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ABSTRACT

2611.10140v1 [astro-ph.HE] 6 Nov 2026

Context. Hydrogen-rich superluminous supernovae (H-rich SLSNe) are rare, exceptionally luminous transients. Most exhibit narrow
Balmer emission and can be further classified as SLSNe-IIn, indicating interaction with dense circumstellar material (CSM). Their
spectroscopic evolution and the diversity of their circumstellar environments remain poorly understood.

Aims. We characterise the spectroscopic diversity of H-rich SLSNe, focusing on the dominant SLSN-IIn population. We investigate
how this diversity relates to CSM properties and whether SLSNe-IIn are spectroscopically distinct from lower-luminosity SNe IIn.
Methods. We present and analyse 304 optical spectra of 106 H-rich SLSNe observed by the Zwicky Transient Facility (ZTF). We
examine their spectral evolution and Balmer-line properties, and model the He profiles using Monte Carlo electron-scattering calcu-
lations. We compare the sample with other types of H-rich SNe.

Results. Of the 106 objects, 105 exhibit narrow Balmer emission consistent with SLSN-IIn classifications, including six with ad-
ditional Ia-CSM-like characteristics and three with possible flash-ionisation features; the remaining one object exhibits only broad
Balmer emission and is classified as a SLSN-II. Post-peak Balmer profiles range from approximately symmetric, exponential pro-
files to asymmetric profiles with prominent blue excesses or shoulders. Objects with Balmer line blue excess favour higher fitted
photon-emitting shell velocities and tend to be fainter than those with persistently symmetric profiles. The Ha pseudo-equivalent
width (pEW) and FWHM of SLSNe-IIn overlap with those of lower-luminosity SNe IIn, while the pEW evolution is more diverse
than in the broad-lined SLSN-II comparison sample. Our SLSNe-IIn sample’s median Balmer decrement increases from 2.85 before
+100d to 4.40 afterwards, remaining consistently below that of the comparison Ia-CSM sample.

Conclusions. We identify no Balmer-line morphology unique to SLSNe-IIn in the available comparison with lower-luminosity SNe
IIn, although some SLSNe-IIn exhibit prolonged high-ionisation emission. Our results support a close spectroscopic similarity be-
tween these populations and interaction with dense CSM formed through enhanced pre-explosion mass loss. We also highlight a
possible hidden Ia-CSM population among luminous H-rich interacting SNe.
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1. Introduction

Hydrogen-rich superluminous supernovae (H-rich SLSNe) are
an observationally defined class of supernovae characterised by
the presence of hydrogen in their spectra and peak optical abso-
lute magnitudes of < —20 mag (Smith et al. 2007; Ofek et al.
2007; Gal-Yam 2012; Perley et al. 2016; Pessi et al. 2025a),
reaching as bright as —22.6 mag in the most extreme cases (Kan-
gas et al. 2022). These luminosities exceed those of ordinary H-
rich core-collapse SNe by factors of 10-100, requiring an addi-
tional power source beyond the canonical radioactive decay ex-
pected in normal core-collapse explosions (e.g. Gal-Yam 2012).

The observationally defined class of H-rich SLSNe may en-
compass events with luminosities powered by different mech-
anisms. One proposed mechanism is the interaction between
the SN ejecta and dense circumstellar material (CSM; Cheva-
lier & Fransson 1994; Chugai 1997; Smith & McCray 2007)
expelled by the progenitor system prior to the explosion. In
this case, radiative shocks efficiently convert the kinetic en-
ergy of the ejecta into radiation. The presence of such dense
CSM typically requires extreme pre-explosion mass loss, po-
tentially through winds or eruptions associated with luminous
blue variable stars (LBVs; Humphreys & Davidson 1994; Smith
et al. 2008), eruptions with pulsational pair-instability origins
(Woosley et al. 2007; Woosley 2017; Lunnan et al. 2018; Gkini
et al. 2025, 2026), or mass transfer in binary systems (Petro-
vic et al. 2005; Langer 2012; Ercolino et al. 2026). Alternative
models have also been proposed, primarily in the context of H-
poor SLSNe (SLSNe-I; e.g. Quimby et al. 2011), but efforts have
been made to extend their applicability to the H-rich population.
One class of models invokes a central engine that continuously
injects energy into the expanding SN ejecta, such as a rapidly ro-
tating magnetar (Ostriker & Gunn 1971; Kasen & Bildsten 2010;
Woosley 2010) or fallback accretion onto a newly formed black
hole (Dexter & Kasen 2013). Another model attributes the lu-
minosity to the radioactive decay of large amounts of *°Ni (e.g.
Smith et al. 2007; Gal-Yam et al. 2009), with the required SN
masses generally expected only in pair-instability supernovae
(PISNe) of very massive stars (Barkat et al. 1967; Woosley et al.
2002; Heger et al. 2003; Schulze et al. 2024).

While photometric observations alone are often insufficient
to distinguish among the proposed powering mechanisms for
H-rich SLSNe, spectroscopy provides a crucial additional di-
agnostic. H-rich SLSNe exhibit considerable diversity in their
hydrogen Balmer line profiles. Approximately 20% of H-rich
SLSNe exhibit only broad Balmer emission lines (FWHM >
5000 kms~') after peak (Kangas et al. 2022), and Inserra et al.
(2018) presented the first study of a small sample of such events.
Following these studies, we refer specifically to these broad-
lined objects as SLSNe-II throughout this work. The 80% major-
ity exhibit narrow Balmer emission lines resembling those seen
in Type IIn SNe (SNe IIn; Schlegel 1990; Smith 2017; Nyholm
et al. 2020), characterised by a narrow emission core (FWHM ~
a few hundred kms™') together with exponential wings' (gen-
erally with FWHM < 3000 kms~'). Because of this spectral
similarity, these superluminous events are sometimes referred to
as SLSNe-IIn (but see also Hiramatsu et al. 2024); we use this
term for the narrow-lined objects throughout this work.

For the dominant narrow-lined population, there is broad
consensus that CSM interaction supplies a substantial fraction
of the observed luminosity. The narrow Balmer components
are generally interpreted as direct evidence for CSM interaction

! These wings are also commonly fitted phenomenologically with
Lorentzian profiles.
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(Chevalier & Fransson 1994; Chugai 1997; Smith 2017), as they
originate from slowly moving, H-rich CSM that is ionised by
shock breakout and subsequent ejecta—CSM interaction. Never-
theless, several key questions remain. One of the central issues,
highlighted by both Perley et al. (2016) and Hiramatsu et al.
(2024), is whether the objects referred to as SLSNe-IIn simply
represent the luminous extreme of the SN IIn population. This
question can be approached from both observational and physi-
cal perspectives. Observationally, one may ask whether there is a
continuous distribution in the observed properties, such as peak
luminosity, evolution timescale, and the duration and strength
of narrow lines, across the full population of H-rich interacting
SNe. Physically, one may instead ask whether the underlying
progenitor and CSM properties form a continuum, including pa-
rameters such as CSM mass and extent, pre-explosion mass-loss
rate, and even progenitor type.

A second complication is that narrow Balmer emission and
high luminosity do not uniquely identify a core-collapse SN.
SNe Ia-CSM are thermonuclear explosions interacting with
dense H-rich CSM and can produce luminous light curves and
narrow Balmer-dominated spectra resembling those of SNe IIn
(Silverman et al. 2013a; Leloudas et al. 2015; Sharma et al.
2023). Early well-studied examples include SNe2002ic (e.g.
Hamuy et al. 2003) and 2005gj (Aldering et al. 2006; Prieto et al.
2007), whose spectra were dominated by narrow Balmer emis-
sion with diluted SN Ia-like features, and PTF11kx (SN 201 1km:;
Dilday et al. 2012; Silverman et al. 2013b), which exhibited
clearer SN Ia features with increasingly strong Balmer emis-
sion. However, in some cases (e.g. Benetti et al. 2006), the ther-
monuclear nature of these Ia-CSM/IIn objects was ambiguous.
Leloudas et al. (2015), using simulated composite spectra, ar-
gued that an underlying SN Ia can be hidden in interacting events
as faint as My = —20.1 mag, and that SNe [a-CSM can span
-21.6 < My < —19.5mag. This range substantially overlaps
with H-rich SLSNe. A notable example of this complication is
the H-rich SLSN 2006gy, for which a thermonuclear origin has
also been proposed (Jerkstrand et al. 2020). Further classification
ambiguities arise for transients projected near galaxy centres,
where luminous interacting SNe, tidal disruption events (TDEs),
and active galactic nuclei (AGNs) can share similar properties.
For example, photometrically selected TDE candidate samples
can include both SNe and AGN flares (Yao et al. 2023). Identify-
ing such events is therefore essential before drawing population-
level conclusions on H-rich SLSNe.

