitted model spectra indicate SN
2018pq is a spectroscopically normal Type IIP supernova. Semi-analytical light curve modelling suggests the progenitor as a
red supergiant star with an ejecta mass of ~11 Mg and an initial radius of 424 Ry . On the contrary, hydrodynamical modelling
suggests a higher mass progenitor between 14 and 16 M.

Key words: methods: analytical — methods: numerical —techniques: photometric —techniques: spectroscopic —transients: su-
pernovae — supernovae: individual: SN 2018pq.

1 INTRODUCTION

Core-collapse supernovae (CCSNe) result from the gravitational
collapse of the iron core of massive stars (M > 8Mg; Smartt et al.
2009). Type II SNe, a subclass of CCSNe, are characterized by
prominent hydrogen (H) signatures in the spectra. Based on the
light curve morphology, Type II are further classified into two
classes: Type IIP (‘plateau’), showing a prominent plateau in the light
curve, and Type IIL (‘linear’), displaying a linearly declining light
curve (Barbon, Ciatti & Rosino 1979; Nomoto, Iwamoto & Suzuki
1995). Although recent studies have suggested a continuum in light
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curve shapes of Type II SNe, filling the gap between the traditional
Type IIP and Type IIL subclasses (Anderson et al. 2014; Sanders
et al. 2015; Valenti et al. 2016). Within a volume-limited sample,
Type IIP SNe are the most common, accounting for approximately
60 per cent of all Type II CCSNe (Li et al. 2011). This prevalence
provides a valuable opportunity to study correlations among observed
photometric properties and spectroscopic parameters (Hamuy 2003;
Anderson et al. 2014; Gutiérrez et al. 2014; Valenti et al. 2016;
Gutiérrez et al. 2017).

The distinctive photometric feature of Type IIP SNe is the
constant luminosity phase (plateau phase), which is attributed to
the recombination of H in shock-heated expanding SN-ejecta. Type
IIP SNe exhibit a diverse range of plateau durations (60-140 d after
peak brightness), absolute V-band magnitudes (—18 > My > —14
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mag), plateau phase decline rates (0-3 mag/50d) (Anderson et al.
2014; Valenti et al. 2016), and ejecta velocities (15009600 km sl
Gutiérrez et al. 2017). The heterogeneity in light-curve morphology
arises from the diversity in the progenitor properties, such as mass
(Smartt et al. 2009; Miiller et al. 2016; Sukhbold et al. 2016;
Morozova, Piro & Valenti 2018; Paxton et al. 2018), initial radius
(Kasen & Woosley 2009; Dessart et al. 2013), metallicity (Dessart
et al. 2014; Taddia et al. 2016), progenitor internal structure and
compositions (Laplace et al. 2021; Sukhbold et al. 2023), rotational
speed (Heger, Langer & Woosley 2000; Paxton et al. 2013), pre-
SN mass-loss (Smith 2014; Fuller & Shiode 2020), amount of H
envelope retained before the explosion, density and structure of the
immediate surrounding circumstellar medium (Graham et al. 2021;
Andrews et al. 2022; Moriya, Maeda & Blinnikov 2023), explosion
energy (Kasen & Woosley 2009; You et al. 2024), opacity (Kozyreva
et al. 2020; Potashov, Blinnikov & Sorokina 2021), mixing of S6Ni
(Paxton et al. 2018; Kozyreva, Nakar & Waldman 2019), and gamma-
ray leakage (Dessart 2021; Jerkstrand 2017). After the plateau, the
light curve falls exponentially, powered by the radioactive decay of
synthesized °Ni (0.001-0.360 My ; Anderson 2019; Rodriguez et al.
2021). The spectral evolution of Type IIP SNe typically features a
strong P-Cygni profile of H, indicating the presence of an extended
H envelope on the progenitor star before the explosion. Unlike Type
IIP SNe, Type IIL SNe lack a plateau phase, and their mean apparent
brightness is ~1.5 mag brighter than that of Type IIP (Patat et al.
1994). Faran et al. (2014) defines Type IIL as a subgroup of Type
II SNe whose V-band light curve declines by more than 0.5 mag
in the first 50 d of evolution and has a weaker absorption dip of H
lines than Type IIP. A continuous distribution in terms of light-curve
parameters, with no distinct boundary separating the two classes has
been observed Anderson et al. (2014).

Pre-explosion imaging suggests red supergiant (RSG) stars (8—
17 Mg; Smartt 2009, 2015; Arcavi 2017) as possible progenitors of
Type IIP CCSNe. Theoretical models suggest a much higher limit for
the initial mass of the progenitor for all Type II SNe (e.g. <40 Mg;
Fryer 1999, <30 Mg; Heger et al. 2003, <23 Mg; O’Connor & Ott
2011, 22-25 Mg; Miiller et al. 2016, <27 My; Sukhbold, Woosley
& Heger 2018). The lack of observational detection of such massive
stars is known as the ‘red supergiant problem’ (Smartt 2009; Davies
& Beasor 2020; Kochanek 2020). But, some studies suggest that
the statistical evidence for the missing high-mass progenitors does
not exist (Healy, Horiuchi & Ashall 2024; Beasor, Smith & Jencson
2025). Therefore, without direct imaging of pre-SN progenitor, light
curve and spectral modelling can address such unresolved questions
and the characteristics of progenitor stars that significantly influence
SN evolution.

For an order of magnitude estimation of the properties of the
progenitor star, analytical modelling is used (Arnett 1980; Arnett &
Fu 1989; Popov 1993). Synthetic light curves are fit to the bolometric
light curve of the observed SN and can constrain the initial properties
of the progenitor, such as ejecta mass, explosion energy, opacity,
ejecta velocity, and synthesised *°Ni mass. These models assume
homologous expansion and a spherically symmetric SN ejecta. Nagy
et al. (2014) gave a semi-analytical model, assuming an SN with
a dense core and an envelope with an exponential density profile.
Jiger Zoltan et al. (2020) further modified the model by utilizing the
Markov Chain Monte Carlo (MCMC) method and considering only
the core part which resulted in the synthetic light curves failing
to replicate the light curve at early stages (t < 20 d). Detailed
hydrodynamical modelling could be more reliable, but, it is time-
consuming and computationally expensive. 1D approximations like
the combination of Module for Experiments in Stellar Astrophysics
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Figure 1. i-band image of SN 2018pq in IC 3896A, taken with the Im LCO
telescope on 2018 February 11, approximately 25 d since the explosion.

(MESA; Paxton et al. 2010, 2015, 2018, 2019) and STELLA (the
radiative transfer code available publicly; Blinnikov et al. 1998;
Blinnikov & Bartunov 2011), can be a useful tool to model the
evolution of CCSNe through its complicated phases. MESA +
STELLA can produce synthetic light curves based on the given initial
parameters and allows for the estimation of the critical parameters
for stellar evolution, such as the initial mass, metallicity, rotational
speed, wind speed, mass-loss rate, initial radius, explosion energy,
velocity evolution, final mass, and the amount of synthesized SON
mass during the explosion.

