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ABSTRACT

Aims. The interacting transient SN 2016cvk (ASASSN-16jt) is a peculiar SN 2009ip-like event. We present our follow-up data with an aim to
draw conclusions on the physical nature of the progenitor system.
Methods. Our spectrophotometric data set of SN 2016cvk covers the ultraviolet, optical, and near-infrared wavelength region extending to +1681 d
from the light curve peak. In this work, we analysed the data and made comparison with other SN 2009ip-like transients. We note that archival
data reveal pre-outbursts of the progenitor with the first detection at –1219 d.
Results. The light-curve evolution of SN 2016cvk consists of two consecutive luminous events A and B, with peak magnitudes of MV < −15.6 and
Mr = −18.3 mag, respectively. The spectra are dominated by Balmer emission lines that have a complex, multi-component evolution resembling
that of other SN 2009ip-like targets. SN 2016cvk is among the first detected SN 2009ip-like events that show early ‘flash ionisation’ features of
C iii, N iii, and He ii, lasting for 16±5 d. Our late-time +405 d spectrum shows forbidden [Ca ii], [Fe ii], and [O i] features, with the latter detected
particularly clearly for a SN 2009ip-like event.
Conclusions. The evolution of SN 2016cvk is similar to other SN 2009ip-like transients, with some uncommon traits. The lack of a double-peaked
structure in the Balmer lines is likely caused by differences in the circumstellar medium structure or viewing angle. The flash features in the early
spectra propose abundances consistent with a red, yellow, or blue supergiant progenitor, rather than a luminous blue variable, for example. The
detection of [O i] in the +405 d spectrum suggests some possible evidence of nucleosynthesised material generated in a SN explosion.

Key words. circumstellar matter – stars: massive – supernovae: general – supernovae: individual: SN 2016cvk –
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1. Introduction

A supernova (SN) is a stellar explosion that terminally destroys
the star. The most massive (zero-age main sequence mass,
MZAMS > 8 M�) stars in the Universe end their life cycles as
core-collapse supernova (CCSN) explosions, which terminally
destroy the progenitor star (Smartt 2009). The SNe exhibit-
ing narrow (.1000 km s−1) Balmer lines are classified as Type
IIn. These lines are produced when the expanding ejecta col-
lides and interacts with the H-rich circumstellar medium (CSM).
The presence of the dense CSM indicates that the Type IIn
SN progenitors displayed high mass-loss rates shortly before
their terminal explosion. For example, a progenitor star has
been observed in possible quiescence before its explosion as
the Type IIn SN 2005gl (Gal-Yam & Leonard 2009). The pre-
cursor was identified as a luminous blue variable (LBV) star in
this case; however, according to classical models of stellar evo-
lution, LBVs are not expected to explode as SNe at that stage of
their lives. Instead, they are expected to first lose most of their
outer hydrogen envelope and evolve into highly luminous Wolf-
Rayet stars, before exploding as H-poor Type Ib/c SNe (e.g.
Groh et al. 2013). On the other hand, large progenitor mass-loss
rates inferred from follow up observations of some SNe IIn are
only compatible with LBVs (e.g. Fransson et al. 2014). How-
ever, the LBV origin of Type IIn SNe has been contested by
Dwarkadas (2011), who pointed out that a high CSM density
need not necessarily imply a high wind mass-loss rate; high den-
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sities may also arise from wind clumps or a previous LBV phase
before the SN explodes as a Wolf-Rayet star.

SN 2009ip is one of the most well known and thoroughly
studied interacting transients. It was initially classified as a
Type IIn SN (Maza et al. 2009); however, after its discovery,
SN 2009ip underwent several episodes of fading away and re-
brightening within a period of three years. During this stage, the
spectrum of SN 2009ip was hot and dominated by narrow lines,
bearing a similarity to some eruptions of LBV stars. This was
followed by a major brightening event in 2012, which prompted
a debate on the nature of the event and plausible common ori-
gins between terminal CCSN explosion and various supernova
impostor scenarios (e.g. Pastorello et al. 2013; Prieto et al. 2013;
Mauerhan et al. 2013; Fraser et al. 2013, 2015; Smith et al.
2013, 2014, 2022; Levesque et al. 2014; Margutti et al. 2014;
Graham et al. 2014, 2017; Pessi et al. 2023).

In recent years, a growing number of transients have
been discovered to share similarities with SN 2009ip, includ-
ing SN 2010mc (Ofek et al. 2013a), SN 2011fh (Pessi et al.
2022; Reguitti et al. 2024), LSQ13zm (Tartaglia et al. 2016),
SN 2015bh (Elias-Rosa et al. 2016; Thöne et al. 2017;
Boian & Groh 2018), SN 2016bdu (Pastorello et al. 2018),
and SN 2016jbu (Kilpatrick et al. 2018; Brennan et al. 2022a,b).
In addition, very recent studies of SN 2022mop (Brennan et al.
2025), SN 2023vbg (Goto et al. 2025), and SN 2023ldh
(Pastorello et al. 2025) have further highlighted the diversity of
SN 2009ip-like events.

SN 2009ip-like transients have a preceding brightening
‘event A’ shortly before the main ‘event B’. The peak brightness
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of event B is almost identical for these transients, accompanied
by a quite similar spectral evolution (e.g. Pastorello et al. 2013).
This high degree of similarity between events is rather surpris-
ing, as the varying temporal evolution of polarisation implies
that SN 2009ip was a complex transient with a highly struc-
tured CSM (Mauerhan et al. 2014). Monte Carlo simulations
based on the spectropolarimetric observations of SN 2009ip have
suggested a disc-like CSM structure and a bi-polar main event
explosion, where the fast-moving ejecta expand in a perpen-
dicular direction compared to the orientation of the CSM disc
(Reilly et al. 2017). From this point of view, an observationally
diverse set of transients could be expected, due to differences in
mass loss history, CSM geometry, and our viewing angle of the
events.

There has been no clear evidence of nucleosynthesised mate-
rial, such as prominent features of the forbidden lines of [O i]
at 6300 and 6364 Å or [Fe ii] at 7155 Å, in any of the SN
2009ip-like events even in the very late-stage observations; thus
their terminal SN nature has been debated (Graham et al. 2014;
Fraser et al. 2015; Brennan et al. 2022a; Smith et al. 2022).
However, the weak features of [O i], for example, have been
detected in the late-time spectra of SN 2009ip (Fraser et al.
2015), SN 2016bdu (Pastorello et al. 2018), and SN 2016jbu
(Brennan et al. 2022b). If they are not genuine SNe, the lumi-
nosities of SN 2009ip-like events would likely arise from an
explosive mass-loss episode of the star, during which the ejected
material strongly interacts with ambient gas around the progen-
itor. However, the late-time Hubble Space Telescope observa-
tions of SN 2009ip, SN 2015bh, and SN 2016jbu have shown
that these events have faded below the brightness level of their
progenitors identified in archival data, strongly supporting a ter-
minal explosion scenario (Brennan et al. 2022c; Jencson et al.
2022; Smith et al. 2022).

A new addition to the expanding list of SN 2009ip-like
events is the transient SN 2016cvk presented in this work. The
data of SN 2016cvk are summarised in Sect. 2. The light curve
and spectroscopic evolution are analysed in Sects. 3 and 4,
respectively. Our discussion and final conclusions are presented
in Sects. 5 and 6, respectively.

2. Data

SN 2016cvk was discovered by Parker (2016) in ESO 344 –
G 021 at an unfiltered magnitude of 17.6 mag using a 35 cm
Celestron telescope on 2016 June 12.64 UT (JD = 2457552.14)
preceded by the last non-detection of >18 mag on 2016 June
3.59 UT (JD = 2457543.09). The All Sky Automated Survey
for SuperNovae (ASAS-SN) reported the discovery of the
transient ASASSN-16jt at a V-band magnitude of 16.2 mag
on 2016 August 31.09 UT (2460918.59) with a non-detection
of >17.8 mag on 2016 August 26.24 UT (JD = 2460913.74),
which they associated with SN 2016cvk. Brown et al. (2016)
reported additional ASAS-SN V-band non-detections of the
event and spectra obtained with the du Pont 2.5 m telescope
on 2016 June 18 and 2016 September 1, noting the similar-
ity of the former spectrum with that of SN 2009ip before
the luminous peak, and the characteristics of the latter spec-
trum (e.g. a blue continuum, Balmer lines with broad and
narrow emission components, and He i and He ii 4686 Å fea-
tures). A Type IIn-pec classification spectrum for the Tran-
sient Name Server was reported by Bersier et al. (2016) after
being obtained with the New Technology Telescope (NTT) of
the European Southern Observatory (ESO) on 2016 September
6.0 UT (JD = 2460924.5). A radio non-detection of the event
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Fig. 1. Image of the field of SN 2016cvk and its host galaxy ESO 344 –
G 021 in r-band observed with a Las Cumbres Observatory 1m#5
telescope in CTIO, Chile, on 2016 September 10. The location of the
transient (α = 22h19m49s.39 and δ = −40◦40′03′′.2) is marked in the
subpanel image with a red crosshair. The field stars used to calibrate the
photometry are circled in the image.

was reported by Ryder et al. (2016) using the Australia Tele-
scope Compact Array, resulting in 3σ upper limits of 68 and
75 microJy/beam at 5.5 and 9.0 GHz, respectively, on 2016
September 4.6 UT (JD = 2460923.1). Based on optical obser-
vations, Higgins et al. (2019) reported no detection of intrin-
sic polarisation with an upper limit of P ≤ 1.90% in SN
2016cvk during the event A on 2016 June 20.3 (JD 2457559.8,
i.e. −84 d from the event B peak). SN 2016cvk is located at
the edge of a small, weakly barred host ESO 344 – G 021,
which is morphologically classified as a Sab galaxy in the NASA
Extragalactic Database (NED)1 (see Fig. 1). The metallicity of
12 + log(O/H)N2 = 8.529 ± 0.028 in the local environment of
the transient (measured within the 0.3 kpc radius around the
SN position) is very close to the solar value (∼8.7) and the
star formation rate surface density of the host galaxy is around
10−4.0 M� yr−1 kpc−2 (Moriya et al. 2023).

2.1. Distance and extinction

In Table 1, the coordinates (RA, Dec), redshifts (z), luminos-
ity distances (DL), distance moduli (µ), and line-of-sight V-band
extinctions (AV ) for SN 2016cvk and a sample of SN 2009ip-
like events are summarized, along with the peak r-band mag-
nitudes and their corresponding JD epochs. The data collected
from literature and public databases has been homogenised,
assuming H0 = 73 km s−1 Mpc−1, ΩM = 0.27, and ΩΛ = 0.73.
Virgo infall-corrected host luminosity distances were adopted,
if readily available via NED. The luminosity distance of SN
2016bdu is adopted from Pastorello et al. (2018). The adopted
distances are generally consistent with the values used in the
previous studies of the comparison sample events. For targets
with redshifts based observations of the transient, the luminosity

1 https://ned.ipac.caltech.edu
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Table 1. Coordinates, redshifts, luminosity distances, distance moduli, line-of-sight extinction values, and r-band peak magnitudes and epochs for
SN 2009ip-like events.