Addressing these questions requires statistically meaningful
samples. To date, most spectral investigations of H-rich SLSNe
have focused on individual objects, such as SN 2006gy (Ofek
etal. 2007; Smith et al. 2007; Smith & McCray 2007), SN 2006tf
(Smith et al. 2008), SN 2008am (Chatzopoulos et al. 2011),
SN 2010;j1 (Stoll et al. 2011; Zhang et al. 2012; Fransson et al.
2014), SN2016aps (Suzuki et al. 2021), SN 2017hcc (Moran
et al. 2023), SN2021laaev (Hu et al. 2026) and SN 2021adxl
(Brennan et al. 2024), with a few small sample studies (e.g. In-
serra et al. 2018; Salmaso et al. 2025). Consequently, our un-
derstanding of the population as a whole remains incomplete. In
recent years, the Zwicky Transient Facility (ZTF; Bellm et al.
2019; Graham et al. 2019; Masci et al. 2019; Dekany et al.
2020) survey, together with extensive spectroscopic follow-up
programmes, has dramatically increased the number of observed
H-rich SLSNe (Kangas et al. 2022; Pessi et al. 2025a). The pho-
tometric sample of more than one hundred H-rich SLSNe pre-
sented by Pessi et al. (2025a) now enables population-level stud-
ies on their spectra at this scale for the first time.
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In this paper, we present 304 optical spectra of 106 H-rich
SLSNe drawn from the ZTF sample identified by Pessi et al.
(2025a). We reassess their spectroscopic classifications and dis-
tinguish between SLSNe-IIn and SLSNe-II, and identify objects
with possible Ia-CSM characteristics. We then investigate the
spectral evolution, Balmer-line properties, and diversity, with the
population analysis focusing primarily on the dominant SLSN-
IIn subset. This paper is organised as follows. In Sect. 2, we in-
troduce the spectroscopic sample, the instruments used, and the
data reduction and calibration procedures. In Sect. 3, we present
our analysis of the spectroscopic sample. In Sect. 4, we derive
constraints on the physical properties of the sample using spec-
troscopic line-profile modelling. In Sect. 5, we discuss the impli-
cations of our findings for the distinction between SNe IIn and
SLSNe-IIn, the CSM properties, the progenitor systems, and the
Ia-CSM contamination in the H-rich SLSNe population. We con-
clude the paper in Sect. 6.

2. Spectroscopy
2.1. Sample selection and statistics

Our spectroscopic sample is derived from the parent sample of
H-rich SLSNe presented by Pessi et al. (2025a). That study pre-
sented and analysed the photometric properties of 107 events
observed by the ZTF survey between 17 March 2018 (MJD
58194.0) and 12 December 2022 (MJD 59925.0)%> with spectro-
scopic classifications as being H-rich on the GROWTH marshal
(Kasliwal et al. 2019) and Fritz platform (van der Walt et al.
2019; Coughlin et al. 2023) regardless of their classification label
on the Transient Name Server® (TNS) at the time. The superlu-
minous criterion adopted by Pessi et al. (2025a) requires a peak
rest-frame absolute magnitude of M < —19.9 mag in at least one
of the ZTF gri bands. The parent sample was constructed to in-
clude all H-rich SLSNe observed by ZTF during this time range,
except for 13 SNe with only broad (FWHM > 5000 kms™")
Balmer emission lines presented by Kangas et al. (2022)*. We
use the objects in Kangas et al. (2022) as a comparison sample,
hereafter referred to as K22. Together, K22 and the parent sam-
ple comprise the full ZTF H-rich SLSN sample observed through
12 December 2022. As a result, the parent sample is strongly
weighted towards SLSNe-IIn. However, because the time ranges
of the two studies do not fully overlap, the parent sample does
not fully exclude all SLSNe-II (see Sect. 3.2). Moreover, because
the parent sample was constructed based primarily on photom-
etry, further spectroscopic inspection in this work can provide
evidence for alternative classifications (e.g. SNe [a-CSM; see
Sect. 3.5). From this parent sample, we exclude AT 2022rze,
which has since been reclassified as a changing-look active
galactic nucleus (CLAGN; Pessi et al. 2025b). This leaves a final
sample of 106 events in this work.

This final sample spans a redshift range of z = 0.018-0.369,
the nearest being SN 2021adx] (z = 0.018) and the next nearest
being SN 2022mma (z = 0.038). The distribution of the num-
ber of spectra per SN is shown in Fig. 1. A total of 33 objects
have only one spectrum, typically the classification spectrum,
and the majority of the sample has fewer than five spectra. Only
a small subset of objects have more extensive spectroscopic cov-
erage. The general photometric characteristics of the 106 objects

2 The time range was chosen by Pessi et al. (2025a) as extending from
the beginning of the ZTF survey to the beginning of their study.

3 https://www.wis-tns.org/

* The paper presented 14 events, but one object, AT 2020yue, was later
re-classified as a TDE (Yao 2023).
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Fig. 1: Distribution of the number of spectra per SN in the sam-
ple.

have already been summarised in the appendices of Pessi et al.
(2025a). Here, we summarise their spectroscopic characteristics
in Appendix A and B and in the supplementary material.

2.2. Instruments and reduction

Our sample contains spectra from various programmes. Most
spectra were obtained through the ZTF collaboration, and a sub-
stantial fraction comes from the extended Public ESO Spectro-
scopic Survey of Transient Objects (ePESSTO, the extension
of PESSTO; Smartt et al. 2015) and its successor ePESSTO+.
The rest comes from publicly available spectra on Weizmann In-
teractive Supernova data REPository (WISEREP; Yaron & Gal-
Yam 2012). The instruments, telescopes and associated reduc-
tion software are summarised in Table 1.

2.3. Calibration

We use ZTF photometry to place the spectra in our sample on an
absolute flux scale. Spectra obtained before the first ZTF pho-
tometric detection or after the last detection of a given object
cannot be reliably calibrated in this way. In total, we are able to
absolute-calibrate 287 of the total 304 spectra. The calibration
procedure is described below.

We first collect the ZTF light curves of the sample from Pessi
et al. (2025a). For each SN, we jointly interpolate the observed
ZTF gri light curves using a two-dimensional Gaussian process
(GP)’ implemented with GEORGE (Ambikasaran et al. 2015). If
a band has fewer than four epochs of observations, we exclude
it to avoid poor constraints and biases for other bands. We fit
the apparent magnitudes as a function of observer-frame MJD
and filters’ effective wavelength. Our default covariance func-
tion is the product of a Matérn-5/2 kernel in time and a squared-
exponential kernel in wavelength. We interpolate the magnitude
on a common observer-frame grid with one-day spacing. We de-
fine the phase of each object relative to the observed peak of the
ZTF r-band light curve, as tabulated in Pessi et al. (2025a). If
the r-band peak cannot be determined, we use the g-band peak,
or the i-band peak if necessary. For objects with multi-peaked
light curves, we adopt the first peak (e.g. SN 2018dfa in our sam-
ple, Sect. 3.5) for phase calculation. Unless otherwise stated, all
phases quoted in this work refer to rest-frame days relative to the
photometric peak, calculated as (f — fpear) /(1 + 2).