This work presents the photometric and spectroscopic analysis of
a normal Type IIP SN 2018pq. The SN was discovered on 2018
February 8 (JD 2458157.88) at a V-band magnitude of 15.7 by the
All-Sky Automated Survey for Supernovae (ASAS-SN) in the host
galaxy IC 3896A (Prieto & Stanek 2018). The last non-detection was
reported at V < 17 mag on 2017 December 31 . The host redshift
of 0.00711 £ 0.00003 corresponds to a distance of 23.56 + 1.71
Mpc! (corrected for Virgo + GA + Shapley) assuming Hy = 73
kms™! Mpc™!, Qmager = 0.27, and Qyaccum = 0.73. This distance is
adopted throughout the paper for further analysis. The line-of-sight
Galactic extinction towards the host galaxy IC 3896Ais E(B — V) =
0.186 mag (Schlafly & Finkbeiner 2011). The SN exploded on the
outskirts of the host galaxy as shown in Fig. 1. There is little to
no signature for the NaID absorption line at the redshift of the host
galaxy in the spectral sequence of SN 2018pq, indicating negligible
host extinction that agrees with the SN location in the host galaxy.
We, therefore, consider only galactic extinction for further analysis.
The explosion epoch is estimated using GEneric cLAssification TOol
(GELATO; Harutyunyan et al. 2008). The first (JD 2458160.60) and
second (JD 2458162.88) spectra of SN 2018pq best match with SN
1999¢i at phase 29.8 d and SN 1995ad at phase 23.9 d, respectively.
The average of the explosion epochs derived from the two spectra
is JD 2458135.14 + 3.84, which is adopted as the estimated epoch
of explosion, with the standard deviation taken as the associated
uncertainty. The properties of SN 2018pq and its host galaxy are
listed in Table 1.

Section 2 of the paper outlines the observations and data reduction
procedure. The light-curve properties and the comparison of colour

INED

MNRAS 541, 384-395 (2025)

Gz0z Jaqwieoa( G| uo 1sanb Aq 988691 8/78E/L/L ¥S/aIo1e/Seluw/Wwod dno olwapeae//:sdiy Wol) papEojuMo(]


https://ned.ipac.caltech.edu/byname?objname=IC+3896A\&hconst=73\&omegam=0.27\&omegav=0.73\&wmap=1\&corr_z=4

386 M. Dubey et al.

Table 1. Basic information on SN 2018pq and its host galaxy IC 3896A.
The host galaxy parameters are taken from NED.

SN 2018pq
SN type Type IIP
RA 1255™31.290°
Dec —50403"16.96°
Discovery date (JD) 2458157.88
Estimated explosion epoch (JD) 2458135.14 £ 3.84
Distance (Mpc) 23.56 £ 1.71
Total extinction E(B — V) (mag) 0.186

IC 3896A
Galaxy type SB(rs)cd
Major axis diameter (arcmin) 3.60
Minor axis diameter (arcmin) 3.00
Redshift 0.00711 % 0.00003
Helio. Velocity (km s~ 1) 1720 + 32

and absolute magnitude of SN 2018pq with other SNe are discussed
in Section 3. The identification of key spectral features and their
comparison with other SNe are presented in Section 4. In the same
section, radiative transfer spectral modelling using TARDIS is also
discussed. Analytical and hydrodynamical modelling of the quasi-
bolometric light curve and the derived parameters are discussed in
Section 5. Finally, the findings of SN 2018pq based on observations
and their implications are discussed in Section 6.

2 OBSERVATION AND DATA REDUCTION

Multi-epoch imaging of SN 2018pq was acquired with the 1 m
telescopes furnished with the Sinistro camera in BVgri filters of
the Las Cumbres Observatory (LCO; Brown et al. 2013) network
of telescopes as part of the Global Supernova Project (GSP). The
photometric observations started on 2018 February 9, one day after
the discovery, and continued till 2018 August 14, covering the
plateau, fall from the plateau, and the nebular phase of the SN. The
data reduction and PSF photometry of the SN was performed using
the 1cogtsnpipe? pipeline (Valenti et al. 2016). Colour terms
and nightly zero points for each filter were determined using the
AAVSO Photometric All-Sky Survey (APASS; Henden et al. 2016)
catalogue, which were later used to obtain the calibrated SN mag-
nitudes. The multicolour photometry of SN 2018pq is presented in
Table 2.

Low resolution (R ~ 400-700) spectroscopic observations at five
epochs from 2018 February 11 to April 6 were acquired with the
FLOYDS spectrograph mounted on the LCO 2m telescopes using
a 2 arcsec slit. The floydsspec? pipeline (Valenti et al. 2014)
was used to extract 1D spectra including the wavelength and flux
calibration. We include the publicly available spectrum observed on
2018 February 13 (JD 2458162.88) acquired by the extended Public
ESO Spectroscopic Survey of Transient Objects team (ePESSTO+;
Smartt et al. 2015) with the EFOSC spectrograph (R ~ 300-600)
using 1 arcsec slit mounted on the 3.6m ESO-New Technology
Telescope (NTT). All spectra were scaled by the 1ightcurve-
fitting* module (Hosseinzadeh & Gomez 2022) to recover the

Zhttps://github.com/LCOGT/Icogtsnpipe/
3https://github.com/svalenti/FLOYDS _pipeline/
“https://github.com/griffin-h/lightcurve_fitting

MNRAS 541, 384-395 (2025)

flux loss due to slit size and corrected for the galactic redshift. The
log of spectroscopic observation is presented in Table 3.

3 LIGHT-CURVE FEATURES

The observed light curves of Type II SNe show a wide range in
their properties. Studying the evolution of light curves allows us
to understand their diverse origins and reveal important physical
processes behind the explosions. The multiband temporal evolution
of SN 2018pq spanning from ~23 to 209 d after the explosion is
shown in Fig. 2. The early rise and peak of the light curve are
missing in our observations, due to the large gap (~23 d) between
the explosion and discovery of the SN. The light curve, however,
has a good cadence in the plateau, the fall from the plateau to
the radioactive tail, and the nebular phase. The V-band absolute
magnitude at 50 d after the explosion is —16.42 + 0.01 mag with the
decline rates during the plateau phase in BgVri bands are 2.6 £ 0.14,
1.6 £0.10, 0.81 4 0.06, 0.47 & 0.06, and 0.15 & 0.07 mag 100d~",
respectively.

The following analytical function (Valenti et al. 2016) is used to
extract the light-curve parameters:

—ap
Y(O) = ——= + po x 1t +my. (D
14+e 0

In this equation, the depth and duration of the drop from the plateau
to the nebular phase are represented by @y and 6 x wy, respectively.
t is the epoch of the explosion, zp7 is the plateau duration in days,
the parameter pg constrains the slope before and after the drop and
my is a constant. The first term in the above equation represents the
Fermi-Dirac function, which describes the phase transition between
the plateau and the nebular phase. To replicate the slope of the light
curve before and after the drop, the second component adds the slope
to the Fermi-Dirac function. This analytical function was fit to the
V-band light curve of SN 2018pq using the MCMC method with the
EMCEE’ module (Foreman-Mackey et al. 2013). The estimated best-
fit parameters for tp7, ag, wy, and pg are 97.57 £ 0.05 d, 2.24 £+ 0.01
mag, 3.30 = 0.07 d, and 0.0084 + 0.0082 mag d~', respectively. The
best-fitting analytical function to the V-band light curve is shown in
Fig. 2 with a red solid line.