Object RA Dec z DL µ Av Mr,peak JDpeak
(Mpc) (mag) (mag) (mag) (−2400000 d)

SN 2016cvk 22h19m49s.39 −40◦40′03′′.2 0.0108b 43.3 33.18 0.035 f −18.4 57643.4
SN 2009ip 22h23m08s.26 −28◦56′52′′.40 0.00590b 24.0 31.90 0.055 f −18.0 56209.7
SN 2016bdu 13h10m13s.95 +32◦31′14′′.07 0.0173c 76.1c 34.37c 0.041c −17.9 57542.7
SN 2016jbu 07h36m25s.96 −69◦32′55′′.25 0.00489b 17.3 31.60 0.555 f −18.0 57783.9
SN 2015bh 09h09m35s.06 +33◦07′22′′.12 0.00649d 29.4 32.35 0.713 f ,g −17.8 57168.5
LSQ13zm 10h26m54s.59 +19◦52′54′′.91 0.029a 122 35.43 0.052 f −18.4 56409.7
SN 2010mc 17h21m30s.68 +48◦07′47′′.39 0.035e 152 35.91 0.046 f −18.4 55447.0

Notes. a Tartaglia et al. (2016), b Wong et al. (2006), c Pastorello et al. (2018), d Haynes et al. (1997), e Ofek et al. (2013b), f Schlafly & Finkbeiner
(2011), g Thöne et al. (2017).

distances were derived using the Ned Wright’s Cosmology Cal-
culator (Wright 2006). The Galactic dust map-based AV val-
ues (Schlafly & Finkbeiner 2011) were retrieved from NED
using the coordinates of the transients. For reddening, a stan-
dard extinction law by Cardelli et al. (1989) was adopted with
RV = 3.1. For SN 2016cvk and the other selected SN 2009ip-
like targets in the literature a negligible host galaxy extinction
has been assumed, typically based on the lack of Na i D absorp-
tion lines, with the exception of SN 2015bh, which has an asso-
ciated host galaxy extinction of AV = 0.651 mag (Thöne et al.
2017). The epochs of our sample transients are provided in the
observer frame; the redshift time-dilation effect for the nearby
events is quite small.

2.2. Photometric observations

Optical imaging of the field of SN 2016cvk was taken between
2014 September 16 and 2021 April 9 in ugVrizY bands through
several observing programmes and in near-infrared JHK bands
between 2016 September 9 and 2017 November 25 (see
Appendix for details on the observations and data reduction). For
both the optical and near-infrared ground-based images, we car-
ried out point spread function (PSF) photometry with the QUBA
pipeline (Valenti et al. 2011). For this step, the ugri magnitudes
of the field stars were calibrated using observations of photomet-
ric standard stars from the Las Cumbres Observatory facilities.
Furthermore, the g and r-band field star magnitudes were con-
verted into B and V-band magnitudes via the transformations
by Jester et al. (2005). A selection of z and Y-band field star
magnitudes were adopted from the Dark Energy Survey Data
Release 2 (Abbott et al. 2021) for the analysis. In JHK bands
the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006)
magnitudes of the field stars were adopted to calibrate the field.
Archival data were also obtained for the analysis from the Neil
Gehrels Swift Observatory in UVW2, UV M2, UVW1, U, B, and
V bands. A least-squares third-order polynomial fit was carried
out to the r-band light curve near maximum; the resulting JDpeak
2457643.4 was adopted as the reference epoch (t = 0 d). A com-
plete table of photometric observations of SN 2016cvk is given
in Table A.1 for the near-infrared area (J, H, and K bands) and in
Table A.2 for the Swift observations (UVW2, UV M2, UVW1,
U, B and V bands). The table of photometric observations for
ground-based optical range (u, B, g, V , r, i, z and Y bands) is
only available in electronic form. The absolute light curves of SN
2016cvk in different bands are shown in Fig. 2. Light curve com-
parisons with other SN 2009ip-like events are shown in Fig. 3.
In the comparison plots, both the Sloan r and Bessel R bands are

shown for some of the events for a better coverage of the differ-
ent light curve phases. Magnitudes in the u, g, r, i, z, and Y bands
are given in the AB system and in the other bands in the Vega
system (unless otherwise noted).

2.3. Spectroscopic observations

Most of the spectroscopic monitoring of SN 2016cvk was carried
out with the NTT using the ESO Faint Object Spectrograph and
Camera 2 (EFOSC2) and the Son of ISAAC (SOFI) instruments
via the extended Public ESO Spectroscopic Survey of Transient
Objects (ePESSTO) programme (Smartt et al. 2015). A single
late phase spectrum of the target at around +405 d from peak was
obtained using the Very Large Telescope (VLT) with the FOcal
Reducer and low dispersion Spectrograph 2 (FORS2) instru-
ment at the Cerro Paranal observatory, Chile. Details on the data
reduction are provided in the Appendix. We could also include
in our analysis the early spectra reported by Brown et al. (2016),
which were obtained with the du Pont 2.5 m telescope using the
Wide-Field CCD (WFCCD) instrument at the Las Campanas
Observatory, Chile. In Table A.3 the full details of all the spec-
troscopic observations of SN 2016cvk are listed.

3. Light curve evolution

SN 2009ip-like targets have a very similar evolution in their light
curves, with clearly distinguishable light curve phases for which
we adopt the nomenclature by Graham et al. (2014). There are
two clear major events in the evolution of SN 2009ip-like tran-
sients in our sample: a less bright initial event A and the main
event B. After the initial sharp decline from the event B peak, all
the SN 2009ip-like events in our sample flatten to a more moder-
ately decreasing or almost horizontal plateau phase. The plateau
later turns into another sharp decline in the light curve, called the
‘knee’ and ‘ankle’ stages in previous works in the literature, fol-
lowed by a late linear tail phase with a slowly evolving decline.

3.1. Light curve phases

To define the phases of SN 2016cvk and to carry out compar-
isons between SN 2009ip-like events, selected functions were
fitted to these light curve sections for our sample of targets. SN
2015bh was not included in this part of the analysis, since the
reported photometric observations did not cover the epochs dur-
ing the short plateau phase shown by SN 2009ip-like events.
Other potentially SN 2009ip-like SNe with even more limited
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Fig. 2. Extinction-corrected absolute u, g, r, i, z,Y (AB magnitudes) and UVW2,UV M2,UVW1,U, B,V, J,H,K (Vega magnitudes) light curves for
SN 2016cvk, shifted for clarity as indicated in the figure legend. The dashed vertical line at t = 0 signifies the event B peak. Downward-pointing
triangles indicate upper limits.
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Fig. 4. Light curve phases of SN 2016cvk. Fits for the event B rise
phase (black dashed curve) and the plateau phase (black solid curve) of
the transient are included.

spectrophotometric coverage, such as SN 2011fh, were left out
of the sample entirely. For phases A and B, the fits were carried
out with second- or third-degree polynomials via minimizing the
χ2 value. The uncertainties for these parameters were determined
via the error limits of the polynomial fit coefficients.

We fit the plateau and the knee-ankle phase with a combi-
nation of a Fermi-Dirac function and a linear part, similar to
the approach used by Anderson et al. (2014) and Olivares et al.
(2010) for the plateau of Type IIP SNe via equation

fFD(t) = M0 − p1(t − tPT ) −
a0

e
1
ω0

(t−tPT )
+ 1
· (1)

A visual representation of the parameters is found in Fig. 4 for
SN 2016cvk. Here, M0 is the magnitude level of the fit, which
is approached by the tail of the Fermi-Dirac fit. Coefficient p1
is the slope of the linear component. The parameter tPT is the
midpoint in time during the drop from plateau to tail phase,
a0 is the change in magnitude during the Fermi-Dirac fit, and
ω0 describes the width of the transition between plateau and
tail phases, so that at epoch t = tPT − 3ω0 the magnitude is
Mr ≈ M0 − 0.953a0. The epoch t = tPT was chosen as the end of
the plateau phase to make definitions clear and easily compara-
ble between the different events. Hence, the soft knee transition
from plateau into decline is also included in the plateau defini-
tion.

The starting epoch of the plateau phase was estimated as the
crossing point of a second degree polynomial fit of the B phase
and the Fermi-Dirac fit of the plateau phase. The uncertainties of
the crossing times were determined based on the error margins
of the fit parameters. The plateau phase magnitude was set as the
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Table 2. Epochs, durations, and magnitudes of r-band light curve phases for the sample of SN 2009ip-like transients with typical errors of 0.1 mag
for the magnitudes and 1 d for the epochs, unless otherwise stated.

Transient tpeak, A Mpeak A Mpeak B tmid, plateau ∆tplateau Mplateau tstart, tail γtail
(d) (mag) (mag) (d) (d) (mag) (d) (mag / 100 d)

SN 2016cvk >−78a <−15.6a −18.3 +54 38 −16.9 +82 0.7 ± 0.1
SN 2009ip −38 ± 1 −15.1 −18.0 +53 18 −15.8 +67 0.5 ± 0.1
SN 2016bdu −39 ± 5 −15.2 −17.9 +49 36 −16.2 +73 0.9 ± 0.1
SN 2016jbu −34 ± 1 −13.9 −18.0 +40 30 −15.9 +73 1.3 ± 0.1
LSQ13zm −28 ± 1 −14.6 −18.2 >+37 >16 >−15.9 <+211 −

SN 2010mc −35 ± 2 −14.7 −18.1 >+35 >8 >−16.5 <+285 −

Notes. a in V-band.

value of the Fermi-Dirac fit at the midpoint of the plateau. The
final tail phase was treated as a simple first-order polynomial fit.
The beginning of the tail phase was defined as t = tPT +3ω0. Our
derived epochs from the r-band peak of event B, durations and
absolute r-band magnitudes of the different light curve phases
are listed in Table 2. We carried out some checks for correlations
between key epochs or magnitudes of the different light curve
phases of our sample (see Appendix); however, no robust trends
were identified.

3.1.1. Event A

Event A of SN 2009ip-like transients is a preceding phase to
the brighter main event B. The event A absolute peak magni-
tudes in our sample range from −13.9 ± 0.1 to < − 15.6 mag
(see Table 2). The rise to the event A peak is slow for SN
2016bdu (Pastorello et al. 2018; Brennan et al. 2022a). For SN
2009ip, SN 2016jbu, and LSQ13zm (Pastorello et al. 2013;
Brennan et al. 2022a; Tartaglia et al. 2016), the A phase is well
defined with a clear, moderately steep rise and decline phase.
For SN 2016cvk the A phase coverage is unfortunately scarce.
Detections in V-band as early as −90 and −78 d from event B
peak suggest that SN 2016cvk had a more moderate rise to the
event A peak, similar to SN 2016bdu. For SN 2016cvk, the
brightest V-band data point in the A phase is used as a lower
limit for the peak magnitude of event A (MV,A < −15.6 mag).
The timing of the A phase is similarly taken from this detection
and given as a lower limit of tpeak,A > −78 d, which does not
provide a tight constraint.

