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ABSTRACT

We present extensive observations of SN 2018zd covering the first ~450 d after the explosion. This SN shows a possible shock-
breakout signal ~3.6 h after the explosion in the unfiltered light curve, and prominent flash-ionization spectral features within
the first week. The unusual photospheric temperature rise (rapidly from ~12 000 to above 18 000 K) within the earliest few days
suggests that the ejecta were continuously heated. Both the significant temperature rise and the flash spectral features can be
explained by the interaction of the SN ejecta with the massive stellar wind (0. 18f8:(1)(5) Mg), which accounts for the luminous peak
(Limax = [1.36 £0.63] x 10" ergs™") of SN 2018zd. The luminous peak and low expansion velocity (v ~ 3300 km s~') make
SN 2018zd like a member of the LLEV (luminous SNe II with low expansion velocities) events originating due to circumstellar
interaction. The relatively fast post-peak decline allows a classification of SN 2018zd as a transition event morphologically
linking SNe IIP and SNe IIL. In the radioactive-decay phase, SN 2018zd experienced a significant flux drop and behaved more
like a low-luminosity SN IIP both spectroscopically and photometrically. This contrast indicates that circumstellar interaction
plays a vital role in modifying the observed light curves of SNe II. Comparing nebular-phase spectra with model predictions
suggests that SN 2018zd arose from a star of ~ 12 M. Given the relatively small amount of *°Ni (0.013-0.035M,), the massive
stellar wind, and the faint X-ray radiation, the progenitor of SN 2018zd could be a massive asymptotic giant branch star that
collapsed owing to electron capture.
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brightness after a few months might indicate alower-mass H envelope

1 INTRODUCTION in their progenitors. However, the higher peak luminosity of SNe IIL

Type II supernovae (SNe II) are hydrogen-rich core-collapse events
that are observationally divided into Type IIP (SNe IIP), Type IIL
(SNe IIL), Type IIn (SNe IIn), and Type IIb (SNe IIb) (for reviews,
see e.g. Filippenko 1997; Gal-Yam 2017). Among them, SNe IIP
belong to the most abundant subclass, which is characterized by a
relatively constant optical luminosity plateau lasting for about three
months (~100d) after the explosion, followed by a rapid drop to the
radioactive tail. The thermalization of the initial shock wave and the
recombination of the ionized hydrogen provide sources to power the
plateau light curve (Popov 1993). SNe IIL were named after their
linear (in magnitude) light-curve decay that starts soon after peak
brightness. Based on the understanding of SNe IIP, the absence of
a plateau in the light curves of SNe IIL might suggest lower energy
input at a similar phase, while the absence of an abrupt drop in
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(~1.5 mag brighter than that of SNe IIP, on average; Patat et al. 1993,
1994; Li et al. 2011; Anderson et al. 2014; Faran et al. 2014; Sanders
etal. 2015) disfavours this hypothesis. The continuous range of early-
time light-curve slopes found among SNe II (e.g. Anderson et al.
2014; Sanders et al. 2015) and the observed transitional events (e.g.
SN 2013ej, Huang et al. 2015; SN 2013by, Valenti et al. 2015) tend to
suggest a continuous progenitor population for SNe IIP and SNe IIL.

A fraction of SNe II exhibit signatures of ejecta interaction with
circumstellar material (CSM) produced by mass loss in massive stars,
especially at their late phases before core collapse. The events that
present prominent interaction signatures are classified as SNe IIn
(Schlegel 1990). The observed diversity of SNe IIn indicates that the
circumstellar environments around their progenitors are complicated.
The duration of interaction has large scatter, spanning from a few days
(e.g. SN 2013fs, Yaron et al. 2017), a few weeks (e.g. SN 19988,
Fassia et al. 2000; Leonard et al. 2000), a few months (e.g. SN 2010j1,
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Zhang et al. 2012; Fransson et al. 2014) to even a few years (e.g. SN
2015da, Tartaglia et al. 2020).

The spectra of SNe IIb are similar to those of the SNe IIP and IIL
(with strong lines of H) near maximum light, but in the following
weeks they usually metamorphose into SNe Ib (Filippenko 1988;
Filippenko, Matheson & Ho 1993). We do not discuss SNe IIb in this
paper because they show more similarities to hydrogen-poor events
(SNe Ibc, Arcavi et al. 2012; Stritzinger et al. 2018).

The physical origin of SNe IIP and IIL, and their connections with
SNe IIn regarding the physical characteristics of their progenitor
scenarios and explosion properties, have been long-standing issues.
There are pieces of evidence indicating that the diversity between
SNe IIP and IIL can be partly explained with short-lived interaction
(Valenti et al. 2015; Morozova, Piro & Valenti 2017). We present
optical and ultraviolet (UV) data for the core-collapse SN 2018zd,
obtained through an observational campaign that lasted for about
450d with several telescopes. This SN shows a series of interaction
signatures in both spectra and light curves, as well as a large flux
drop before entering the radioactive-decay phase.

Observations and data reduction are described in Section 2. The
UV and optical light curves are presented in Section 3, while the
spectral evolution is shown in Section 4. In Section 5, we discuss the
bolometric light curve, explosion parameters, progenitor properties,
velocity evolution, the position of this SN in the SNe II family, and
the possibility of originating from the electron-capture channel. A
brief conclusion is given in Section 6.

2 OBSERVATIONS

Koichi Itagaki reported the discovery of the transient AT 2018zd
in the nearby SB(s)ab galaxy NGC 2146 on 2018 March 2.49 (UT
dates are used throughout this paper). This transient was discovered
at 17.8 mag in an unfiltered image obtained with a 0.5 m reflector
at the Takamizawa station of Japan.! Its J2000 coordinates are
RA 6"18™03318 and Dec. 78°22'00790, which is 104”5 west and
35”6 north of the centre of the host galaxy.

The earliest spectroscopic observations of AT 2018zd were ini-
tiated at Li-Jiang Observatory of Yunnan Observatories (YNAO)
with the Li-Jiang 2.4 m telescope (hereafter LJT; Fan et al. 2015)
equipped with the YFOSC (Yunnan Faint Object Spectrograph and
Camera; Wang et al. 2019) only 3 h after the discovery. However, the
noisy spectrum precluded prompt classification of this transient. SN
2018zd was later classified as a young Type IIn SN from a relatively
high-quality spectrum obtained at LJT on 2018 March 5.74, which
showed narrow emission lines superimposed on a blue continuum
(Zhang, Yu & Wang 2018).

Given the close distance and the young phase when the SN was
discovered, we triggered a follow-up observational campaign of SN
2018zd with the LJT of YNAO, the Xing-Long 2.16 m telescope
(hereafter XLT), the Tsinghua-NAOC (National Astronomical Ob-
servatories of China) 0.8 m telescope (hereafter TNT; Wang et al.
2008; Huang et al. 2012) at Xing-Long Observatory of the NAOC,
the 0.6/0.9 m Schmidt telescope (hereafter KOT) of the Konkoly
Observatory of the Hungarian Academy of Sciences, and the 0.6 m
Cassegrain reflector telescope (hereafter WT) at the Astronomi-
cal Observatory of the University of Wroclaw, Bialkow, Poland
(Mikolajezyk & Wyrzykowski 2018). The monitoring spanned ¢
~ 2 to t & 456d (where ¢ denotes time after the explosion).
Late-time spectra were also collected with the 3.5 m Astrophysical

Thttp://www.k-itagaki.jp
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Figure 1. Finder chart of SN 2018zd in NGC 2146. The local reference
stars listed in Table Al are marked with a nearby number. This chart was
combined by the UBV-band images taken with the 2.4 m LJT and YFOSC on
2018 March 7, with a pixel size of 057 in the Bin2 readout mode. The average
FWHM is 2720 because of the high airmass (~1.90) during the observation.

Research Consortium (hereafter ARC) telescope of the Apache Point
Observatory (APO), and the Keck-I 10 m telescope on Maunakea,
Hawai’i. Moreover, the UV—optical photometry spanning t ~ 3 to t &
+116d obtained with UVOT on the Neil Gehrels Swift Observatory
(Gehrels et al. 2004; Roming et al. 2005) is also included here.