To compare the light curve and spectral properties of SN 2018pq
with other Type IIP SNe, we constructed a comparison sample that
constitutes SNe with varying plateau lengths and luminosities. The
distance, reddening, and other physical parameters of the SNe in the
comparison sample are listed in Table 4.

Fig. 3 depicts the (B — V), colour evolution of SN 2018pq, SNe
of the comparison sample and the samples taken from de Jaeger
et al. (2018) represent with grey points. The colours of all SNe are
computed after correcting for reddening. The temporal evolution of
reddening-corrected broad-band colours reveals crucial information
about the dynamics of the SN ejecta. We notice that the (B — V)
colour of SN 2018pq gradually becomes redder by about 1.75 mag
until 111.6 d since explosion, representing the expansion and cooling
of the ejecta over the first 100 d. This colour evolution is similar to
SNe 2012aw and 2019edo till 75 d post-explosion. After the end
of the plateau phase, the colour shifts bluewards. At this stage, the
radiation from radioactive decay, mainly from *°Ni, is prominent and
heats the SN ejecta.

The V-band absolute magnitude light curve of SN 2018pq, Type
IIP SNe of the comparison sample and the sample SNe taken from

Shttps://emcee.readthedocs.io/en/stable/
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Table 2. BVgri photometry of SN 2018pq with the LCO telescopes.

SN 2018pq 387

Date D Phase“ B \%4 g r i

(UT) d (d (mag) (mag) (mag) (mag) (mag)
2018-02-09.31 2458158.81 23.7 16.38 £0.01 15.79 £ 0.01 15.99 + 0.01 15.6 £ 0.01 15.49 £+ .01
2018-02-11.26 2458160.76 25.6 16.53 £0.01 15.83 £ 0.01 16.09 £ 0.01 15.6 £ 0.01 15.50 £ 0.01
2018-02-12.10 2458161.60 26.5 16.51 £0.01 15.82 £ 0.03 16.13 £ 0.05 15.56 + 0.04 15.4 +0.02
2018-02-13.23 2458162.73 27.6 16.66 £ 0.01 15.87 £ 0.01 16.18 £ 0.01 15.59 £ 0.01 15.53 £ 0.01
2018-02-17.18 2458166.68 31.5 16.79 £ 0.01 15.91 £ 0.01 16.27 £ 0.01 15.61 £ 0.01 15.51 £ 0.01
2018-02-20.91 2458170.41 35.3 16.97 £0.02 15.98 £ 0.02 16.29 £ 0.03 15.70 £ 0.01 15.53 £ 0.03
2018-02-25.18 2458174.68 39.5 17.06 £ 0.01 15.96 £ 0.01 16.43 £ 0.01 15.66 £ 0.01 15.52 £ 0.01
2018-03-01.14 2458178.64 435 17.15£0.01 15.99 £ 0.01 16.49 £ 0.01 15.66 £ 0.01 15.49 £ 0.01
2018-03-04.85 2458182.35 47.2 17.23 £0.02 16.02 £ 0.01 16.54 £+ 0.01 15.67 £ 0.01 15.48 £ 0.01
2018-03-09.39 2458186.89 51.8 17.32 £0.01 16.02 £ 0.01 16.58 £ 0.01 15.69 £ 0.01 15.48 £ 0.01
2018-03-12.72 2458190.22 55.1 17.42 £0.02 16.05 £ 0.01 16.50 £ 0.01 15.71 £ 0.01 15.50 £+ 0.01
2018-03-17.30 2458194.80 59.7 17.47 £0.01 16.07 £ 0.01 16.69 £ 0.01 15.70 £ 0.01 15.47 £ 0.01
2018-03-20.88 2458198.38 63.2 17.59 £0.01 16.09 £ 0.01 16.76 £ 0.01 15.71 £ 0.01 15.49 £+ 0.01
2018-03-23.06 2458200.56 65.4 17.70 £ 0.02 16.13 £ 0.01 16.81 £ 0.01 15.73 £ 0.01 15.50 £ 0.01
2018-03-29.08 2458206.58 71.4 17.65 £ 0.02 16.15 £ 0.01 16.79 + 0.01 15.74 £+ 0.01 15.51 £ 0.01
2018-04-04.20 2458212.70 77.6 17.82 £0.02 16.25 £ 0.01 16.93 £ 0.01 15.81 £ 0.01 15.57 £ 0.01
2018-04-11.70 2458220.20 85.1 18.12 £ 0.02 16.43 £+ 0.01 17.18 £ 0.01 15.97 £ 0.01 15.71 £ 0.01
2018-04-17.56 2458226.06 90.9 18.41 £0.02 16.66 £ 0.01 17.46 £ 0.01 16.17 £ 0.01 15.91 £ 0.01
2018-04-23.74 2458232.24 97.1 19.17 £ 0.09 17.33 £ 0.02 18.22 + 0.02 16.72 + 0.01 16.47 + 0.01
2018-04-25.12 2458233.62 98.5 19.39 £ 0.04 17.71 £ 0.01 18.52 £ 0.01 17.04 £ 0.01 16.81 £ 0.01
2018-04-28.11 2458236.61 101.5 19.90 + 0.17 18.41 £ 0.04 19.34 + 0.06 17.54 + 0.02 17.28 + 0.06
2018-04-30.36 2458238.86 103.7 20.28 £ 0.41 18.47 £ 0.03 19.44 £ 0.05 17.71 £ 0.01 17.45 £ 0.01
2018-05-02.05 2458240.55 105.4 - 18.61 £ 0.10 19.51 £ 0.16 17.80 + 0.05 17.54 + 0.05
2018-05-03.06 2458241.56 106.4 - 18.73 £ 0.08 - 17.84 £ 0.02 17.51 £ 0.03
2018-05-04.38 2458242.88 107.7 - 18.79 £ 0.02 - 17.84 + 0.01 17.59 + 0.01
2018-05-08.26 2458246.76 111.6 20.69 £ 0.06 18.74 £ 0.02 19.66 £ 0.02 17.87 £ 0.01 17.61 £ 0.01
2018-05-12.22 2458250.72 115.6 20.61 £+ 0.06 18.81 £ 0.01 19.74 + 0.02 17.93 + 0.01 17.66 £ 0.01
2018-05-16.24 2458254.74 119.6 20.58 £ 0.04 18.81 £ 0.01 19.69 + 0.01 17.97 £ 0.01 17.71 £ 0.01
2018-05-20.38 2458258.88 123.7 - 18.95 £+ 0.03 - 18.05 + 0.01 17.78 £ 0.02
2018-05-22.22 2458260.72 125.6 20.57 £ 0.04 18.88 + 0.01 19.72 £ 0.02 18.00 £ 0.01 17.82 £ 0.02
2018-05-25.00 2458264.50 129.4 20.72 £ 0.16 - - - -
2018-05-26.02 2458264.52 129.4 20.62 £0.12 18.85 £ 0.03 19.81 £ 0.04 18.05 £ 0.02 17.87 £ 0.02
2018-06-02.06 2458271.56 136.4 20.76 + 0.07 18.98 + 0.02 19.82 + 0.03 18.09 + 0.01 17.96 £ 0.01
2018-06-10.71 2458280.21 145.1 20.73 £0.16 19.02 £ 0.03 20.01 £ 0.03 18.16 £ 0.01 18.04 £ 0.02
2018-06-20.09 2458289.59 154.5 20.63 + 0.05 19.14 £ 0.02 19.82 + 0.02 18.24 + 0.01 18.15 £ 0.01
2018-06-30.11 2458299.61 164.5 20.74 £ 0.36 19.24 £ 0.09 19.88 £ 0.12 18.36 £ 0.03 18.30 £ 0.05
2018-07-08.09 2458307.59 172.5 20.80 £ 0.05 19.33 £0.02 20.02 £ 0.02 18.38 £ 0.01 18.39 £0.01
2018-07-13.67 2458313.17 178.1 21.06 £0.11 19.39 £ 0.02 20.07 £ 0.01 18.46 £+ 0.01 18.44 £ 0.01
2018-07-26.97 2458326.47 191.3 20.79 £0.19 19.57 £ 0.08 - - -
2018-07-27.01 2458326.51 191.4 - - - 18.57 £ 0.05 18.56 £ 0.04
2018-07-28.43 2458327.93 192.8 20.70 £ 0.29 19.63 £ 0.08 - 18.61 £ 0.07 18.50 £ 0.26
2018-07-30.17 2458329.67 194.5 20.96 £ 0.06 19.53 £ 0.02 20.16 £ 0.05 18.57 £ 0.01 18.61 £ 0.02
2018-08-12.38 2458342.88 207.7 - - 20.33 + 0.02 18.76 + 0.01 18.78 £ 0.02
2018-08-13.69 2458344.19 209.1 21.19 £ 0.05 19.70 £ 0.02 20.36 £ 0.03 18.75 £ 0.02 -
2018-08-14.00 2458344.50 209.4 - - - 18.78 £ 0.02 18.83 £0.02

