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Abstract

We present analysis of the plateau and late-time phase properties of a sample of 39 Type II supernovae (SNe II)
that show narrow, transient, high-ionization emission lines (i.e., “IIn-like”) in their early-time spectra from
interaction with confined, dense circumstellar material (CSM). Originally presented by W. V. Jacobson-Galdn
et al., this sample also includes multicolor light curves and spectra extending to late-time phases of 35 SNe with
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no evidence for IIn-like features at <2 days after first light. We measure photospheric phase light-curve properties
for the distance-corrected sample and find that SNe II with IIn-like features have significantly higher luminosities
and decline rates at 450 days than the comparison sample, which could be connected to inflated progenitor radii,
lower ejecta mass, and/or persistent CSM interaction. However, we find no statistical evidence that the measured
plateau durations and “°Ni masses of SNe II with and without IIn-like features arise from different distributions.
We estimate progenitor zero-age main-sequence (ZAMS) masses for all SNe with nebular spectroscopy through
spectral model comparisons and find that most objects, both with and without IIn-like features, are consistent
with progenitor masses <12.5 M. Combining progenitor ZAMS masses with CSM densities inferred from
early-time spectra suggests multiple channels for enhanced mass loss in the final years before core collapse,
such as a convection-driven chromosphere or binary interaction. Finally, we find spectroscopic evidence for
ongoing ejecta-CSM interaction at radii >10'®cm, consistent with substantial progenitor mass-loss rates of
~107*-107° M, yr*1 (v, < 50kms ") in the final centuries to millennia before explosion.

Unified Astronomy Thesaurus concepts: Type Il supernovae (1731); Core-collapse supernovae (304); Supernovae

(1668); Red supergiant stars (1375)

1. Introduction

A fundamental goal in the study of Type II supernovae
(SNeII) is to connect explosion properties to the evolution of
red supergiant (RSG) stars in their final years before core
collapse. After shock breakout and the rise to peak brightness,
SNelIl are powered by hydrogen recombination and the
cooling of a shocked, expanding RSG envelope during
their light-curve “plateau”—this phase being defined observa-
tionally by the plateau’s duration, brightness, and slope
(J. P. Anderson et al. 2014; N. E. Sanders et al. 2015;
S. Valenti et al. 2016; L. Martinez et al. 2022a). Theoretically,
variations in these observables map to differences in kinetic
energy, progenitor radius, ejecta mass, and/or *°Ni mass
(D. Kasen et al. 2006; L. Dessart et al. 2013; D. Hiramatsu
et al. 2021a). By calibrating to numerical simulations, scaling
relations between these quantities have been constructed that
relate SN II light-curve properties to regions of the progenitor/
explosion parameter space despite known degeneracies
(D. Kasen & S. E. Woosley 2009; L. Dessart & D. J. Hillier
2019; J. A. Goldberg et al. 2019). However, SoNi mixing
(E. Nakar et al. 2016; A. Kozyreva et al. 2019; A. Singh et al.
2019) and SN ejecta interaction with intervening circumstellar
material (CSM; D. J. Hillier & L. Dessart 2019; T. Matsumoto
et al. 2025) can also impact the plateau phase.

As the ejecta turn optically thin (i.e., the nebular phase),
SNe II settle on their light-curve “tail” wherein the standard
power source is the radioactive decay of *°Ni — °Co — *°Fe
(W. D. Arnett 1982). Modeling of this postplateau decline rate
and luminosity allows for observational constraints on the total
amount of *°Ni synthesized in explosive nucleosynthesis
(J. P. Anderson 2019; L. Martinez et al. 2022b). Based on
SN II simulations, the total amount of >°Ni created after core
collapse is highly dependent on the explosion energy as well as
the progenitor’s core structure, mass, and composition
(T. Sukhbold et al. 2016; A. Burrows & D. Vartanyan 2021;
S. Curtis et al. 2021; E. Laplace et al. 2021; A. Burrows et al.
2024; H. T. Janka 2025). However, construction of more three-
dimensional (3D), end-to-end core-collapse SN simulations is
necessary to understand consistencies with the observed
distributions of SN II observables, in particular “°Ni mass
(D. Vartanyan et al. 2025). In addition to the late-time light
curve, nebular spectra are another powerful probe of the
progenitor’s identity and its core mass prior to explosion
(A. Jerkstrand et al. 2014; L. Dessart et al. 2021). SN 1II
progenitor zero-age main-sequence (ZAMS) mass is also
estimated from direct detection of RSGs in pre-explosion

imaging (e.g., S. J. Smartt 2009; B. Davies & E. R. Beasor
2018; E. R. Beasor et al. 2025). Moreover, while radioactive
decay is expected to be the main modulator of SN II late-time
luminosity, additional energy injection from the persistent
collision of SN ejecta with distant CSM can lead to a flattening
of the light curve and enhanced UV emission (C. Fransson
et al. 2005; J. E. Andrews et al. 2010; K. E. Weil et al. 2020;
L. Dessart et al. 2023). Consequently, monitoring of CSM-
interacting SNe II at years to decades postexplosion is a direct
tracer of the RSG mass-loss history in the final centuries to
millenia before core collapse.

To date, many large sample studies have attempted to
constrain the SN II progenitor parameter space using the
observables described above (e.g., S. Valenti et al. 2016;
C. P. Gutiérrez et al. 2017a, 2017b; J. A. Goldberg et al. 2019;
J. A. Goldberg & L. Bildsten 2020; L. Martinez et al. 2022a).
However, such works do not use information gained about the
CSM from very early-time (<2 days after first light) spectra as
an additional prior that can be used to differentiate between
objects included in SNII samples. However, we now know
that a significant fraction (possibly >40%; R. J. Bruch et al.
2023) of SNe II show narrow, high-ionization emission lines in
their early-time spectra (i.e., “IIn-like” or “flash” features)
from the collision of SN ejecta with confined, dense CSM
created in the final years before core collapse (D. C. Leonard
et al. 2000; A. Fassia et al. 2001; A. Gal-Yam et al. 2014;
D. Khazov et al. 2016; L. Dessart et al. 2017; O. Yaron et al.
2017; R. J. Bruch et al. 2021; W. V. Jacobson-Galan et al.
2024a). Consequently, SNe Il with confined CSM are likely
typical in samples of SNeIl, which could have a significant
impact on the correlations inferred from observables.

Intriguingly, SNe II with IIn-like features are best modeled by
progenitor mass-loss rates of ~107°-10"'M. yr' (eg.,
J. H. Groh 2014; 1. Shivvers et al. 2015; L. Tartaglia et al.
2021; G. Terreran et al. 2022; K. A. Bostroem et al. 2023;
L. Dessart & W. V. Jacobson-Galan 2023; W. V. Jacobson-Galan
et al. 2023, 2024b; J. Zhang et al. 2023, 2024; M. Shrestha et al.
2024a; E. A. Zimmerman et al. 2024), which implies CSM
densities that are orders of magnitude larger than those inferred
for typical SNell (e.g., T. Szalai et al. 2019; G. Hosseinzadeh
et al. 2022; J. Pearson et al. 2023; M. Shrestha et al. 2024b) as
well as populations of local RSGs (E. R. Beasor et al. 2020;
E. R. Beasor & N. Smith 2022). These enhanced CSM densities
close to the progenitor star are also confirmed by early-time
radio and X-ray observations of SNell with IIn-like features
(e.g., E. Berger et al. 2023; B. W. Grefenstette et al. 2023;
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S. Panjkov et al. 2024; P. Chandra et al. 2024; A. J. Nayana et al.
2025). Given that these SNe evolve to resemble SNe Il both
photometrically (e.g., light-curve plateau and radioactive-decay
tail) and spectroscopically (e.g., Doppler-broadened P-Cygni
absorption/emission), it is necessary to understand how the
plateau /late-time properties of SNe II with IIn-like features differ
from SNe Il without early-time CSM interaction. Furthermore,
comparison of late-time photometry and spectroscopy to model
predictions enables constraints on the types of RSG progenitors
associated with CSM-interacting SNe II.

In this paper, we extend the analysis of the SN II
sample presented by W. V. Jacobson-Galdn et al. (2024a,
hereafter WJG24a) to include properties of CSM-interacting
SNe II during and after the light-curve plateau phase. In
Section 2, we present specifics of the sample and additional
late-time spectroscopy to be included in this study. Section 3
presents an analysis of the plateau phase, radioactive-decay
decline, and nebular spectra of SNe II with and without IIn-
like features. Our results are discussed in Section 4 and our
conclusions are drawn in Section 5. All phases reported in this
paper are with respect to the adopted time of first light
(WJG24a) and are in rest-frame days. When possible, we use
redshift-independent host-galaxy distances and adopt standard
ACDM cosmology (Hy = 70 km s~ Mpc™', Q, = 0.27,
Qa = 0.73; Planck Collaboration et al. 2020) if only redshift
information is available for a given object.

2. Observations

This work utilizes the same sample of 74 SNe II originally
published by WIG24a. The sample includes 39 objects with IIn-
like features in their early-time (6t < 10 days) spectra and 35 SNe
II with spectra obtained at 6t < 2 days but showing no detectable
IIn-like features (i.e., the “comparison sample”). For objects with
IIn-like features, we divide the total sample into two subsamples:
“gold-sample” events having spectra at &t < 2 days and “silver-
sample” events only having spectra at 6t > 2days. As
in WJG24a, gold/silver objects are placed in three classes based
on the properties of their IIn-like features: “Class 17 objects
(plotted in blue) show narrow, high-ionization emission lines of
N1, Hell, and C1v; “Class 2” objects (plotted in yellow) have
no NIII emission but do exhibit HeII and C1Vv; and “Class 3”
objects (plotted in red) only show weaker, narrow He II emission
superimposed on a blueshifted, Doppler-broadened He I line.
Finally, when performing statistical tests, we only include SNe
with distances D > 40 Mpc in order to obtain consistent
distance /redshift distributions among all subsamples.