5 Pessi et al. (2025a) have already performed a 1-D GP to extract the
light curve characteristics. Here, we use 2-D GP because the calibration
requires a more accurate interpolation across both time and wavelength.
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Table 1: Spectrographs used in this work and their corresponding
reduction software. Most spectra come from the ZTF collabora-
tion, with additional contributions from ePESSTO/ePESSTO+.
Additional spectra were obtained from publicly available spectra
on WISeREP.

Instrument Telescope Reduction software

SEDM! Palomar 60-inch (P60) pysedm?

DBSP3 Palomar 200-inch (P200) DBSP_DRP*;
DBSP_quicklook®

SPRAT® Liverpool Telescope (LT) LT pipeline’

ALFOSC? NOT® IRAF'?; pyNOT!!

LRIS™ Keck T LPipe'?

DIS!™ APOP IRAF©

ISIS'® WHTV IRAF

Kast!® Shane, 3 m IRAF'; archival

EFOSC2% NTT%, 3.58 m PESSTO pipeline?!

SNIFS? UH88% Archival

Binospec®* MMT? Archival

Blue Channel MMT Archival

FLOYDS LCO%*,2m Archival

AFOSC? Ekar, 1.82 m Archival

DOLORES?® TNG?¥, 3.58 m Archival

FORS2% Very Large Telescope (VLT) Archival

X-shooter™! VLT Archival

! Spectral Energy Distribution Machine (Blagorodnova et al. 2018;
Kim et al. 2022)

2 Rigault et al. (2019)

3 Double Beam Spectrograph (Oke & Gunn 1983)

4 DBSP_DRP (Roberson et al. 2021), based on PypeIt (Prochaska et al.
2020)

5 MATLAB-based pipeline (Fremling et al., in prep.)

6 SPectrograph for the Rapid Acquisition of Transients (Piascik et al.
2014), on the Liverpool Telescope (Steele et al. 2004)

7 Adapted from the FRODOSpec pipeline (Barnsley et al. 2012)

8 Alhambra Faint Object Spectrograph and Camera

° Nordic Optical Telescope

10 Tody (1986, 1993)

T https://github.com/jkrogager/PyNOT

12 Low Resolution Imaging Spectrometer (Oke et al. 1995)

13 Perley (2019)

14 Dual Imaging Spectrograph

15 Astrophysical Research Consortium 3.5-m telescope at Apache
Point Observatory

16 Intermediate-dispersion Spectrograph and Imaging System

17 William Herschel Telescope, 4.2 m

18 Kast Double Spectrograph

19 ESO Faint Object Spectrograph and Camera v2 (Wiersema et al.
2018)

20 New Technology Telescope

2l https://github.com/svalenti/pessto

22 SuperNova Integral Field Spectrograph (Lantz et al. 2004)

23 University of Hawaii 88-inch telescope

24 Fabricant et al. (2019)

25 Multiple Mirror Telescope, 6.5 m

26 Las Cumbres Observatory

27 Asiago Faint Object Spectrograph and Camera

28 Device Optimized for the LOw RESolution

2 Telescopio Nazionale Galileo

30 FOcal Reducer and low dispersion Spectrograph 2

31 Vernet et al. (2011)

Now we scale each spectrum relative to these GP-
interpolated light curves. For each spectrum, we compute syn-
thetic AB magnitudes mgy, in the ZTF gri bands using the fil-
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ter transmission curves from the SVO Filter Profile Service®.

We compare each synthetic magnitude, mgy,, with the GP-
interpolated apparent magnitude, mgp, at the nearest GP grid
point within one day of the observation. The flux scale factor
for that band is 10~0-4™cr—my) [f several bands are available, we
combine their scale factors using an inverse-variance-weighted
mean. We then multiply the entire spectrum by the resulting fac-
tor.

For the DBSP spectra, we find that the blackbody colours in-
ferred from the spectra are inconsistent with those derived from
spectra obtained with other instruments at neighbouring epochs,
despite our best reduction attempt using existing pipelines. We
attribute these discrepancies to systematic effects associated with
the instrument or reduction pipelines. To mitigate this, we recal-
ibrate the affected DBSP spectra using a wavelength-dependent
scaling. The scaling is chosen such that the resulting spectral
colour matches the weighted mean blackbody temperature in-
ferred from the nearest spectra obtained before and after the
DBSP observation.

Finally, all spectra were corrected for Milky Way extinction
using the Ay values reported for each SN by Pessi et al. (2025a),
assuming Ry = 3.1 and the extinction law of Fitzpatrick (1999).
We do not correct for host-galaxy extinction, as we do not have
a homogeneous way to estimate it for the full sample. Therefore,
the intrinsic luminosities of individual objects may be underes-
timated, but this does not affect the main analysis presented in
this work.

3. Analysis

The 106 H-rich SLSNe in the parent sample do not form a homo-
geneous spectroscopic class. Of these, 105 exhibit narrow SN-
associated Balmer emission lines and are therefore spectroscop-
ically consistent with SLSNe-IIn. The bias towards narrow lines
in our sample is not surprising, since the parent sample excluded
broad-lined objects in K22. Six of these 105 objects show addi-
tional spectral characteristics resembling those of SNe Ia-CSM,
although the available data neither establish a thermonuclear ori-
gin nor rule out a core-collapse origin (see Sect. 3.5). Because of
this ambiguity, we keep the six objects in our SLSN-IIn sample,
but we flag them as a subgroup having Ia-CSM spectral charac-
teristics. The remaining one object, SN 2022lvm, exhibits only
broad SN-associated Balmer emission in the available spectra
and is consistent with the broad-lined SLSN-II class defined by
K22 (see Sect. 3.2). The measured properties of all 304 spectra
are tabulated in Appendix B and the supplementary material.

3.1. Spectroscopic evolution of the SLSN-IIn sample
3.1.1. Pre-peak spectra

We first describe the general spectroscopic evolution of the 105
SLSNe-IIn, starting from their pre-peak spectra. In total, 73 out
of the 105 objects in this subset have pre-peak spectra; 54 have
non-SEDM/SPRAT pre-peak spectra. For visual clarity, Fig. 2
shows the first spectrum obtained before rest-frame 0 d with re-
spect to r-band peak for each object. We exclude SEDM and
SPRAT spectra from this figure because their resolution is typi-
cally insufficient to resolve narrow lines seen in our sample, but
they are available in the supplementary material.

In the pre-peak spectra, most objects show a blue contin-
uum with strong, narrow (FWHM < 1000 kms™!) and expo-

% https://svo2.cab.inta-csic.es/theory/fps/
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nential Balmer lines. Such features are common in H-rich in-
teracting SNe and are generally attributed to interaction be-
tween the SN ejecta and dense H-rich CSM. Radiation from the
shock interaction ionises the slowly moving unshocked CSM,
producing narrow recombination lines, while electron scatter-
ing in the optically thick CSM broadens the line wings. This
is similar to the case of ordinary Type IIn SNe, but contrasts
with SLSNe-II, which generally show blue, nearly featureless
spectra (Kangas et al. 2022). A fraction of objects, including
e.g. SNe 2021aadc, 2022fnl, 2019aje, 2020in, 2018hsb, 202 1kat,
2018ddq and 2020usa in Fig. 2, also show Hel 15876 before
peak with comparable widths, indicating that He is present and
sufficiently excited in the line-forming region.

Among the 73 objects with pre-peak spectra, we iden-
tify three objects with high-ionisation features of He Il 14686,
NIIT 2114634,4641, CIII 14649, or blends of these transitions:
SNe 2021aaev, 2020uwl, and 202 1fmu. These spectra are shown
at the top of Fig. 3 and the features are marked in gold. They
are also significantly bluer than the other spectra at comparable
phases, with blackbody temperatures in the range of 15,000—
30,000 K. High-ionisation features can also appear as narrow
emission lines in very early spectra of ordinarily bright SNe and
typically only last for a few hours to a few days after explo-
sion (Gal-Yam et al. 2014; Bruch et al. 2023). Because of this,
these features are called ‘flash’ features in ordinary SNe and they
trace dense, confined CSM close to the progenitor (e.g. Gal-Yam
et al. 2014; Khazov et al. 2016; Bruch et al. 2023). The observed
fraction of objects showing such high-ionisation features in our
sample is lower than the 30-40% estimated for ordinary H-rich
SNe in Bruch et al. (2023) or the 23.5% estimated in Ertini et al.
(2026). This difference is likely driven by observational selec-
tion effects. Detecting these features requires very early spec-
troscopy, whereas SLSN candidates are often identified only af-
ter their light curves show a slow rise and high luminosity (Kan-
gas et al. 2022; Chen et al. 2023; Russeil et al. 2026). By that
time, these short-lived features may already have disappeared.