2.1 Photometry

SN 2018zd was densely observed by the LIT in the Johnson UBV
bands and the Sloan gri bands, by the TNT and KOT in Johnson BV
and Cousins R/, and by the WT in Johnson BV and Sloan ri. These
images were reduced using IRAF? standard procedures, including
corrections for bias, overscan, flat-field, and removal of cosmic rays.
The point-spread-function fitting method (Stetson 1987) was used
to measure the instrumental magnitudes of the SN. We selected 12
local reference stars in the field of SN 2018zd, as marked in Fig. 1.
The instrumental magnitudes of these reference stars are converted
to standard UBVRI (Vega magnitudes) and gri (AB magnitudes)
through transformations established by observing a series of Landolt
(1992) and Smith et al. (2002) standard stars on some photometric
nights, respectively. These magnitudes are applied to calibrate the
photometry of SN 2018zd, as presented in Table A2. The photometry
of WT is calibrated via the Cambridge Photometric Calibration
Server.?

Photometry of SN 2018zd was obtained by the Swift/UVOT in
three UV filters (uvw?2, uvm2, and uvw1) and three broad-band optical
filters (u, b, and v) and is presented in Table A3. These Swift images

2IRAF, the Image Reduction and Analysis Facility, is distributed by the Na-
tional Optical Astronomy Observatory, which is operated by the Association
of Universities for Research in Astronomy (AURA), Inc. under cooperative
agreement with the National Science Foundation (NSF).
3http://gsaweb.ast.cam.ac.uk/followup
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Figure 2. UV-optical light curves of SN 2018zd obtained with the 2.4m LIT, the 0.8 m KOT, the 0.8 m TNT, the 0.6 m WT, and the Swift/UVOT. All

measurements are shifted vertically for better visibility.

were reduced using the HEASOFT* with the latest Swift calibration
database.’

All of the photometry is presented in Fig. 2, which covers the first
~450d since discovery. Note that the instrumental response curves
of the UVOT optical filters do not follow exactly those of the Johnson
UBYV system, especially in Swift u where the UVOT coverage is wider
than Johnson U. Thus, we treat the « and U bands individually in the
following calculation and analysis.

2.2 Spectroscopy

Fig. 3 shows the spectral sequence of SN 2018zd spanning ¢
~ 42to t & +400d. The journal of observations is given in
Table A4, including 22 spectra from LJT (with the YFOSC), 12
from XLT (with the Beijing Faint Object Spectrograph and Camera,
BFOSC), two from ARC (with the Dual Imaging Spectrograph,
DIS), and one from Keck-I (with the Low-Resolution Imaging
Spectrometer, LRIS; Oke et al. 1995). All of these spectra are
calibrated in both wavelength and flux, and they are corrected
for telluric absorption and redshift. Spectra were obtained with a
slit oriented along the parallactic angle to minimize the effects of
atmospheric dispersion (Filippenko 1982); moreover, the contin-
uum shape was further corrected with multi-band photometry. One
spectrum (presented at the transient name system, TNS®), obtained

4HEASOFT, the High Energy Astrophysics Software http:/www.swift.ac.uk/
analysis/software.php.
Shttp://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/
Ohttps://wis-tns.weizmann.ac.il/object/2018zd
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using the FLOYDS spectrograph on the Las Cumbres Observatory
2 m Faulkes Telescope North (FTN) on Haleakala, Hawai’i, is also
plotted in this figure to help elucidate the rapid evolution at very early
times.

2.3 Distance and extinction

The distance D of SN 2018zd adopted in the following calculation
is 18.4 + 4.5 Mpc, derived from the averaged measurements of the
host galaxy (NGC 2146) listed in the NASA/IPAC Extragalactic
Database (NED7). For example, the average estimation from the
Tully—Fisher relation is D = 19.2 & 8.8 Mpc (Bottinelli et al. 1984;
Giraud 1985; Tully & Fisher 1988; Schoniger & Sofue 1994; Tutui &
Sofue 1997), the measurement via the observed angular radius of
typical globular clusters in NGC 2146 (compared with the physical
radii of Milky Way globulars) is 18.0 £ 1.8 Mpc (Adamo et al.
2012), and the result from the radial velocity of NGC 2146 (v =
1219 £ 16kms™!, after correcting for Local Group infall into the
Virgo Cluster, the Great Attractor, and the Shapley Supercluster
Mould et al. 2000) is 17.98 4 1.26 Mpc with Hy = 67.8 km s~! Mpc~!
(Planck Collaboration I 2014).

In our analysis, we use the interstellar Na 1D absorption to estimate
the reddening towards SN 2018zd. Two Na 1D absorption systems are
detected in the spectra of SN 2018zd, with similar equivalent widths
(EW), ~1.3+0.1 A (see Fig. 8), suggesting significant extinction due
to the host galaxy and the Milky Way. The minimum reddening value
derived from the existing empirical correlations between reddening

"http://ned.ipac.caltech.edu
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Figure 3. Spectra of SN 2018zd obtained with LJT (black), XLT (blue), ARC (green), Keck-I (orange), and FTN (cyan), shifted vertically for clarity. Regions
where telluric absorption was removed (sometimes leaving residuals) are marked with an Earth symbol. Various bin sizes were used for the different spectra,
depending on the original signal-to-noise ratio. Left: early-phase and photospheric-phase spectra. Right: nebular-phase spectra.

and EW of Na1D, E(B — V) = 0.16 EW — 0.01 mag (Turatto et al.
2003), is E(B — V)host = E(B — V)yw = 0.198 mag. However,
the Galactic reddening derived by Schlafly & Finkbeiner (2011) is
only E(B — V)mw = 0.085 mag. Considering the large scatter of the
reddening measurement via NaI D absorption (e.g. Poznanski et al.
2011), we assume E(B — V)pose = E(B — V)mw because of the similar
EW of Na1 D from the host galaxy and the Milky Way. Thus, a total
reddening of E(B — V) = 0.17 & 0.05 mag with the extinction law
Ry = 3.1 is adopted in this paper. This matches the estimate via the
V — I colour in Section 3.4. We caution, however, that the luminosity
of SN 2018zd may be underestimated because of the conservative
host-galaxy reddening adopted in our analysis.

3 ANALYSIS OF THE PHOTOMETRY

3.1 Explosion date and a shock-breakout signal

To better estimate the explosion date of SN 2018zd, we also
collect the clear-band data obtained by amateur astronomers in the

early phase of detections,® as listed in Table AS. The clear-band
photometry roughly matches that of the r band of LJT, as shown in
Fig. 4.

A simple expanding fireball model, F(t) = F; x (t — t)?, is
applied to fit observations at r < 8 d except for the earliest detection.
The explosion date derived by the expanding fireball model is MID
= 58178.39"015 which implies that SN 2018zd was first detected
(by Itagaki; see below) only 3.6 h after the explosion. It is reasonable
that SN 2018zd was very young at the first detection because its
brightness increased by ~5 mag when approaching the peak.

Note that Itagaki had a prediscovery detection (obtained with
a 0.35m telescope at Okayama Observatory) at the site of SN
2018zd roughly one day before his official discovery image, with an
unfiltered magnitude of 18.0. About 13 h after this earliest detection,
however, Patrick Wiggins® reported a non-detection of SN 2018zd in
an unfiltered image with an upper limit of 18.5 mag. Such an intraday

8Bright Supernovae, www.rochesterastronomy.org/sn2018/sn2018zd.html.
https://wis-tns.weizmann.ac.il/object/2018zd#comment-wrapper- 1927
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Figure 4. Expanding fireball fit of the early detections of SN 2018zd in the
clear band and the r band, where the first detection by Itagaki cannot be fitted.

dip is very likely related to the shock-breakout phenomenon (as seen
in KSN 2011d; Garnavich et al. 2016).

3.2 Photometric results

Table 1 lists estimates of the explosion time to peak brightness (e ),
the apparent (my,,) and absolute (My,,x) magnitude at maximum
brightness, the absolute magnitude at the end of the plateau phase
(Meng, at t = 1254d, in the case of SN 2018zd) and at the beginning
of the radiative tail (M, at t = 155d), the decline rate from peak
to 50d later (Amsp), and the decline rate per 100 d (y) during the
radioactive tail (at r > 150d, when the light curve is powered by
radioactive decay and is governed by y-ray trapping) of SN 2018zd
in all bands presented in Fig. 2.