We adopt the sample multiband and pseudobolometric light
curves presented by WJIG24a in our analysis of the later-phase
photometric evolution of all sample objects. Additional
variations of the pseudobolometric light curves are generated
for the *°Ni mass estimates (e.g., Section 3.2). In addition to
the photospheric-phase spectra presented by WJG24a, we now
include nebular spectra of gold-, silver-, and comparison-
sample objects (e.g., Section 3.4). Nebular spectra were
obtained with the Kast spectrograph on the 3 m Shane
telescope at Lick Observatory (J. S. Miller & R. P. S. Stone
1994) and Keck/LRIS (J. B. Oke et al. 1995). For all of these
spectroscopic observations, standard CCD processing and
spectrum extraction were accomplished with IRAF.** The data
were extracted using the optimal algorithm of K. Horne

“2 hitps: //github.com/msiebert1 /UCSC_spectral_pipeline
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(1986). Low-order polynomial fits to calibration-lamp spectra
were used to establish the wavelength scale and small
adjustments derived from night-sky lines in the object frames
were applied. Additional spectra were obtained with Keck/
DEIMOS, Binospec on the MMT (D. Fabricant et al. 2019),
and Gemini Multi-Object Spectrographs (GMOS). These
spectroscopic observations were reduced with a variety of
pipelines, such as Pypeit (J. Prochaska et al. 2020),
Lpipe (D. A. Perley 2019), and DRAGONS (K. Labrie
et al. 2019). A log of previously unpublished observations is
presented in Table Al.

3. Analysis
3.1. Photospheric Phase Light-curve Properties

We present the complete pseudobolometric and r-band light
curves for gold-, silver-, and control-sample objects in
Figure 1. For a number of events in each subsample, we are
able to estimate the plateau (i.e., “photospheric-phase’)
luminosity, duration, and decline rate during this phase.
Similar to other sample studies of SNe II (e.g., J. P. Anderson
et al. 2014; S. Valenti et al. 2016; R. S. Teja et al. 2024;
Q. Fang et al. 2025), we attempt to measure specific
parameters that define the light-curve photospheric phase for
all objects where the observations allow it. As shown in the
upper-left panel of Figure 2, we measure the pseudobolometric
luminosity at 6t = 50days (Lsg), the light-curve slope at
ot = 50days (Ss0), and the photospheric-phase duration as
inferred from the fitting function y(¢) (e.g., S. Valenti et al.
2016). The Lso and Sso parameters are calculated through a
linear function fit to the light-curve plateau, while fpy is
measured after fitting the light curve with the y(#) function. We
present these quantities for each class in the gold/silver
samples (37 out of 39 objects) as well as the comparison
sample (31 out of 35 objects) in Figure 2. Notably, SNe II with
IIn-like features display steeper light curves (i.e., “IIL-like”;
S. I. Blinnikov & O. S. Bartunov 1993; F. Patat et al. 1994)
than comparison-sample objects during the photospheric phase
in addition to being more luminous than SNe II without any
IIn-like features. However, there is no obvious correlation
present when comparing Lsy to the plateau duration; gold/
silver-sample objects show a significant diversity in plateau
durations, similar to comparison-sample objects. It is worth
noting that for the objects with constrained (i.e., not lower
limits) plateau durations, seven SNe II with IIn-like features
have fpr < 80days (SNe PTF10abyy, 2017ahn, 2021afkk,
2021can, 2021ont, 2020lfn, and 2021aaqn), with only one
comparison-sample object (SN 2020jfo) having such a short
plateau duration. Furthermore, six (three detections, three
lower limits) gold-sample objects have plateau durations
>130days (SNe 202laek, 2021dbg, 2021tyw, 2021zj,
2022pgf, and 2016blz), with no comparison-sample objects
showing such long plateau durations. Given that this sample is
not volume-limited, we are unable to confirm the theoretical
rate of short plateau SNe II (e.g., J. J. Eldridge et al. 2018;
D. Hiramatsu et al. 2021b). We discuss the physical
interpretation of these photospheric-phase properties in
Section 4.

Similar to the pseudobolometric light curves, we measure
the plateau brightness and decline rate in the g (32 gold/silver
and 30 comparison) and r bands (37 gold/silver and 32
comparison). As shown in Figure 3, there also exists a trend
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Figure 1. Left: Pseudobolometric (i.e., UVOIR) light curves of gold/silver samples (blue/yellow/red solid lines) and the comparison sample (dashed black lines).
Solid black and colored points/curves represent the subsample of objects at D > 40 Mpc. Objects at D < 40 Mpc are plotted as lower opacity curves/points. Right:
Extinction-corrected r-band light curves of gold/silver- and comparison-sample objects. Compared to SNe II without IIn-like features (i.e., comparison sample),
objects with confirmed IIn-like signatures are more luminous during the plateau phase.

between the absolute magnitude and decline rate at
6t = 50days: gold/silver-sample objects are the most
luminous and fast-declining during their plateau evolution
compared to comparison-sample objects. We present cumula-
tive distributions of the plateau brightness and decline rate at
ot = 50 days in g and r in Figure 3. As shown in Figure 4, all
comparison-sample events have a similar g — r color at
6t = 50days. While some gold/silver-sample objects also
show consistent colors at this phase, a number of SNe II with
IIn-like features are bluer than normal SNe II at the same
phase, which could be the result of subdominant but still
significant CSM-interaction power contributing to the SN
spectral energy distribution (SED) at later-time phases
(L. Dessart & D. J. Hillier 2022). Furthermore, we present
all light-curve parameters discussed above with respect to the
IIn-like feature timescale in Figure 5.

To test our null hypothesis of whether these sample
observables come from the same parent distribution, we apply
a logrank test for (i) gold/silver versus comparison samples,
(ii) gold/silver-sample Classes 1 and 2 versus 3, and (iii) gold/
silver-sample Classes 1 versus 3. These tests are only
performed on the subsample of objects where D > 40 Mpc.
For (i), the chance probability that values of the gold/silver
and comparison samples come from the same distribution is
<107% for Lso, 0.24% for M, s, and 0.11% for M,so. We
find that S5y for pseudobolometric, g, and r between samples
belong to the same distribution at the 0.01%, 6 x 1074%, and
0.02% levels, respectively. For (ii), the null-hypothesis
probability for pseudobolometric, g, and r brightness (decline
rate) at 6+ = 50days is 76.8(33.9)%, 13.7(2.9)%, and 17.9
(27.2)%, respectively. For (iii), the null-hypothesis probability
for pseudobolometric, g, and r brightness (decline rate) at
ot = 50days is 47.1(60.2)%, 13.0(11.9)%, and 33.8(74.1)%,
respectively. Therefore, we confirm that all classes in the
gold/silver samples are more luminous and decline faster on
the plateau than comparison-sample objects. However, we find
no statistically significant differences for these parameters
between classes in the gold/silver samples.

3.2. °°Ni Masses

In noninteracting SNe II, the main power source for the
ejecta is radioactive decay, of which the *°Co — °Fe
(W. D. Arnett 1982) chain dominates at the epochs of
~100-350 days studied here. In this section, we first assume
that the only power source for the whole sample of objects is
*Ni decay power before demonstrating that this assumption
breaks down for a number of objects with clear signs of late-
time CSM interaction. In this framework of an exclusive decay
power source, both the total mass of *°Ni present in the SN as
well as the timescale of y-ray escape (z,) can be measured by
modeling the bolometric luminosity evolution postplateau
(e.g., E. Cappellaro et al. 1997; A. Clocchiatti & J. C. Wheeler
1997; S. Valenti et al. 2008; J. C. Wheeler et al. 2015;
W. V. Jacobson-Galdn et al. 2021). However, to properly
utilize the analytic formalisms for radioactive-decay power,
the bolometric light curve should be constructed with multi-
band photometry that covers ultraviolet (UV) through infrared
(IR) wavelengths. Given that the pseudobolometric light
curves presented in this Figure 1 only include UV through
optical/near-IR wavelengths, all resulting measurements of
MC®Ni) will be underestimates of the true amount of
synthesized radioactive material powering the SN light curve.
We do not construct the late-time bolometric light curve
through fitting of the SED with a blackbody model because
during postplateau phases the SN spectrum will transition to
the nebular phase (i.e., emission-line dominated) and therefore
a blackbody approximation is no longer appropriate. We note
that >°Ni mass in SNe II may also be inferred from the light-
curve steepness during the transition from plateau to radio-
active decline powered tail (e.g., see A. Elmhamdi et al. 2003;
A. Singh et al. 2018), but this method can be influenced by
ejecta properties such as densities, chemical mixing, and
asymmetries.

To measure M(*°Ni) and t, in gold/silver- and comparison-
sample objects, we compare to the pseudobolometric light
curve of SN 1987A, as has been done in previous SN II sample
studies (e.g., S. Spiro et al. 2014; S. Valenti et al. 2016). To do
this, we construct new pseudobolometric light curves using
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Figure 2. Top left: Pseudobolometric light curve of Class 2 object SN 2014G (yellow circles) with light-curve parameters derived for all sample objects (Section 3.1)
labeled for visualization: the luminosity at 50 days (Lsp, magenta star), light-curve decline rate at 50 days (Sso, brown solid line), photospheric-phase duration (tpr,
red star), and Fermi—Dirac function (y(f), solid blue line). Additionally, radioactive-decay powered models for complete and incomplete v-ray trapping are plotted as
dotted and dashed black lines. Top right: Pseudobolometric light-curve luminosity and decline rate at 6t = 50 days for gold/silver- (blue, yellow, red circles) and
comparison-sample (black squares) objects. SNe II with IIn-like features are more luminous and decline faster during their photospheric phase. Solid colored points/

curves represent the subsample of objects at D > 40 Mpc. Bottom left: Luminosity at 50 days (Lso) vs. photospheric-phase duration. Bottom right: >
°Ni yields from 9.5 to 25 M, (A. Burrows et al. 2024) progenitor models shown as dashed

pseudobolometric luminosity at +50 days. Theoretical predictions for
lines and 11-28 M, (S. Curtis et al. 2021) progenitor models shown as stars.

combinations of optical filters (e.g., gri, UBVRI, BVgri, etc.)
and fit these light curves with the pseudobolometric light curve
of SN 1987A derived with the same filter combination (see
N. Meza-Retamal et al. 2024 for more information). This SN
1987A light-curve model is represented in the form

Lpbor (1) (Mssm)( 1 — exp(—(t,/1)%) ) "

LY@ 0.075 )\ 1 — exp(—(540/1)?)

where ¢ is time in days postexplosion, Ly is the pseudobolo-
metric luminosity, and the SN 1987A ~-ray trapping timescale
is 540 days (N. B. Suntzeff & P. Bouchet 1990).

We present measured M( 5N i) values for gold/silver (24 out
of 39 objects) and comparison samples (24 out of 39 objects)
in Figure 2 and Tables A2 and A3. Similar to past studies (e.g.,

SNi mass vs.