SN 2021laaev shows a two-component emission blend be-
tween HB and Hy in the —14.1d spectrum’ in Fig. 3, with a
stronger component near 4640 A and a weaker component near
He IT 14686. The stronger component is attributed to C ITI/N 111,
producing a ledge-like profile (e.g. Andrews et al. 2019) that
may represent a later stage of the high-ionisation spectral evo-
lution (Hu et al. 2026). A detailed analysis by Hu et al. (2026)
estimates an emission duration of approximately 24 d using
the midpoint prescription described in the paper®. SN 2020uwl
shows CIII/NIII and HeIl emission of comparable strength in
its —3.3 d spectrum, obtained 3.3 rest-frame days after first detec-
tion. SN 2021fmu shows weaker, tentative high-ionisation fea-
tures in its —13.0 d spectrum, obtained 18.2 rest-frame days after
first detection. For comparison, Fig. 3 also includes the SLSN-
II SN 2023gpw (Kangas et al. 2026). Its high-ionisation fea-
tures are detected from approximately —13 d to maximum light.
This gives an observed detection span of approximately 13 d, or
24 d using the mid-point prescription (Hu et al. 2026). Unlike
SN 2021aaev, its broad emission blend is dominated by He Il
rather than CIII/NIII. Similar high-ionisation spectral evolu-

7 The phases of SN 2021aaev reported in this work differ slightly from
Hu et al. (2026), as they adopted the ATLAS o-band maximum rather
than the ZTF r-band maximum used here.

8 Flash duration is measured between the midpoint of first light and
the first flash spectrum, and the midpoint of the last flash spectrum and
the first non-flash spectrum.
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tion has recently been reported for the SLSN-IIn SN 2019vxm
(Rameshan et al. 2026; Cai et al. 2026).

Although the sample of SLSNe showing high-ionisation fea-
tures remains small, comparisons with ordinary H-rich SNe sug-
gest a connection between peak brightness and the persistence of
these features. Bruch et al. (2023) and Hu et al. (2026) find that
events with longer flash timescales tend to reach brighter peaks.
Furthermore, our study provides SN 2021fmu as another exam-
ple of high-ionisation emission at a relatively late epoch. One
possible interpretation is that more luminous events sustain an
ionising radiation field for longer. More extended dense CSM
could also contribute to prolonged emission, allowing high-
ionisation features to emerge beyond the first few hours to days.

Other features appearing at this phase for a minority of ob-
jects are broad features around 45004800 A and 5000-5500 A.
Examples include SNe2021nhh (-58.4d), 2021vlu (-33.7d),
2019mzv (-30.8d), 2021kat (-20.2d), as shown in Fig. 2.
Although the 45004800 A region overlaps with the high-
ionisation feature discussed in the previous paragraphs, we iden-
tify them as Fe II-dominated line complex because their profiles
are broad and non-exponential, and they are always accompanied
by the second complex at 5000-5500 A. This means a cooler or
lower-ionisation photospheric component is already contributing
to the spectrum before their optical peak. This may indicate that
in some objects, the optically thick CSM interaction is less dom-
inant, so that features from the underlying ejecta/photosphere are
starting to emerge.

3.1.2. Post-peak spectra

As the SNe evolve past peak, the Balmer lines generally persist,
but the spectra become less uniformly blue and increasingly di-
verse. We identify 62 objects with spectra obtained between peak
and 200 d, where spectra beyond 200 d are defined as late-time
in this work. For visual clarity, Fig. 4 shows 16 selected spectra
of ten objects between peak and +200 d, chosen to illustrate the
range of observed morphologies. We show one or two spectra
per object depending on the available coverage.

Broad, Fe-dominated complexes at 4500—4800 A and 5000
5500 A, which appear only in a minority of the pre-peak spec-
tra, become more common and prominent after peak. These fea-
tures are particularly pronounced in SNe 2018dfa and 2020kro,
and are also accompanied by Fe-dominated complexes be-
tween 7000-7700 A. We argue in Sect. 3.5 that these objects
with strong Fe complexes and spectral morphology resembling
SNe 2018dfa and 2020kro exhibit Ia-CSM-like characteristics.
However, Fe-dominated complexes are not ubiquitous. For ex-
ample, they are not clearly detected in SN 2020usa in Fig. 4.
When the wavelength coverage is sufficient, most objects also
show the Ca Il 118498, 8542, 8662 triplet. The increasing promi-
nence of these metal-line features is consistent with a growing
contribution from cooler, lower-ionisation material and possibly
the underlying SN ejecta as the optically thick CSM interaction
evolves.

The post-peak Ha profiles also show substantial diversity.
Based on a visual assessment of the spectra between peak and
+200d, we can assess their morphology for 45 of the 62 ob-
jects, while the remaining 17 are ambiguous because of low
SNR or insufficient spectral resolution. Of these 45 objects, 29
show narrow Ha emission without a clear blue excess (64%).
For example, SNe 2020usa, 2018iaw and 2019bhg in Fig. 4 re-
tain a narrow, approximately symmetric profile, with wings lim-
ited to velocities of —3000 km s~! (see Fig. 5 for SN 2020usa). A
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Fig. 2: First non-SEDM/SPRAT spectra of all objects in the SLSN-IIn subset with pre-peak spectra (54 spectra for 54 objects).
Spectra are dereddened according to the Ay values reported for each SN by Pessi et al. (2025a). The first three spectra are signifi-
cantly bluer than the others at comparable phases and also show high-ionisation features marked in gold; they are placed at the top.
The remaining spectra are ordered by increasing rest-frame phase from top to bottom. Narrow emission lines are marked in red.
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Fig. 3: Objects in the sample showing high-ionisation lines of
He II 214686, C III 24649 and N III 214634, 4641, plotted in blue.
The spectra for SN 2023gpw are from Kangas et al. (2026) and
are plotted in red.

fraction of objects with sufficient spectral quality develop multi-
component Ha profiles, consisting of a narrow core plus a blue
excess of varying strength. About 10 of the 45 objects show
a very mild blue excess (22%), such as SN 2018atq at 48d in
Fig. 5 where the blue wing extends to —6000 kms~' and the
red wing extends to between 3000-6000 kms~!. Five objects
(11%), exemplified by SN 2019wky at 43 d, develop a more ex-
tended, slanted blue excess reaching ~ —10000 km s~!. One ob-
ject, SN 2021adxl, shows a broad, relatively flat-topped struc-
ture extending beyond —9000 kms~!, often referred to as a blue
shoulder (e.g. Taddia et al. 2020; Brennan et al. 2024). These
morphologies appear to form a continuous sequence, ranging
from approximately symmetric profiles to increasingly promi-
nent emission on the blue side. A blue excess can trace emis-
sion from fast-moving shocked material, with the corresponding
redshifted emission suppressed by occultation or optical-depth
effects (Taddia et al. 2020; Brennan et al. 2024), although an in-
trinsically asymmetric CSM distribution may produce a similar
profile (e.g. Andrews et al. 2017; Nagao et al. 2025; Reynolds
et al. 2025).