“Phase with respect to the explosion epoch (JD = 2458135.14).

Table 3. Log of spectroscopic observations.

Date D Phase” Exposure time
(uT) (@ () (s)
2018-02-11.60 2458160.60 25.5 1800.00
2018-02-13.38° 2458162.88 27.7 180.00
2018-03-09.75 2458186.75 51.6 2700.00
2018-03-17.56 2458194.56 59.4 2700.00
2018-03-29.52 2458206.52 71.4 2700.00
2018-04-06.61 2458214.61 79.5 2700.00

“Phase with respect to the explosion epoch (JD

bNTT/EFOSC spectrum.

2458135.14).

Anderson et al. (2014) represent in grey lines are shown in Fig. 4.
The absolute magnitudes of the SNe are corrected for distance and
extinction values listed in Table 4. The V-band absolute magnitude
of SN 2018pq at 50 d after the explosion is —16.42 £ 0.01, like
normal Type IIP SNe 1999em and 2012aw. The decline of SN 2018pq
(11.8741.68 mag 100 d~') from the plateau to the nebular phase is
steeper than other SNe. A similar trend was seen in SN 2013ab (8.7 £
0.2 mag 100 d~'; Bose et al. 2015). The drop at the transition is 2.24
+0.01 mag, similar to SN 2021gmj (Meza Retamal et al. 2024; Murai
et al. 2024). Hence, SN 2018pq exhibits a plateau length of 97.57
=+ 0.05 d, similar to other normal Type IIP SN, such as SN 1999em
(95 d) and SN 2012aw (96 d), but with a sharp decline during phase
transition, which signifies a rapid decrease in luminosity. The decay
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Figure 2. The BVgrilight curves of SN 2018pq from ~ 23 to 209 d since the
explosion spanning the plateau, fall from the plateau and the nebular phase.
A thick pink line in the V-band light curve represents the slope during the
plateau phase. Valenti et al. 2016, as it is essential to mention here for the
analytical modelling using to model the V-band light curve. The model light
curves are shown in red colour..

rate in the nebular phase was 0.99 & 0.03 mag 100 d~!, compatible
with the expected decay rate of *°Co to *°Fe (0.98 mag 100 d™!).

3.1 Estimation of **Ni mass

The deeper layers of the SN ejecta can be probed during the optically
thin nebular phase. At this time, the ejecta is transparent to optical
photons but is still opaque to gamma rays, and the luminosity
is proportional to the synthesized °Ni. Using the tail luminosity,
we estimated the amount of °Ni synthesized during the explosion
employing the Hamuy (2003) expression (equation 2):

) _ 6.1
R

My; =7.866 x 107 x L, exp 2)

111.26

where , is explosion time, 6.1 d is the half-life of 56Ni, and 111.26 d
is the e-folding time of **Co. The luminosity in the nebular phase, L,
(equation (3); Hamuy 2003), is estimated from the V-band magnitude
corrected for distance, extinction, and bolometric correction (BC)
factor of 0.26 £ 0.06 (Hamuy 2001):

log(L,) = —0.4[V, — A,(tot) 4 BC] 4 2logD — 3.256, 3)

where D represents the distance of the SN in centimetres. We estimate
My; at the last five epochs in the nebular phase. To accurately
estimate the error in My;, we use Bayesian inference and compare
the V, values predicted by equation (3) to the observed ones, taking
into account the uncertainties in V,, BC, distance, f(, and z. We run
10 000 iterations of MCMC simulations and find the value of My; is
0.025 £ 0.004 M.

The *Ni mass of SN 1987A (0.075 & 0.005 M) was accurately
determined in Arnett & Chevalier (1996). Assuming similar gamma-
ray leakage from the SN ejecta and comparing the quasi-bolometric
light curves (constructed using the BVgri bands) of both SNe 1987A
and 2018pq, the synthesized *°Ni mass can be estimated using
equation (4) (Spiro et al. 2014):

Myi = [0.075 x (Lsn/Lgia)Mo. @

Here, Lg;4 and Lgy are the luminosities at the tail phase of the quasi-
bolometric light curves of SNe 1987A and 2018pq, respectively. For
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SN 2018pq, we estimated the *’Ni mass using equation (4) at the
same five epochs considered in the previous method, accounting for
the uncertainties in Lgy, and Lgzs. The weighted average of these
individual estimates is considered to be the *°*Ni mass. Additionally,
we add in quadrature the distance uncertainty, resulting in a °Ni
mass of 0.039 £ 0.014 Mg.

36Ni mass can also be estimated from the slope of the drop from the
plateau phase to the nebular phase. Elmhamdi, Chugai & Danziger
(2003b) used the steepness parameter S = —dM, /dz, defined as the
slope of transition from the plateau to the radioactive tail phase, to
determine the °Ni mass. S is anti-correlated with *°Ni mass. An
increase in *°Ni mass enhanced the degree of mixing and has a larger
contribution to radiative diffusion at the end of the plateau, causing
a lower S value. The modified relation, by Singh et al. (2018) with a
larger sample of Type II SNe, between *Ni mass and S is represented
in equation (5):

logM (*®Ni) = —(3.5024 % 0.0960) x S — 1.0167 £0.0034.  (5)

Using the steepness parameter, S = 11.87 £ 1.68 mag 100 d~' for
SN 2018pq, the estimated *Ni was found to be 0.037 £ 0.006 M.