3.1.2. Event B and plateau phase

Event B is the main event in the light curve evolution of SN
2009ip-like transients. The rise to the event B peak is much
shorter and steeper than the rise to the A phase peak. The event
B peak within a 0.4 mag r-band range between −17.9 ± 0.1 and
−18.3 ± 0.1 mag. This is a notably narrower distribution than
the wide >1.7 mag range of event A peak magnitudes. The peak
magnitude for SN 2016cvk is Mr,B = −18.3 ± 0.1 mag, which
makes it the brightest transient in the sample.

The initial steep decline from the main event peak evolves
into either a less rapid linear descent or a horizontal plateau.
There is a distribution of plateau properties for the objects in
our sample; however, SN 2016cvk stands out as having the
longest and most luminous plateau, as well as the latest phase
for the plateau midpoint. The plateau phase of SN 2016cvk
is also somewhat brighter than that of the rest of the events
in the sample, as its plateau midpoint absolute magnitude is

−16.9 ± 0.1 mag. For the remainder of the sample the measured
values are very close to each other, between −15.8 ± 0.1 and
−16.2 ± 0.1 mag.

3.1.3. Tail phase

We compiled a sufficient amount of data to fit both the Fermi-
Dirac function and the tail phase for SN 2016cvk, as well as
several other SN 2009ip-like events. SN 2016cvk is the most
luminous of these objects at the beginning of the tail phase, and
exhibits a slow decline rate 0.7 mag per 100 d. Using Eq. (2)
from Hamuy (2003), we estimate <0.07 M� as a conservative
upper limit for ejected 56Ni mass during event B of SN 2016cvk,
using the bolometric tail luminosity, Lt, estimated from the +82 d
photometry (see Sect. 3.2). The final value for the 56Ni mass is
an upper limit due to the ongoing CSM interaction in the tail
phase.

3.2. Blackbody evolution

To roughly characterize the temperature and radial evolution of
SN 2016cvk, blackbody fits were carried out on the available
photometry between −10.5 and +106.7 d using the SuperBol
package (Nicholl 2018). The package generates an interpolated
light curve for the bands used in the fits within the given time
range and creates a blackbody fit for each interpolated epoch.
The photometry used in the fit includes ultraviolet data between
−10.4 and +45.8 d (Table A.2), optical data between −10.5 and
+106.7 d (Table available in electronic form), and near-infrared
data between −1.7 and +81.2 d (Table A.1).

The evolution of the blackbody parameters of SN 2016cvk
are similar to those of other SN 2009ip-like events. For all
transients in our sample, the blackbody temperature is high-
est between −14 and −6 d before the phase B peak (see
Table A.4) and decreases rapidly before the beginning of the
plateau phase followed by a more moderate temperature decline
(Brennan et al. 2022b; Fraser et al. 2013; Ofek et al. 2013a;
Tartaglia et al. 2016; Thöne et al. 2017). The results for the
blackbody temperature, TBB, and radius, RBB, of SN 2016cvk
are found in Table A.5 and in Fig. 5.

For SN 2016cvk, the peak temperature is close to 14 000 K
around −6 d, and decreases quickly to roughly 6300 K at +38 d
from peak, which corresponds to an epoch shortly after the start
of the plateau phase. Due to the relatively large errors of the
early TBB values, it cannot be excluded that the blackbody tem-
perature of SN 2016cvk would have peaked somewhat earlier.
For comparison, the blackbody temperature evolution of SN
2016jbu has a similar fast drop from 12 000 to 6000 K during
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Fig. 5. Evolution of the blackbody temperature TBB (red circles) and
radius RBB (blue triangles) of SN 2016cvk. Values reported for SN
2016jbu (Brennan et al. 2022b) are shown for comparison with dashed
curves.

the first ∼30 d from the phase B peak (Brennan et al. 2022a),
until the start of the plateau phase at +31 d (Table 2). A sim-
ilar trend during the first ∼30 or 40 d after the event B peak
has also been found for SN 2009ip, SN 2010mc, LSQ13zm, SN
2016bdu, and SN 2015bh (Fraser et al. 2013; Ofek et al. 2013a;
Tartaglia et al. 2016; Pastorello et al. 2018; Thöne et al. 2017).
During the plateau phase, the decrease in temperature is more
moderate for all SN 2009ip-like transients in our sample. At the
end of the plateau phase the temperature has reached approxi-
mately 5000−6000 K in all the events where this epoch is suffi-
ciently documented. The blackbody temperature of SN 2016cvk
flattens to values around 5700 K during the plateau phase.

The blackbody radius of SN 2016cvk has a similar evolu-
tion, as observed in other SN 2009ip-like transients. The radius
expands rapidly to 1.6×1015 cm at +24 d, approximately a week
before the plateau phase begins. After this epoch the radius
drops slightly and remains fairly constant throughout the plateau
phase. Towards the end of the plateau phase, the blackbody
radius starts to recede rapidly and reaches ∼8.5 × 1014 cm at
+82 d in the beginning of the tail phase. In the case of SN
2016jbu, the blackbody radius continues to increase also after
the phase B peak and reaches a maximum value of 1.2× 1015 cm
at +7 d, about 20 d before the beginning of the plateau phase.
This radius remains roughly constant around 1015 cm through-
out the plateau, and begins to rapidly decrease after the knee
phase in the light curve (Brennan et al. 2022a). A blackbody fit
is unlikely to describe reliably the late-time observations and the
epochs beyond +107 d were not included in the analysis.

We also carried out a blackbody fit to the giz-band photomet-
ric data of the historical precursor detection between −727 and
−682 d, estimating a blackbody temperature of 7600 ± 1300 K
and a radius of 1.2± 0.3× 1014 cm. The luminosity of the histor-
ical detections is consistent with a relatively large radius, which
suggests that the star was observed during an outburst. The r-
band data showed excess compared to the rest of the photometric
spectral energy distribution, likely arising from strong Hα emis-
sion, and the band was not included in the fit.

4. Spectral evolution

Similar to other SN 2009ip-like events, SN 2016cvk shares spec-
troscopic similarity to Type IIn SNe and undergoes a complex
evolution with Balmer lines as the most prominent features,

with the Hα and Hβ multi-component development detailed in
Sect. 4.1. The Hα/Hβ Balmer decrement value evolves over
time and has its minimum value near the main event peak (see
Sect. 4.2). In the early epochs of SN 2016cvk a so called ‘flash
ionisation feature’ is also visible at around ∼4700 Å, and is dis-
cussed in Sect. 4.3. Other notable features detected during the
evolution of SN 2016cvk, such as He i, Na i D, Ca ii, and Fe ii
lines are discussed in Sect. 4.4, and in Sect. 4.5 near-infrared fea-
tures are identified. The late-time spectrum obtained at +405 d
and the detected plausible emission feature of nucleosynthesised
[O i] are discussed in Sect. 4.6. Optical time-series of spectra
of SN 2016cvk are presented in Fig. 6 and comparisons with
a selection of other SN 2009ip-like transients are presented in
Fig. A.1.

4.1. Evolution of the Hα and Hβ lines

The Hα line undergoes a complex evolution over time (see
Fig. 7) and can be fitted with a combination of multiple Gaus-
sian and Lorentzian components. For comparison, similar multi-
component fits were made for the Hβ line to examine if both of
these lines show a similar evolution. Using a similar approach
as Brennan et al. (2022a), we created a custom Python script
that iteratively runs a multi-component fit for the Hα and Hβ

lines, making use of the lmfit package (Newville et al. 2014).
The number of used Gaussian and Lorentzian components was
fixed manually by testing different combinations for each epoch
with the aim to minimize the number of used components while
sufficiently fitting the data. We corrected the spectra for red-
shift and extinction with IRAF, and subtracted the local contin-
uum around the Hα and Hβ lines separately from the extracted
1D spectra. The wavelengths of both the Hα and Hβ spectral
line peaks were fixed at v = 0 km s−1 for each epoch, and the
continuum-subtracted line flux was normalised between 0 and 1.
The fits are shown in Fig. A.3. The evolution of the instrumental-
resolution corrected full width at half maximum (FWHM) values
and the centre of the components of the Hα and Hβ fits are pre-
sented in Fig. 8, and the results are listed in Tables A.6 and A.7.

Both the Hα and the Hβ line have a similar evolution dur-
ing the different light curve phases (see Fig. 7). During event
A the line profiles consist of a narrow Lorentzian emission
combined with a broad Gaussian emission component. We also
see a blueshifted very broad Gaussian absorption component at
this time. During the event B rise phase the absorption compo-
nent disappears, while the broad emission component becomes
broader. During the event B decline, the absorption compo-
nent briefly re-appears, becoming narrower and slightly less
blueshifted. At the same time the broad emission component
moves redward and becomes narrower. During the plateau there
is no notable evolution in the Hα and the Hβ lines. At the start of
the tail phase the blue absorption component disappears again,
and the broad Gaussian emission component splits into two. In
the later tail phase there is no clear multi-component structure
visible, and the spectral line has become fairly broad. A more
detailed description is provided in the following subsections.

4.1.1. Event A

During the earliest observed epoch at −86 d the emission line
profile of Hα is best described using a narrow Lorentzian compo-
nent (FWHML1 = 850 km s−1) combined with a wider Gaussian
(FWHMG1 = 4700 km s−1) emission feature and a similarly wide
Gaussian absorption feature (FWHMG3 = 3600 km s−1) located
blueward from the rest wavelength at around −6500 km s−1. The
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Fig. 7. Evolution of the continuum-subtracted and peak-normalised Hα (left) and Hβ (right) lines of SN 2016cvk.

centre of the Lorentzian (L1) was fixed at the peak of the spec-
tral line at v = 0 km s−1, while the peak intensity and width
of the component were allowed to vary during the fit. The Hβ

line has similar components, though the broad emission com-
ponent G1 remains not as broad through the whole observed
evolution of SN 2016cvk, and the absorption component G3 is
broader and present more frequently in the profiles. From the
blue edge of the G3 component, we estimate a maximum veloc-
ity of −12 500 km s−1 for the absorption component of the Hβ

line at −86 d. The G3 component of Hα has a slightly lower max-
imum velocity of −10 000 km s−1.

4.1.2. Event B rise and peak

During the event B rise phase at −11 and −6 d the absorption
component G3 has disappeared from both Hα and Hβ lines,
and the wide emission component G1 has become broader
(FWHMG1 = 8600 and 4100 km s−1 for Hα and Hβ, respectively,
at −6 d). The line broadening could be related to electron scatter-
ing effects in the spectral line profile. The width of the narrow L1
component reduces slightly in both lines to around FWHML1 =

500 km s−1, although the FWHM of the component in Hβ is not
resolved from −6 to +21 d (i.e. FWHML1 < 800 km s−1).