3.1.3. Late-time spectra

We define spectra beyond 200d as late-time spectra in this
work, and 10 objects in the sample have spectral coverage at
these epochs. The late-time spectra of SNe2018ffs, 2019cmv,
and 2020jgv show no clear SN-associated emission lines, and
in addition SNe 2018ffs and 2019cmv show narrow emission
lines from their host galaxies. The spectra of SN 2018ffs will
also be presented in the forthcoming ePESSTO+ data-release
paper by Aryan et al. (in prep.). Among the objects with de-
tectable SN emission, the spectra are typically dominated by
prominent Ha emission, while HS is much weaker or, in some
cases, barely detected. The Ha profiles remain diverse. Unlike

et al.: Probing circumstellar interaction with spectroscopy of ZTF hydrogen-rich superluminous supernovae

in typical nebular-phase Type II SNe, or SLSNe-II in K22, the
line is not always dominated by broad emission components.
SN 2020in, for example, retains a relatively narrow Ha profile
with exponential wings. The persistence of narrow Balmer emis-
sion and interaction-related line wings indicates that CSM inter-
action continues to dominate the optical spectra of at least some
objects beyond +200d.

When the wavelength coverage is sufficient, we commonly
detect the Call near-infrared triplet. In contrast, we do not find
any object with significant [O I] 116300, 6364 emission, a com-
mon nebular-phase diagnostic in core-collapse SNe (Jerkstrand
et al. 2014). This resembles the findings for SLSNe-II in K22.
However, the absence of obvious [OI] does not by itself dis-
tinguish between thermonuclear and core-collapse origins, as
continued CSM interaction can veil emission from the inner
ejecta. It should be noted that some luminous SNe IIn, such
as SN 2013L, do develop detectable [O I] at comparable phases
(Taddia et al. 2020).

Several objects show a broad feature spanning approxi-
mately 6000-6300 A which lies blueward of [O1I] 46300 (see
Fig. 6). The clearest examples are SNe 2018bwr, 2018dfa, and
2019npx, which we argue exhibit Ia-CSM-like characteristics
(see Sect. 3.5). These spectra also contain strong Fe-dominated
complexes at 4500-4800 A, 50005500 A and approximately
7000-7700 A. The wavelength and morphology of the 6000—
6300 A feature, together with its occurrence alongside other Fe-
rich blends, lead us to favour an Fe-dominated blend over [O 1]
emission. Fe emission near 6248 A has also been identified in
several SNe Ia-CSM, such as SNe 2012ca (Inserra et al. 2016)
and 2020uem (Sharma et al. 2023). A specific Fe Il identification
was adopted for this feature in SN Ia-CSM 2020aeuh by Tsalap-
atas et al. (2025).

Overall, H-rich SLSNe with narrow Balmer lines show sub-
stantial spectroscopic diversity despite sharing an interaction-
powered appearance. Their common feature is the presence of
narrow Balmer emission at some phase of evolution, but their
line-profile evolution differs significantly from object to object.
This diversity may reflect differences in the density, geometry,
and radial extent of the CSM and potentially different underly-
ing explosion mechanisms. Understanding their physical origin
therefore requires long-term spectroscopic follow-up, especially
into the nebular phase when the declining optical depth of the in-
teraction region reveals the underlying ejecta and deeper layers.

3.2. H-rich SLSN with broad Balmer lines

Among the 106 objects in our full sample, SN 2022lvm is the
only event without a securely detected narrow SN component.
Its available spectra show only broad (defined as FWHM>
5000kms~') SN-associated Balmer emission. It is therefore
most consistent with the broad-lined SLSN-II class described
by K22. SN 2022lvm was initially classified on TNS as a Type
IT SN (Gomez et al. 2023), and its peak r-band magnitude of
—20.3 mag places it in the superluminous regime. We show its
spectral sequence in Fig. 7, its r-band light curve in Fig. 8, and
zoomed-in views of the Balmer-line profiles in Fig. 9. For com-
parison, we include the broad-lined SLSN-II 2018jkq from K22
and SN 2020jgv from our narrow-lined sample, which develops
similarly broad Balmer profiles at late phases despite exhibiting
clear IIn-like spectra before peak.

The three objects occupy a similar peak luminosity range,
although SN 2018jkq is somewhat brighter, reaching M, =
—20.7 mag and remaining near this luminosity for the first ~ 30d
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after maximum. SNe 2022lvm and 2020jgv reach peak luminosi-
ties of M, —20.4, but show different post-peak evolution.
SN 2022lvm fades rapidly after ~ +50d, whereas SN 2020jgv
remains detectable beyond +300d and declines more slowly
than the °Co decay rate at late phases, consistent with con-
tinued CSM interaction. The overlapping peak luminosities and

~

Article number, page 8 of 30

early light-curve evolution show that photometry alone does not
clearly distinguish broad-lined SLSNe-II from SLSNe-IIn. This
is consistent with the findings of Pessi et al. (2025a).

In terms of spectroscopy, for SN 2022lvm, the two SEDM
spectra obtained before peak do not have sufficient spectral res-
olution to determine whether the SN-associated Balmer features
are narrow or broad. The spectrum obtained at +174.0d ex-
hibits a broad Ha profile extending to velocities of approxi-
mately —8000 to —9000 km s~! (Fig. 9). H3 shows a comparably
broad profile in velocity space. The blue excess is greater than
that observed in SN 2018jkq, whose Ha profile reaches approx-
imately —7000 kms~!. Although the red side of He is affected
by strong telluric absorption, its red wing appears less extended
than the blue wing. We identify the narrow emission lines su-
perposed on the spectrum as host-galaxy HII-region emission,
including He, HB, [N II] 116548, 6583, and [S II] 216716, 6731.
The only securely identified SN-associated Balmer components
are broad with FWHM> 5000 kms~'. Following the classifi-
cation scheme of K22, we therefore classify SN 2022lvm as a
SLSN-II. A another useful literature comparison is PS15br (In-
serra et al. 2018), which exhibited a broad, asymmetric Ha pro-
file at approximately +102 d. SN 2022lvm shares these qualita-
tive characteristics. At approximately +337 d, PS15br exhibited
a multicomponent Ha profile interpreted as evidence for interac-
tion with an asymmetric CSM. Its evolution therefore illustrates
that a broad-lined SLSN-II classification does not exclude a con-
tribution from CSM interaction at later phases.

However, the comparison with SN2020jgv demonstrates
an important limitation of this classification. At +153d,
SN 2020jgv exhibits Balmer profiles as broad as those of the
two broad-lined SLSNe-II, whereas its —23d spectrum shows
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Fig. 7: Spectral sequence of SN 2022lvm shown black in the rest frame. For comparison, SN 2020jgv is plotted in red and 2018jkq
(Kangas et al. 2022) in green. Balmer lines and telluric bands are labelled.

clear narrow exponential Balmer profiles characteristic of SNe
IIn. No spectra of SN 2022lvm are available between peak and
+174.0d. We therefore cannot exclude the presence of narrow
SN Balmer emission at intermediate phases. This illustrates how
sparse spectroscopic coverage can obscure the distinction be-
tween SLSNe-II and SLSNe-IIn that develop broad profiles at
late phases.

To calculate the observed fraction of SLSN-II in our sam-
ple, we restrict the counting to the 2021-2022 interval to avoid
overlap with the K22 sample, which was already excluded in
the parent sample. Since we identify only one broad-lined event
among 36 H-rich SLSNe within the 2021-2022 interval, this cor-
responds to a fraction of 2.8%. This is lower than the fraction of
approximately 20% reported by K22 for 2018-2020. However,

given the small number of events and the strong dependence of
this classification on spectroscopic phase coverage, the differ-
ence does not necessarily indicate a temporal change in the in-
trinsic fraction of broad-lined events among ZTF H-rich SLSNe.

3.3. Balmer lines

Balmer lines are ubiquitous features across our sample. Since the
line profiles are highly heterogeneous, we measure the Balmer
line properties using a customised manual procedure. For any
given spectrum with a confident Ha identification, we select
two regions of local continuum adjacent to the He line and fit
them with a Ist-order polynomial. In cases where the Ho wing
is blended with a broad but separable non-Ha component, we
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isolate and extract only the narrower Ha profile. Otherwise, we
include all narrow and broad components associated with Ha.
Then, we subtract the fitted continuum from the observed spec-
trum to isolate the line profile. To estimate uncertainties, we
combine error propagation from the absolute flux calibration
(Sect. 2.3), the intrinsic spectral noise (evaluated via a Monte
Carlo approach), and the continuum-placement uncertainty (es-
timated by repeating the manual selection process three times).
From this clean, continuum-subtracted Ha profile, we integrate
the line flux to get the total Ha luminosity, the pseudo-equivalent
width (pEW), and fit exponential and/or Gaussian profiles to
measure the full width at half-maximum (FWHM). We apply
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the identical procedure to HB. Finally, for spectra where both
He and Hp are reliably identified, we also compute the Balmer
decrement. The numerical values of all extracted properties are
available in the supplementary material.