Compared with the sample from Pritchard et al. (2014), the
absolute peak magnitudes of SN 2018zd are located at the luminous
end of SNe IIP and SNe IIL, and the faint end of SNe IIn. The UV
peak of SN 2018zd (Myy &~ —20 mag) is brighter than that of SNe IIP
(Myy ~ —18 mag), and is close to the average brightness of SNe IIn
(Myy ~ —20mag). The optical brightness of SN 2018zd (e.g. Mo,
~ —18mag, in the B and V bands) lies between the bright end of
SNe IIP (—18 < Mo, < —15 mag) and the faint end of SNe IIn (—20
< Mo, < —18 mag; Pritchard et al. 2014). Richardson et al. (2002)
found that the average B-band peak absolute magnitude is Mp =
—17.0 £ 1.1 mag for 29 SNe IIP and My = —18.0 & 0.9 mag for 19
SNe IIL. This indicates that SN 2018zd is brighter than most SNe IIP
and comparable to SNe IIL in the optical. Furthermore, considering
SNe IIP and IIL as a continuous family, SN 2018zd is at the bright
end of the distribution (—13.77 < My < —18.29 mag; Anderson et al.
2014).

As shown in Fig. 2, the light curve of SN 2018zd had a fast
decline from the peak to the plateau phase. Faran et al. (2014)
suggested that SNe II with Amsy > 0.5 mag in the V band can be
classified as SNe IIL. Based on such a criterion, SN 2018zd could
be placed into the SN IIL group because of a relatively quick decline
(i.e. AmY) = 0.93 & 0.03 mag). However, a further significant flux
drop can be found at # & 115d in the optical light curves, with a
decline of ~3 mag when entering the radioactive-decay tail. Such
a significant flux drop has been regarded as a typical feature of
SNe IIP when the hydrogen recombination process ends in the
envelope.

MNRAS 498, 84-100 (2020)

Nevertheless, Anderson et al. (2014) and Valenti et al. (2015)
proposed that if all SNe IIL were monitored for a sufficiently long
time, they would exhibit a significant drop in their late-time light
curves. SN 2018zd is an excellent example supporting the above
argument because of the SN IIL-like initial decline rate and the
SN IIP-like drop from the end of plateau to the radioactive tail.

We notice that the UV light curves of SN 2018zd showed an
unusually slow increase to peak compared to the optical, reaching
maximum brightness ~1 week after explosion. However, SNe II
usually reach their UV maximum much earlier (at &~ 1-3d) than
in the optical (~5d in U and ~10d in /). For example, Pritchard
et al. (2014) noted that most of their sample were observed before
the V-band maximum, but only a few before the UV maximum even
though some were monitored at quite young phases.

3.3 Morphology of the light curves

The multi-band light curves of SN 2018zd are shown in Fig. 5,
together with those of some well observed SNe II. The morphology
comparison confirms the results derived in Section 3.2:

(1) The UV emission of SN 2018zd rises slowly; it reaches the
uvw2-band peak ~3-6d later than the other comparison SNe. The
rise time of these SNe in the UV band is uncertain because their
peaks occur near the time of the first detection. Thus, these events
may have reached their maximum brightness a few days earlier than
shown in this figure.

(2) The peak brightness of SN 2018zd is close to that of SNe IIP at
the bright end, and it is close to that of SNe IIL and SNe IIn. Among
the comparison SNe II, only SN IIn 1998S shows a more luminous
peak than SN 2018zd.

(3) SN 2018zd has an intermediate decline rate during the plateau
phase, faster than that of regular SNe IIP (e.g. SN 1999em, SN
2004et, and SN 2017eaw), but slower than that of fast-declining
SNe II (e.g. SN 2013ej and SN 2013by).

(4) SN 2018zd exhibits the most significant drop from the peak to
the end of the plateau phase, even greater than that of SN 2013ej and
SN 2013by.

3.4 Colour curves

SN 2018zd shows bluer uvw2 — u and B — V colours at ¢ < 50 d than
normal SNe IIP, as presented in Fig. 6, which might result from the
contribution of CSM interaction. Based on a similar argument, it is
not surprising that the colour of SN 1998S is bluer than that of SN
2018zd because the former might have stronger interaction.

Different comparison samples of SNe II generally exhibit similar
colour evolution but with some notable differences. The most obvious
is that SN 2018zd shows a very clear reversal (‘U-turn’) in the uyw?2
— u colour curve at early times. A similar but weaker feature is
present in the B — V and V — [ colour curves. This U-turn behaviour
indicates that the temperature increase of SN 2018zd is consistent
with the temperature evolution derived in the following section. In
addition, the decreased extinction due to dust destruction at the early
phase of the explosion could also explain this U-turn behaviour.
However, no evidence of dust destruction (e.g. the variation of Nal
D absorption from the host galaxy) is found in our low-resolution
spectra.

The uvw2 — u colour U-turn is not typical of the SN II family
even among those with very early-time observations, such as SN
2017eaw and SN 2016X. It is suspected that SN 2013ej, SN 2013by,
and SN 2016bkv might also have similar uvw2 — u colour evolution,
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Band det FWHM (A)  fge (d) mb . (mag) Mg (mag) Mena (mag) M (mag) Amsg (mag)  y (mag[100d]~")
uvw2 1928 657 6.94(0.05) 12.71(0.03) —19.97(0.61) - - 5.94(0.05) -
uvm?2 2246 498 7.27(0.06) 12.83(0.05) —20.06(0.67) — - 6.46(0.05) —
uvwl 2600 693 7.35(0.05) 12.81(0.03) —19.61(0.54) - - 4.93(0.04) -

u 3465 785 8.27(0.05) 12.58(0.02) —19.54(0.45) - - 3.30(0.03) -

U 3652 485 8.46(0.05) 12.97(0.02) —19.14(0.44) - - 2.59(0.03) -

B 4312 831 9.13(0.05) 13.79(0.01) —18.19(0.41) —15.93(0.43) —12.48(0.43) 1.53(0.03) 0.74(0.06)
g 4754 1280 8.77(0.05) 13.62(0.01) —18.29(0.39) - —13.02(0.45) 1.24(0.03) 0.75(0.07)
\% 5341 827 8.98(0.05) 13.55(0.01) —18.26(0.36) —16.82(0.38) —13.43(0.38) 0.93(0.03) 0.90(0.07)
r 6196 1150 9.21(0.05) 13.59(0.01) —18.15(0.34) —17.14(0.36) —14.49(0.38) 0.63(0.03) 1.09(0.06)
R 6315 1742 9.28(0.07) 13.45(0.01) —18.28(0.33) —17.31(0.36) —14.37(0.36) 0.60(0.02) 0.80(0.06)
i 7690 1230 9.67(0.05) 13.74(0.01) —17.88(0.30) —17.22(0.32) —14.06(0.35) 0.37(0.02) 0.96(0.06)
1 8752 1970 10.18(0.08) 13.36(0.01) —18.19(0.28) —17.50(0.31) —14.66(0.33) 0.35(0.02) 1.12(0.09)

Note. “The uvw2, uvm?2, uvwl, and u bands of Swift/UOVT, and the Johnson UBVRI bands, are in the Vega magnitude system. SDSS gri bands are in the AB
magnitude system. The numbers given in brackets are the 1o uncertainties. ?Derived by fitting a cubic polynomial to the points around maximum brightness.

as they show the U-turn feature in the B — V colour curve; however,
their UV data are either absent or too poorly sampled for a detailed
comparison.

The uvw2 — u colour of SN 2018zd becomes bluer again at # >
40d, a reverse ‘U-turn’ shape that is due to the increased H Balmer
absorption within the # band and the decreased metal line-blanking
in the uvw?2 band (e.g. see the UV—optical spectral evolution in fig.
2 of Dessart et al. 2013). The similar reverse ‘U-turn’ seen in the B
— Vand V — I colours at ¢ 2 150 d is related to the evolution of
emission lines in the nebular phase. These reverse ‘U-turn’ shapes
seen in the colour curves do not imply that the temperature is rising.

The intrinsic colour of SNe II could be another way to estimate
extinction. For example, Hamuy (2003) suggested using the V — [
colour as a better reddening indicator than the B — V colour because it
is expected to be less sensitive to metallicity effects. The V — I colour
of SN 2018zd roughly follows that of SN 1999em, SN 2013ej, SN
2016X, and SN 2017eaw at 10 < ¢ < 100 d. This suggests a smaller
effect of interaction in the V — I colour of SN 2018zd than in the
bluer colour. Thus, we could estimate the extinction via an empirical
relation, such as Ay(V — I) = By[(V — I) — 0.656] (Olivares et al.
2010), where the V — I colour corresponds to the colour of a given SN
30d before the end of the plateau, and By = Av/E(V — I) is related
to Ry (e.g. By = 2.518 for Ry = 3.1). Based on the V — I colour of
SN 2018zd measured at the appropriate phase (# & 65 d), the total
extinction is estimated to be AL = 0.52 +0.10 mag, and E(B —
Wiota = 0.168 & 0.033 for Ry = 3.1. These values are consistent
with the reddening adopted in this paper.