Near the main event peak at −1 d, the Gaussian component
G1 of Hα has become narrower (FWHMG1 = 4400 km s−1),
while the same component of Hβ remains unchanged within
errors between −6 and −1 d. Furthermore, the G3 absorption
component has re-appeared in the line profile of Hβ and moved
more redward to −3500 km s−1. The narrow emission features of
Fe ii at 4924 and 5018 Å, and He i at 6678 Å have appeared near
the Balmer lines at −1 d.

Similarly to SN 2016cvk, near the light curve maximum, the
Balmer lines of other SN 2009ip-like events have been fit with a
narrow emission component and accompanying broad wings or
a broad emission component. While the absorption components
of Balmer lines might not be clearly detected near light curve
peak of some of these events such features appear post maxi-
mum. Throughout the observed spectral evolution, SN 2016cvk
does not show more than one absorption component associated
with the Balmer lines; however, many SN 2009ip-like events
show two components, for example SN 2009ip with two min-
ima at −8000 and −12 500 km s−1 (Fraser et al. 2013) or SN
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2016jbu with a narrow P Cygni profile and a broad absorption
at −3200 km s−1 (Brennan et al. 2022a).

4.1.3. Event B decline and plateau phase

At epoch +9 d the broad emission component G1 of both Hα and
Hβ has become narrower (FWHMG1 = 3200 and 2100 km s−1,
respectively), and the G3 component has re-appeared to Hα as
well. The centre of the G1 component of Hα and Hβ features has
moved redwards at +21 and +28 d, while the G3 component has

become broader (FWHMG3 = 4300 and 4000 km s−1, respec-
tively). From the blue edge of the G3 component of Hα, we esti-
mated −7500 km s−1 as the maximum velocity for the absorption
component during the event B.

Similar to SN 2016cvk, the broad Gaussian emission compo-
nent becomes narrower in other SN 2009ip-like events during the
event B decline phase. However, a second broad emission com-
ponent appeared for example in the Hα profile of SN 2009ip, SN
2015bh, and SN 2016jbu (Fraser et al. 2013; Elias-Rosa et al.
2016; Brennan et al. 2022a) with the latter two evolving to show
a clearly double-peaked line profile, accompanied by the disap-
pearance of the second higher velocity absorption component;
this evolution is not seen in SN 2016cvk.

The plateau phase of SN 2016cvk begins at around +35 d
from main event peak. In the spectra obtained during this
phase, at +51 d and onwards the absorption feature G3 of Hα

is not detected. The FWHM of the narrow Lorentzian and
broad Gaussian emission components have increased to 1100
and 6500 km s−1, respectively, with the former also resolved. At
+67 d no major evolution is seen. In the Hβ line similar trends are
seen, accompanied by a weakening of the absorption component
G3.

4.1.4. Tail phase

From +82 d onward the light curve of SN 2016cvk is in its tail
phase and the absorption component G3 has disappeared also
from the Hβ line. The Hα line fit of the Lorentzian component
yields FWHML1 = 1200 km s−1 at +82 d, and the L1 compo-
nent shows no major tail-phase evolution as the +223 d value
is consistent with this within errors. At +82 d the fit requires a
second relatively broad Gaussian emission feature G2 in addi-
tion to the G1 component for both Hα (FWHMG1 = 4200 km s−1

and FWHMG2 = 5200 km s−1) and Hβ (FWHMG1 = 2900 km s−1

and FWHMG2 = 4300 km s−1) lines. Later in the evolution at
+223 d the G2 component is not required by the fit and the
G1 component of both Balmer lines has broadened to 4500 and
3700 km s−1 for Hα and Hβ, respectively.

The Hα late-time profiles of SN 2016cvk are similar to
those of SN 2009ip, LSQ13zm, and SN 2016bdu, which showed
a combination of narrow and intermediate-width or broad
emission components (Fraser et al. 2013; Tartaglia et al. 2016;
Pastorello et al. 2018). However, the Hα and Hβ lines of SN
2016cvk had a second Gaussian component only at +82 d, and
the lines never evolved to a double-peaked profile similar to
those of SN 2015bh and SN 2016jbu. Additionally, only the
+82 d Hβ line of SN 2016cvk had a clear blue shoulder in emis-
sion whereas SN 2009ip and SN 2016bdu persistently had this
characteristic in Balmer lines.

4.2. Evolution of the Balmer decrement

We use the same approach as Levesque et al. (2014) and
Thöne et al. (2017), and define the Balmer decrement as the ratio
of maximum intensities of the two spectral lines. This approach
is better suited for consistently comparing the low-velocity CSM
regions that dominate the line centres, compared to the inte-
grated fluxes that would be strongly affected by the broad, high-
velocity components. During the rise to the event B peak the
Balmer decrement of SN 2009ip-like targets decreases, and is
close to unity near maximum brightness. For SN 2009ip the
Balmer decrement is between 1.1 and 1.3 near the event B peak
(Levesque et al. 2014), and in the case of SN 2015bh the value
remains between 1 and 2 (Thöne et al. 2017). For comparison,
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the classical Case B re-combination value is 2.87 for photo-
ionized nebulae assuming T = 10 000 K (Osterbrock & Ferland
2006). Levesque et al. (2014) interpreted the low Balmer decre-
ment of SN 2009ip as a likely result of high-density CSM
concentrated in a disc around the progenitor. In the case of
SN 2016cvk the Balmer decrement value remained similarly
between 1.2 and 1.8 near phase B peak (see Table A.5 and
Fig. 8), consistent with collisional de-excitation process at high
electron densities (Drake & Ulrich 1980).

After the light curve maximum, the Balmer decrement value
for SN 2016cvk increases, potentially related to a decrease in
electron density, and varied within a range of 3.4–3.8 during the
plateau phase. The late-time +223 d tail-phase spectrum of SN
2016cvk has a Balmer decrement of 10.1, which is in line with
other SN 2009ip-like transients. Fraser et al. (2015) measured a
Balmer decrement of ∼12 from +200 d onward for SN 2009ip.
SN 2016bdu has a similar large late-time Hα/Hβ line ratio of ∼11
at roughly 200–300 d, which Pastorello et al. (2018) concluded
to be common in Type IIn SNe and often viewed as indicative of
collisional excitation.

For comparison, we also calculated the Balmer decrement
using the integrated fluxes of the narrow Lorentzian emission
components. The evolution is very similar using this method dur-
ing event A, event B, and the plateau phase. In the late tail phase
at +223 d, the Balmer decrement rises to an even higher value of
∼20 using the integrated Lorentzian components (see Fig. 8).

4.3. Flash feature

H-rich SNe with dense CSM often show so called “flash fea-
tures” in their early spectra (.10 d from explosion). These fea-
tures arise from recombination of the CSM that was ionized by
either the shock breakout UV flash of the SN (‘flash ionisation’,
e.g. Gal-Yam et al. 2014) or by radiation originating from ejecta-
CSM interaction (‘shock ionisation’, e.g. Jacobson-Galán et al.
2022); however, to maintain the flash features for several days as
in the case of SN 2016cvk, the latter ongoing ejecta-CSM inter-
action process is required due to the relatively short timescale
for an ionized H-rich CSM to recombine. Furthermore, the opti-
cally thick CSM has to be sufficiently extended for long-lived
flash features (Dessart & Jacobson-Galán 2023). The profiles of
these features are narrow emission lines with Lorentzian wings
(Khazov et al. 2016), and they are present in the first days or
weeks in the spectra of at least 30% of Type II SNe (Bruch et al.
2023). Flash features are relatively common in Type IIn SNe,
including SN 1998S (Fassia et al. 2001), which is often dubbed
as a prototypical SN IIn. The large sample of Type II SNe
in Khazov et al. (2016) included seven IIn SNe, two of which
showed signs of flash features in their spectra. This ratio is
similar to the rest of their sample of Type II SNe. Similarly,
Bruch et al. (2023) found one IIn supernova with flash features
in a sample of 11 Type IIn SNe. Flash features are associated
with highly ionized states of He, C, N, and O, for instance, which
return to lower energy levels through emission lines such as the
N iii 4641 Å and He ii 4686 Å lines.

In SN 2016cvk such a flash ionisation feature is present at
around ∼4700 Å in the −11, −6, and −1 d spectra, see Fig. 9.
The flash feature remains prominent in the first two spectra
with a very similar flux ratio between the ∼4700 Å feature and
the Hβ line in the −11 and −6 d spectra. This blended feature
likely includes the He ii line at 4686 Å and probably emis-
sion from N iii (4634 Å and 4641 Å) and C iii (4648 Å and
4650 Å) similar to that found in early epochs of for example the
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Fig. 9. Partial spectra of SN 2016cvk in four earliest B phase epochs.
The blended ‘flash ionisation’ feature is shown at ∼4700 Å. The loca-
tions of the N iii line at 4641 Å, C iii at 4650 Å, and He ii at 4686 Å are
marked with red dashed lines.

Type II SN 2023ixf (e.g. Bostroem et al. 2023; Hiramatsu et al.
2023; Jacobson-Galán et al. 2023; Smith et al. 2023) or Type II
SN 2024ggi (e.g. Jacobson-Galán et al. 2024; Pessi et al. 2024;
Shrestha et al. 2024), which are uniquely well documented due
to their close proximity. Higher ionisation state lines of C iv at
5801 and 5812 Å or N iv at 7109 and 7123 Å are not detected
in our spectra of SN 2016cvk. Furthermore, the He ii line at
5412 Å is not detected; however, we tentatively identify a pos-
sible contribution from a weak C iii feature at 5696 Å in the −11
and −6 d spectra. The equivalent width (EW) of the blended fea-
ture at ∼4700 Å is −18 Å in the earliest spectrum at −11 and
−6 d, after which it evolves to −6 Å at −1 d. For comparison, the
EW of the Hα line evolves from −130 Å in the −6 d spectrum to
−72 Å in the −1 d spectrum, and the EW of Hβ develops from
−42 to −26 Å at the same time.

Flash features have previously been reported in SN 2009ip-
like events only in SN 2015bh (Thöne et al. 2017), and in SN
2010mc (Khazov et al. 2016). Bruch et al. (2023) reported that
for normal Type II SNe typical flash events last for approxi-
mately 5 days from the estimated explosion date, while some
of these events have flash features present in their spectra for
around 10 days. To get an estimate of the duration of flash fea-
tures in SN 2016cvk spectra, we fit an exponential function
f (t) = a(t − texp)n to the event B rise phase flux (Bruch et al.
2023). This fit is also presented in absolute magnitudes in Fig. 4.
From this fit we determined that texp, which we adopt as the onset
of event B, occurred roughly 11 d before the event B peak. The
4700 Å emission feature is detected in the −1 d spectrum; how-
ever, it has disappeared by the +9 day epoch. Therefore, the flash
feature is visible for around 16 ± 5 d.