3.3.1. Line luminosity, pEW and FWHM

We present the Ha luminosity evolution of the sample in Fig. 10,
where the individual spectra have been placed on an absolute
flux scale according to the procedure in Sect. 2.3. The evolu-
tion is highly heterogeneous. The measured luminosities span
almost two orders of magnitude, from 2.2 x 10*ergs™" for
SN 2020uwl to 1.5 x 10*2 erg s~! for SN 2020iae, with a median
value of 2.6 x 10*' ergs™!. This diversity is expected from the
broad range of optical luminosities in the parent sample. Since
He falls within the ZTF r band over much of the redshift range
of the sample, the Ha luminosity is expected to broadly track
the heterogeneous r-band luminosity. As shown by Pessi et al.
(2025a), the peak r-band absolute magnitudes span from —19.8
to —21.6 mag, with a median of —20.4 mag. Physically, He lu-
minosity can track the strength of ejecta—CSM interaction. The
large dispersion in Ha luminosity therefore reflects the diversity
of the underlying interaction properties across the population.

We also present the Ho pEW evolution of the sample in
Fig. 11. The pEW measures the strength of a spectral fea-
ture relative to the local pseudo-continuum and is defined as
PEW = [*(Fipta = Ficon)/Fcom d1. The Ha pEW generally
increases with time. Before and around peak, the pEW is typ-
ically of the order of several tens to ~ 200 A. Beyond 200d,
the distribution becomes increasingly diverse. In SN 2021adxl,
the pEW approaches 1000 A, indicating that Ha emission be-
comes increasingly dominant relative to the local continuum as
the SN evolves. This is expected if the continuum fades while
interaction-powered Ha emission remains strong. By contrast,
in objects such as SNe 2018dfa and 2018atq, the pEW decreases
to below 100 A, indicating that Ha becomes less dominant rela-
tive to the continuum.

Unlike the line luminosity, the pEW is less sensitive to ab-
solute flux-calibration error. Hence, pEW can be calculated over
a wider time range compared to Ha luminosity. This allows a
comparatively homogeneous analysis of literature spectra. We
select several comparison samples: 13 broad-lined SLSNe-II
from K22; seven SNe IIn from the Carnegie Supernova Project
(Stritzinger et al. 2012; Taddia et al. 2013); and four well-studied
luminous or superluminous SNe IIn, including SNe 2006gy
(Ofek et al. 2007), 201051 (Stoll et al. 2011; Fransson et al.
2014), 2013L (Taddia et al. 2020), and 2017hcc (Moran et al.
2023). For these comparison objects, we find their public spec-
tra on WISEREP and apply the same manual extraction proce-
dure described in Sect. 3.3 to measure the Ho pEW. The broad-
lined SLSN-II comparison sample occupies a relatively narrow
space in the pEW evolution plot. Its Ho pEW is generally below
100 A around peak and increases to approximately 500—1000 A
by 300 d. In contrast, the SNe IIn span a broader range than either
the broad-lined SLSNe-II or our sample, despite their smaller
sample size. Some objects, including SNe 2005ip and 2006jd,
reach larger pPEWs than most of the broad-lined SLSNe-II at late
times. These objects exhibit a broad or blue-shoulder component
underlying the narrow Ha emission, which contributes substan-
tially to the integrated pEW (Taddia et al. 2013, 2020). By con-
trast, objects such as SNe 2005kj and 2006gy maintain compar-
atively low pEWs. While the He emission predominantly traces
ejecta—_CSM interaction, the underlying continuum can contain
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varying contributions from the photosphere and from interaction
luminosity thermalised in optically thick CSM. The broad distri-
bution among SNe IIn and SLSNe-IIn reflects a more heteroge-
neous source contributing to their optical emission compared to
SLSNe-II.

Other than luminosity and pEW, a more line-profile-
dependent measurable quantity is the He FWHM?. For our sam-
ple and the (SL)SN IIn comparison samples, we fit each ex-
tracted Ha profile with both a single exponential and a compos-
ite exponential+Gaussian model, and select the best fit. When
the composite model is selected, we adopted the FWHM of the
full fitted profile, except four objects with prominent broad or
blue-excess components: SNe 2019wky, 2020jgv, 2021adx] and
2022lvm. For them the FWHM of the Gaussian component is
used. This provides a practical measure of the characteristic
width of the main resolved component at different phases. At
early times, the Ha profiles of interacting SNe are shaped by
electron scattering in optically thick CSM and can typically be
described by a single exponential. At later times, some objects
develop a broad component beneath the narrow emission and are
better fitted by the composite model. In these cases, the Gaussian
component better captures the characteristic width, whereas the
exponential component primarily describes the narrow core. For
the broad-lined SLSN-II comparison sample, we instead fit each
profile with a single Gaussian and adopt its FWHM. We plot the
FWHM evolution in Fig. 12.

The FWHM evolution also shows a distinction between
(SL)SNe IIn and broad-lined SLSNe-II. Most (SL)SNe IIn
have FWHM values below 1000 kms™! before and around
peak, which increase with time but generally remain below
3000 kms~!. The main exceptions are objects with a blue
shoulder. Their FWHM can be at ~ 8000 kms™!, such as
SNe 2021adxl and 2013L. It can even exceed 10000 kms™', as
in SN 2005ip and 2006jd at early times. All broad-lined SL.SNe-
II develop large FWHM above 5000 kms™! after peak. This
distinction is more clearly illustrated by the distribution of the
median FWHM per object in Fig. 13. The figure shows the
full ZTF H-rich SLSN sample until 12 Dec 2022, which is
a combination of our sample with the broad-lined SLSNe-II
from Kangas et al. (2022). The distribution can be described
by a two-component Gaussian mixture: the SLSNe-IIn dominate
the lower-width component with the majority below approxi-
mately 2500 kms~!, while the broad-lined SLSNe-II dominate
the higher-width component, centred at 5777 kms™!. This dis-
tribution also separates objects with fast bulk motion of material
visible from those without.

3.3.2. Balmer decrement

The evolution of the Balmer decrement, defined as the total
Ha-to-Hp flux ratio, is shown in Fig. 14. We include both nar-
row and broad hydrogen components where present. Broad non-
hydrogen components underlying the Balmer features are ex-
cluded from the measurement, and spectra significantly affected
by telluric absorption are also excluded.

Our SLSN-IIn sample shows an overall shift towards larger
Balmer decrements with increasing phase, although the disper-
sion at any given epoch is substantial. In the cumulative distri-
butions shown in Fig. 15, the median increases from 2.85 before
100d to 4.40 after 100d. The early-time median is close to the

® We exclude SEDM spectra from the FWHM analysis because their
low spectral resolution (R ~ 100) causes substantial instrumental broad-
ening
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Case B recombination value of Ha/HpS = 2.86 expected for pho-
toionised gas under typical low-density nebular conditions (e.g.
Hummer & Storey 1987; Osterbrock & Ferland 2006). This is
broadly consistent with Balmer line emission coming from H
recombination in photoionised CSM. However, the early-time
distribution shows substantial scatter, with Balmer decrements
ranging from ~ 1 to 9. In particular, a non-negligible fraction of
objects have Balmer decrements below the Case B value. Such
low values are difficult to explain within the simplest Case B pic-
ture. One plausible explanation is optical-depth effects in very
dense gas. The dust-free radiative-transfer calculations of Yan
et al. (2026) show in their figure 2 that Balmer decrements can
fall below 2 in two distinct density regimes. For column densities
of Ny ~ 10?>~10%23 cm™2, these occur at approximately volume
density ny ~ 10°~10” cm™3 and ny ~ 10''-10'2 cm=3. The high-
density branch approaches the conditions inferred for the opaque
inner CSM of SLSNe-IIn 2006gy. Smith et al. (2010) inferred a
mass density above 10713 gem™ at r ~ 2 x 10" cm. For fully
ionised H-rich CSM, this corresponds to ng 2 4 x 10'%cm™.
This may indicate dense shells or clumps in inner CSM. Low
Balmer decrements may therefore constrain combinations of the
volume and column densities during the early phases of H-rich
SN evolution. We leave a detailed investigation of this behaviour
to future work. The late-time increase also indicates a departure
from simple Case B recombination. Enhanced Balmer decre-
ments can be produced by collisional excitation, optical-depth
effects (Silverman et al. 2013a; Sharma et al. 2023), and differen-
tial extinction (Osterbrock & Ferland 2006). These mechanisms
cannot be separated using Ha/HS alone.