3.5 Spectral energy distribution

The left-hand panel of Fig. 7 displays the spectral energy distribution
(SED) of SN 2018zd at some selected epochs. At t < 116d, when
Swift/lUVOT observations are available, we construct the SED from
the observed fluxes in the UV through optical passbands (covering
the wavelength from ~1600 to ~9700 A) obtained at the same phase.
The missing data are obtained through interpolation of the adjacent
data. The SEDs at > 155 d are constructed only from the BVRI or
BgVri photometry.

The SED peaks towards shorter wavelengths in the first few days
and then towards longer wavelengths, which conforms to an initial
heating followed by cooling processes as indicated in the temperature
curve presented in the right-hand panel of Fig. 7. The temperature of
SN 2018zd is derived via blackbody fitting of the SED; it increases

from ~12000 to ~18000K in the first week after the explosion.
This behaviour might be related to CSM interaction at early times,
as is also indicated by the early spectra (see Fig. 8). At these phases,
the forward shock accelerates and heats the shocked wind/CSM and
the reverse shock reheats the outer layers of the ejecta (Branch &
Wheeler 2017).

For SNe II, it is not common to see a temperature increase at
early times. Hosseinzadeh et al. (2018) reported an unexpected
temperature rise of SN 2016bkv during a similar period. However,
their conclusion is uncertain, owing to a lack of near-UV photometry.
Thus, SN 2018zd could be the first SN II for which there is conclusive
evidence of a rising temperature at early phases.

The right-hand panel of Fig. 7 also displays the photospheric radius
(R) of SN 2018zd calculated from the relation L = 470 R*T*, where
the luminosity L is derived by integrating the SED from 1600 to
27000 A; flux outside the wavelength range of photometric coverage
is extrapolated based on a blackbody spectrum.

The photospheric radius of SN 2018zd is R = (3.57 & 0.50) x
103Rg at t ~ 2.9d, increasing slowly during the temperature
rising phase. After ~40d of faster expansion, SN 2018zd reached
maximum photospheric radius (R ~ 2.5 x 10*Ry) at t ~ 45d and
remained almost unchanged during the next two months; thus,
recombination provided the dominant source of energy at this phase.
The recombination temperature is ~6000 K, so the ejecta consist of
a mixture of hydrogen and helium (Grassberg & Nadyozhin 1976).
The photospheric radius decreases when recombination ends and the
SN envelope becomes transparent.

4 SPECTROSCOPIC ANALYSIS

Fig. 8 displays the spectral comparison of SN 2018zd with a selected
sample and model spectra obtained at different phases, including the
flash-ionization, photospheric, and nebular phases.

4.1 Flash-ionization phase

Panel (a) of Fig. 8 displays early-time spectra of SN 2018zd at 1 <
10d, together with those of SN 1998S, SN 2013fs, and the rlw5h
model spectra given by Dessart et al. (2017) at similar phases. The
spectra of SN 2018zd are dominated by flash-ionized features (Gal-
Yam et al. 2014) such as the narrow emission lines of hydrogen,
NV 14334, 4641, He1r 14686, Henl 14860, C1v AA5801, 5812,
and C1v A7110. These features are generated by the surrounding
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Figure 5. Light-curve comparisons (in absolute magnitude) between SN 2018zd with some well studied SNe II, including the standard SNe IIP 1999em (Hamuy
et al. 2001; Leonard et al. 2002; EImhamdi et al. 2003) and 2004et (Sahu et al. 2006; Misra et al. 2007), the normal SN IIP 2017eaw (Rui et al. 2019; Szalai
et al. 2019, and unpublished data collected with LJT and TNT), the fast-declining SNe II 2013ej (Huang et al. 2015; Dhungana et al. 2016; Yuan et al. 2016)
and 2013by (Valenti et al. 2015), the low-velocity and low-luminosity SN IIP 2005cs (Pastorello et al. 2006, 2009), and SNe II showing interaction signatures
in their spectra such as SNe 2013fs (Yaron et al. 2017; Bullivant et al. 2018), 2016bkv (Hosseinzadeh et al. 2018; Nakaoka et al. 2018), and 1998S (Leonard
et al. 2000; Fassia et al. 2000; Poon et al. 2011).
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Figure 6. The uvwl — u, B — V, and V — I colours of SN 2018zd compared
with those of the sample presented in Fig. 5. All of these colour curves have
been corrected for host-galaxy and Milky-Way extinction.

wind material that was ionized by X-rays from the shocked ejecta
(Branch & Wheeler 2017). The first two low-quality spectra of SN
2018zd in Fig. 3 show possible Ha emission, suggesting that the
interaction starts ~1.2 d after explosion.

The flash features in SN 2018zd appear to evolve more slowly
than in SN 2013fs. A noticeable change from r ~ 4.4 to t =~ 6.3d
is the weakening of NV AA4634, 4641, which suggests decreasing
ionization. However, this seems to conflict with the increasing surface
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temperature inferred at this phase (see Section 3.5); perhaps the
temperature derived from the SED may not fully reflect radiation in
the ionization region.

The spectra of SN 1998S at t &~ 2.3 and 3.3 d are similar to that of
SN 2018zd at # &~ 4.4 d. The similarity of the two spectra of SN 1998S
(separated by 1 d) might suggest slower spectral evolution than that of
SN 2018zd. In contrast, SN 2013fs went through very rapid changes
during the first few days after the explosion. The narrow emissions
seen in SN 2013fs showed pronounced variations on a time-scale of
hours and almost vanished ~2 d after the explosion.

Dessart et al. (2017) applied radiation hydrodynamics and non-
local-thermodynamic-equilibrium (NLTE) radiative transfer to pro-
duce observational features of SNe II with short-lived flash spectra
considering different physical states of the progenitor before the
explosion. The ionization features produced in the rlwSh (where
rl means a progenitor star radius with R, = 501 Ry, w5 means
a wind mass-loss rate of M =5 x 1073 Mg yr~!, and h means an
atmospheric density scale height of H, = 0.1 R,) model is the closest
to that seen in SN 2018zd among their models.

One can see that the rlw5h model can reproduce the dominant
spectral features observed in SN 2018zd, but the model evolves too
fast. For example, the model spectrum at r ~ 0.8 d shows a similar
continuum and spectral features (e.g. NV and Hell lines) to the ¢
~ 4.4d spectrum of SN 2018zd. The Balmer lines in the model
spectrum are weaker than those of SN 2018zd. The model spectrum
at t = 1.0d exhibits line features similar to those in the t ~ 8.3d
spectrum of SN 2018zd. The continuum of the featureless model
spectrum at # = 2.0 d has a slope similar to that of SN 2018zd at  ~
8.3d.

The slower spectral evolution and the longer-lived flash features of
SN 2018zd in comparison with SN 2013fs and the r1w5h model are
consistent with the slower light-curve rise seen in SN 2018zd. This
difference might suggest a more massive and extended stellar wind
surrounding SN 2018zd. On the other hand, the spectral evolution
of SN 2018zd during the flash phase seems to be faster than that of
SN 1998S. Therefore, we propose that SN 2018zd might have an
environment (e.g. the mass of wind/CSM) lying between that of SN
2013fs and SN 1998S in mass immediately before the explosion.

4.2 Photospheric phase

Panel (b) of Fig. 8 displays spectra of SN 2018zd from ¢ ~ 12 to t &
68 d compared with photospheric-phase spectra of SNe 1999em and
2005cs, as well as with spectra of SNe 1998S, 2013by, 2013ej, and
2013fs at similar epochs.

At this phase, the spectra of SN 2018zd are still characterized by a
featureless blue continuum, likely due to continuous heating by CSM
interaction. Consequently, the spectrum of SN 2018zd at r &~ 12d
looks younger than that of SN 2005cs at r =~ 3 d and SN 1999em at ¢
~ 4 d; it has a bluer colour and a weaker P Cygni H « profile. Given
its blue and featureless spectrum, SN 2018zd might be classified as
a very young SN II (e.g. 1-2 d after the explosion) if it had not been
spectrally observed until 7 & 12 d. Moreover, cross-correlation with a
library of SN spectra using the supernova identification code (SNID;
Blondin & Tonry 2007) shows that spectra of SN 2018zd at t ~ 23,
43, and 68 d respectively match those of SN 2005cs at r ~ 4, 10, and
13d, SN 1999em at t =~ 6, 11, and 33d, and SN 2004et at t =~ 7, 9,
and 40d.