For comparison, we checked all the available early (≤+10 d)
event B spectra of SN 2009ip (Fraser et al. 2013, 2015;
Graham et al. 2014; Margutti et al. 2014) and SN 2016jbu
(Kilpatrick et al. 2018; Brennan et al. 2022b). We found no
traces of the aforementioned He ii, N iii, C iii, C iv, or N iv
emission lines in the 11 spectra of SN 2009ip obtained from
−19 d onwards. Contrary to this, we identified a blended flash

A62, page 10 of 23



Matilainen, K. K., et al.: A&A, 703, A62 (2025)

3800 4000 4200 4400 4600 4800 5000 5200 5400
Rest wavelength [Å]

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Fl
ux

16cvk -6 d
16jbu -14 d
16jbu -13 d
16jbu -11 d
16jbu -5 d

3800 4000 4200 4400 4600 4800 5000 5200 5400
Rest wavelength [Å]

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Fl
ux

16cvk -6 d
15bh -9 d
15bh -6 d
15bh -5 d
15bh -3 d
15bh -1 d
15bh +1 d

3800 4000 4200 4400 4600 4800 5000 5200 5400
Rest wavelength [Å]

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Fl
ux

16cvk -6 d
10mc -12d
10mc -5d

Fig. 10. Partial spectra of SN 2016jbu (Brennan et al. 2022a), SN
2015bh (Thöne et al. 2017), and SN 2010mc (Ofek et al. 2013a) dur-
ing event B rise phase. A flash ionisation feature is seen around 4700 Å
in the −14, −13, and −11 d spectra of SN 2016jbu, in the −9, −6, −5,
−3, and −1 d spectra of SN 2015bh, and in the −12 d spectrum of SN
2010mc. The −6 d spectrum of SN 2016cvk is included for compari-
son. The locations of the N iii, C iii, and He ii lines at 4641, 4650, and
4686 Å, respectively, are indicated with red dashed lines. Fluxes have
been normalised by dividing the spectra with a continuum estimated
based on the line-free regions between 4500 to 9000 Å.

ionisation feature of He ii, C iii, and N iii in the early spec-
tra of SN 2016jbu, similar to the feature seen in SN 2016cvk at
∼4700 Å. Kilpatrick et al. (2018) interpreted that high-ionisation
lines were entirely absent in the spectra of SN 2016jbu; however,
we detected a faint flash feature bump in the −14, −13, and −11 d
spectra, which has disappeared by −5 d (see Fig. 10). By fitting
an exponential function to the event B rise phase of SN 2016jbu,
we estimated an onset time of texp = 19 d before the phase B
peak. Therefore, the flash feature is visible for approximately
12 ± 3 d, which is similar in duration to that of SN 2016cvk. In
SN 2015bh the blended 4700 Å flash feature is visible in the −9,
−6, −5, −3, and −1 d spectra (see Fig. 10). From an exponen-
tial fit to the rise phase of the transient we get −13.7 d as the
onset time; therefore, the flash feature is visible for 14 ± 1 d.
Khazov et al. (2016) also detected a flash ionisation feature of
He ii with an EW of −2.93±0.27 Å in the −12 d spectrum of SN
2010mc. This feature is no longer visible in the −5 d spectrum
(see Fig. 10).

To constrain the possible progenitor star type of SN 2016cvk,
we compared the first −11 d spectrum with flash features to the
models of Boian & Groh (2019) calculated for different types
of progenitors. However, we do not aim to match the tem-
peratures and we compared the continuum subtracted spectra
with matched spectral resolution, normalised to the Hβ line
maxima to have only a rough indication of the progenitor star
abundance. We found the best fit with a low-mass (8−15 M�)
red supergiant (RSG) model with solar metallicity (which also
assumed Ṁ = 3 × 10−3 M� and L = 0.39 × 109 L�), see
Fig. 11. However, another possible model fit to the early spec-
trum of SN 2016cvk could be a high-mass RSG, or a yel-
low or blue supergiant (YSG, BSG, respectively) with CNO-
processed abundances (15−30 M�). The model used the same
parameters for mass-loss rate and luminosity as above. For com-
parison, Brennan et al. (2022b) characterized the progenitor of
SN 2016jbu to be a ∼22 to 25 M� yellow hypergiant. Inter-
estingly, helium-rich model consistent with an LBV was not a
good fit for SN 2016cvk, whereas an LBV like precursor has
been proposed for SN 2009ip based on the progenitor detection
(Mauerhan et al. 2013).

4.4. Evolution of the He, Na, Ca, and Fe features

Emission lines of He i at 5876 and 7065 Å are clearly visible
throughout the observed evolution of SN 2016cvk from −11 to
+405 d (see Fig. 6). Around light curve maximum from −6 to
+9 d the He i lines at 4471, 5015, and 6678 Å are also seen. How-
ever, the 5015 Å feature blends with Fe ii 5018 Å, and the 6678 Å
line is heavily blended with the strong Hα line (see Fig. A.3).
The 5876 Å line is potentially blended with the Na i D feature at
5890 and 5895 Å throughout the spectral series. The characteris-
tics of the He i features are similar to those of other SN 2009ip-
like SNe with visible helium emission from the beginning of
the phase B to the very late tail phase at +400 d (Fraser et al.
2013; Brennan et al. 2022a), which has been interpreted as a sign
of ongoing interaction with the CSM at late times. The He i
lines at 5876 and 7065 Å are clearly visible in the spectra of
LSQ13zm, SN 2010mc, SN 2015bh, SN 2016jbu, SN 2009ip,
and SN 2016cvk in Fig. A.1 in all four comparison epochs.
P Cygni absorption features are somewhat visible for all He i
emission lines, but most clearly detected for the 5876 Å line.
The location of the absorption minimum of the feature remains
roughly constant around −3600 km s−1 from −11 to +67 d. Dur-
ing the tail phase from +82 d onward the absorption component
disappears from the He i line, similar to the evolution seen in the
Hβ line at this time. The two last spectra at +223 d and +405 d are
quite noisy, and the location of the absorption feature is no longer
clearly defined. The P Cygni velocities are similar to those of the
Balmer lines.

The Ca ii NIR triplet at 8498, 8542, and 8662 Å is clearly
detected during the light curve plateau of SN 2016cvk from
+51 d onwards with P Cygni absorptions; however, a weak
blended bump associated with the Ca ii NIR triplet could ten-
tatively be present also at +21 and +28 d. This is similar to that
of the reported observations of SN 2009ip-like events with the
Ca ii NIR triplet that appears weakly in the event A spectra and
disappears around the event B peak, only to re-appear around
+20 d as seen with SN 2009ip and SN 2016jbu (Fraser et al.
2013; Kilpatrick et al. 2018; Brennan et al. 2022a). Within the
Ca iiNIR lines, the P Cygni absorption component of the 8498 Å
line is less blended; therefore, we used it to measure the shift of
the absorption minima. In the earliest potential detections at +21
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Fig. 11. Continuum-subtracted and Hβ-normalised −11 d spectrum of SN 2016cvk (black) compared to the early SN models by Boian & Groh
(2019) of a lower mass RSG with solar abundance (orange), LBV star (light gray), and a CNO-processed high-mass RSG, YSG, or BSG star (light
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and +28 d the absorption component is not visible. At +51 d the
absorption minima is shifted to −5100 km s−1 and remains con-
stant during the plateau phase. Furthermore, in SN 2009ip-like
events the forbidden [Ca ii] lines at 7291 and 7323 Å are visible
during event A, after which they disappear and re-appear in the
late plateau or tail phase. Similarly, in SN 2016cvk the [Ca ii]
feature is not detectable in the early spectra during event B. At
the end of the plateau phase at +67 d the wavelength region asso-
ciated with this feature has a quite low signal-to-noise ratio, and
possible detection of the line doublet is tentative at best. How-
ever, in the tail phase from +82 to +405 d the blended [Ca ii]
feature is clearly identifiable. Therefore, in short, the beginning
and the end of the plateau phase of SN 2016cvk coincide with
epochs when the Ca ii NIR and [Ca ii] features evolve to be
markedly detectable, respectively, which seems to be a common
characteristic of SN 2009ip-like events.

Prominent Fe ii lines with P Cygni profiles appear at the
+21 d spectrum of SN 2016cvk at 4924, 5018, and 5169 Å and
these spectral features remain detected through the observed
evolution. +21 d marks also the epoch when the broad emis-
sion line regions appear from roughly 4500 to 4700 Å and 5200
to 5400 Å consisting likely of a plethora of Fe ii and other
metal lines blended together. In Fig. A.1 these features are seen
in the spectra of LSQ13zm, SN 2016jbu, SN 2009ip, and SN
2016cvk around +28 d. For example, Pastorello et al. (2013)
and Fraser et al. (2013) associated the most dominant features
within these regions of SN 2009ip to the Fe ii multiplets 37,
38, 41, 48, and 49 (Moore 1945). The spectrophotometric evo-
lution of SN 2016cvk at post-peak and plateau phases shares
particular similarity to those of the SN 2009ip-like SN 2023ldh

(Pastorello et al. 2025); at the plateau phase, their spectra with
broad P Cygni metal lines resemble also some Type II SNe
during the recombination of the hydrogen envelope, though the
Balmer lines are dominated by their emission components. In the
+82 d spectrum of SN 2016cvk, a new feature appears, which
could be associated with the forbidden [Fe ii] line at 7155 Å
and is seen also in the +223 and +405 d spectra, though poorly
in the former due to the low signal-to-noise of the region. The
[Fe ii] 7155 Å line was identified in the spectra of SN 2009ip by
Fraser et al. (2015) and Graham et al. (2017); however, appear-
ing only around +250 d from the phase B peak. Similarly a late-
time detection of the [Fe ii] line in SN 2015bh was indicated by
Elias-Rosa et al. (2016).

The red end of our spectra of SN 2016cvk have a relatively
poor signal-to-noise ratio; however, the Paschen lines at 9546,
9229, and 9015 Å can be identified clearly in the +82 d spectrum.
This is quite similar to SN 2009ip, which showed Paschen lines
through the early evolution of phase B with the lines becoming
notably more prominent towards the end of the plateau phase
(Fraser et al. 2013; Margutti et al. 2014).

4.5. Near-infrared spectroscopy

In addition to optical spectroscopy, we obtained three epochs
of near-infrared spectra at −2, +13, and +41 d from the peak.
Therefore, SN 2016cvk is the third SN 2009ip-like tran-
sient that has been monitored with near-infrared spectroscopy,
along with SN 2016jbu (Brennan et al. 2022a) and SN 2009ip
(Fraser et al. 2013, 2015; Pastorello et al. 2013; Smith et al.
2014; Levesque et al. 2014; Margutti et al. 2014). The most
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notable characteristics in the near-infrared spectra are hydrogen
features, including several Paschen lines at 9546, 10 938, 10 049,
12 818, and 18 751 Å, and the Brackett γ line at 21 661 Å. Fur-
thermore, the He i 10 830 Å feature is blended with Paγ and a
weak He i line at 20 587 Å is also visible in the −2 and +13 d
spectra. The near-infrared spectral features and their evolution is
very similar to those of SN 2009ip and SN 2016jbu, providing
evidence for a common evolution at these wavelengths among
SN 2009ip-like transients (see Fig. 12).