M. Hamuy 2003; S. Spiro et al. 2014; O. Pejcha &
J. L. Prieto 2015; S. Valenti et al. 2015), there is a visible
trend between M(°°Ni) and Ls, where more luminous SNe II
also produce more SON, However, a number of SNe II with
IIn-like features in the gold/silver samples break this
correlation with their high Lso but low/moderate M(°Ni)
values. This might imply that there is another parameter
related to the progenitor star and/or the explosion itself that
can account for this deviation (e.g., see Section 3.6 for more
discussion). As shown in Figure 2, there are a number of SNe
II in both gold/silver and comparison samples that have
MCONi) > 0.1M,,
predictions for SNe II from extremely large (>18 M) RSGs
by S. Curtis et al. (2021) and A. Burrows et al. (2024). To
confirm that these values are accurate, we explore the
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Figure 4. Absolute g- and r-band magnitudes at +50 days for gold/silver-

(blue, yellow, and red circles) and comparison-sample (black squares) objects.

MM, = 0.5 mag color difference shown as magenta line. Some brighter SNe

II with IIn-like features show bluer colors during the plateau phase, possibly
revealing extra heating from ongoing CSM interaction.

possibility that the pseudobolometric light curves were over-
corrected for host-galaxy extinction (e.g., see Appendix
discussion of WJG24a) by plotting E(B — V)0 Values versus
M(°°Ni) for all objects in Appendix Figure Al. Similar to
comparison of E(B — V)5 With Lsg and M, 5o measurements,
there is no obvious correlation between M(*°Ni) and the
adopted host-galaxy extinction; SNe II with high M(*°Ni) span

a range of E(B — V)pos values. Nevertheless, because of the
general uncertainty in accurately measuring host extinction,
objects with both high M(56N1) and E(B — V )pos Values should
be interpreted with caution, and it is advisable to treat their *°Ni
masses as upper limits.

Another source of uncertainty in measuring M(*°Ni) is the
potential for non-negligible luminosity arising from ongoing
CSM interaction. For a shock wave with velocny Vsh propagating
through a steady-state wind (i.e., p o r2) with mass-loss rate M
and velocity v,, the power supply of the shocks goes as
Lg, = Mv3 /2v,. Consequently, for even a weak RSG mass-loss
rate of M ~ 107 M, yr ' (vgo = 10*km s~ ', v —30m57]),
the resulting shock power is quite large (Lg, ~ 10* erg s™).
This shock power is likely radiated by the reverse shock as it
deposits energy into the cold dense shell (CDS) in the form of
X-rays from free—free emission following conversion of kinetic
to thermal energy in the postshock gas (T. K. Nymark et al.
2006; R. A. Chevalier & C. Fransson 2017; L. Dessart &
D. J. Hillier 2022). The CDS can be formed soon after shock
breakout if there is confined, high-density CSM (e.g., ~0.1 M,
is expected for SNe II with IIn-like features) or later 1n the
SN evolution as more CSM is swept up (e.g., Mcps = 107 M
at 1 yr for M=10°M, yr', v, = 10kms ' and
van = 10*kms™'; L. Dessart & D. J. Hillier 2022). If the distant
CSM has sufficiently high density, the shock power could
contribute 51gn1ﬁcantly to the pseudobolometric luminosities
used to measure M( N1) and the derived masses would only be
considered upper limits on the true amount of radioactive
material present in the SN. This is demonstrated in Figure 6,
where we show that modeling pseudobolometric light curves
derived from only optical photometry with Equation (1) can lead
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Figure 6. Left: Postplateau pseudobolometric light curves from L. Dessart & D. J. Hillier (2022) derived from 3000 to 10000 A(circles), all of which have the same
M(C®Ni) but with varying amounts of shock 5powc:r. Fitting the analytic formalism for SN 1987A (e.g., Equation (1)) returns the model MC®Ni) correctly for no shock

power and Ly, = 10* erg s™', but the M(

Ni) is overestimated if the shock power is >10*' erg s~'. Right: Complete bolometric light curves for shock-power

models compared to radioactive-decay power models. The influence of shock power across the SN SED, in particular in the UV, will cause a significant
overprediction of M(**Ni) when modeling the late-time light curve.

to a significant overestimation of the *°Ni mass if a shock
power of >10* erg s' is present (L. Dessart & D. J. Hillier

2022).

To explore this effect in more detail, we examine the late-
time photometric and spectroscopic behavior of all sample
objects with large *°Ni masses (e.g., M(°Ni) > 0.08 M.).
Among the gold/silver events with high M(°Ni), SNe
2020abjq, 2021zj, 2021can, 2022dml, 2021ont, and PTF11igb
show spectroscopic signatures of significant shock power in

both their photospheric and late-time spectra (Figures 7 and 8),
which will be responsible for overestimating M(’°Ni).

Consequently, we present M(*°Ni) for these objects as upper

limits (e.g., Figure 2). Additionally, it is worth noting that
other events (e.g., SNe 2017ahn, 2020pni, and 2014G) with
more typical M(*°Ni) estimates also exhibit broad/boxy Ha
emission during their radioactive-decay decline phase. This
indicates that M(5 6Ni) could be overestimated in many events
due to a non-negligible contribution from shock power, which
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can only be confirmed by continuous spectroscopic monitoring 3.3. -Ray Trapping

out to late-time phases. More discussion of the detection of In addition to M(*°Ni), we are able to measure t, values that
ongoing, late-time CSM interaction is presented in Section 4.2. indicate incomplete ~-ray trapping in a number of sample
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Figure 8. Upper left: Nebular spectra comparison of SNe 1987A (cyan) and 2020jfo (gray) with gold/silver-sample SNe 2021dbg (brown), 2022jox (blue), and
2013fs (red). All spectra have been normalized by the integral of the optical spectrum in the range 5000-9000 A Upper right: SN 1987A (cyan) compared with
gold/silver-sample SNe 2022dml (red), 2022ffg (black), and 2022ibv (turquoise). Lower left: SNe 1987A (cyan) and 2020jfo (gray) compared with gold/silver-
sample SNe 2018zd (purple) and 2020tlf (magenta). Notably, these gold/silver-sample objects have weaker [O I] emission than comparison SNe. Lower right: SNe
1987A (cyan) and 2017eaw (gray) compared with gold/silver-sample SNe 2014G (black), 2020abjq (blue), 2020pni (magenta), and 2021aaqn (brown). These gold/
silver-sample objects are examples where the dense-shell emission is forming a “boxy” profile within the Hoe complex, which is a product of ongoing interaction with

distant, relatively dense CSM.

objects. As shown in Tables A2 and A3, most gold/silver- and
comparison-sample objects with measured M(C°Ni) have
trapping timescales >450days and/or are consistent with
complete 7-ray trapping. However, there are eight gold/silver
and eight comparison-sample objects with constrained ¢,
values of <400 days, some even as low as ~200days.
Incomplete ~-ray trapping has interesting implications for
SN ejecta mass and kinetic energy as shown in the analytic
formalism from A. Clocchiatti & J. C. Wheeler (1997),
which is typically applied to Type Ib/c or Ia SNe. Here,
t,=(C (n)vae%Ek’ 105, where C(n) is the density function,
k. is the y-ray opacity (0.048 em? g~ ! for H-rich ejecta), M. is
the ejecta mass, and Ey is the kinetic energy. Assuming a flat
density profile (i.e., n = 0) and a fiducial kinetic energy of 1 B,
t, values in the range 200—400 days would imply ejecta masses
of ~4.7-9.3 M. However, the analytic expression from
A. Clocchiatti & J. C. Wheeler (1997) is a very rough
approximation that makes assumptions about spherical sym-
metry and the ejecta density profile that ignore known
complexities about the “Nickel bubble effect” and clumping
(e.g., M. Basko 1994; L. Dessart & E. Audit 2019; L. Dessart
et al. 2021; M. Gabler et al. 2021). Nevertheless, sample
objects with ¢, < 250 days implies smaller ejecta masses than
what is expected from SNe II with minimal envelope removal
prior to core collapse. Notably, SNe 2014G, 2017ahn,
2021can, and 2020jfo have ¢, < 200 days and also have short
plateau timescales (<85 days), both of which are consistent
with lower ejecta mass values.
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Figure 9. Fraction of radioactive-decay power absorbed in the SN ejecta (fyps)
calculated for CMFGEN models of varying ejecta masses (circles and squares)
compared to gold/silver- and comparison-sample objects. fuys is estimated for
the sample objects using their calculated v-ray trapping timescales (z,). SN
2023ixf is shown for reference as cyan stars.

We explore this in more detail by calculating the fraction of
absorbed radioactive-decay power ( f,ps) for different SN ejecta
masses in CMFGEN models for SNe II out to late-time phases.
In Figure 9, we plot the f,,s for SN II models from L. Dessart
et al. (2024) that have ejecta masses of 3-6.5 M, owing to
substantial removal of the H envelope from binary interaction
—these models have an initial mass of Mzams = 12.6 M.
Additionally, we plot more typical SN II models that arise
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Figure 10. Ha/[O 1] spectral region shown in velocity space relative to Ha rest wavelength for gold/silver-sample objects shown in blue, yellow, and red as well as
four comparison-sample objects shown in black for reference. In addition to the [O I] and Ho emission from the inner ejecta (narrower components), many SNe II
with IIn-like features develop an underlying broad, boxy Ha profile from emission in a dense shell formed between the forward and reverse shocks. The detection of
the dense-shell emission indicates significant contribution from shock power at late times and higher CSM densities (e.g., >107° M, yr ') at large radii (e.g.,

>10"° cm).

from RSGs with Mzams = 11-15 M, which have Mg =
9.2-12.8 M. Both sets of models have kinetic energies of
1-1.3 B. As shown in Figure 9, models with low ejecta masses
(<6.5 M) best match sample objects with 7., = 200-300 days,
while models with intermediate ejecta masses (6.5-9.2 M)
more resemble SNe II with 7, = 300400 days. Finally, all
sample objects consistent with more complete ~-ray trapping
(e.g., t, > 500days) at phases ¢t < 300days are likely best
matched by more typical ejecta masses >11 M.,. However, as
discussed in Section 3.2, there might be significant influence
from shock power on the postplateau decline rate, which
could induce additional uncertainty on the ¢, estimates in
some gold/silver-sample objects. Furthermore, as shown in
Figure 1, the late-time light curves of most sample objects
only extend to 6 < 300days—ideally there would be
complete, multiband coverage out to ~500-600 days post-
explosion in order to robustly constrain the y-ray trapping
timescales.