Khazov et al. (2016) reported that 14 per cent of their SN II sample
observed at # < 10 d show flash spectral features. This fraction might
be underestimated because interaction makes SNe II look somewhat
younger than their real age. For example, SN 2018zd might have
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Figure 7. Left: SED of SN 2018zd at selected phases. The dashed lines are examples of blackbody fits to the observations at = 2.9 and 182d. The dotted
line is the flux extrapolation of the flux at wavelengths shorter than 1928 A; the flux at wavelengths shorter than 1216 A goes to zero due to the absorption of
H-rich atmosphere. The uncertainty of each SED is about 20 per cent, including errors in photometry, extinction, and distance. Right: Temporal evolution of the
temperature and the photospheric radius of SN 2018zd. The inset shows a close-up view of the radius at # < 18 d. The typical uncertainty of the temperature is
about 20 per cent, including errors in photometry, extinction, and blackbody fitting. The typical uncertainty of the radius is about 30 per cent, including errors in

temperature and distance; see the sample errors at 1 ~ 137 d.

been counted as a young SN II without flash features if both the
discovery date and classification date had been delayed by ~10d.

At t ~ 13 d, the spectrum of SN 2018zd looks similar to that of
SN 1998S at a comparable phase, but it shows a more pronounced
P Cygni profile of the He line than the latter. The spectrum of
SN 2013fs at t+ &~ 13d exhibits a redder continuum and more
noticeable Balmer lines than that of SN 2018zd, suggesting short-
lived contribution of ionization/interaction in the former, as seen in
the flash phase.

The evolution in the light curve, surface radius, and temperature
indicate that SN 2018zd starts recombination at ¢ ~ 40d. After this
phase, the spectrum of SN 2018zd (e.g. t &~ 43 d) evolves to be like
that of SNe IIP. For example, the spectrum of SN 2018zd at t &~
68 d is somewhat similar to that of SN 1999em at ¢ ~ 40 d, but with
narrower and shallower spectral features. The contribution of CSM
interaction still exists ~2 months after the explosion, as suggested
by the bluer uvw2 — u and B — V colours of SN 2018zd at the same
phase.

The EW ratio between the blue absorption wing and red emission
wing of H « in spectra of SN 2018zd (Ry, ~ 0.3) is smaller than that
of SN 1999em (Ry,, =~ 0.6) but larger than that of SN 2013by (Ry,
~ 0.1) at t =~ 20-30d. SN 1998S does not show a well developed
H« absorption component at t & 71d (Ry, < 0.1). The relatively
weak H « absorption of SN 2013by and SN 19998S is usually seen
in other SNe IIL (Schlegel 1996). The narrower H « profile and the
lower Ry, of SN 2018zd might be related to a slower bulk expansion
velocity than that of typical SNe IIP (Dessart et al. 2009). This is
consistent with the low expansion velocity of SN 2018zd seen in
Sections 5.1 and 5.3.

4.3 Nebular phase

In the nebular phase, the spectra of SN 2018zd evolve to be more
like those of a normal SN IIP, dominated by emission lines of [O1],
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Ha, [Fe1], [Call], and Call. Panel (c) of Fig. 8 shows three nebular
spectra of SN 2018zd and model spectra of different progenitor
masses (Jerkstrand et al. 2012). Comparison of the strength of [O1]
AA6300, 6364 between the observation and model suggests that the
progenitor mass of SN 2018zd is in the range from 12-15 Mg, but
preferring a lower mass.

The inset panel shows a close-up view of the Ho emission; the
profile of it has been corrected for the instrumental broadening
effect, FWHM,,, = (FWHM§b5 — FWHM?HSI)'/ 2 where FWHM g,
is the observed full width at half-maximum intensity (FWHM),
and FWHM;,; is the instrumental FWHM. This emission becames
progressively narrower from ¢ & 182 to r & 338 d, and then it levels
off. The asymmetric Ho emission at # &~ 399d might imply an
asymmetric structure in the inner part of this SN.

Maguire et al. (2012) reported a relation that can be roughly
used to estimate the °Ni mass from FWHM_,.: M(°Ni) = A x
105>FWHMeor M where B = 0.233 £ 0.0041 and A = 1.817)% x
1073. The FWHM,,, of SN 2018zd at t+ ~ 399d is measured
as 54.2 + 1.0 A, which yields M(**Ni) = 0.033 = 0.004 M. This
estimate is consistent with the value derived from the light-curve tail
(see Section 5.2).

5 DISCUSSION

5.1 Ejecta velocities

The ejecta velocities of SN 2018zd measured from the absorption
minima (including Ha, H 8, Fent 25018, Fe1r A5169, Sc11 16246,
Si1r L6355, and Call A8662) and the expanded photospheric radius
are presented in the top panel of Fig. 9. For comparison, the ejecta
velocities of SNe 1999em, 1998S, 2005c¢s, and 2016bkv derived from
absorption minima of H« and Fe 11 5169 are plotted in the bottom
panel.
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Figure 8. Spectral comparison at three phases. (a) Flash-ionization-phase spectra of SN 2018zd compared with spectra of SN 1998S (Leonard et al. 2000; Fassia
et al. 2001; Shivvers et al. 2015), SN 2013by (Valenti et al. 2015), SN 2013fs (Yaron et al. 2017), and model spectra r1w5h of Dessart, Hillier & Audit (2017).
The inset shows a close-up of the region of Na I D absorption in the spectrum of SN 2018zd at 7 & 5 d. (b) Photospheric-phase spectra of SN 2018zd along with
those of SN 1998S, SN 1999em (Hamuy et al. 2001; Leonard et al. 2002), SN 2005cs (Pastorello et al. 2006), SN 2013by, SN 2013ej (Dhungana et al. 2016),
and 2013 SN 2013fs. (c) Three nebular-phase spectra of SN 2018zd (at 250, 338, and 399 d) compared with model spectra corresponding to different progenitor
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panels (a) and (b), residuals from incomplete removal of telluric absorption are marked with an Earth symbol. The host-galaxy redshift and the extinction from
the host galaxy and the Milky Way have been removed.
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Figure 9. Top: Ejecta velocity of SN 2018zd derived from the absorption
minima of He, H B, Fell 15018, Fell A5169, Sc1 16246, Sill A6355, and
Ca1r 18662. The velocity derived from the photospheric radius presented
in Fig. 7 is also plotted. Bottom: Ejecta velocity of SNe 2018zd, 1999em,
2005cs, and 2016bkv derived from the absorption minima of Heo and Fe1nl
15169. The uncertainty is about 200-300km s~

The velocity derived from the expanding photospheric radius of SN
2018zd (v = AR/At) is ~1000km s~ at t &~ 4 d, which accelerates
at an average of 1200 kms~' d~! in the next five days. It reaches the
maximum velocity (~8000kms™!) at r &~ 8.8 d when the bolometric
luminosity rises to a peak. This velocity decreases quickly during
the next week and reaches a velocity plateau at ~3600kms~'. The
acceleration inferred from the photospheric radius might relate to
the surrounding density structure of the SN. A CSM cloud with a
density profile increasing outward may absorb progressively more
energy from the shock, resulting in a fast-rising luminosity curve that
may mimic the accelerating expansion of the photosphere.

The remarkable acceleration is seen in the velocity derived from
the absorption minima of Ho and H 8 of SN 2018zd at# < 20 d. Atthe
same phase, the H « velocity of SN 2016bkv shows a similar increase,
as noted by Nakaoka et al. (2018). This acceleration might imply
distinct line-forming regions. At early phases, weak H absorption
forms in the wind/CSM that is above the optically thick photosphere.
The shocked ejecta ionize and accelerate this material to yield the
observed spectral lines and acceleration. The H absorption lines in
the well developed P Cygni profile at # > 20 d form in the ejecta that
decelerate owing to obstruction by the outer material.

At t > 20 d, some well developed absorptions can be used to
estimate the velocity of SN 2018zd besides those of the H lines.
The velocity derived from those absorptions at ¢+ &~ 30 d is close
to that from the photospheric radius but is ~ 1000 km s~! slower
than that from H lines. As usually seen in the normal SNe IIP, the
velocity derived from H lines is higher than those from the other
ions (Leonard et al. 2002). Considering these differences, we use
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Figure 10. Bolometric light curve of SN 2018zd compared with those of SN
1999em, SN 2013by, SN 2013ej and the results of the LC2 model. The error
bars include uncertainties in the photometry, extinction, and distance, the last
two of which greatly dominate. The LC2 model contains the contribution of
the core and the shell. The phase of SN 2013by has been shifted by +6d
corresponding to the archival explosion date (MJD = 56403.5; Valenti et al.
2015). The luminosity of SN 2013ej has been multiplied by 1.5.