4.6. Late-time spectroscopy

The feature associated with the Ca ii NIR triplet has evolved
to be increasingly asymmetric at the +223 and +405 d spec-
tra of SN 2016cvk. We suggest that this indicates a prominent
appearance of the O i line at 8446 Å, while no clear O i line
at 7774 Å can be identified. This is similar to that reported
for SN 2009ip, SN 2015bh, SN 2016bdu, and SN 2016jbu
(e.g. Fraser et al. 2015; Elias-Rosa et al. 2016; Pastorello et al.
2018; Brennan et al. 2022a); although the likely O i 8446 Å line
appears much less prominently in these events. In the context
of SN 2009ip-like events, it has been noted that such a strong
flux difference between O i lines at 7774 and 8446 Å would not
be produced by recombination or collisional excitation; rather,
the source would be fluorescence via Lyβ pumping (Fraser et al.
2015; Graham et al. 2017; Brennan et al. 2022a). Similar detec-
tion of O i features is also not unusual in other Type IIn SNe (e.g.
SN 2010jl; Fransson et al. 2014). In fact, Graham et al. (2017)
noted that the late-time spectra of SN 2009ip and SN 2010jl
are quite identical, with one of the key differences of a much
stronger O i line in the latter. However, the blended O i and Ca ii
profile of SN 2016cvk at +405 d is actually quite similar to that
of SN 2010jl at +404 d, and overall the late-time spectrum of
SN 2016cvk strongly resembles that of the terminal Type IIn SN
2010jl, even more so than that of SN 2009ip, see Fig. 13.

We also detected a likely feature of [O i] in the +405 d spec-
trum of SN 2016cvk at ∼6300 Å, which could be evidence of
nucleosynthesised material created in a terminal SN explosion.
To our knowledge, this is perhaps the most prominent detection
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Fig. 13. Late-time spectra of SN 2016cvk, SN 2009ip (Fraser et al.
2015) and SN 2010jl (Jencson et al. 2016). Flux presented in logarith-
mic scale.

of the [O i] doublet at 6300 and 6364 Å in the late-time spec-
tra of SN 2009ip-like events. We attempted a ‘boxy’ line profile
fit for the two [O i] doublet lines at 6300 and 6364 Å, similar
to the fit created for the Type IIn SN 1995N by Fransson et al.
(2002); however, this approach did not yield meaningful results.
A double Gaussian profile resulted in a notably better fit for
our data with FWHM = 4700 km s−1 for the two components.
The FWHM is similar to the intermediate emission compo-
nents of SN 1995N, which was associated with the SN ejecta
(Fransson et al. 2002). We created a similar double Gaussian
fit for the [Ca ii] doublet at 7291 and 7324 Å, and measured a
FWHM = 5200 km s−1 for the two components. The [Ca ii] has
a red shoulder, which could have contribution for example from
the [Ni ii] doublet at 7378 and 7412 Å. The integrated inten-
sity ratio between the forbidden oxygen and calcium features is
approximately I([Ca ii])/I([O i]) = 1.8. However, the integrated
ratio of the two [O i] components is I(6300 Å)/I(6364 Å) = 1.2,
which differs notably from the canonical 3:1 ratio. It is likely
that the [O i] lines are collisionally suppressed; therefore, even
if associated with nebular emission from a SN, the [O i] features
cannot be used to reliably estimate the mass of the precursor star
(see Fig. 14).

5. Discussion

The SN 2009ip-like targets in our sample have clearly distin-
guishable light curve phases: event A, event B, plateau, and tail
phase. The event A light curves show notable differences in evo-
lution and the associated r-band absolute peak magnitudes vary
from −13.9 to <−15.6 mag with SN 2016cvk being the brightest,
whereas the event B magnitudes are very similar and range from
−17.9 to −18.3 mag. Therefore, if terminal events, it seems per-
haps unlikely that the event A (rather than event B) with a diverse
set of light curves would arise from a SN explosion and subse-
quently produce such similar event B phases via CSM interac-
tion. Furthermore, the short plateau phase seems to be a quite
common characteristic of SN 2009ip-like events; however, we
also refer the recent study of SN 2023vbg (Goto et al. 2025).
The absolute magnitude of the plateau is between −15.8 and
−16.2 mag for the majority of the sample, SN 2016cvk being
a brighter exception at −16.9 mag. The tail phase decline rate
of SN 2016cvk is quite slow (e.g. 0.7 mag per 100 d in r-band)
and interaction is likely ongoing during this phase between the
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expanding ejecta and CSM. Therefore, we could estimate only a
conservative 56Ni mass upper limit of <0.07 M� for the event.

The precursor of SN 2016cvk is detected in archival data
around −1220, −700, and −440 d with an absolute magnitude
of roughly −13 mag. The relatively high luminosities of these
events are consistent with eruptions rather than a quiescent
star and are similar to those detected for SN 2009ip and SN
2016bdu (Pastorello et al. 2013, 2018) suggesting a common
characteristic among these transients. From the photometric data
of the precursor around −700 d, we estimate 7600 ± 1300 K and
1.2 ± 0.3 × 1014 cm, indicating a major outburst.

The Hα and Hβ emission lines of SN 2016cvk undergo
a complex, multi-component evolution over time. They are
best described using three main components: a strong, narrow
Lorentzian emission component combined with a broader Gaus-
sian emission, and only one P Cygni absorption component.
During event A, the largest velocity suggested by the P Cygni
absorption minimum of the Hα line profile is −6500 km s−1 and
a maximum blue velocity at zero intensity is estimated to be
−10 000 km s−1 and −12 500 km s−1 for Hα and Hβ, respectively.
During event B the largest Hα velocity at the absorption min-
imum is −4100 km s−1 and the maximum blue velocity at zero
intensity is −7500 km s−1. This shows that material with rela-
tively high velocity is present during both events A and B.

The spectra of SN 2016cvk taken during the rise to the event
B peak (−11, −6, and −1 d) are dominated by narrow emission
lines of hydrogen and helium. The Balmer decrement Hα/Hβ

at this time is around 1.8–1.2; such a low value is consistent
with collisional de-excitation processes in high electron densi-
ties, which points to a concentrated, dense CSM. This also sup-
ports the assumption that the broad emission component in the
line profile fit at these epochs is produced by electron scatter-
ing. We also detect a blended flash ionisation feature of He ii,
N iii, and C iii at around ∼4700 Å in these early spectra of SN
2016cvk. A similar flash feature has been reported in SN 2010mc
(Khazov et al. 2016) and SN 2015bh (Thöne et al. 2017). We
also identify the feature in the early archival spectra of SN
2016jbu; however, not in those of SN 2009ip. It is perhaps sur-
prising that SN 2009ip with a high-quality spectroscopic data set
does not show this flash feature. This could be related to the den-
sity or other characteristics of the CSM and the geometry of the

system. SN 2009ip is also the event in our sample with the short-
est constrained plateau length, and it is intriguing to speculate if
these characteristics are connected. Further early observations
of a larger sample of SN 2009ip-like events is clearly required to
fully understand the nature of the complex ambient medium and
the origin of SN 2009ip-like events.

We did not detect a double-peaked Balmer emission profile
for SN 2016cvk at any epoch. This is in contrast to some SN
2009ip-like transients with an evolution to increasingly double-
peaked Hα line (e.g. SN 2016jbu; Brennan et al. 2022b). The
only signature of double-peaked Balmer lines of SN 2016cvk is
at the beginning of its tail phase at +82 d, where a second Gaus-
sian emission component briefly appears. These differences in
the strength and location of different Balmer emission compo-
nents in SN 2009ip-like transients could be due to differences in
the CSM structure or the viewing angle. Brennan et al. (2022b)
presented a possible geometric model of the SN 2016jbu event
as an explosion advancing in a disc-like CSM structure, which
is viewed from an intermediately inclined angle. The redshifted
emission component would originate from the side of the disc
that is further away from the viewer, with the explosion advanc-
ing away from us, while the blueshifted component would be
emitted from the side of the disc facing the viewer, with material
expanding towards us. If analogous to SN 2016cvk, since this
double-peaked emission or absorption structure is not seen, it is
possible that such a CSM disc would be viewed in our case from
a fairly edge-on viewing angle (see e.g. Kurfürst et al. 2020).
Such a scenario is also suggested for SN 2009ip (e.g. Reilly et al.
2017) with no clear double-peaked Hα line.

6. Conclusions

We present a spectrophotometric dataset characterising the SN
2009ip-like transient SN 2016cvk. Comparisons to other SN
2009ip-like events suggest several shared characteristics among
these transients in addition to the double-peaked light curve with
fainter event A and the subsequent main event B. Historical out-
bursts appear to be common; SN 2016cvk was detected at an
absolute magnitude of around −13 mag roughly −1220, −700,
and −440 d before the main event peak. In particular, we esti-
mated 7600 ± 1300 K and 1.2 ± 0.3 × 1014 cm (∼1900 R�) as
the blackbody temperature and radius, respectively, for the out-
burst at −700 d. Material expanding with relatively high veloci-
ties appears to be present during events A and B both; specif-
ically, the spectroscopic observations of SN 2016cvk suggest
velocities up to −12 500 and −7500 km s−1 during events A and
B, respectively, with bulk velocities slower by roughly a factor
of two. A short plateau phase appears to be common among SN
2009ip-like events, following the decline from the event B light
curve maximum. The spectroscopic evolution of SN 2016cvk in
the near-infrared region is dominated by hydrogen and helium
features and is similar among the SN 2009ip-like events with
such reported observations. The late-time spectra of SN 2016cvk
and other SN 2009ip-like events appear interaction-dominated
and resemble those of slowly evolving Type IIn SNe with a high
Hα/Hβ Balmer decrement likely powered by collisional excita-
tions.

It has been suggested in the literature that the CSM of the
SN 2009ip-like transients could be dense and distinctively disc-
like, with many events showing double-peaked emission pro-
files. Our observations of SN 2016cvk do not show such double-
peaked spectral lines; however, the Balmer decrement Hα/Hβ of
SN 2016cvk near event B maximum is close to unity, consistent
with collisional de-excitation processes and concentrated, dense
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CSM. Furthermore, it is possible that such a CSM disc would
be viewed in the case of SN 2016cvk from a somewhat edge-on
viewing angle.

We detected a blended ionisation feature of He ii, N iii, and
C iii in the spectra of SN 2016cvk around ∼4700 Å at −11,
−6, and −1 d from the event B maximum. We determined the
onset of event B as −11 d from the light curve maximum and
found that the flash features are visible for 16 ± 5 d. Such a long
duration suggests that this feature is powered by radiation orig-
inating from ejecta-CSM interaction. Flash features have previ-
ously been reported in SN 2009ip-like events only in SN 2010mc
(Khazov et al. 2016) and SN 2015bh (Thöne et al. 2017). How-
ever, we note that a similar, previously unreported, faint flash
feature is also present in the early spectra of SN 2016jbu. Com-
parisons of the early −11 d spectrum of SN 2016cvk to the early
SN models with flash features (Boian & Groh 2019) suggest
either a low-mass RSG with a solar metallicity or a high-mass
RSG, YSG, or BSG with CNO-processed abundances, rather
than an LBV progenitor.