The synthesized *°Ni mass has been determined from the above-
mentioned methods. The weighted average of °Ni mass from
different methods is 0.029 £ 0.003 M, taken as the amount of *°Ni
synthesized during the explosion.

4 SPECTRAL ANALYSIS

The redshift corrected spectra from ~25 to ~79 d after the explosion
are shown in Fig. 5. All spectra are normalised with their median
value and prominent absorption lines are marked. Spectra display the
P-Cygni profile of H« line, one of the main characteristic properties
of Type II SNe. In the photospheric phase, strong H Balmer lines
represent an extended H envelope and a gradual density profile with
high expansion velocity, which is usually seen in the spectra of Type
ITP SNe. Metal lines (such as Fe 11, Sc 11, Ca 11 NIR triplet) become
stronger with time, revealing the formation of several heavy ions.

4.1 Key spectroscopic features

The first spectrum of SN 2018pq was obtained at the early photo-
spheric phase. In a simplified setting, assuming a grey atmosphere, a
photosphere is defined as a surface at which the optical depth reaches
T =2/3, and the temperature is equal to the effective temperature (Sim
2017). In this phase, due to the high optical thickness of SN ejecta,
photons cannot escape directly from the inner region; as a result, we
get pseudo-continuum spectra with discrete spectral features in this
phase of evolution.

In the first spectrum of SN 2018pq, the P-Cygni profile of the
Ha (6563 A) line is visible on top of the continuum. The emission
counterpart of H e profile is larger than the other spectra, indicating
higher photospheric velocity at this epoch than the later epochs (see
Fig. 8). Small peaks of metal lines are also visible in this spectrum as
the photosphere recedes inwards. In the mid-plateau spectrum of 51.6
d, metal lines are much clearer as they emerge from the photosphere.
The emission-line profile of Ho becomes narrower with time, as
the ejecta expands and becomes less dense, we see less number
of photons scattered from high-velocity regions relative to regions
closer to the photosphere, which is receding inward into the ejecta.
The H B (4861 A) and Na ID (5893 A) lines are visible. Fe 11 (4924
A,5018 A, 5169 A), Can NIR triplet (8498, 8542, 8662 A), and Sc 1t
(6245 A) lines are visible prominently at 51.6 d and later spectra.
The absorption profile of Fe Il and Ca11 NIR lines becomes stronger
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Table 4. Properties of the Type IIP SNe in the comparison sample.
Parent Distance ALt M3 tp E(10°") R M, SNj

Supernova galaxy (Mpc) (mag) (mag) (d) (erg) (Rp) (Mg) (Mg) Ref.
1999em NGC 1637  11.7(0.1) 031 —16.69 £ 0.01 95 05-1 120 — 150 10—11 0.0421'8:8% 1,2,3
2005cs M5l 7.1(1.2) 0.16 —14.83+£0.10 ~130 0.3 - 8-13 0.003 4
2012aw NGC 3351 9.9 (0.1) 023 —16.67£0.04 9611 09+03 337 £ 67 14+5 0.06 + 0.01 5
2013ab NGC 5669  24.0(0.9) 0.14 —16.70+0.10 ~78d ~0.35 ~600 ~7 0.064 + 0.003 6
2016gfy NGC 2276  29.64 (2.65) 065 —16.74+022 ~102.5 090+0.15 31070 1324+1.2  0.033 £ 0.003 7
2019edo  NGC4162 36.18(1.83)  0.097 —16.12 ~76 0.8 500 6.6 ~0.05 8
2021gmj  NGC 3310 17.8f8:f{ 0.153 —15.45 ~100 0.294 - 10 0.014 £+ 0.001 9,10
2021yja NGC 1325 21.8 0.32 -17.5 ~125 1.53 631 12.3 0.175-0.2 11,12
2018pqg  IC3896A 23.56 (1.71) 0.578 —16.42£0.01 97.577005 2567701 42432758 10.66070228  0.029 £ 0.003 This work

References: (1) Hamuy et al. (2001), (2) Leonard et al. (2002), (3) Elmhamdi et al. (2003a), (4) Pastorello et al. (2009), (5) Bose et al. (2013), (6) Bose et al.

(2015), (7) Singh et al. (2019), (8) Tsvetkov et al. (2022), (9) Meza Retamal et al. (2024), (10) Murai et al. (2024), (11) Kozyreva et al. (2022), (12) Hosseinzadeh

et al. (2022).
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Figure 3. Comparison of the (B — V), colour of SN 2018pq with other Type
IIP SNe. The grey points represent the sample from Jaeger et al. (2018).
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Figure 4. Comparison of V-band absolute magnitude of SN 2018pq with
other Type IIP SNe. The comparison sample (grey lines) corresponds to the
Type II SN sample from Anderson et al. (2014).

with time. At 71.4 d, the SN enters a cooler photosphere phase when
the photosphere penetrates the deeper layers rich in heavier metals.
As the last spectrum (79.5 d) is noisy and difficult to find any spectral
features, smoothing is applied to it with a 1D filter of window length
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Figure 5. Spectral evolution of SN 2018pq spanning from ~25 to 79.5 d
since explosion shows the presence of the P-Cygni profile of H o along with
several metal lines (such as Fe 11, Sc 11, Ca 11 NIR triplet) throughout the
plateau phase.

18 and a second-order polynomial, revealing the presence of H « and
Ca11 NIR lines.

In Figs 6 and 7, the spectra of SN 2018pq at two epochs (25.5
d and 51.6 d) are compared with Type IIP SNe of the comparison
sample. The Ha line is well matched with all SNe at both epochs,
confirming SN 2018pq to be a Type IIP SN. Metal line profiles
like Fe11 and Ca1l are also well-matched. SN 2018pq bears a close
resemblance in terms of spectral line features with SNe 1999em,
2012aw, 2013ab, and 2019edo. Compared to other SNe, SN 2018pq
exhibits a weaker H g line, indicating a lower temperature in the
ejecta. A narrow emission line (6563 A) is apparent on top of the
continuum in the spectrum of SN 2016gfy, indicating the emission
from its host H 11 region (Singh et al. 2019). The contamination of the
nearby H 1l region is also visible in the spectra of SN 2021gmj (Murai
et al. 2024). The width of the Ha P-Cygni profile in SN 2018pq is
similar to SN 2021gmj in the 51.6 d spectra. This is wider than the
low luminous SN 2005cs but narrower than normal SNe 2019edo,
2013ab, and long-plateau SN 2021yja.

The Ha and Fell (5169A) line velocities were calculated from
the blue-shifted minima measured by fitting a Gaussian in each line
profile in the spectra at four different epochs (25.5, 51.6, 59.4, and
71.4 d) to reveal the velocity evolution. In Fig. 8, Ho and Fe I line
velocities of SN 2018pq have been shown along with the SNe of the
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Figure 7. Comparison of the 51.6 d spectrum of SN 2018pq with other Type
IIP SNe during the mid-plateau phase. The comparison sample is taken from
Table 4.

comparison sample and the mean velocity level of the 122 samples
(Gutiérrez et al. 2017), illustrated by the shaded grey region. The
rate of expansion of the outermost layer is represented by Ha line
velocity, which is higher than photospheric velocity, represented by
Fe1l line velocity. The velocity evolution of SN 2018pq is lower
than the mean velocity level, indicating slow-evolving SN, and
similar to the velocity evolution of SN 1999em. The line velocities
continuously decrease as the photosphere moves deeper inside the
ejecta. The velocity evolution of SN 2018pq is more or less like a
normal Type IIP SNe as it is higher than the sub-luminous SN 2005¢cs
and lower than long-plateau SN 2021yja.