3.4. Nebular Spectroscopy

We present late-time/nebular spectroscopy of gold/silver-
sample objects at phases 6t = 200-500 days in Figure 7. We
present a log of unpublished nebular spectra in Table Al and
also include previously published late-time spectra for the
following objects: SNe PTF1ligb (N. Smith et al. 2015),

10

2013ab (S. Bose et al. 2015), 2013am (J. Zhang et al. 2014;
L. Tomasella et al. 2018), 2013fs (A. Gal-Yam 2017), 2014G
(G. Terreran et al. 2016), 2015bf (H. Lin et al. 2021), 2016X
(F. Huang et al. 2018), 2016aqf (T. E. Miiller-Bravo et al.
2020), 2017ahn (L. Tartaglia et al. 2021), 2017eaw (T. Szalai
et al. 2019; K. E. Weil et al. 2020), 2018zd (J. Zhang et al.
2020), 2018cuf (Y. Dong et al. 2021), 2018lab (J. Pearson
et al. 2023), 2020fqv (S. Tinyanont et al. 2022), 2020jfo
(C. D. Kilpatrick et al. 2023), 2020tlf (W. V. Jacobson-Galidn
et al. 2022), 2021gmj (N. Meza-Retamal et al. 2024), and
2022jox (J. E. Andrews et al. 2024). In total, this study
includes nebular spectroscopy for 19 gold/silver- and 13
comparison-sample objects. We also include late-time spectra
of SN 2023ixf (W. V. Jacobson-Galdn et al. 2025) for
comparison to gold/silver-sample objects. Similar to nebular
observations of SNe II without IIn-like features, many early-
time CSM-interacting SNe II display strong forbidden
emission lines such as [OI] AA6300, 6364 and [Call]
AN7291, 7323, as well as prominent Ha emission. Despite
the small number of gold/silver-sample objects with nebular
spectra, these SNe display significant spectral diversity at late
times, in particular in their [OI]/Ha complex in the
wavelength range 6200-6800 A.

As shown in Figure 10, the [O1] profile in gold/silver-
sample objects is quite diverse: some events show weak/no
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Figure 11. Late-time spectra of gold/silver-sample objects with signatures of significant CSM interaction (blue and yellow spectra) compared to CMFGEN shock-
power models from L. Dessart & D. J. Hillier (2022). These SNe II show very weak or no forbidden-line emission and their spectra are dominated by intermediate
width Ha emission from the dense shell formed as the SN shock continues to sweep up significantly high-density CSM at large radii.

emission (e.g., SNe PTFlligb, 2015bf, 2017ahn, 2018zd,
2020tlf, 2020pni, 2021qvr, and 2022ffg), while others exhibit
strong, double-peaked profiles (e.g., SNe 2014G, 2022jox,
2022dml, 2013fs, and 2022ibv). For reference, we also display
a zoom-in of the [O1] profile of a subsample of comparison
objects (SNe 2017eaw, 2020fqv, 2020jfo, and 2021yja), all of
which have prominent forbidden-line emission. Examining the
Ha profile in more detail, we see that there is a potential
continuum of late-time CSM-interaction signatures within
the Class 1, 2, and 3 objects. For example, SNe like PTF11igb
and SN 2017ahn only show boxy Ha emission (Vpax =
4000 km s~ 1), which is similar, but likely more extreme, than
events like SNe 2016blz and 2021qvr that have both boxy
emission (Vpax ~ 8000 kms~!) and a narrower Gaussian
profile typical of nebular phases. These objects have weak
and/or no detectable forbidden emission lines. Then, there are
events such as SNe 2020pni, 2020abjq, 2022ffg, 2014G,
2022jox, 2022dml, and 2022ibv that display standard for-
bidden lines but show an underlying boxy component within
Ha (Vyax &~ 8000 km s—!)—this is similar to the nebular

11

evolution of SN 2023ixf (G. Folatelli et al. 2025; Jacobson-
Galan et al 2025, in preparation; A. Kumar et al. 2025; G. Li
et al. 2025). We discuss the implications for detecting late-
time dense-shell emission in Section 4.2 and illustrate more
early-time examples of these interaction signatures in
Figure 11, as well as those at later-time phases in Figure 12.
Finally, gold/silver-sample SNe 2013fs, 2018zd, 2020tlf,
2021dbg, and 2021laaqn do not show any underlying boxy
emission in Hea, similar to comparison-sample SNe at nebular
times.

In Figure 8, we present nebular spectra normalized by their
optical luminosities between 5000 and 9000 A. For gold/
silver-sample objects, we compare forbidden-line emission
(e.g., [OI] and [CaTl]) to reference objects SNe 1987A,
2017eaw, and 2020jfo at similar phases and find significant
spectral diversity. These comparison objects were chosen
given the lack of CSM-interaction signatures and their variety
of [OI] emission-line strengths. For example, only SNe
2013fs, 2022jox, and 2014G have significantly larger [O1]
emission than SNe 1987A or 2020jfo, while the rest of the
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Figure 12. Late-time Ha velocity for gold/silver- and comparison-sample
objects that develop boxy emission from shock power reprocessed by a CDS.
The timescales over which this broad, boxy Ha emission emerges are a tracer
of the shock power derived from more distant (R > 10'® cm) CSM that is
being consistently swept up into the CDS.

subsample have comparable or weaker [OI] luminosities.
Applying the common assumption that [O1I] is a metric for
ZAMS mass (i.e., He core mass), then it is possible that many
CSM-interacting SNe II in this come from lower mass stars
(<12 M.). Notably, some of these objects (e.g., SNe 2014G,
2020abjq, 2020pni, 2022dml, 2022jox and 2022ibv) also show
strong broad, boxy Ha from emission from the dense shell,
which strongly contrasts the typical absorption seen in Ha of
SNe 1987A and 2020jfo. Furthermore, it is intriguing to see
similarity between a comparison-sample object such as SN
2020jfo that showed no IIn-like features and gold/silver-
sample objects such as SNe 2020tlf and 2018zd—all three
objects have nearly perfectly matched [O1]/[Call] and even
show prominent [NiIl] A7378 emission, which is proposed to
be a signature of lower mass (<12M, progenitors) (e.g.,
A. Jerkstrand et al. 2015). However, the nebular spectra of
SNe 2018zd and 2020tlf deviate from SN 2020jfo in their
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Figure 13. Ratio of [O1] and [Cal] luminosities for gold/silver- (blue,
yellow, red circles) and comparison-sample (black squares) objects. SN
2023ixf is shown as cyan stars. Line ratios for 9-15.2 M., ZAMS models are
shown as lines and plus signs (L. Dessart et al. 2021). Compared to model
predictions, the majority of SNe II in this sample are consistent with ZAMS
masses of <13 M.

incredibly strong Ha emission, which may also be a signature
of a low-mass progenitor star (e.g., L. Dessart et al. 2021). SN
2018zd’s consistency with the nebular properties of other SNe
II, both with and without IIn-like signatures, as well as the
inconsistency with very low-mass model predictions (e.g.,
<9.5 M) makes it more ambiguous whether SN 2018zd is a
true electron-capture SN (e.g., D. Hiramatsu et al. 2021b) or
just the core-collapse of a low-mass (e.g., 10-12 M) RSG.

3.5. Progenitor Mass Estimation

Nebular spectroscopy of SNe II provides an additional
constraint on the mass of the RSG progenitor star (e.g.,
A. Jerkstrand et al. 2014; S. Valenti et al. 2016; L. Dessart
et al. 2021). In Figure 13, we present the [O1]/[Call] line-
luminosity ratio as a function of phase for all sample objects
with nebular-phase spectroscopy compared to the same
measurement for a grid of models for progenitor ZAMS
masses of 9-15.2 M, from L. Dessart et al. (2021). For both
models and data, we calculate line luminosities by first
modeling and subtracting off the continuum emission before
measuring the integrated line emission. For objects with boxy
Ha emission that extends into the wavelength range of [O 1],
we model the forbidden-line emission using two Gaussian
profiles centered at 6300 and 6364 A. We also include line-
ratio measurements for SN 2023ixf at late-time phases for
comparison to sample objects. While the [O1]/[Call] is
sensitive to progenitor core mass, we note that it is also
dependent on ejecta density, temperature, and clumping, all of
which could influence the inferred ZAMS masses (A. Jerkstr-
and et al. 2014; L. Dessart et al. 2021).

Interestingly, most comparison-sample SNe are consistent
with ZAMS masses of 9—11 M, as are Class 1 SNe 2018zd
and 2020tlf and Class 3 SN 2021aaqn. Similarly, gold/silver-
sample SNe 2013fs, 2014G, 2020abjq, 2020pni, 2021dbg,
and 2022ffg, in addition to SN 2023ixf and comparison-
sample SNe 2013ab and 202lyja, show consistency with
Mzams = 10-12.5 M, models. Finally, only three objects, all
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Figure 14. Left: Fe 1T velocity measurements for gold/silver- (blue, yellow, red circles) and comparison-sample (black squares) objects during and after the plateau
light-curve phase. Model predictions with varying explosion energies (0.1-3 B) are shown as stars (L. Dessart et al. 2010) and varying ejecta masses as plus signs
(D. J. Hillier & L. Dessart 2019). Higher photospheric velocities in gold/silver-sample objects are likely due to lower ejecta masses than extreme kinetic energies.
Right: Measured photospheric Fe 1I velocities relative to IIn-like feature duration for gold/silver-sample objects. A possible correlation exists where objects with
longer fy1,, also have lower photospheric velocities, suggesting a link between CSM-interaction timescales and explosion kinetic energy.

in Classes 2 and 3, are consistent with slightly higher masses
of 13.5-14.5 M ... Intriguingly, we find no SNe II in our sample
that are consistent with the high-mass progenitor model using
this ZAMS mass estimation metric. Furthermore, we directly
compare synthetic model spectra from A. Jerkstrand et al.
(2014), A. Jerkstrand et al. (2018), and L. Dessart et al. (2021)
with sample data at similar phases after normalizing by the
integrated optical luminosity. As shown in Appendix
Figures A2-A4, the best-matched Mzayms models for this
smaller sample of objects are consistent with the masses
derived from forbidden-line ratios.

3.6. Type II-P SN Scaling Relations

There are well-established scalings that relate the SN II
plateau luminosity at +50days to progenitor/explosion
properties (e.g., ejecta mass, kinetic energy, and progenitor
radius), which have also been explored extensively with
various stellar evolutionary codes (D. Kasen et al. 2000;
D. Kasen & S. E. Woosley 2009; L. Dessart et al. 2013;
J. A. Goldberg et al. 2019). Overall, increasing Ls, requires
decreasing ejecta mass, increasing kinetic energy, and/or
increasing progenitor radius (e.g., see Equation (22) in
J. A. Goldberg et al. 2019). As discussed in Section 3.1, the
plateau luminosities of SNe II with IIn-like features are
significantly larger than those of the comparison-sample
objects, suggesting a variation in the above progenitor/
explosion properties. We show in Section 3.2 that some
gold/silver-sample events may have low ejecta masses, which
could explain the enhanced Lsy values for those objects
specifically. However, if the remaining objects have typical
M, then it is possible that kinetic energy and/or progenitor
radius play a role.