Fe11 A5169 and Sc1I A 6246 as the tracker of photospheric velocity
instead of H lines, as suggested by Hamuy (2003) and Maguire et al.
(2010). The velocity of SN 2018zd at t = 50 d interpolated by the
velocity of Fe 11 15169 and Sc 1T A 6246 is about 3300 km s~!, which
is on the slow side of normal SNe IIP (as seen in Section 5.3) and is
faster than low-velocity SNe IIP (e.g. SN 2005cs).

5.2 Bolometric flux and explosion parameters

Fig. 10 displays the bolometric light curve of SN 2018zd based on
the SED presented in Section 3.5. The flux at wavelengths redder
than the photometry is derived by extrapolating a blackbody fit to the
SED. The flux at wavelengths shorter than 1216 Als assumed to be
zero because of absorption in the H-rich atmosphere (Lyman series).
Att < 115d, when UV photometry is available, we extrapolate the
uvw2-band (or the uvm2 band if uww2 — u 2> 1.0 mag to avoid the
red leak of the uvw2 band; Brown et al. 2016) flux using a straight
line to zero flux at 1216 A (as seen in Fig. 7). In the tail phase, we
omit the flux at wavelengths shorter than 3600 Aand extrapolate the
flux beyond the wavelength range covered by the photometry via the
blackbody directly. The latter treatment yields a luminosity match to
that derived using the V-band photometry via the equation (Bersten &
Hamuy 2009)!° during 135d <7 <338 d:

logL = —0.4[BC + V — Ay + 11.64] + log (47 D?), (1)

where L is given in units of erg s~!, the colour term BC = —0.7 mag,
and D is the SN distance in units of cm.

The bolometric light curves of SN 1999em, SN 2013by, and SN
2013ej produced by the same method, and the bolometric light curve
generated by the two-component model (LC2) of Nagy & Vinkd
(2016), are also shown for comparison. LC2 is a semi-analytical
light-curve model, which computes the bolometric light curve of

10The ‘—~11.64" in equation (4) of Bersten & Hamuy (2009) is altered to
‘+11.64° to correct the typo.
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a homologous expanding supernova using the radiative diffusion
approximation as introduced by Arnett & Fu (1989).

SN 2018zd reached its bolometric peak at ¢+ ~ 8.8d, Ly, =
(1.36 & 0.63) x 10¥ ergs™', higher than that of SN 1999em by
a factor of eight, as listed in Table 2. The large peak luminosity of
SN 2018zd is partly due to the contribution of interaction between
the shocked ejecta and stellar wind/CSM. This SN reached UV and
optical maxima almost simultaneously, which also helps to explain
the higher peak bolometric luminosity. At the tail phase (r 2 130d),
however, these two SNe are found to have similar luminosity (L &
1.2 x 10* erg s~ at £~ 150 d) and decline rate (~0.98 mag 100d~",
as expected from Co— Fe decay).

The expansion velocity of SN 2018zd matches that of SN 1999em
within ~200kms~! at # &~ 50d, as presented in Fig. 9. They are
expected to have a similar middle plateau luminosity at a statistical
uncertainty of 0.5 mag if they follow the velocity—luminosity relation
(Hamuy 2003), as seen in panel (a) of Fig. 11. Moreover, SN 2018zd
exhibits a tail similar to that of SN 1999em after the contribution of
CSM interaction disappeared. Thus, it might be reasonable to assume
that the energy produced in the explosion of SN 2018zd is close to
that of SN 1999em at the uncertain level of the velocity—luminosity
relation if the former has no extra energy input from the interaction.
Assuming that all of the excess emission inferred in SN 2018zd
relative to that of SN 1999em is converted from the kinetic energy
of the ejecta (Muying = [, [Lisza(t) — Looem(r)]/v3(1) dz, where the
photospheric ejecta velocity vej(#) is derived from the absorption
minimum of FeII lines, as presented in Fig. 9; v(¢) at # > 70d is set
to 3300 kms~'; the integration limit is from the first date when SN
2018zd has multi-band photometry to the end of the plateau phase),
we find that 0.1870 5 M, of wind material is required to produce
the extra flux seen in SN 2018zd. The uncertainty in the wind-
mass estimate includes the uncertainties in bolometric flux and the
velocity—luminosity relation. This stellar wind is more massive than
that of SN 2013fs (< 0.01 My; estimated via the line luminosity of
the narrow H o emission in Yaron et al. 2017, and spectral modelling
in Dessart et al. 2017) but less massive than that of SN 1998S (~
0.4 Mg; derived from spectral modelling in Dessart et al. 2016).

SN 2013by shows a bolometric light curve similar to that of SN
2018zd at r < 80d if its epoch is shifted by +6d. Given that the
closest available prediscovery image of SN 2013by is about 22d
earlier than the discovery image (Parker et al. 2013) it is possible
that SN 2013by exploded a few days earlier than the explosion date
reported by Valenti et al. (2015). Thus, we adopt MID = 56397.5
as the explosion date of SN 2013by for the following calculation.
With this modified explosion date, the colour curve and light curve
of SN 2013by match those of SN 2018zd better. At r > 80d, SN
2013by ends the plateau phase and fades quickly. However, its tail
luminosity meets that of SN 2018zd again.

The bolometric light curve of SN 2013ej roughly matches that of
SN 2018zd and SN 2013by except for the middle part (80d < ¢ <
120d) if the luminosity of SN 2013ej is multiplied by 1.5. These
three SNe show a faster-declining plateau and a more significant
drop from the plateau to the radioactive tail than does SN 1999em.

We estimate the mass of °Ni ejected by the SN based on the tail
bolometric luminosity via (Hamuy 2003):
t/(1+2z) 6.1] Mo,

2

Myi = (7.866 x 107*)L, x exp [ 196

where 7 is the phase after explosion, L is the tail-phase luminosity
in units of erg s~ !, and 7 is the redshift of the SN. SN 2018zd, SN
1999em, and SN 2013by produced similar amounts of °Ni, as listed
in Table 2, given the similar radioactive tails.
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It is not surprising to see that the mass of *°Ni derived by the LC2
model, 0.033 Mg, is consistent with the above results, because they
rely on a shared physical basis (Arnett 1982; Arnett & Fu 1989).
Thus, the mean value of M(°°Ni) derived via the tail-phase flux
matches the result from the nebular spectra. Since the estimate from
the nebular spectra relies only on the FWHM of H & emission, which
is independent of distance and extinction, the agreement between
these two methods suggests that the distance and extinction of SN
2018zd adopted in this paper are reasonable.

The LC2 model reproduces the light curve of SN 1999em and also
the light curve of SN 2018zd at t 2 10 d with the parameters listed in
Table 3. Note that all models shown are not from formal fitting to the
data. Instead, they can be considered only as representative examples
that look similar to the observations. Thus, formal uncertainties
cannot be assigned to the parameters shown in Table 3, but they
are at least ~10 per cent according to Nagy & Vinké (2016).

The velocity derived in the LC2 model is about 2000kms™!
higher than that of SN 2018zd obtained from the spectral features, as
presented in Section 5.1. This suggests that extra energy is required
to produce such a luminous SN in the scheme of regular SNe IIP.
A significant amount of the SN kinetic energy may be converted
to thermal energy via the CSM interaction, conforming to the high
temperature seen in Fig. 7.

5.3 Comparison with other SNe I1

Fig. 11 displays the position of SN 2018zd in the spectroscopic and
photometric parameter space of SNe II. Comparing with the linear
fitting in each panel, we note the following:

(1) The peak (Mp,x) and middle plateau (M3") of SN 2018zd are
(respectively) 1.50 & 0.75 mag and 1.75 4 0.53 mag brighter than
the sample SNe with a similar decline rate s2 (Anderson et al. 2014)
and ejecta expansion velocity (vZ,) in panels (a) and (c).

(2) SN 2018zd experienced a significant luminosity drop from the
peak to the tail, a ~20 departure from the linear fitting of M.«
versus My, in panel (e).

(3) The tail brightness of SN 2018zd follows that of the SN II
family. For example, the mass of synthesized °Ni in SN 2018zd
matches the v3) versus M(°Ni) relation in panel (b), and the
brightness at the beginning of the tail phase is located in the lo
region of s2 versus M., space in panel (d).