4.2 TARDIS radiative transfer modelling

We performed the spectra modelling of SN 2018pq using a version
of the radiative transfer code TARDIS (Kerzendorf & Sim 2014),
which was repurposed for the early photospheric phase of Type II
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Figure 8. Upper Panel: Comparison of H « line velocity of SN 2018pq with
other Type ITP SNe. Lower Panel: Comparison of Fe I (5169A) line velocity
of SN 2018pq with other Type IIP SNe along with mean velocity (blue line)
and standard deviation of mean velocities (grey-shaded region) of 122 Type
IIP/IIL sample (Gutiérrez et al. 2017).

SNe (Vogl et al. 2019). In the code, H excitation and ionization
are treated under non-local thermodynamic equilibrium (NLTE)
conditions, which allows for the accurate modelling of the Balmer
line series. The code treats the ejecta as spherically symmetric and
homologous expanding, parametrized only by a handful of input
parameters. The modelling is further simplified by the use of power-
law density profiles (in the form of p = po(r/ry)™", where py denotes
the density at a characteristic radius ry, and n representing the power-
law steepness) and a uniform chemical composition, which are well-
motivated assumptions in the photospheric phase of Type II SNe
(see Dessart & Hillier 2006; Dessart et al. 2008; Vogl et al. 2019).
However, the code does not account for time-dependent effects, and
it also neglects the NLTE treatment of iron group elements, both of
which become significant with the metal line blanketing a couple of
weeks after the explosion. To this end, the standard TARDIS Type
IT SN modelling is most applicable in the first month of the SN
evolution.

To fit the TARDIS spectra to the SN 2018pq observations, we
employed the spectral emulator of Vogl et al. (2020). During the
fitting, we followed the strategy described in Vasylyev et al. (2022,
2023) and Csornyei et al. (2023a, b), performing the maximum
likelihood-based fitting of the spectra. Csornyei et al. (2023b) de-
scribes the most up-to-date grid of models used to train this emulator
and the fitting. For the fitting, the spectra are corrected for the galactic
reddening component of E(B — V) = 0.186 mag towards the SN as
mentioned in Section 1 and normalized to the maximum flux. We
then employed the emulator to infer the photospheric temperature
(Tpn), photospheric velocity (v,;), and the steepness of the density
profile (n) for each spectral epoch. For the fitting, we have masked
the O, band telluric regions.

Fig. 9 shows the best-fitting spectra for the 25.5 and 27.7 d of SN
2018pq. The fits show a good agreement with the spectra, with most
of the metal line blanketing region, Balmer lines, and the Call triplet
features reproduced adequately. The most significant qualitative
mismatch is seen between the strength of lines corresponding to
Fe1/m and Call in the blanketing region, which are predicted to
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Figure 9. The best-fitting spectra obtained from TARDIS modelling for the
epochs 25.5 d, and 27.7 d of SN 2018pq. The unsmoothed and smoothed
spectra are presented in grey and blue colour, respectively.

Table 5. Best-fitting physical parameters obtained through the TARDIS
modelling.

Epoch n vpp (km s7h Tpn (K)
25.5 8.9 5662 6031
27.7 8.6 5642 5998

be stronger by the TARDIS models, and are a result of the LTE
treatment for the iron group elements as discussed above. Beyond this
mismatch, the good fit indicates that SN 2018pq is a spectroscopically
normal Type II SN. The best-fitting parameters obtained from the
modelling are displayed in Table 5.

5 LIGHT-CURVE MODELLING

5.1 Semi-analytical modelling

The quasi-bolometric light curve of SN 2018pq was made by
using BgVri bands using SuperBol (Nicholl 2018), excluding the
contributions from the infrared (IR) and ultraviolet (UV) regions.
Jager et al. (2020) modified the Nagy et al. (2014) model to obtain
the best-fitting core parameters and their uncertainties by including
the MCMC method. This model assumes a spherically symmetric SN
ejecta expanding homologously, with a core of uniform density, and
outer layers with an exponential density profile. The model fits only
the core part and hence, uses the light curve ~30 d after the explosion.
The radiation transport used by this code is based on the radiation
diffusion model, provided by Arnett & Fu (1989). For modelling,
we sampled four main initial properties of the progenitor star in
the input file: radius (Ry), ejecta mass (M,;), kinetic energy (Ej),
and thermal energy (E;). Arnett & Fu (1989) found a correlation
between the parameters using the Pearson correlation coefficient
method, revealing that the two pairs of parameters: M,; — E; and
E — Ry are highly correlated. The recombination temperature and
Thomson scattering opacity (i) were kept at 5500 K and 0.3 cm? g~ !,
respectively, while performing the modelling. In Fig. 10, 50 best-
fitting light curves to the quasi-bolometric light curve of SN 2018pq
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are shown. The plateau and drop from the plateau to nebular phase
are well reproduced by the model. The best-fitting model estimates
the M,; = 10.710-3 Mg, with an E; = 2.6703x 10" erg. Assuming
the proto-neutron star mass of 2 Mg, the total progenitor mass
is inferred to be around 13 Mg. The plateau duration is highly
affected by the M,;, Ry, and Ej, whereas the tail part is highly
dependent on the °Ni mass and gamma-ray leakage. Here, the effect
of magnetar was not considered. The recombination temperature has
a minimal effect on the light curve. The modelling was performed on
the quasi-bolometric light curve; therefore, the estimated explosion
parameters should be considered as the lower limits. The model
does not reproduce the tail part of the quasi-bolometric light curve
beyond 140 d, as, at this stage, the SN ejecta become optically
thin, and the tail luminosity is governed by several factors such as
asymmetries and the mixing of nickel into the outer layers. These
factors are not considered in the model. Therefore, the model could
not fit the observed light curve during late phases, and the obtained
6Ni mass from the model is not reliable. The values of corresponding
physical parameters with their 1o uncertainties and the prior range
are provided in Table 6.

5.2 Hydrodynamical modelling: MESA + STELLA

We employ 1D hydrodynamical modelling using the Module for
Experiments in Stellar Astrophysics (MESA; Paxton et al. 2015),
version r-15140, combined with the radiative transfer code, STELLA
(Blinnikov et al. 1998) for modelling the quasi-bolometric light curve
and exploring the explosion and progenitor properties of SN 2018pq.

—16F

—15F

—14f

Quasi-bolometric magnitude

—13F

-12

0 50 100 150 200
Days since explosion

Figure 10. The quasi-bolometric light curve of SN 2018pq with the 50 best-
fitting light curves is shown, following Nagy et al. (2014, 2016) and Jager
et al. (2020).

Table 6. The best-fitting core parameters with 1o uncertainties for the
quasi-bolometric light curve of SN 2018pq, following Nagy et al. (2014,
PLXBIBO0067) and Jdger et al. (2020).