To place the Balmer-decrement evolution of our sample in a
broader context, we apply the same manual extraction and cal-
culation procedure to the K22 SLSN-II sample, the SN IIn sam-
ple from the Carnegie Supernova Project (Stritzinger et al. 2012;
Taddia et al. 2013) and the four well-studied SNe IIn 2006gy,
2010j1, 2013L, and 2017hcc. In addition, we include the Type
[a-CSM sample of Sharma et al. (2023) in this analysis. SNe Ia-
CSM are thermonuclear SNe interacting with dense H-rich CSM
and can therefore exhibit narrow Balmer emission resembling
that of SNe IIn. Previous studies have found that SNe Ia-CSM
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tend to show larger Balmer decrements than SNe IIn (Silverman
et al. 2013a; Leloudas et al. 2015; Sharma et al. 2023). We there-
fore test whether SNe [a-CSM also exhibit systematically larger
Balmer decrements than the SLSNe-IIn in our sample.

The Balmer-decrement evolutions of all aforementioned
samples are compared with our sample in Fig. 14. We also
compare the cumulative distributions in Fig. 15, but in this cu-
mulative distribution plot we exclude SNe 2018dfa, 2018bwr,
2019npx, 2020kro, 2020mad, 2020vfu in our sample. We argue
that these six objects show Ia-CSM characteristics in Sect. 3.5
and therefore exclude them. We assess population differences
using two-sample Kolmogorov—Smirnov (KS) and Anderson—
Darling (AD) tests on one median decrement per object in each
phase interval. The available broad-lined SLSNe-II have a late-
time median of 8.76, higher than the corresponding value for
the SLSN-IIn sample. However, the SLSN-II sample is small
and the measurements are sparse, and neither test establishes
a significant difference (pks = 0.36, pap = 0.11). The ex-
ternal SNe Ia-CSM sample has median Balmer decrements of
6.58 before 100d and 17.76 after 100d, compared with 2.85
and 4.40, respectively, for our SLSN-IIn sample. Both tests sup-
port a difference between these populations in the earlier inter-
val (pgs = 2.1 X 107, pap = 2.0 x 107) and the later in-
terval (pks = 0.016, pap = 0.016). This difference is consis-
tent with previous comparisons between SNe Ia-CSM and SNe
IIn (Silverman et al. 2013a; Sharma et al. 2023), although its
physical origin is not uniquely established. Following Silverman
et al. (2013a), Sharma et al. (2023) note that interaction with
thin, dense CSM shells could generate sufficiently high densi-
ties and Balmer-line optical depths for collisional excitation and
Balmer self-absorption. Thus, one possible interpretation is that
the Balmer-line-forming regions of SNe la-CSM are, on average,
denser and/or more optically thick than those of SLSNe-IIn, al-
though differential extinction and other radiative-transfer effects
could also contribute.

3.4. Trends and subgroups within the sample

Building on the spectroscopic properties presented above and
the light-curve properties reported by Pessi et al. (2025a), we
examine the diversity among our full sample, focusing on the
evolution of their Balmer-line profiles and possible associations
with their photometric properties. Six objects exhibit additional
spectral characteristics resembling those of SNe Ia-CSM and
are treated as a possible Ia-CSM/IIn subgroup later in Sect. 3.5.
The remaining 99 narrow-lined objects show no comparable ev-
idence for a thermonuclear origin. Among these 99 objects, the
post-peak Ha profiles do not appear to separate cleanly into
discrete morphological classes. Instead, they seem to span a
range from symmetric exponential profiles to asymmetric, multi-
component profiles with blue excess to objects with strong asym-
metric blue excess, hereafter referred to as blue shoulder. We use
representative objects below to illustrate the two ends of the ob-
served distribution and different evolutionary pathways between
them. We then separately examine the six objects with Ia-CSM-
like characteristics.

3.4.1. Objects with persistent, approximately symmetric
Balmer lines

To illustrate one end of the observed spectroscopic diversity,
we select four events that retain approximately symmetric, ex-
ponential Balmer lines throughout their observed evolution:

et al.: Probing circumstellar interaction with spectroscopy of ZTF hydrogen-rich superluminous supernovae

SNe 2018atq, 2020nt, 2019vme, and 2020in. Their spectral evo-
lution is shown in Fig. 16. All four objects were observed before
peak and initially exhibit blue continua with narrow, exponential
Balmer emission, and with Balmer decrement near or below the
Case B value. As they evolve, their continua become redder and
metal-line structure becomes more prominent, but Balmer lines
remain the dominant emission feature. Most importantly, the Ho
profile develops broader, approximately symmetric and expo-
nential wings without a distinct high-velocity blue excess. The
similarity is particularly clear in the late-time Ha profiles shown
in Fig. 17. Between approximately +175 and +290 d, the profiles
remain exponential and approximately symmetric, with charac-
teristic FWHM values of order 3000 km s~! and wings extending
to substantially higher projected velocities. Their morphology is
broadly similar to that of the well-studied SN 2017hcc at a com-
parable phase (Moran et al. 2023). The persistence of strong Ha
emission beyond 200 d indicates that ongoing CSM interaction
remains an important contributor to the optical emission long af-
ter maximum light.

These four objects occupy a similar region of light-curve
parameter space. Their r-band peaks lie in the range —21.3 <
M, < —-20.9 mag, placing them among the brighter objects in
the sample, and their light curves are broad and slowly evolving
(Fig. 18). At phases after peak, their decline rates are broadly
comparable to the *°Co decay rate. SN 2018atq shows a flat-
tening after approximately 250 d, providing additional evidence
for sustained energy input from CSM interaction. SN 2017hcc is
somewhat fainter at peak but shows a comparable late-time Ha
morphology and similarly slow photometric evolution.

Approximately symmetric, exponential wings can be pro-
duced when initially narrow line photons undergo multiple
Thomson scatterings in optically thick, slowly moving CSM.
There are two possible interpretations of what these profiles im-
ply for the underlying shock and photon-emitting shell. First, the
profiles could indicate that the photon-emitting shell has been
strongly decelerated by dense CSM. As we later demonstrate
in the line-profile models presented in Sect. 4, increasing the
photon-emitting shell velocity primarily strengthens the blue ex-
cess. The absence of a prominent blue shoulder in these four
objects favours relatively low velocities at the observed epochs.
Such low velocities could indicate that the shock and the photon-
emitting shell have been efficiently decelerated by dense, mas-
sive CSM. The resulting efficient conversion of ejecta kinetic
energy into radiation could help explain the high optical lumi-
nosities and similar light-curve evolution of these objects. Alter-
natively, the shock can remain embedded behind optically thick,
unshocked material. Taking this interpretation, the absence of a
blue excess would then provide only a weak constraint on the
true photon-emitting shell velocity.