Two other SNe II, SN 2013ej and SN 2013by, show somewhat
similar behaviour not only in bolometric light curves but also their
positions in the SN II family. They have an intermediate flux
drop during the transition from the plateau to the radioactive tail,
smaller than that of SN 2018zd but more significant than the sample
cluster. Combined with their fast light-curve decline rate during the
photospheric phase, these two SNe might have extra energy injected
by CSM interaction. Valenti et al. (2015) also suggest that the
interaction scenario explains the fast-declining light curves of SN
2013by based on the flash spectral features in the spectrum at  ~2d
(as seen in Fig. 8) and the detection of the X-ray emission. Moreover,
Morozova et al. (2017) use a dense wind-like CSM interaction model
to produce the luminous and fast-declining light curve of SN 2013e;j
and SN 2013by. The brightness of SN 2013ej and SN 2013by in the
middle of the plateau phase follows the velocity—luminosity relation
of SNe IIP, as seen in panel (a) of Fig. 11. It seems that the extra
energy in these two SNe disappeared at 7 & 50 d, which suggests an
interaction lasting for a period shorter than that of SN 2018zd.
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Table 2. Parameters of bolometric light curves.”

Supernova Distance (Mpc)  E(B — V)otal Lpeak(1043erg sy M (56Ni)(MO )b Explosion date (MJD) Ref.¢
SN 2018zd 18.4 (4.5) 0.17 (0.05) 1.36 (0.63) 0.035 (0.012) 58178.4 (0.5) 1
SN 1999em 8.2 (0.6) 0.10 (0.05) 0.15 (0.03) 0.033 (0.006) 51475.1 (1.4) 2
SN 2013by 14.8 (1.0) 0.20 (0.03) 1.15(0.24) 0.036 (0.006) 56397.5 (2.0) 3,1
SN 2013ej 9.6 (0.7) 0.10 (0.03) 0.57 (0.08) 0.024 (0.005) 56496.5 (1.5) 4

Note. “The parameters in Fig. 10. The numbers given in the brackets are the 1o uncertainties. “Mass of **Ni derived by the
bolometric luminosity during 130 d < 7 < 180 d via equation (2). “References for the distance, reddening and explosion date
adopted in the calculation: 1. This work, 2. Leonard et al. (2002), 3. Valenti et al. (2015), 4. Huang et al. (2015).
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Figure 11. The position of SN 2018zd in the SN II family considering various photometric and spectroscopic indicators, including the velocity of Sc 11 16246

50

or Fell 15169 measured at 1 ~ 50 d after explosion (i.e. v3y,

), the V-band absolute magnitude measured at ¢ ~ 50 d after explosion (i.e. M 30), the mass of *°Ni

(i.e. M(°°Ni)), and four shape parameters of the V-band light curve (as defined by Anderson et al. 2014) — the absolute brightness at three selected phases (i.e.
Mmax, Mend, and My,;1) and the decline rate of the plateau (i.e. s2). The solid lines are linear fits to the black open circles (collected from Hamuy 2003; Anderson
et al. 2014; Spiro et al. 2014; Zhang et al. 2014), and the dashed lines are the 1o uncertainties of the linear fits. SN 1999em, SN 2013ej, SN 2013by, and five
luminous SNe with low expansion velocities (LLEV SNe; Rodriguez et al. 2020) are included for comparison.

SN 2018zd is an outlier in velocity—brightness space, as seen in
panel (a). However, a group of luminous SNe with low expansion
velocities (LLEV SNe; Rodriguez et al. 2020) is located in a more
distant region relative to the bulk of the sample than SN 2018zd. The
middle plateau brightness of the LLEV SNe is ~2-3 mag brighter
than that of SNe II with the same ejecta expansion velocity. A larger
drop from the peak to the tail in the light curve is also found in
the LLEV SNe. Rodriguez et al. (2020) listed the observational
characteristics of the LLEV SNe that are also found in SN 2018zd,
such as the ejecta—CSM interaction signs at early phases, blue B
— V colours, weakness of metal lines, and luminous peak and
plateau compared with the low expansion velocities. All of these
properties were reproduced, assuming ejecta—CSM interaction that
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lasts between 4 and 11 weeks post-explosion, in the model work of
Rodriguez et al. (2020). This confirms the interaction scenario of SN
2018zd suggested by our analysis here.

5.4 Electron-capture supernova

The typical temperature of the shocked CSM is ~10°K and that
of the shocked ejecta is >107 K, and both radiate in the X-ray
band (Branch & Wheeler 2017). These X-ray photons ionize the
atoms in the surrounding wind/CSM, which then radiate narrow
emission lines in the UV-optical band (i.e. the flashed spectral
features) owing to recombination. Thus, we expect to detect the
X-rays from SNe II if this radiation is not strongly absorbed by
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Table 3. LC2 model parameters of SN 2018zd and SN 1999em.*

Parameter SN 2018zd SN 1999em

‘core’ ‘shell’ ‘core’ ‘shell”
Initial model parameters
Ro (103 cm) 4.8 7.0 3.5 5.0
M Mp) 9.80 0.55 13.50 0.20
Mni M) 0.033 0 0.030 0
Trec (K) 6000 0 7000 0
Exin (1077 erg) 2.20 1.30 1.48 0.40
Eq (10°! erg) 1.90 0.40 0.40 0.02
o 1.6 0.0 0.0 0.0
K (em? g1 0.28 0.40 0.26 0.40
Calculated physical properties
to (d) 95.6 18.7 102.9 11.7
v (kms™1) 6580 23200 4290 21300

Note. “Ry is the initial radius of the ejecta, M is the ejected mass, Mn;
is the initial nickel mass, Tt is the recombination temperature, Ey;, is the
initial kinetic energy, Ey, is the initial thermal energy, « is the density profile
exponent, x is the opacity, #p is the light-curve time-scale, and v is the
maximum expansion velocity.

the unshocked material. However, Chandra, Chevalier & Fransson
(2018) reported the non-detection of SN 2018zd with the Swift X-ray
telescope (XRT) between 2018 March 4 and 11. They found an upper
flux limit of 5.22 x 10~ ergem?s~! (0.3-10keV). Adopting D =
18.4 Mpc, the upper limit for the X-ray luminosity of SN 2018zd is
~2.11 x 10% erg s~!, slightly less than the detected luminosity of SN
2013by (~2.88 x 10* ergs~'; Valenti et al. 2015). The weaker X-
ray radiation of SN 2018zd than that of SN 2013by might be related
to the stronger flash emission features of the former. It is possible
that the majority of the X-ray photons from the shocked material are
absorbed by the wind/CSM, producing stronger emission lines in the
optical spectra.

Moriya et al. (2014) suggested that the optically bright but
X-ray-faint SNe IIn can arise from electron-capture supernovae
(ECSNe) that explode from super-asymptotic giant branch (super-
AGB) stars (Miyaji et al. 1980; Nomoto et al. 1982; Miyaji & Nomoto
1987). Super-AGB stars have a dense and massive circumstellar
environment due to their high mass-loss rate wind, which could
create narrow emission lines during the SN explosion, as seen in SN
2018zd. ECSNe could be as luminous as SNe IIn at the peak phase
due to the larger radius of the progenitor star, but the tail is faint
because of the intrinsic low explosion energy and a small amount of
36Ni (Tominaga, Blinnikov & Nomoto 2013; Moriya et al. 2014). The
synthesized mass of %Ni in SN 2018zd is relatively small compared
to its luminous peak. Furthermore, this SN produces even less °Ni
if a shorter distance is adopted in the calculation. For example, it
yields only 0.013 £ 0.004 Mg, if D = 11.3 £ 2.0 Mpc (Bottinelli
et al. 1984), which is close to the upper limit mass of **Ni produced
in ECSNe (< 0.015Mg; Kitaura, Janka & Hillebrandt 2006).

Thus, given the luminous UV—optical peak, the relatively weak X-
ray radiation, the massive wind/CSM environment, and the relatively
small amount of synthesized *°Ni, an electron-capture-triggered
supernova explosion is also a possible scenario for SN 2018zd.