Parameter Best-fitting value Prior range
Initial radius (Ro(10'* cm) 2.9519% 0.5-3
Ejecta mass [M,; (Mg)] 10.7+93 7-15
Kinetic energy [Ey (107! erg)] 2.61—8:3 0.1-3
Thermal energy [Ey, (10°! erg)] 0.48*_'8:(7)31 0.01-3
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A detailed description to simulate a CCSN from a zero-age main
sequence star (ZAMS) is given in Paxton et al. (2018). Inside a star,
convection is one of the important phenomena through which energy
is transported. The convective boundary is a challenging region where
the radial velocity of the bulk motion of the matter goes to zero. It
is important to place the convective boundaries properly, as their
location strongly influences stellar evolution. During simulation,
convective boundaries are well placed by MESA, fulfilling both the
Schwarzschild (Schwarzschild 1958) and the Ledoux (Ledoux 1947)
criteria.

MESA has incorporated element diffusion, a process by which
particles are transported inside a star due to the gradients in
density, temperature, and pressure, which are important for nuclear
reaction and stellar structure. After the core-collapse, the outgoing
shock waves cause Rayleigh—Taylor instabilities (RTI) in the outer
envelope, and the matter is mixed beyond the shock front (Chevalier
1976; Chevalier & Klein 1978). Using shock-capturing hydrody-
namics, MESA can model RTI in 1D (Duffell 2016). The afterward
shock breakout and evolution are handled by a frequency-dependent
radiation hydrodynamic code, STELLA. It solves the conservation
equations (mass, momentum, and energy) in a Lagrangian co-
moving frame and the radiative transfer equations with the intensity
momentum approximation in each frequency bin. An artificial
viscosity based on the standard Von Neumann artificial viscous
pressure (Von Neumann & Richtmyer 1950) is also added. STELLA
creates an opacity table built on over 153000 spectral lines taken
from Kurucz & Bell (1995) and Verner, Verner & Ferland (1996).
The expansion velocity formalism from Eastman & Pinto (1993) is
used for line opacities, taking high-velocity gradients into account.
Photoionization, free—free absorption, and electron scattering are
included in opacity. Plasma is assumed to be in LTE, where the
Boltzmann-Saha distribution law is used for ionization and level
populations. Detailed nucleosynthesis reactions are not included in
STELLA except the radioactive decay chain starting from >°Ni.
The energy from the radioactive decay process is deposited through
positrons and gamma-rays (Swartz, Sutherland & Harkness 1995).
The CSM interaction with SN ejecta can also be incorporated into the
model to better replicate the early-time light curve, if required. As
an output, STELLA produces bolometric and quasi-bolometric light
curves. It also gives Fe 11 line velocities at different optical depths (¢
= 0.2, 1.0, 2.0) along with the properties of the photosphere (such
as radius, temperature, mass, opacity), broadband light curves in U,
B, V, R, and I bands, gamma-ray deposition, and a rough estimate of
the effective temperature.

Different test suites dedicated to CCSN modelling are used to
produce the light curves. At first, make_pre_ccsn is used to evolve
a star from pre-main-sequence to Fe core infall by changing the
different initial parameters of the star (such as initial mass, Mzapys;
metallicity, Z; rotation, (v/vc)zums; wind scaling factor, 7,,4; the
mixing length in the H envelope, amir 1; etc.). In the second step, the
output is inserted into another test suite named ccsn_IIp, which
evolves the star till near shock breakout. In this module, explosion
energy (E.,,) and 6Ni mass can be used as an input to modify the light
curves. In the third step, the outcomes are handed off to STELLA,
which handles shock-breakout and post-explosion evolution. The
effect of some parameters is more significant than others on the
synthetic light curves, like E,y,, Mzaps, and S6Ni mass. In contrast,
the effect of Z and rotation are insignificant. While comparing the
synthetic light curve with the observed one, degeneracy in progenitor
mass is noticed. This degeneracy can be removed by comparing the
observed and synthetic Fell line (5169 A) velocities, measured at
Sobolev optical depth, 7,,, = 1.
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Figure 11. Synthetic light curves fitting generated using MESA+STELLA
on the quasi-bolometric light curve of SN 2018pq. The obtained parameters
from the models are summarized in Table 7.

In Fig. 11, the best-fitting model light curves to the quasi-
bolometric light curve of SN 2018pq are shown. The models are gen-
erated using solar metallicity (Z = 0.02 M), and the default value of
ayrr,n = 3. From semi-analytical modelling, we estimated the initial
mass of the progenitor to be around 13 Mg, (see Section 5.1). With
MESA + STELLA, we generated light-curve models starting with an
initial progenitor mass of 13 Mg, ranging up to 16 M. As the early
light curve (<23 d) is not available CSM interaction is not included
in the models. The lowest mass model of 13 Mg overestimated the
plateau length. We increased the wind scaling factor and rotation to
fit the plateau and the transition between plateau and nebular phase,
but the 13 M model does not explode when the wind scaling factor
changes from 1 to 2 and rotation from 0.0 to 0.4. The model light
curve from a 14 Mg progenitor (model 1) fits the plateau relatively
well; however, the transition phase from the plateau end and the
radioactive tail is overestimated. The initial mass is increased to 16
Mg unless the model fits the transition region. Models 1, 2, and 3
with initial masses of 14, 15, and 16 Mg, respectively, and wind
scaling factor 1 reproduce the plateau phase well, while model 4
with an initial mass of 16 Mg and wind scaling factor 2 replicates
the transition phase between the plateau and radioactive tail phase.
All models are well-fitted at the radioactive tail phase. The variations
in explosion energy and *°Ni in these models are very small. With
increasing initial mass and constant wind scaling factor, the radius
and final mass of the progenitor increase. If the wind scaling factor
increases from 1 to 2, the radius increases slightly, but the final mass
decreases, as seen for models 3 and 4. This signifies that mass loss
is enhanced due to the strengthening of stellar wind. As seen in Fig.
11, none of the model light curves reproduce the entire observed
light curve. Sometimes, there are difficulties noticed in reproducing
the entire light curve with a single model (Hiramatsu et al. 2021;
Teja et al. 2022; Forde & Goldberg 2025). The models 1, 2, and
3 exhibit less stellar wind; hence, the progenitor has a larger H
envelope, resulting in a longer plateau duration phase. Although
these models replicate the slow decline of the plateau, they fail to
recreate the sharp transition between the plateau and the tail phase.
The enhanced RTI mixing can produce this type of sharp decline
(Paxton et al. 2018), hence, at the end of the plateau phase, the
mixing of the SN-ejecta is underestimated by the models. Model 4
exhibits more stellar wind, leading to a lower amount of H to be
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Figure 12. The evolution of photospheric velocities obtained from MESA
+ STELLA modelling for the different models with an optical depth (zsp)
= 1.0 compared with the observed photospheric velocities.

left on the progenitor before the explosion. This model reproduced
the sharp decline during the transition but overestimated the slope
of the plateau. The progenitor may not shed as much envelope
mass through stellar wind prior to the explosion as the model
considers. Therefore, the progenitor may have had a well-mixed, high
envelope mass before the explosion compared to the other models
considered.