The late-time +405 d spectrum of SN 2016cvk includes a
feature that we have identified as the [O i] doublet at ∼6300 and
6364 Å, which could be evidence of nucleosynthesised material
created in a terminal SN explosion. A Gaussian component fit
suggests a FWHM velocity of 4700 km s−1 for the two compo-
nents with a flux ratio close to unity. Therefore, the feature could
be associated with the ejecta; however, the doublet is likely col-
lisionally suppressed and cannot be used to estimate the mass
of the progenitor star. While weak detections of this feature
have been reported before in the context of other SN 2009ip-like
events, this is, to our knowledge, the most prominent detection
of [O i] for such events.

Data availability

The ground-based photometry table of SN 2016cvk for opti-
cal bands is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/703/A62
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Appendix A: Additional notes, figures, and tables

A.1. Photometry

The ESO facilities were used for the spectrophotometric obser-
vations of SN 2016cvk. Optical imaging was carried out using
the 3.58 m NTT in La Silla, Chile, with EFOSC2 via the
ePESSTO programme. The images were processed with the
PESSTO pipeline 2 (Smartt et al. 2015), which applies the bias
subtraction and flat-field correction to the images.

Data were also taken from the Las Cumbres Observatory net-
work of automated 1 m telescopes (Brown et al. 2013) located
in the South African Astronomical Observatory (SAAO, South
Africa), the Cerro Tololo Interamerican Observatory (CTIO,
Chile), and the Siding Spring Observatory (SSO, Australia); site
identifiers cpt, lsc, and coj, respectively. The data (programme
IDs CON2016A-007 and CLN2016A-005) was automatically
reduced by the BANZAI pipeline3, which performs bad-pixel
masking, bias and dark subtraction, and flat field correction.

Early observations of the field of SN 2016cvk by the CHASE
survey were reported in the compilation of precursor activity of
Type IIn SNe by Reguitti et al. (2024). For completeness, we
included their observations in our analysis, which provided an
early r-band detection and limits of the precursor of SN 2016cvk
from the 0.41 m Panchromatic Robotic Optical Monitoring and
Polarimetry Telescopes (PROMPT) located in CTIO, Chile.

Archival imaging was also obtained for the analysis,
observed with the 4m Victor M. Blanco telescope (at CTIO)
using the Dark Energy Camera (DECam). The images were auto-
matically reduced using the Dark Energy Survey Image Process-
ing Pipeline (Morganson et al. 2018). The processing of the data
includes steps for bias subtraction, bad pixel masking, correct-
ing nonlinear pixel response, and flat fielding. Independent mea-
surements of the SN 2016cvk pre-outburst detections from the
DECam data were previously reported by Reguitti et al. (2024).

Images were also obtained from the Savannah Skies Obser-
vatory in Australia (J. Brimacombe). The images were reduced
using the MaxIm DL software, following the usual steps of bias
subtraction as well as flat-field and dark corrections.

Some V-band observations of the SN 2016cvk location were
publicly reported (Brimacombe et al. 2016) by the ASAS-SN
programme, which consists of a network of robotic 14 cm tele-
scopes around the globe, equipped with identical CCD cameras
(Shappee et al. 2014; Jayasinghe et al. 2019). These reported
magnitudes were used in our analysis; however, we do not have
access to the images.

Similar to EFOSC2, the near-infrared data from SOFI was
reduced using the PESSTO pipeline. In this case, the pipeline
applies flat field, crosstalk, and illumination corrections, and per-
forms sky subtractions and merging of the dithered images.

We made use of archival data of SN 2016cvk from the Neil
Gehrels Swift Observatory (Gehrels et al. 2004) via programme
IDs 34708 and 34717. The Level 2 pre-processed images
from the Ultra-violet Optical Telescope (UVOT; Roming et al.
2005) instrument were downloaded for the analysis via the
High Energy Astrophysics Science Archive Research Cen-
ter (HEASARC) database. The data were processed with the
HEASARC High Energy Astrophysics software (HEAsoft)
package v6.34. The uvotimsum task in HEAsoft was used to
sum the individual UVOT exposures of an observational epoch
for each filter. The HEAsoft uvotsource task was used to carry

2 https://github.com/svalenti/pessto/releases
3 https://lco.global/documentation/data/
BANZAIpipeline/

out the aperture photometry of the transient. Some contamina-
tion from the host galaxy could not be excluded and the magni-
tudes are reported up to JD 2457732.94; after this epoch the host
contamination was found to erratically affect the photometry.

A.2. Spectroscopy

The EFOSC2 spectra were reduced using the PESSTO pipeline.
In this process, the two-dimensional spectra were trimmed, over-
scan and bias subtracted, and cosmic rays were removed from
the data. The spectra were also flat-field corrected using halogen
lamp flats, wavelength calibrated using arc lamp spectra, and flux
calibrated using standard star observations. The SOFI spectra
were reduced using the PESSTO pipeline, including the steps of
flat fielding, sky subtraction, arc lamp based wavelength calibra-
tion, merging of the individual exposures, telluric correction, and
flux calibration. The VLT spectrum was reduced using standard
IRAF tasks, following the usual steps of master bias subtraction,
normalised flat fielding, trace extraction, wavelength calibration
using arc lamps, and relative flux calibration using observations
of a spectroscopic standard star. All the spectra were absolute
flux calibrated based on the photometry of SN 2016cvk.

A.3. X-ray observations

Swift’s X-Ray Telescope (XRT; Burrows et al. 2005) archival
images did not reveal a source associated with SN 2016cvk
within the default energy range of 0.2 − 10 keV. The HEAsoft
task sosta was used to calculate the count rates at the coordinates
of the transient in the pre-processed Level 2 images from XRT,
which did not result in any detection at S/N > 2. The result-
ing luminosity upper limits are reported in Table A.2 based on
the luminosity distance and the estimated unabsorbed flux limits
converted from the sosta measurements using the HEASARC
Portable, Interactive Multi-Mission Simulator (PIMMS) tool4
via the WebPIMMS v4.15 interface. The assumed parameters
were a power law model with a photon index Γ = 2, and a
weighted average Galactic H i column density of NH = 9.66 ×
1019 cm−2 provided by the HEASARC nH tool for the coor-
dinates. Ofek et al. (2013a) reported X-ray detections of SN
2009ip at ∼1039 erg s−1; our upper limits of <4 × 1040 erg s−1

and above for SN 2016cvk are not particularly constraining, and
consistent with the X-ray luminosity of SN 2009ip.

A.4. Trends between the A, B, and plateau phases

To check for any trends between the epochs or magnitudes of the
different light curve phases, comparisons were carried out and a
simple first degree polynomial was fit to the data with the help
of the kmpfit fitting routine found in the Kapteyn package for
Python 3. This routine takes in data that has errors in both x and
y directions, and performs a fit using a least-squares method. The
final results are presented in Fig. A.2 with error limits marked
for the original data points in x and y directions, and as a 1σ
confidence band for the final fit as a gray coloured band. The
data points marked with arrows are lower or upper limits, and
were not included in the fits.

The data are quite scattered, the error margins are high, and
the fit results do not support any robust trends between the mag-
nitudes or epochs of the different light curve phases. As the num-
ber of observed SN 2009ip-like events increases, recreating these
efforts with a larger sample size could yield more reliable results.

4 https://heasarc.gsfc.nasa.gov/docs/tools.html
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Table A.1. Photometry table of SN 2016cvk for near-infrared bands with errors given in brackets.

JD t mJ mH mK Telescope
(-2400000.0) (d) (mag) (mag) (mag) + Instrument

57641.6 -1.7 14.65(0.04) 14.54(0.05) 14.33(0.04) NTT+SOFI
57656.7 13.4 14.62(0.04) 14.48(0.05) 14.28(0.03) NTT+SOFI
57666.7 23.4 14.82(0.04) 14.60(0.05) 14.39(0.02) NTT+SOFI
57683.7 40.4 15.18(0.24) 14.78(0.22) 14.50(0.22) NTT+SOFI
57684.6 41.3 15.32(0.05) · · · · · · NTT+SOFI
57695.7 52.4 15.37(0.05) 15.13(0.05) 14.82(0.03) NTT+SOFI
57724.5 81.2 16.82(0.04) 16.70(0.07) 16.10(0.03) NTT+SOFI
57872.9 229.6 18.85(0.31) 19.08(0.12) 18.20(0.15) NTT+SOFI
58083.6 440.3 20.03(0.20) · · · · · · NTT+SOFI

Table A.2. Photometry table of SN 2016cvk in Swift UV (UVW2, UV M2, UVW1, U, B, and V) and X-ray (0.2 − 10 keV) bands with errors given
in brackets.

JD t mUVW2 mUV M2 mUVW1 mU mB mV L0.2−10 keV
(-2400000.0) (d) (mag) (mag) (mag) (mag) (mag) (mag) (1040erg s−1)

57633.0 -10.4 13.99(0.09) 13.93(0.07) 14.10(0.07) 14.39(0.07) 15.54(0.06) 15.51(0.07) <5.8
57636.6 -6.8 13.11(0.09) 13.23(0.07) 13.28(0.07) 13.69(0.07) 14.97(0.06) 15.02(0.07) <5.3
57640.2 -3.2 13.24(0.09) 13.26(0.07) 13.23(0.07) 13.55(0.07) 14.85(0.07) 15.04(0.08) <12.0
57642.1 -1.3 13.41(0.09) 13.40(0.07) 13.34(0.07) 13.64(0.07) 14.88(0.07) 14.95(0.07) <8.2
57643.6 0.2 13.87(0.09) 13.81(0.08) 13.64(0.08) 13.67(0.06) 15.02(0.06) 14.83(0.09) <3.5
57646.1 2.7 14.21(0.09) 14.17(0.07) 13.94(0.07) 13.88(0.05) 15.09(0.06) 14.97(0.05) <5.6
57648.3 4.9 14.34(0.09) 14.22(0.07) 14.06(0.07) 14.02(0.07) 15.10(0.06) 14.92(0.07) <6.8
57652.3 8.9 15.03(0.09) 14.91(0.08) 14.65(0.07) 14.41(0.07) 15.27(0.07) 15.06(0.07) <12.9
57655.6 12.2 15.57(0.10) 15.49(0.08) 15.15(0.08) 14.75(0.08) 15.53(0.07) 15.27(0.08) <7.5
57659.9 16.5 16.20(0.10) 16.14(0.08) 15.76(0.08) 15.17(0.08) 15.74(0.07) 15.45(0.08) <4.2
57664.1 20.7 16.67(0.10) 16.74(0.09) 16.17(0.09) 15.61(0.08) 15.99(0.07) 15.58(0.08) <10.5
57667.6 24.2 17.12(0.11) 16.98(0.09) 16.63(0.09) 15.83(0.08) 16.19(0.07) 15.74(0.08) <8.0
57671.8 28.4 17.46(0.12) 17.35(0.10) 16.96(0.10) 16.21(0.09) 16.42(0.08) 15.89(0.08) <8.1
57682.7 39.3 17.81(0.12) 17.81(0.11) 17.49(0.11) 16.96(0.10) 16.96(0.08) 16.33(0.09) <6.6
57689.2 45.8 18.14(0.14) 18.19(0.16) 18.00(0.14) 17.25(0.12) 17.29(0.08) 16.62(0.11) <7.1