6 CONCLUSIONS

We present an extensive set of observations of SN 2018zd from
the early ‘flash-ionization’ spectroscopic phase (e.g. t < 1d) to
the later nebular phase (e.g. t & 456 d). The flux excess observed
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in the clear-band light curve ~3.6h after the explosion might be
a signal of shock breakout. The overluminous peak [e.g. Lyax =
(1.36 & 0.62) x 10®ergs™!] of this SN accompanied by flash
spectra at early times is likely caused by extra energy injection
via interaction between the shocked ejecta and the massive wind
(0.1873% My,). This effect does not disappear immediately when
the flash signatures in the spectra fade away. Energy is stored in
the H-rich envelope and heats it, making SN 2018zd bluer than
regular SNe IIP, as seen in its colour curve and spectrum during
the photospheric phase. Meanwhile, this energy makes a brighter
mid-plateau for SN 2018zd than regular SNe II with the same
expansion velocity. SN 2018zd is thus a gap-filler event between
the central cluster and separated LLEV SNe in velocity—brightness
space, perhaps implying a continuous distribution of the interaction
contribution. Given the similar fast-declining light curve of SNe II
reported by Huang et al. (2015) for SN 2013ej and by Valenti et al.
(2015) for SN 2013by, there is a group of transitional events located
at the boundary between SNe IIP and SNe IIL in the sense of decline
rate. Finally, the nebular spectra and the light-curve tail of SN 2018zd
resemble those of typical SNe IIP when the injected energy has been
released. Thus, the observations of SN 2018zd presented in this paper
are key to understanding the nature of the diverse origins of SNe II.
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Table Al. Local photometric standard stars in the field of SN2018zd.¢

Star U (mag) B (mag) V (mag) R (mag) I (mag) g (mag) r (mag) i (mag)

1 14.88(0.01) 14.63(0.01) 13.79(0.01) 13.40(0.02) 13.02(0.02) 14.17(0.01) 13.56(0.01) 13.40(0.01)
2 15.47(0.01) 14.92(0.01) 13.98(0.01) 13.53(0.03) 13.12(0.01) 14.42(0.01) 13.68(0.01) 13.47(0.01)
3 16.35(0.02) 16.47(0.01) 15.93(0.02) 15.58(0.02) 15.26(0.02) 16.15(0.01) 15.78(0.01) 15.67(0.01)
4 16.49(0.01) 16.32(0.01) 15.54(0.03) 15.10(0.01) 14.69(0.01) 15.90(0.01) 15.31(0.01) 15.11(0.01)
5 17.54(0.04) 17.26(0.03) 16.41(0.03) 15.96(0.04) 15.53(0.02) 16.79(0.01) 16.18(0.01) 15.96(0.01)
6 15.48(0.02) 15.48(0.02) 14.80(0.02) 14.41(0.01) 14.04(0.01) 15.09(0.01) 14.61(0.01) 14.46(0.01)
7 17.08(0.01) 16.86(0.02) 16.06(0.02) 15.61(0.01) 15.19(0.02) 16.42(0.01) 15.82(0.01) 15.61(0.01)
8 17.48(0.02) 16.86(0.02) 15.92(0.01) 15.45(0.02) 15.03(0.02) 16.35(0.02) 15.61(0.01) 15.40(0.02)

O

17.94(0.01) 17.89(0.01) 17.08(0.01) 16.59(0.02) 16.13(0.02) 17.45(0.01) 16.83(0.01) 16.59(0.01)
10 14.56(0.01) 14.44(0.02) 13.72(0.01) 13.40(0.01) 13.08(0.01) 14.02(0.01) 13.56(0.01) 13.45(0.01)
11 17.26(0.03) 17.07(0.01) 16.27(0.01) 15.85(0.02) 15.46(0.03) 16.63(0.01) 16.04(0.01) 15.85(0.01)
12 16.85(0.01) 16.52(0.01) 15.67(0.01) 15.24(0.01) 14.83(0.03) 16.06(0.01) 15.42(0.01) 15.23(0.01)

Note. “See Fig. 1 for the finder chart of these reference stars. UBVRI bands are in the Vega magnitude system, gri bands are in the AB magnitude
system. Uncertainties (in parentheses) are lo.

Table A2. Ground-based photometry of SN 2018zd.*

Date (UT) MID Epoch (d? U (mag) B (mag) V (mag) R (mag) I (mag) g (mag) r (mag) i (mag) Facility
2018 March 4 58181.91 3.52 - 15.38(0.01) 15.26(0.01) 15.05(0.01) 14.91(0.01) - - - KOT
2018 March 5 58182.76 4.37 - 14.93(0.01) 14.73(0.01) - - 14.79(0.01) 14.76(0.01) 14.87(0.01) LJT
2018 March 7 58184.70 6.31 13.30(0.02) 14.07(0.02) 13.91(0.01) - - 13.94(0.01) 13.96(0.01) 14.10(0.01) LJT
2018 March 7 58184.73 6.34 - 13.85(0.08) 13.96(0.05) 13.77(0.08) 13.73(0.05) - - - KOT
2018 March 8 58185.48 7.09 - 13.93(0.01) 13.67(0.01) 13.59(0.01) 13.57(0.01) - - - TNT
2018 March 8 58185.70 7.31 13.03(0.03) 13.82(0.02) 13.65(0.01) - - 13.68(0.01) 13.70(0.01) 13.85(0.02) LJT

Notes. “Uncertainties (in parentheses) are 1o. *The epoch is relative to the explosion date, MJD = 58178.39.
The full table is available online.

Table A3. Swift UVOT photometry of SN 2018zd (Vega magnitude system).?

Date (UT) MID Epoch (dy? uvw?2 (mag) uvm?2 (mag) uvwl (mag) u (mag) b (mag) v (mag)

2018 March 4 58181.29 2.90 16.00(0.04) 15.86(0.03) 15.53(0.04) 15.17(0.04) 16.17(0.04) 15.99(0.06)
2018 March 4 58181.35 2.96 15.71(0.04) 15.68(0.06) 15.34(0.04) 15.01(0.04) 16.06(0.04) 15.82(0.06)
2018 March 5 58182.35 3.96 14.10(0.02) 14.19(0.02) 14.03(0.02) 13.92(0.03) 15.04(0.03) 15.01(0.04)
2018 March 6 58183.21 4.82 13.48(0.02) 13.49(0.06) 13.47(0.03) 13.43(0.03) 14.61(0.03) 14.56(0.04)
2018 March 7 58184.28 5.89 13.07(0.11) 13.18(0.03) 13.25(0.11) 12.96(0.04) 14.21(0.04) 14.24(0.07)
2018 March 8 58185.14 6.75 12.73(0.02) 12.88(0.03) 12.79(0.07) 12.69(0.03) 13.88(0.03) 13.84(0.04)
2018 March 10 58187.23 8.84 12.86(0.02) 12.89(0.02) 12.77(0.07) 12.55(0.03) 13.71(0.02) 13.61(0.03)

Notes. “Uncertainties (in parentheses) are 1o. *The epoch is relative to the explosion date, MJD = 58178.39.
The full table is available online.
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Table A4. Journal of spectroscopic observations of SN 2018zd.

Date (UT) MJD Epoch (d)*  Range (A)  Disp. (A pix~') Exp(s) Airmass Telescope + Inst.
2018 March 2 58179.61 1.22 3500-8900 2.85 2100  1.64  LIT + YFOSC
2018 March 4 58181.74 3.35 35008900 2.85 750 203  LIT+ YFOSC
2018 March 5 58182.74 4.35 3500-8900 2.85 2100 2.00 LT + YFOSC
2018 March 7 58184.69 6.30 35008900 2.85 1500  1.83  LIJT + YFOSC
2018 March 9 58186.52 8.13 39608820 2.78 2400  1.30  XLT + BFOSC
2.85 1200 193  LJT + YFOSC

2018 March 9 58186.71 8.32 3500-8900

Notes. “The epoch is relative to the explosion date, MJD = 58178.39. ®Blue and red sides combined; parameters listed

are the average values.
The full table is available online.

Table AS. Clear-band photometry of SN 2018zd (‘Bright Supernovae’).”

Date (UT) MID Epoch (dy? Mag Observer
2018 March 1.54 58178.54 0.15 18.0  Koichi Itagaki
2018 March 2.49 58179.49 1.10 17.8 Koichi Itagaki
2018 March 3.49 58180.64 2.25 16.8 Koichi Itagaki
2018 March 3.64 58180.79 2.40 16.5 Koichi Itagaki
2018 March 3.79 58180.94 2.55 16.6  Koichi Itagaki
2018 March 4.53 58181.68 3.29 155 Yuji Tanaka
2018 March 6.54 58183.69 5.30 14.2 Yuji Tanaka
2018 March 6.71 58183.86 5.47 144 Koichi Itagaki
2018 March 14.45 58191.60 13.21 13.6 Yuji Tanaka

Note. “www.rochesterastronomy.org/sn2018/sn2018zd.html; uncertainties
are ~0.1 mag, considering the translation between the clear band and the
r band. ®The epoch is relative to the explosion date, MJD = 58178.39.
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