To remove degeneracy in mass, the photospheric velocity (Fe 1t
5169 A) obtained from all models is compared with the observed
velocities in Fig. 12. The model velocities do not show any significant
difference. In conclusion, hydrodynamical modelling suggests a
progenitor in the mass range of 14-16 Mg, which is higher than
the results obtained from the analytical modelling. The differ-
ent models and their corresponding estimates are summarized in
Table 7.

6 DISCUSSION AND CONCLUSION

The photometric and spectroscopic characteristics of SN 2018pq
classify it as a Type IIP SN. The first photometric detection of
SN 2018pq was approximately 23 d after the estimated explo-
sion epoch (JD 2458135.45 £ 3.48) when the SN had already
entered the plateau phase. The spectral evolution reveals no NalD
absorption line, which aligns with the position of the SN at the
outskirts of the galaxy. Therefore, only the line-of-sight galac-
tic extinction (E(B — V) =0.186 mag) was considered in the
analysis, as no additional host galaxy extinction was inferred.
The absolute V-band magnitude measured at 50 d post-explosion
was estimated to be —16.42 + 0.01 mag, with a plateau length
of ~97 d.
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Figure 13. The correlation between the V-band magnitude at 50 d post-
explosion (Mysp) and slope of the V-band light curve from peak magnitude
to 50 d since explosion (s50y ).
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Figure 14. The correlation between the plateau duration (#,,) and slope of
the V-band light curve from peak magnitude to 50 d since explosion (s50y ).

The observational parameters of SN 2018pq show notable sim-
ilarities to the typical Type IIP SN 1999em. The plateau phase of
SN 2018pq persists for ~97 d, similar to SNe 1999em (95 d) and
2012aw (96 d). It falls into the category of normal luminous Type IIP
events with a decay rate (s50y) of 0.42 £ 0.06 mag 50 d~! during
the plateau phase, comparable to SN 2013ab (s50y = 0.46 mag 50
d~"). The correlation plots in Figs 13 and 14 compare s50y with

Table 7. Initial parameters of the progenitor obtained from different models generated in MESA + STELLA.

Model Mzams Mo) Eep (105 erg)  MyiMo) — (v/v)zams  nwind R (Re) My (Mo)
1 14 0.35 0.024 0.50 1 646.2 11.9
2 15 0.30 0.020 0.50 1 718.4 12.4
3 16 0.35 0.022 0.30 1 743.5 132
4 16 0.30 0.020 0.40 2 771.2 10.2
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the magnitude at 50 d post-explosion in V-band (Mysy) and the
plateau duration (7pr). In these plots, the Type II SNe sample is taken
from the literature sample study (Anderson et al. 2014; Valenti et al.
2016). In Fig. 13, the parameter trend shows that low luminous SNe
decline slowly, whereas the more luminous SNe decline faster during
the plateau phase. SN 2018pq has a normal luminosity and follows
an average decline rate (s50y = 0.42 4+ 0.06 mag 50 d~'). From
Fig. 14, it is revealed that the SNe with a longer plateau duration
tend to have lower decline rates. SN 2018pq is located at the lower
side of the distribution, suggesting that the luminosity during the
plateau phase did not change much. The other events with similar
plateau duration show higher values of the slope as compared to SN
2018pg. One of the possible reasons could be the relatively slower
velocity of the SN ejecta, resulting in constant luminosity for a
longer duration. The magnitude drop (2.24 £ 0.01 mag) during the
transition between the plateau and nebular phases, inferred from the
analytical fit to the V-band light curve, was found to be higher than the
plateau drop seen in SN 1999em. This drop is inversely proportional
to the luminosity coming from synthesized *°Ni mass during the
explosion, which is 0.029 £ 0.003 M for SN 2018pq, lower than
the °Ni mass found in SN 1999em but similar to SN 2016gfy. SN
2018pq exhibits a steeper decline rate of 11.87 £ 1.68 mag 100 d~!
during the transition phase compared to other typical Type IIP SNe,
a trend also observed in SN 2013ab, which showed a decline of 8.7
+ 0.2 mag 100 d~'. In the nebular phase, the decay rate of 0.99
+ 0.03 mag 100 d~! aligns well with the decay rate expected from
%Co to *Fe.

The spectroscopic observation of SN 2018pq started 2 d after the
photometric detection. The presence and evolution of the prominent
P-Cygni profile of He indicates the progenitor has an H envelope
before the explosion. Metal lines become apparent in the later
spectra, reflecting the cooling and recombination processes as the
SN evolves. The spectral features show striking similarities with
other Type IIP SNe considered in the sample. The observed H o and
Fe1l line velocities evolve like those in SNe 1999em and 2012aw.
We performed the radiative-transfer modelling of two epochs of SN
2018pq using TARDIS. The velocity, photospheric temperature, and
steepness of the density profile are obtained for each epoch from the
best-fitting modelling using only Galactic reddening. These results
provide insights into the early expansion dynamics and thermal
properties of the SN. By accurately modelling the Balmer series
under NLTE consideration of H excitation and ionization, the model
reproduces the Balmer lines and the CalI triplet with a good match
to the observed spectra.

Semi-analytical and hydrodynamical modelling on the quasi-
bolometric light curve of SN 2018pq has been carried out to
estimate the physical parameters and explosion characteristics of
the progenitor. The ejecta mass of around 11 Mg estimated from
the semi-analytical modelling is similar to the ejecta mass found in
SN 1999em. However, the estimated radius and energy are higher
than those of the sample SNe. MESA + STELLA hydrodynamical
modelling suggests a higher progenitor mass in the range of 14-16
Mg, similar to SN 2012aw, but with a higher radius between 640 and
772 R and low explosion energy between 0.30 and 0.35x 107! erg.
The discrepancy between the results obtained from semi-analytical
and hydrodynamical models has been noticed in many studies
(Chatzopoulos, Wheeler & Vinko 2012; Szalai et al. 2019). This is
caused by the simplified assumptions in semi-analytical modelling,
such as a two-component model with a constant density inner
core and an envelope with exponentially decreased density, grey
opacity treatment, and independence of metallicity. On the other
hand, MESA + STELLA accounts for complex physical processes
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such as calculating the position of convective boundaries, including
element diffusion, and energy conservation during massive star
explosions. It also incorporates a 1D capability for modelling effects
like making a realistic opacity table, accounting for the effect of
RTI, and also includes the radioactive decay chain of *°Ni. The
progenitor mass obtained from the hydrodynamical code sometimes
gives a higher mass than simple semi-analytical modelling (e.g. SN
2017eaw; Szalai et al. 2019), whereas the explosion energy derived
from semi-analytical modelling sometimes gives a higher value
(e.g. SN 2020jfo; Teja et al. 2022). The simplified assumptions of
semi-analytical modelling overlook the details and complex physical
phenomena, resulting in differences in the outcome as compared to
the hydrodynamical modelling.

The overall analysis of SN 2018pq suggests it to be a Type
IIP SNe with normal luminosity. It shows many photometric and
spectroscopic similarities with SNe 1999em and 2012aw. With good
coverage of photometric data spanning from the plateau to the
nebular phase, well-constrained *Ni mass, and detailed analysis
of the progenitor properties make it a good sample to populate the
normal Type IIP events.
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