While a true estimate of Ey is challenging for SNe II, we can
gain some insight by examining the evolution of the photo-
spheric velocities measured throughout the plateau phase. As
shown in Figure 14, the spread in Fe II velocities at ~50 days
is similar across both gold/silver and comparison samples. We
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then compare the velocity measurements to model predictions
for varying explosion energies (0.1-3 B) from L. Dessart et al.
(2010) and ejecta masses from D. J. Hillier & L. Dessart
(2019). While an extreme kinetic energy of 3 B is needed to
match the fastest velocities measured at +50d, lowering the
ejecta mass in a standard SN II explosion model can produce a
similar effect, suggesting that increased Ey is unlikely to be the
main factor causing enhanced Lsy in SNe II with IIn-like
signatures. Furthermore, some gold/silver events have
Vph < 3000 km s7!yet Lsg > 3 x 10** erg s, suggesting
that an additional component is relevant for increasing their
plateau luminosity. Therefore, one possibility is that many SNe
IT with IIn-like signatures arise from RSGs with extended radii
(>800 R,; B. Davies et al. 2013), which could be related to
their enhanced mass loss in the final years before explosion.
Alternatively, the plateau luminosity could be boosted by
ongoing interaction with more distant, yet still sufficiently
dense, CSM (Figure 11). Furthermore, plateau luminosities
may be affected by *°Ni mixing in the outer ejecta (e.g.,
E. Nakar et al. 2016; A. Kozyreva et al. 2019).

We further explore the ambiguity of inferring progenitor
properties for CSM-interacting SNe II by applying the relation
derived by B. L. Barker et al. (2022) that relates Lsy and Fe
core mass. As shown in Figure 15, the use of plateau
brightness, especially for SNe II with IIn-like features, yields
Fe core-mass estimates that are only consistent with extremely
massive progenitor stars (>25M:) as well as the largest
neutron stars in the Universe. While these estimates are not
only nonphysical, they are also invalidated by other progenitor
mass probes, such as SONi mass, nebular emission, and/or
plateau duration. Consequently, we strongly caution the use of
relationships derived from simulations that relate core and
envelope properties given that applications of these relations
typically only rely on photometric information and/or do not
consider that a significant fraction of SNe II with early-time
CSM interaction could be mistaken as standardizable SNe II.
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Figure 15. Iron-core mass estimated from Ls, using the analytic relation
derived by B. L. Barker et al. (2022) for gold/silver- (blue, yellow, red circles)
and comparison-sample (black squares) objects vs. the IIn-like feature
duration. The incredibly large Mg, core masses inferred for many gold/silver-
sample objects demonstrates that this relation is not physical—high plateau
luminosities are much more likely the result of larger progenitor radii and/or
smaller M,; rather than extremely massive progenitor stars (Mzams > 25 Mc).

4. Discussion

4.1. Connecting Properties of the CSM, Progenitor, and
Explosion

A fundamental question in the study of SNe II is how the
RSG progenitors of objects with IIn-like features differ from
those without this early-time phenomenon. Ideally, we would
like to know if there is any correlation between RSG ZAMS
(or He core) mass and the creation of confined, high-density
CSM capable of producing IIn-like features in some SNe II. As
discussed in Section 3.6, the enhanced plateau luminosities of
many gold/silver-sample events are consistent with larger
progenitor radii and/or low ejecta masses, both of which
connect to significant late-stage mass loss. However, among
gold/silver-sample SNe, there is a large spread (e.g.,
0.01-0.2M.) in the estimated *°Ni masses, which covers
model predictions for Mzams = 9.5-25 M. Finally, gold/
silver-sample objects are unlikely to be highly energetic
explosions (e.g., Section 3.6), with some SNe displaying quite
slow expansion velocities during and after the plateau (e.g.,
Vph < 3000 km sfl). As shown by simulations in L. Dessart &
W. V. Jacobson-Galan (2023), these velocities are not the
result of significant ejecta deceleration from early-time CSM
interaction because the CDS masses are not large enough.
Consequently, these velocities are the result of intrinsically
low explosion energies. As shown in the left panel of
Figure 14, this has interesting implications for the survival
time of IIn-like features because fjy, can be increased for the
same CSM density profile if the shock speed is smaller than
average (e.g., <10*kms™ ).

To visualize a potential link between progenitor mass and
confined CSM properties, we plot the mass-loss rate and CSM
density at 10'* cm derived from early-time spectroscopic and
photometric modeling in WJG24a with respect to the ZAMS
mass derived from matching observed nebular spectra to
models from L. Dessart et al. (2021). We estimate the range of
best-matched ZAMS masses for a given object based on the
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closest forbidden-line ratio (e.g., Figure 13) at all available
spectral epochs, as well as the most consistent model to the
complete optical nebular spectrum (e.g., Figure A2). As shown
in Figure 16, mass-loss rates and CSM densities range from
107107 M., yr~"' and 107'°-107"" gcm ™3, respectively,
for Mzanms estimates of ~9—12 M. For this subsample, we
find only one comparison-sample object, SN 2021yja, that has
a higher estimated ZAMS mass above 12 M, in addition to six
gold/silver-sample objects, as well as SN 2023ixf (shown for
reference). Furthermore, it is intriguing that there is a visible
scarcity of higher mass (>12 M) progenitors with low CSM
densities at ~10'* cm. However, we caution that this inference
is made for a small sample of only 22 events with both early-
time CSM estimates and nebular spectroscopy, which is far
from a complete sample (i.e., not controlled). Nevertheless, it
motivates the continuous monitoring of SNe II in volume-
limited surveys where there are robust constraints on the
presence of dense, confined CSM.

Examining potential diversity in SN II progenitor masses in
the context of mass-loss mechanisms can directly inform the
theoretical picture for the creation of CSM around RSGs. One
proposed model for explaining the range of CSM properties is
that of convection-driven mass loss (“boil off”’), which creates
a chromosphere or effervescent zone of static, high-density
material at <5 R, (L. Dessart et al. 2017; N. Soker 2021;
J. Fuller & D. Tsuna 2024). As shown by the modeling of
J. Fuller & D. Tsuna (2024), high-density material, capable of
producing early-time IIn-like spectral features, can be created
within the immediate vicinity of the RSG during the final years
before explosion. Furthermore, while this mechanism is
viewed as being stochastic, the amount of material present in
this chromosphere is dependent on the convective velocity
and, consequently, the mass of the RSG. Therefore, it may be
the case that larger RSGs create higher density confined CSM
and could then represent the progenitor systems of some SNe
IT with IIn-like features at early times. Intriguingly, this could
explain the general trend seen in Figure 16 between Mzams
and CSM density, but notably it cannot explain gold/silver-
sample SNe with both large CSM densities and smaller
inferred progenitor masses (e.g., SNe 2018zd, 2020tlf, and
2021aaqn).

For outlier events with high M but low ZAMS mass, an
additional mass-loss mechanism needs to be invoked. We now
know that wave-driven mass loss is insufficient to produce the
CSM densities needed to explain SNe II with IIn-like
signatures (e.g., J. Fuller 2017; S. Wu & J. Fuller 2021), but
other core processes such as Si deflagrations leading to pre-SN
outbursts could be invoked to explain the creation of this
dense, confined material (S. E. Woosley & A. Heger 2015).
Notably, these core instabilities are specifically predicted for
low-mass stars (~9-11 M), consistent with the ZAMS mass
estimates of SNe 2018zd, 2020tlf, and 2021aagqn. However,
more modeling needs to be done in order to properly treat the
deflagration in the O core and the consequent injection of
energy into the convective RSG envelope (e.g., B. T. H. Tsang
et al. 2022). Beyond this, another possibility is binary
interaction that leads to the formation of confined, high-
density CSM in the final years before explosion. This has been
explored for SN II progenitors by A. Ercolino et al. (2024)
wherein they model the Case C mass transfer involving an
RSG with a main-sequence companion. These simulations
show that mass-transfer rates up to ~0.01 M, yr~! can occur



THE ASTROPHYSICAL JOURNAL, 992:100 (26pp), 2025 October 10

Jacobson-Galén et al.

r T T T ] r T T T T T ]
—1L S — J -nl —@— i
- : CTIO e E
£ ] F ]
| 2L 4
;1() E .—.—. © UOO 1 _opnlo 2k @ @ e CJ* 3
r ] F R 3
L 0 —o— 18 o0 ]
2,107 —0— —e— 1° —o— ]
F —— 3= 1078¢ 3
© F ] E —— E
4(.5 [ i 2 E —— —— 1
g 107t EN) [ —i— —— ]
) F —— —— E _ul |
8 r 1 510 E 3
h107°F 1 ;éj i ]
& ¢ —B— 18T 1
= r 1 Z 105k E!
1070% —aan— 1 c% F ]
: 10 " 1
L 1 1 1 1 1 1 1 ] 10710 g Il I L L 1 1 1 1 1 E
9 10 11 12 13 14 15 16 9 10 11 12 13 14 15 16
Mzams [Mo)] Mzams [Me)
—— i
—18F 4
%‘ o ®
L O |
—1071F @ ]
e I ] =0-17F :
— - 4
= N | g ——
— | amE9—5 =) ]
= | v o 175
= =i T
= L A My =110, (C21)
—— A My =14 M, (C21) t ,
A Mzus =18 M, (C21)
- =0 g My = 9.5 Mo (B24) | 15k i
* g Mz = 11 M, (B24)
g My = 15 Mg, (B24)
Mypns = 18 My, (B24 [ il
1072 el | \_!_\ | | | :ﬂj | L‘AMS f— d\( \> - | | 1 1 1 1 1
9 10 11 12 13 14 15 16 17 18 9 10 11 12 13 14 15

Mzanms [Me)

Myzans [Me)

Figure 16. Upper panel: Mass-loss rate and CSM density at 10" cm estimated from early-time spectra (WJG24a) compared to progenitor ZAMS masses inferred
from nebular spectra (Section 3.5) for gold/silver (blue, yellow, red circles) and comparison-sample (black squares) objects. SN 2023ixf is shown as a cyan star for
reference. Lower panel: >*Ni mass and M, 50 values compared to ZAMS masses estimated from nebular spectra. The 36Ni mass predictions for different massive star
core-collapse simulations from S. Curtis et al. (2021) and A. Burrows et al. (2024) are shown as triangles and plus signs, respectively.

during late-stage evolution, leading to CSM density profiles
that are compatible with SNe II having IIn-like features.
Furthermore, explosion modeling of these systems reveals
significant diversity among the light-curve and spectral
properties of SNe II (L. Dessart et al. 2024).