Table A.3. Spectroscopic log of observations for SN 2016cvk

JD Epoch Grism Slit λ/∆λ λ texp Telescope + instrument
(−2400000) (d) (") (Å) (s)

57557.8 −86 Blue 1.65 800 3606 - 9163 900 duPont+WFCCD
57632.8 −11 Blue 1.65 800 3650 - 9200 900 duPont+WFCCD
57637.5 −6 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 1000, 1000 NTT+EFOSC2
57641.5 −2 Blue, Red 1.0 930, 980 9500 - 25200 960, 1500 NTT+SOFI
57642.7 −1 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 1500, 1500 NTT+EFOSC2
57651.5 +9 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 1500, 1500 NTT+EFOSC2
57656.5 +13 Blue, Red 1.0 930, 980 9500 - 25200 960, 1500 NTT+SOFI
57664.7 +21 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 900, 900 NTT+EFOSC2
57671.7 +28 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 900, 900 NTT+EFOSC2
57683.6 +40 Blue, Red 1.0 930, 980 9500 - 25200 3150, 2160 NTT+SOFI
57694.6 +51 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 1500, 1500 NTT+EFOSC2
57710.5 +67 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 1500, 1500 NTT+EFOSC2
57725.5 +82 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 1800, 1800 NTT+EFOSC2
57866.9 +223 Gr#11, Gr#16 1.0 390, 595 3345 - 9995 2700, 2700 NTT+EFOSC2
58048.6 +405 GRIS_300V+10 1.0 440 4450 - 9050 2700, 2700 VLT-U1+FORS2
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Table A.4. Peak blackbody temperatures and corresponding epochs measured from the event B r-band maximum for SN 2009ip-like targets.

Transient Epoch TBB, peak Reference
(d) (K)

SN 2016cvk −6 14000 Sect. 3.2
SN 2016jbu −10 15000 Brennan et al. (2022b)
SN 2009ip −10 16500 Fraser et al. (2013)
SN 2010mc −12 >15800 Ofek et al. (2013a)
LSQ13zm −7 12500 Tartaglia et al. (2016)
SN 2015bh −14 18500 Thöne et al. (2017)
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Table A.5. Results of the blackbody fits to the UVW2,UV M2,UVW1, u,U, B, g,V, r, i, J,H,K band photometry of SN 2016cvk with errors given
in brackets.

Epoch LBB TBB RBB Data
(d) (1041 erg s−1 cm−2) (K) (1014 cm)

−8.6 142.0(49.8) 13200(900) 8.1(0.8) Swift + optical
−6.2 189.0(75.6) 13800(1100) 8.5(1.0) Swift + optical
−5.2 193.0(73.1) 13600(1000) 8.9(1.0) Swift + optical
−1.6 198.0(46.9) 13300(600) 9.5(0.7) Swift + optical + near-infrared
1.4 148.0(24.9) 11400(400) 11.1(0.6) Swift + optical + near-infrared
4.4 130.0(19.3) 10800(300) 11.6(0.6) Swift + optical + near-infrared
7.2 108.0(15.0) 10000(200) 12.3(0.6) Swift + optical + near-infrared
7.4 107.0(14.5) 9900(200) 12.6(0.6) Swift + optical + near-infrared
10.4 86.1(11.3) 9000(200) 13.5(0.7) Swift + optical + near-infrared
13.1 72.1(10.2) 8400(200) 14.4(0.8) Swift + optical + near-infrared
16.4 58.6(9.5) 7800(200) 15.0(0.9) Swift + optical + near-infrared
21.3 45.5(8.3) 7200(200) 15.6(1.1) Swift + optical + near-infrared
21.4 44.8(9.1) 7100(200) 15.6(1.3) Swift + optical + near-infrared
21.4 44.7(9.1) 7100(200) 15.6(1.3) Swift + optical + near-infrared
22.1 43.6(8.6) 7100(200) 15.6(1.2) Swift + optical + near-infrared
22.2 43.9(8.6) 7100(200) 15.7(1.2) Swift + optical + near-infrared
24.3 40.4(7.7) 6900(200) 15.8(1.2) Swift + optical + near-infrared
27.9 34.6(7.2) 6700(200) 15.6(1.3) Swift + optical + near-infrared
32.3 28.9(7.4) 6600(200) 14.8(1.5) Swift + optical + near-infrared
38.3 22.9(7.7) 6300(300) 14.2(1.9) Swift + optical + near-infrared
40.1 21.6(7.6) 6200(300) 14.3(2.1) Swift + optical + near-infrared
43.1 19.9(7.0) 6000(300) 14.5(2.1) Swift + optical + near-infrared
45.2 19.1(7.0) 5800(300) 15.2(2.3) Swift + optical + near-infrared
46.3 18.0(7.1) 5800(300) 14.9(2.4) optical + near-infrared
46.9 17.6(6.9) 5800(300) 14.7(2.4) optical + near-infrared
52.0 16.9(6.0) 5600(300) 15.4(2.2) optical + near-infrared
53.0 17.4(6.2) 5600(300) 15.6(2.2) optical + near-infrared
55.0 15.9(5.2) 5600(300) 14.9(1.9) optical + near-infrared
55.3 15.6(4.9) 5600(300) 14.8(1.8) optical + near-infrared
55.3 15.6(4.9) 5600(300) 14.8(1.8) optical + near-infrared
58.6 15.0(4.6) 5600(300) 14.4(1.7) optical + near-infrared
61.3 13.5(3.8) 5700(300) 13.6(1.5) optical + near-infrared
61.3 13.5(3.8) 5700(300) 13.6(1.5) optical + near-infrared
62.0 13.2(3.8) 5700(300) 13.4(1.4) optical + near-infrared
62.0 13.2(3.7) 5700(300) 13.4(1.4) optical + near-infrared
64.6 12.1(3.5) 5700(300) 12.6(1.4) optical + near-infrared
67.3 10.7(2.8) 5800(300) 11.7(1.1) optical + near-infrared
67.3 10.7(2.8) 5800(300) 11.7(1.1) optical + near-infrared
69.6 9.3(2.3) 5800(200) 11.0(1.0) optical + near-infrared
74.9 6.5(1.5) 5500(200) 9.8(0.8) optical + near-infrared
74.9 6.5(1.5) 5500(200) 9.8(0.8) optical + near-infrared
78.9 4.8(1.2) 5400(200) 9.1(0.8) optical + near-infrared
81.9 4.4(1.1) 5400(200) 8.5(0.8) optical + near-infrared
85.2 4.0(1.1) 5300(200) 8.3(0.8) optical
89.6 3.4(1.1) 5100(300) 8.4(0.9) optical
89.6 3.4(1.1) 5100(300) 8.4(0.9) optical
90.9 3.5(1.1) 5200(300) 8.2(0.9) optical
97.2 3.2(1.0) 5100(300) 8.1(0.9) optical
99.2 3.0(1.0) 5200(300) 7.8(0.9) optical
102.5 3.0(1.0) 5100(300) 7.8(0.9) optical
106.5 2.8(1.0) 5200(300) 7.4(0.9) optical
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Fig. A.1. Selected spectra of SN 2016cvk at −6, +9, +28, and +67 d from the r-band maximum compared to those of other SN 2009ip-like events.
The spectra have been dereddened, corrected to the rest frame wavelengths, and rescaled and shifted vertically for clarity.
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Fig. A.2. Comparisons and possible trends between the event A, event B, and plateau phases of SN 2009ip-like transients. Confidence band of 1σ
is marked in the images with a gray band.

Table A.6. Parameters of multi-component fit for the Hα line for different Gaussian (G1 − G3) and Lorentzian (L) components with the errors
given in brackets, along with the Balmer decrement D = I(Hα)/I(Hβ).

Epoch FWHML1 FWHMG1 v0,G1 FWHMG2 v0,G2 FWHMG3 v0,G3 I(Hα)/I(Hβ)
(d) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

−86 850(30) 4700(200) 250(100) − − 3600(400) −6500(200) 2.4(0.1)
−11 550(30) 6300(200) 300(100) − − − − 1.7(0.1)
−6 720(30) 8600(300) 1400(100) − − − − 1.5(0.1)
−1 540(30) 4400(200) 300(100) − − − − 1.2(0.1)
9 600(20) 3200(200) 1200(200) − − 1800(100) −4000(100) 1.8(0.1)

21 750(30) 3200(500) 1900(300) − − 4300(600) −2900(300) 2.6(0.1)
28 830(30) 4400(300) 2200(200) − − 1700(200) −4100(100) 3.4(0.1)
51 1200(100) 6300(100) 1100(100) − − − − 3.6(0.1)
67 1100(100) 6500(200) 900(100) − − − − 3.8(0.1)
82 1200(100) 4200(200) −2000(100) 5200(200) 2100(200) − − 5.0(0.1)
223 1200(100) 4500(100) −100(10) − − − − 10.1(0.1)

Table A.7. Parameters of multi-component fit for the Hβ line for different Gaussian (G1 − G3) and Lorentzian (L) components with the errors
given in brackets.

Epoch FWHML1 FWHMG1 v0,G1 FWHMG2 v0,G2 FWHMG3 v0,G3
(d) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

−86 830(70) 3200(200) 300(100) − − 5600(300) −6500(100)
−11 500(100) 4700(100) 100(100) − − − −

−6 < 800 4100(200) −200(100) − − − −

−1 < 800 4900(600) −300(400) − − 3000(500) −3500(300)
9 < 800 2100(800) 1400(400) − − 2600(200) −3800(100)
21 < 800 2000(300) 2300(100) − − 4000(300) −3000(100)
28 800(100) 2300(300) 1800(200) − − 3700(300) −3000(100)
51 1200(100) 3800(200) 1500(200) − − 1500(100) −4000(100)
67 800(100) 4600(200) 700(100) − − 2300(300) −3800(200)
82 1500(100) 2900(100) −2300(100) 4300(200) 1700(200) − −

223 < 800 3700(200) −100(100) − − − −
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Fig. A.3. Multi-component fits to Hα (first and third column) and Hβ (second and fourth column) lines in spectra of SN 2016cvk for different
epochs. Unit of velocity (x axis) is 103km s−1, and the flux (y axis) is scaled to peak intensity of the spectral line.
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