4.2. Shock-Power Emergence at Late Times

While it is clear that the progenitors of gold/silver-sample
objects undergo enhanced mass loss in their final years to
decades, what is the nature of the more distant CSM
(>10"°cm) that traces pre-explosion mass loss in the final
centuries to millennia before explosion? As discussed in
Section 3.4, some gold/silver-sample objects show evidence
for boxy emission within the Ha/[O1] complex, which is
commonly associated with a radiative reverse shock injecting
power into a CDS; the bulk of this mass is formed in the first
few days postexplosion as the SN shock sweeps up the densest,
most local CSM (R. A. Chevalier & C. Fransson 1994;
N. N. Chugai et al. 2007; R. A. Chevalier & C. Fransson 2017;
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L. Dessart et al. 2017; L. Dessart & D. J. Hillier 2022).
Notably, the kinetic shock power scales with the mass-loss rate
as Lg, = My /2v, and any luminosity from free—free emis-
sion of the cooling reverse-shocked gas goes as
Lgs o< (M /vy,)?. Therefore, the detection of broad, boxy Ho
emission from the CDS in late-time gold/silver-sample object
spectra confirms ongoing CSM interaction with sufficiently
dense CSM and larger mass-loss rate (e.g., >10 ° M, yr ') at
radii >10"®cm (L. Dessart et al. 2023). Furthermore, it has
been shown that the range in Hoe widths follows the range in
CDS velocity, which scales with total CDS mass and the
strength of the CSM interaction (e.g., see L. Dessart &
W. V. Jacobson-Galan 2023).

Interestingly, the boxy emission observed in some SNe II is
not present in comparison-sample objects until phases
>800 days (e.g., SNe 2017eaw, 2021yja; Figure 12) and has
been modeled as the emergence of shock power as the primary
luminosity source in SNe II at very late times when
radioactive-decay power becomes subdominant (L. Dessart
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et al. 2023). These observations have interesting implications
for late-stage RSG mass loss because if the evolution of these
SNe II without IIn-like signatures can be modeled with
M < 107° M., yr ', then the fact that CDS emission is visible
in SNe II with IIn-like signatures as early as ~200-300 days
implies M > 10°°M. yr ' at a few hundred years before
explosion. Furthermore, as demonstrated in Figure 11, there
are gold/silver-sample events that either show very weak or no
forbidden emission lines, only displaying strong Ha emission
as early as ~120days after first light. These spectra are
consistent with models from L. Dessart & D. J. Hillier (2022)
with shock powers of 10*-10% erg s~!, suggesting even
higher mass-loss rates of >10">M, yr '. This spectral
morphology/evolution has been discussed in the context of
late-time CSM interaction for gold-sample object PTF11igb by
N. Smith et al. (2015), which, like these other SNe, resembles
SN II 1998S whose multiwavelength late-time emission
suggested a mass-loss rate of >10_4M® yr=' (D. Pooley
et al. 2002; J. Mauerhan & N. Smith 2012; L. Dessart et al.
2016). For such objects, the continuous collision of SN ejecta
with intervening CSM is necessary to power CDS emission
lines. Narrow P-Cygni profiles from the preshock gas ahead of
the shock are not expected to be detectable at such late phases
given the decreasing CSM densities and the predicted
emissivities of such spectral features compared to CDS
emission (L. Dessart et al. 2016).

For SNe II that exhibit strong CSM-interaction signatures
within their first hundreds of days, the formation of dust in
their CDS may significantly affect the line profiles arising
from the dense shell as well as quench forbidden-line
luminosity (C. Gall et al. 2014; J. E. Andrews et al. 2016;
A. Bevan et al. 2019). As shown in Figure 12, there is a
noticeable blue/red asymmetry in the Ho profile for some of
these events, suggesting that dust formation may be present in
the CDS. Importantly, dust formed in the CDS will absorb
emission arising from the innermost, metal-rich ejecta, and
therefore any measurement of forbidden-line flux (e.g., [O1])
will be underestimated (L. Dessart et al. 2025). This
phenomenon may be contributing to the lack of forbidden-
line emission in some of these gold/silver-sample events at
> 1 yr postexplosion, but it could also influence the nebular
emission-line strength of SNe II that display a blend of
expected forbidden lines and a boxy Ha profile. As shown in
SN 2023ixf, the Ho emission at only 6t = 364 days is strongly
affected by dust attenuation, which may be blocking
forbidden-line emission from the innermost ejecta. This has
significant implications for using the [OI] luminosity as a
proxy for progenitor ZAMS mass in SNe with CDS emission.
Nevertheless, using forbidden-line ratios of [O I] and [Ca1I] to
derive ZAMS masses is safe from this effect because both
lines will be reduced approximately equally by dust attenua-
tion (L. Dessart et al. 2025).

5. Conclusions

In this paper, we present additional analysis and late-time
observations of a sample of SNe II with (“gold/silver”) and
without (“comparison”) spectroscopic evidence for CSM
interaction at very early-time phases (6r < 1 week), originally
presented by WJG24a. Below, we summarize the primary
observational findings from this work.
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1. We compile multiband and pseudobolometric light

curves of all gold/silver- and comparison-sample objects
with photometry extending beyond ¢t = 50days
(Section 3.1). We measure significantly brighter plateau
luminosities (Lso) and faster decline rates (Sso) at
6t = 50days for gold/silver-sample objects relative to
comparison-sample objects. This statistically significant
contrast in sample populations is also present in g- and r-
band light-curve measurements. However, we find no
statistical evidence that the plateau durations of gold/
silver- and comparison-sample objects come from
separate distributions.

. We derive *°Ni masses and ~-ray trapping timescales (t)

by fitting postplateau pseudobolometric light curves with
a analytic formalism for the radioactive-decay decline
rate observed in SN 1987A (Section 3.2). Similar to
previous SN II studies, we observe a general trend
between Lso and M(°°Ni), but with significant variance
among gold/silver-sample objects (e.g., some events
have relatively low °°Ni mass but large plateau
luminosities). We find no statistically significant differ-
ence between the M(*°Ni) values derived for gold/silver
versus comparison samples. Furthermore, we find
evidence for incomplete 7-ray trapping (t, < 250 days)
in five gold/silver- and three comparison-sample objects,
implying low ejecta masses of ~4—6 M, for these SNe.

. In Section 3.4, we analyze the nebular spectra of 19 gold/

silver- and 13 comparison-sample objects at phases
ot > 200 days. We observe a continuum of late-time spectral
properties, in particular within the Ho/[O1] complex. For
example, all comparison and five gold/silver SNe show
expected forbidden transitions, while the remaining gold/
silver-sample objects show “boxy” Ha emission, either
blended with [O1] or as the dominant emission line in the
late-time spectrum. This emission is commonly associated
with a CDS located between the forward and reverse shocks,
containing mostly material swept up in the first few days
postexplosion, and powered by ongoing ejecta interaction
with significantly dense, distant (» > 10'®cm) CSM.
Compared to CMFGEN models for late-time shock power
from CSM interaction in SNe II by L. Dessart & D. J. Hillier
(2022), the boxy Ha luminosities and emergence times
suggest mass-loss rates as high as ~10"*M. yr ' at
distances >10"® cm (i.e., hundreds of years pre-explosion) in
some fraction of SN II progenitors.

. In Section 3.5, we use the nebular SN II models from

L. Dessart et al. (2021) to estimate progenitor-star ZAMS
masses using both [O1]/[Cal] line ratios as well as
direct spectral comparison for objects with M(°Ni)
measurements that can be used for normalization.
Intriguingly, we find that most sample objects with
nebular spectra can be matched by models for
Mzams =~ 9-11 M., while only 7 SNe II are best
described by models with Mzams = 12.5 M. However,
we find no sample objects consistent with progenitor
masses >15 M,

. Placing the plateau properties of gold/silver-sample

objects in the context of SN II scaling relations indicates
that the large Lsy values may be related to either lower
ejecta masses and/or higher kinetic energies and/or
large progenitor radii. The photospheric velocities of
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SNe II with IIn-like features confirm that they do not
arise from intrinsically energetic explosions and suggest
that either lower ejecta mass and/or envelope inflation is
a primary cause of their large plateau luminosities.
However, we note that significantly strong, ongoing
CSM interaction may contribute to the brightness of
some objects. Furthermore, we show that SN II
observables such as Lsy are highly inaccurate metrics
for progenitor core properties (e.g., Fe core mass).

6. We compare the mass-loss rates and CSM densities at
10cm  derived  from  early-time  observations
(e.g., WIG24a) to the ZAMS masses inferred from nebular
spectra in Figure 16. SNe II with mass-loss rates ranging
from 107% to 107" M., yr' (p1a = 107'°-107"" gem™)
can all be described by low-mass progenitor models (e.g.,
9-11M.), while only SNe II consistent with Mzams >
12 M, models have CSM densities at the upper end of the
continuum. If representative of all SN II progenitors, it
suggests multiple channels for enhanced mass loss in the
final years before explosion: one that may be progenitor-
mass dependent (e.g., convection-driven) and one that is
more stochastic (e.g., eruptions, binary interaction).

This study highlights the need for continuous, multi-
wavelength monitoring of SNe II throughout their evolution.
Furthermore, it is necessary to include knowledge gleamed
from early-time observations (e.g., confined CSM densities)
when analyzing large samples of SNe II during their plateau
and at late times. Obtaining larger spectroscopically and
volumetrically complete samples of SNe II with late-time light
curves and nebular spectra is essential to better constrain the
progenitors of all SNe II, in particular those with large CSM
densities at radii <10' cm.
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Appendix
Supplementary Figures and Tables

Here, we present previously unpublished nebular spectra for
the gold/silver-sample objects in Table Al. Light-curve
properties for gold/silver- and comparison-sample objects
are given in Tables A2—-A3. In Figure Al, we display host-
galaxy reddening compared to plateau luminosity at
6t = 50days and the estimated *°Ni mass for gold/silver-
and comparison-sample objects. Figures A2 and A4 display
best-matched nebular SN II model spectra from A. Jerkstrand
et al. (2014), A. Jerkstrand et al. (2018), and L. Dessart et al.
(2021) for all Ggold /silver- and comparison-sample objects with
constrained °Ni mass measurements.
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Figure A1. Host-galaxy reddening for gold/silver- and comparison-sample objects compared to measured bolometric and r-band luminosities at +50 days as well as

6Ni mass.
Table A1
Optical /Near-IR Spectroscopy
SN Name UT Date MJD Phase® Telescope Instrument Wavelength Range Data Source
(days) A
2020abjq 2021-10-16T05:29:32 59503.2 319.8 Gemini GMOS-S 5178-9885 YSE
2020abjq 2021-11-06T02:42:49 59857.1 340.7 Keck LRIS 3162-10146 YSE
2020pni 2021-06-12T09:21:36 59377.4 331.6 Keck DEIMOS 4018-9267 TReX"
2021yja 2022-09-22T13:31:10 59844.6 380.2 Keck LRIS 3136-10192 YSE
2021yja 2023-11-17T12:00:00 60265.5 801.1 Keck LRIS 5601-10250 TReX
2021dbg 2021-11-06T07:00:00 59524.3 267.2 Keck LRIS 3162-10147 YSE
2021dbg 2022-01-31T07:12:00 59610.3 3532 Keck LRIS 3152-10276 Filippenko
2021aaqn 2022-09-22T13:16:19 59844.6 351.8 Keck LRIS 3135-10195 YSE
2022ibv 2022-12-11T02:00:00 59924.1 233.6 Gemini GMOS-S 5201-9885 YSE
2022dml 2022-09-25T05:48:29 59847.2 213.2 Keck LRIS 3041-10283 TReX
2022ffg 2022-10-31T15:05:46 59883.6 219.8 Keck LRIS 3040-10327 TReX
2022ftg 2023-02-28T02:00:00 60003.1 339.3 Gemini GMOS-S 5251-9885 YSE
2022ffg 2023-11-11T12:00:00 60259.5 595.7 Keck LRIS 5601-10199 TReX
2022jox 2023-02-28T02:00:00 60003.1 339.3 Gemini GMOS-S 5701-9887 YSE
Notes.

a . .
Relative to first light.
® Transient Extragalactic team at UC Berkeley (PIs Margutti and Chornock)
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Gold/Silver-sample Photometric Properties

Table A2

Name lOglo(leo) M, 50 M, 50 Suv oIR 50 S¢.50 Sg.50 tpT M(°Ni) oy
(ergs™) (mag) (mag) (days) M) (days)

PTFlliqb1 4225 + 0.13 —17.69 £+ 0.15 —1.5e-02 + 1.8e-03 7.4e-03 + 3.4e-04 120.11 + 2.14 <8.6e-02 269.5 101.7

2017ahn' 41.87 + 0.40 —16.26 + 0.43 —16.86 + 0.43 —1.8e-02 + 5.6e-03 4.7¢-02 + 6.8e-04 3.0e-02 + 5.7e-04 60.51 + 2.22 <3.8e-02 134.9 23.5

2018zd" 42.32 + 0.37 —17.60 £ 0.53 —17.86 £ 0.53 —1.0e-02 £+ 5.4e-03 2.0e-02 + 9.2e-04 9.7¢e-03 + 9.2e-04 120.76 + 6.27 3.1e-02 + 4.0e-04 481.1 25.2

2019ust’' 42,60 + 0.20 —17.63 + 0.16 —18.01 £+ 0.15 —1.1e-02 + 2.8e-03 3.7e-02 + 9.0e-04 1.9¢-02 + 2.7e-04 >93.32

2019thl 42.63 + 0.13 —17.57 £ 0.10 —17.80 £ 0.09 —1.1e-02 £+ 1.8e-03 1.9e-02 + 6.8e-04 7.8e-03 + 2.7e-04 >73.11

2020&qu] 4230 + 0.06 —17.36 £ 0.15 —17.72 £ 0.28 —1.0e-02 + 8.8e-04 3.5e-02 + 3.0e-04 1.1e-02 + 3.5e-03 >71.66 <1.8e-01 202.1 249

2020pnil 4221 + 0.18 —17.19 £ 0.10 —17.65 £ 0.07 —1.2e-02 + 2.7¢-03 2.7e-02 + 1.4e-03 1.8e-02 + 7.8e-04 >49.45 <6.5e-02 486.1 229.8

2020t1f! 42.45 + 0.05 —17.26 + 0.08 —17.47 £+ 0.08 —7.5e-03 + 6.8e-04 2.3e-02 + 2.1e-04 1.3e-02 £+ 2.1e-04 122.66 + 1.52 2.0e-02 + 5.8e-04 346.5 59.0

2020abtf! 42.19 + 0.05 —16.44 £+ 0.16 —16.80 £ 0.16 —3.7e-03 £+ 6.2e-04 1.8e-02 + 3.5e-04 8.7e-03 + 2.6e-04 125.00 + 5.00 2.1e-02 + 5.4e-04

2020sic! 41.89 + 0.06 —17.68 + 0.19 —2.9e-03 + 9.5e-04 1.0e-02 + 1.6e-03

2021aek’ 42.54 + 0.12 —17.73 £ 0.25 —17.87 £ 0.23 —1.3e-02 + 1.7¢-03 2.1e-02 + 2.8e-03 5.4e-03 + 2.2e-03 >136.03

2021afkk’ 4222 + 0.05 —17.12 £ 0.16 —17.65 + 0.16 —1.7e-02 + 7.4e-04 3.9e-02 + 6.0e-04 2.2e-02 + 5.3e-04 59.83 + 1.01 4.3e-02 + 8.5e-04

2021dbg1 4243 + 0.14 —17.84 £ 0.16 —18.14 £ 0.19 —7.9e-03 £+ 2.0e-03 2.2e-02 + 6.6e-04 7.0e-03 + 1.7e-03 >144.42 1.7e-01 + 4.8e-02

20211’nqhI 42,03 + 0.14 —16.39 + 0.23 —17.05 £ 0.35 —1.1e-02 + 1.8e-03 3.5e-02 + 2.5e-03 2.0e-02 + 4.9e-03 >69.70 5.7e-02 + 4.3e-03

2021tyw1 42.37 + 0.05 —17.52 £ 0.20 —17.58 £ 0.20 —6.8e-03 + 6.7e-04 9.3e-03 + 4.6e-04 2.1e-03 + 5.0e-04 142.00 + 5.00 2.6e-02 + 3.4e-03

20212_].l 42.61 + 0.14 —17.48 + 0.17 —17.89 + 0.17 —4.6e-03 + 2.1e-03 2.4e-03 £+ 1.2e-03 2.7e-03 + 1.2e-03 137.38 + 2.61 <6.1e-01

2021wvd! >42.95

2022ffg1 42,59 + 0.05 —17.86 + 0.15 —17.97 £+ 0.16 —1.5e-02 + 6.4e-04 3.5e-02 + 1.4e-04 1.9e-02 + 5.7e-04 >92.88 6.0e-02 £+ 9.9¢-04

2022pgf1 42.82 + 0.03 —18.14 £+ 0.44 —18.36 £ 043 —1.6e-02 + 4.2e-04 4.3e-02 + 1.2e-03 3.2e-02 + 2.4e-04 150.00 + 5.00 9.0e-02 + 9.4e-03

2022prv1 4330 + 0.07 —17.86 + 0.15 —18.03 £+ 0.15 —8.1e-03 + 1.1e-03 2.2e-02 + 2.4e-04 7.1e-03 + 3.6e-04 >72.39

PTFIOgva2 4232 + 0.14 —-17.92 + 0.17 —9.5e-03 £+ 2.2¢-03 2.0e-02 + 1.2e-03 >49.98

PTF]Oabyy2 4217 + 0.03 —18.27 £+ 0.17 —8.6e-03 + 4.1e-04 1.2e-02 £+ 6.5e-04 65.02 + 0.53

2014G? 42.17 + 0.09 —16.96 + 0.80 —17.56 £ 0.80 —1.2e-02 + 1.2¢-03 3.7e-02 + 8.9e-04 2.3e-02 + 7.2e-04 84.19 £ 193 6.5e-02 + 4.4e-03 182.2 12.7

2015bf? 4233 + 0.39 . —17.47 £ 046 —7.6e-03 £+ 5.4e-03 1.1e-02 + 6.2e-03 >56.67

2016blz> 42.08 + 0.13 —8.1e-03 £+ 1.9¢e-03 >149.54

2018dfc? 42.00 + 0.27 —17.07 £ 0.19 —17.84 £+ 0.18 —1.1e-02 + 3.8e-03 4.1e-02 £+ 1.6e-03 2.3e-02 £+ 1.4e-03 >87.44

2021can? 4220 + 0.14 —16.42 + 0.08 —17.23 £ 0.12 —1.4e-02 £+ 2.0e-03 5.2e-02 + 9.1e-04 2.4e-02 + 1.4e-03 61.09 + 1.73 <1.0e-01 177.2 27.9

2021ont? 4254 + 0.12 —17.58 £+ 0.19 —1795 + 0.18 —1.0e-02 + 1.8e-03 4.1e-02 £+ 1.6e-03 2.6e-02 + 1.4e-03 5895 + 2.69 <4.2e-01

2021qu2 4227 + 0.13 —16.87 £ 0.26 —17.56 £ 0.49 —1.5e-02 + 1.8e-03 3.7e-02 + 8.2e-04 2.1e-02 + 5.9e-03 90.16 + 2.76 <1.7e-02

2022dm!? 4228 + 0.06 —17.46 £+ 0.08 —17.85 £+ 0.08 —8.2e-03 + 8.2e-04 1.9e-02 + 5.2e-04 7.6e-03 + 4.8e-04 92.85 + 1.71 <1.8e-01 203.1 13.1

2022jox2 41.82 + 0.14 —16.40 + 043 —16.72 £ 043 —3.8¢-03 £+ 1.9e-03 1.7e-02 + 4.6e-04 8.2e-03 + 4.1e-04 >65.81 6.6e-02 + 1.2e-03 478.3 40.9

2013fs® 4193 + 0.04 —16.50 £+ 0.38 —17.07 £ 0.36 —5.7e-03 £+ 5.3e-04 1.4e-02 + 2.8e-03 6.6e-03 + 2.4e-03 8437 £ 234

2018fif> 41.78 + 0.08 —16.22 + 0.16 —17.05 £+ 0.15 —5.5e-03 £+ 9.4e-04 1.9e-02 + 4.7e-04 1.1e-02 + 9.0e-05 115.00 + 5.00 8.4e-02 + 2.0e-02

20201fn* 4236 + 0.17 —17.67 £ 0.23 —18.28 £+ 0.14 —8.9e-03 £+ 2.2e-03 3.5e-02 + 3.1e-03 1.1e-02 + 1.8e-03 75.24 £+ 2.40 1.1e-01 + 1.7e-02

2020nif> 42.74 + 0.06 —18.68 + 0.43 —18.42 + 043 —1.0e-02 £+ 9.4e-04 2.2e-02 + 9.2e-04 2.2e-02 + 9.2e-04 >62.91 9.0e-02 + 3.1e-03 397.7 40.3

2020xua’ 42.07 + 0.10 —1690 + 0.16 —16.92 + 0.19 —4.8e-03 + 1.4e-03 1.6e-02 + 8.2e-04 7.8e-03 + 1.6e-03 >92.91

202121£qu3 42,16 + 0.13 —16.50 + 0.45 —17.27 £ 0.20 —7.3e-03 £+ 2.0e-03 3.5e-02 + 7.0e-03 1.4e-02 + 2.1e-03 79.08 + 7.20

2021jtt3 42.82 + 0.04 —18.00 £ 0.26 —18.21 £ 0.21 —1.0e-02 £+ 5.9e-04 2.7e-02 + 2.6e-03 1.6e-02 + 1.1e-03 >60.44 <6.6e-01

2022ibv? —16.24 £+ 0.16 —16.85 £ 0.16 2.6e-02 + 5.8e-04 8.1e-03 + 3.8e-04 >49.62
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Table A3
Comparison-sample Photometric Properties
Name log;o(Lso) M, 50 M, 50 Suv OIR 50 S¢.50 Sg.50 tpr M(*°Ni) t,
(ergs™h (mag) (mag) (days) M) (days)
2013ft 41.06 + 0.06 —14.59 + 048 —3.4e-03 £ 8.3e-04 —2.7e-03 + 2.3e-03 >127.34
2013am 4149 £+ 0.05 —1598 £ 041 —1.9e-03 £ 6.6e-04 1.7e-03 £+ 4.2e-04 107.33 + 2.23 1.6e-02 £+ 3.3e-04
2013ab 4195 + 0.16 —-16.71 £ 0.12 —17.13 £ 0.12 —5.6e-03 + 2.2¢-03 1.2e-02 + 1.1e-03 7.9e-03 + 1.3e-03 101.98 + 1.03 7.4e-02 + 8.1e-04
2016X 41.68 + 0.05 —15.80 £ 0.43 —1642 £+ 043 —4.7e-03 £ 6.9e-04 2.1e-02 £+ 2.2e-04 3.0e-03 £+ 2.4e-04 9542 £+ 0.57 2.7e-02 £+ 5.1e-04
2016aqf 41.02 + 0.05 —14.40 £ 033 —14.86 £ 0.34 —1.3e-03 £ 7.2e-04 5.8e-03 + 2.2e-03 7.8e-04 £+ 2.5e-03 >127.34 1.0e-02 + 6.1e-04 3125 £ 24.6
2017eaw 42.01 + 0.05 —16.94 £+ 0.08 —17.21 £ 0.08 —2.9e-03 £ 6.2e-04 5.0e-03 £+ 8.9e-04 5.1e-04 £ 7.9e-04 116.82 + 0.22 6.5e-02 + 8.3e-04 4083 £ 6.0
2017gmr 4244 + 0.05 —17.71 £ 0.16 —18.15 £ 0.16 —5.1e-03 £ 6.5e-04 1.8e-02 + 5.1e-04 4.4e-03 + 3.6e-04 94.49 £+ 0.55 2.2e-01 + 7.3e-03 253.0 + 24.8
2018lab 4136 + 0.04 —15.11 £ 0.12 —15.63 £ 0.11 —2.9e-03 £ 5.5e-04 1.5e-02 + 1.6e-03 1.7e-03 + 1.3e-03 >110.0 1.7e-02 + 7.6e-04
2018kpo 41.73 + 0.21 —16.39 £ 0.16 —16.87 £ 0.16 —6.2e-03 £ 3.5¢-03 1.1e-02 + 6.5e-04 3.2e-03 + 7.5e-04 >63.21 5.1e-02 £+ 8.9¢-03 346.0 + 87.6
2018cuf 4199 + 0.02 —16.72 £+ 0.30 —17.13 £ 0.30 —4.7e-03 £ 2.9e-04 1.2e-02 + 2.2e-04 4.2e-03 £ 1.7e-04 111.39 = 0.75 6.5e-02 + 7.3e-04
2019edo 41.73 + 0.06 —16.02 £ 043 —16.62 £ 043 —3.1e-03 + 8.2e-04 1.0e-02 + 2.1e-04 3.5¢-03 + 1.8e-04 88.47 + 1.85 4.2e-02 + 4.3e-03 3733 + 945
2019nvm 42.16 + 0.05 —17.37 £ 0.15 —-17.71 £ 0.15 —6.3e-03 £ 6.9e-04 1.5e-02 + 2.0e-04 9.8e-03 £+ 1.4e-04 >91.38 1.2e-01 £+ 5.3e-04
2019pjs 41.55 + 0.05 —15.70 £ 0.17 —16.15 £ 0.16 —2.8e-03 £ 6.4e-04 6.1e-03 + 9.6e-04 3.5e-03 + 6.1e-04 >75.40 2.7e-02 + 1.4e-03 3259 £+ 425
2019enr >32.65
2020ekk 41.86 + 0.08 —16.41 £ 0.22 —16.95 £+ 0.26 —6.1e-03 £ 1.1e-03 2.1e-02 + 2.3e-03 1.1e-02 + 3.1e-03 10542 + 1.21 2.0e-02 £+ 1.5e-03 236.8 + 429
2020jfo 41.72 + 0.03 —15.96 + 0.20 —16.36 £ 0.19 —7.8e-03 £ 5.le-04 2.5e-02 + 2.9e-04 1.3e-02 + 1.le-04 66.24 £+ 0.36 3.4e-02 £+ 5.1e-03 1949 + 19.8
2020fqv 42.17 + 0.03 —16.98 + 045 —17.53 £ 045 —3.6e-03 £ 3.6e-04 2.1e-02 + 5.4e-04 6.0e-03 + 1.8e-04 113.26 + 1.10 6.0e-02 £+ 2.2¢-03 480.2 + 54.0
2020mjm 41.76 + 0.11 —16.13 £ 043 —16.56 £+ 043 —3.2e-03 £ 1.5e-03 2.3e-03 + 2.8e-04 —6.7e-04 £ 2.5¢-04 >85.45 4.1e-02 + 5.9e-03 2084 + 209
2020dpw 4144 + 0.06 —15.06 £ 043 —15.80 £ 043 —2.9¢-03 + 8.2e-04 1.2e-02 + 2.9e-04 1.7e-03 + 1.6e-04 114.07 + 3.49 2.4e-02 + 9.9¢-05
2020acbm 4191 + 0.24 —16.73 £ 0.16 —17.38 £ 0.15 —5.5e-03 + 3.0e-03 2.0e-02 £+ 9.0e-04 9.8¢-03 + 4.8e-04 >78.74 1.2e-01 £+ 6.7e-03
2021vaz 42.07 + 0.07 —16.83 + 0.15 —17.26 + 0.16 —5.2e-03 + 9.6e-04 1.3e-02 + 3.2¢-04 1.0e-02 + 7.1e-04 10490 + 1.20 7.2e-02 + 2.5¢-03
2021ass 4145 + 0.04 —15.37 £ 0.37 —1598 + 0.22 —3.1e-03 £ 5.6e-04 2.1e-03 £+ 5.0e-03 3.2e-03 + 1.2e-03 >65.45 2.8¢-02 £+ 2.5e-04 4135 £ 13.1
2021gmj 41.87 + 0.01 —1545 + 0.16 —15.95 + 0.16 —2.7e-04 + 1.2e-04 4.8¢-03 + 3.9¢-04 8.8e-04 + 2.2e-04 11197 + 1.94 1.9e-02 + 3.3e-04 465.5 + 49.6
2021rhk >23.93
2021uoy 4199 + 0.25 —16.63 + 0.30 —17.37 £ 0.18 —7.3e-03 £+ 3.4e-03 2.1e-02 £+ 3.6e-03 1.4e-02 £+ 1.3e-03 >98.81 e
2021yja 4232 + 0.03 —17.48 £+ 0.46 —17.78 £ 0.46 —3.8e-03 £ 4.2¢-04 9.5¢-03 + 3.8¢-04 4.2e-03 + 2.7e-04 124.65 + 0.37 1.8e-01 £+ 3.0e-03 404.6 + 15.6
2021adly >119.80
2021apg 41.89 + 0.07 —-15.92 + 0.17 —-16.75 £ 0.19 —1.8e-03 £ 1.0e-03 1.5e-02 £+ 1.0e-03 3.8¢-03 + 1.8e-03 106.61 + 3.61
2021gvm 42.12 + 0.06 —16.70 £ 0.11 —17.71 £ 0.09 —9.1e-03 £ 8.2e-04 3.0e-02 £ 1.1e-03 1.2e-02 + 4.9e-04 96.04 £+ 0.61
2021ucg 42.05 + 0.04 —16.88 £+ 0.16 —-17.26 £ 0.16 —2.8e-03 £ 6.2¢-04 3.6e-03 £ 5.2¢-04 2.9e-03 + 3.4e-04 123.53 + 1.11 1.2e-01 + 1.9¢-03
2022inn —14.09 £ 0.39 —14.70 £ 0.22 8.6e-03 £ 5.8e-03 —2.6e-03 £ 2.9e-03 >48.97
2022fuc 4134 + 0.07 —15.09 £ 043 —15.63 £ 043 —4.2e-03 £+ 9.8e-04 9.2e-03 + 6.3¢-04 5.2e-03 + 3.2¢-04 107.48 + 10.26
2022jzc 40.70 + 0.03 —13.46 + 0.44 —14.12 £ 043 —7.8e-04 £ 4.4e-04 4.1e-03 £+ 9.1e-04 —5.9e-03 £ 6.9e-04 >59.61 2.3e-03 £+ 8.7e-05
20220vb 42.09 + 0.07 —16.98 + 0.16 —-17.64 £ 0.15 —3.3e-03 £ 9.3e-04 1.3e-02 £+ 3.8e-04 5.9e-03 + 2.8e-04 101.82 + 6.35
2022frq 42.00 + 0.04 —16.83 £+ 0.18 —17.22 £ 0.16 —2.8e-03 £ 5.3e-04 9.5e-03 + 1.4e-03 3.4e-04 + 6.2e-04 120.00 + 5.00
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Figure A2. Nebular spectra of sample objects (black) compared to best-matched model spectra from L. Dessart et al. (2021) (red) and A. Jerkstrand et al.

(2014) (blue).
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Figure A3. Nebular spectra of sample objects (black) compared to best-matched model spectra from L. Dessart et al. (2021) (red) and A. Jerkstrand et al.

(2014) (blue).
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Figure A4. Nebular spectra of sample objects (black) compared to best-matched model spectra from L. Dessart et al. (2021) (red) and A. Jerkstrand et al.

(2014) (blue).
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