3.4.2. Objects with strong blue excess/shoulder

At the other end of the observed spectroscopic diversity, sev-
eral objects develop an excess of emission on the blueshifted
side of the narrow Her core. The morphology varies continuously
from an extended slanted blue wing to a more clearly separated
shoulder-like component. Representative blue excess examples
are SNe 2019wky and 2020jgv, and the blue shoulder object is
SN 2021adxl, whose spectral evolution is shown in Fig. 19. We
also include the lower-luminosity Type IIn SN 2013L (Taddia
et al. 2020) as a comparison object with a similar Ha blue shoul-
der morphology.

SN 2019wky already exhibits a strongly asymmetric Ha pro-
file between approximately +24 and +43d, with excess emis-
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day 100 (left) and after day 100 (right). The colour scheme fol-
lows Fig. 14.

sion extending to velocity offsets approaching —9000 kms~!
SN 2020jgv shows narrow, approximately symmetric Balmer
emission at —23.3d but develops a prominent blue ex-
cess extending to approximately —9000 kms~' by +153.5d.
SN2021adxl displays a particularly well-observed, multi-
component Ha profile, with a blue shoulder extending to ap-
proximately —8000 kms~!' between +90 and +200d. Its blue-
side asymmetry subsequently weakens, although the profile re-
mains broader and more complex than a single exponential, and
strong Balmer emission persists beyond +500d. A similar blue
shoulder is observed in SN 2013L, a luminous Type IIn SN that
peaked at approximately M, = —19 mag, whose Ha profile also
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extends to velocity offsets of approximately —8000 km s~! (Tad-
dia et al. 2020). The asymmetry in SN 2013L is already visible
at —2.2d, although the broad component is diluted by the strong
continuum at this early phase. The asymmetric profile remains
visible at +276.3 d, indicating that, in the available spectra, the
blue shoulder persists for longer than in SN 2021adx]. These ob-
servations demonstrate that even among the blue excess/shoulder
objects, the Ho morphology is phase-dependent and they are not
a permanent spectroscopic subgroup.

The three objects from our sample are also fainter than the
persistent symmetric-profile objects discussed above, reaching
approximately —20.6 < M, < —20.1 mag (Fig. 21). Their avail-
able late-time light curves generally decline more slowly than
the %°Co decay rate, demonstrating that CSM interaction remains
an important power source even though their peak luminosities
are lower. As we demonstrate in Sect. 4, the blue excess can
be interpreted as a kinematic signature of fast shocked material,
and increasing the photon-emitting shell velocity strengthens the
blue shoulder. The lower peak luminosities and higher inferred
velocities of these objects may indicate a different partition of the
explosion energy from that of the brighter, persistent symmetric-
profile objects. If the underlying ejecta energies are broadly com-
parable, interaction with a less massive or less optically thick
CSM would decelerate the shock less efficiently, leaving a larger
fraction of the explosion energy in kinetic form and converting
a smaller fraction into radiation around maximum light. This in-
terpretation is model-dependent because the observed asymme-
try can also be affected by optical depth, CSM geometry, and
obscuration.
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3.5. Subgroup with la-CSM characteristics

We identify six objects in our sample that exhibit spectral char-
acteristics resembling those of SNe [a-CSM at one or more
epochs: SNe 2018dfa, 2018bwr, 2019npx, 2020mad, 2020kro,
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Fig. 18: Milky Way-extinction-corrected absolute r-band light
curves of SNe 2018atq, 2020nt, 2019vme, and 2020in, compared
with that of SN 2017hcc (Moran et al. 2023). The grey line indi-
cates the decline rate expected from *°Co decay.

and 2020vfu. Their spectral sequences are shown in Fig. 22. We
compare their light curves and spectra with those of the SNe
[a-CSM 2005gj, 2018evt, and PTF11kx (SN 2011km). We also
include SN 2010jl as a well-studied example of SLSNe-IIn with
persistent CSM interaction. The r-band light-curve comparison
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is shown in Fig. 23. The six objects reach peak r-band magni-
tudes of approximately —20.0 to —20.9 mag, placing them to-
wards the luminous end of SNe Ia-CSM. The pre- and post-peak
spectral comparisons are presented in Fig. 24 and Fig. 25.

SN 2018dfa was mentioned as an ambiguous Ia-CSM can-
didate in the appendix of Sharma et al. (2023). It has a multi-
peaked light curve (Fig. 23), with the second peak reaching
—19.94 mag in the r band and —20.14 mag in the i band. No spec-
trum was obtained before the first peak, while 14 spectra were
taken at or after the second peak. In the +21.5d spectrum, Ha
emission is prominent and consists of a narrow exponential core
superposed on a broad, undulating quasi-continuum, which we
do not interpret as a broad Hae component. HB is weak, resulting
in a large Balmer decrement of Ly./Lug ~ 8 (see Sect. 3.3.2).

Shallow absorption features near 6200 and 8200A may corre-
spond to diluted Si I and Ca Il features observed in SNe la and in
some SNe [a-CSM (e.g. Silverman et al. 2013a). We also identify
Fe-dominated blends at 450047004, including a triangular fea-
ture, and at 5000-5500A. This spectrum closely resembles that
of SN2005¢gj at +63d and also resembles the +84 d spectrum
of PTF11kx, although the features in PTF11kx are more pro-
nounced and it additionally exhibits strong He I emission. In sub-
sequent spectra, the Ha feature broadens while retaining its ex-
ponential shape and gradually blends into the surrounding quasi-
continuum. These spectra show no obvious [OI] 116300, 6364
emission and contain strong Fe-dominated blends with broadly
similar relative strengths. From the +72.6 d spectrum onwards, a
broad feature develops blueward of He, spanning approximately
~ 6150-6300A. We associate this feature with blended Fell
emission (Dessart et al. 2022).

SNe 2018bwr and 2019npx show similar spectral evolu-
tion. Their r-band peaks are slightly brighter than —20.0 mag.
SN 2018bwr exhibits a second bump at ~ 200d, while for
SN 2019npx the corresponding phase is not covered. Their early
spectra are dominated by very narrow Balmer lines superposed
on a blue continuum and are indistinguishable from those of
SNe IIn at early phases, such as SN2010jl. A similar early-
time morphology is also observed in the SN Ia-CSM 2005gj,
demonstrating that these early spectra are not diagnostic of the
underlying explosion. At later phases, the spectra of both ob-
jects develop a morphology resembling that of SN 2018dfa and
the Ta-CSM comparison objects, including strong Fe-dominated
blends, weak higher-order Balmer lines, and no obvious [O1]
emission.

SNe 2020kro and 2020vfu reach slightly brighter r-band
peaks than the other objects in this group. Their latest avail-
able spectra, obtained at +48-62d, already exhibit similar Fe-
dominated undulations and weak higher-order Balmer lines sim-
ilar to the late-time morphology described above, although the
undulations remain shallower, possibly because ongoing CSM
interaction still dilutes the underlying features. SN 2020mad has
the longest rise time in this group, with an estimated ¢, rise time
of 50d relative to peak (Pessi et al. 2025a). Although its two
spectra were obtained during the rise, the long rise time means
that they do not necessarily represent a physically early stage
after explosion. Their morphology already resembles the later
spectra of the other objects in this subset, but with a less promi-
nent Fe II blend at 6000-6300A.

We apply the spectral-classification tool SNID (Blondin &
Tonry 2007) to the spectra included in the late-phase compari-
son in Fig. 25. For all six objects, the highest-ranked matches in-
clude SNe Ia-CSM 2005gj, 2016iks, and IIn/la-CSM events like
SNe 1997cy and 2012ca (see Appendix C). For SN 2020mad,
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the highest-ranked SNID match is a normal Type Ib SN, but
its inferred redshift is inconsistent with the host-galaxy redshift,
and the visual agreement is poorer than for the second-ranked
match, SN 1997cy. The six objects exhibit a coherent late-time
morphology that more closely resembles the la-CSM compari-
son spectra than that of SN 201051 and distinguishes them from
most narrow-lined objects in our sample. However, strong CSM
interaction can veil the underlying ejecta in both thermonuclear
and core-collapse explosions, while Fe-dominated blends, large
Balmer decrements, and the absence of obvious [OI] emission
are not unique to SNe Ia-CSM. The available observations there-
fore neither establish a thermonuclear origin nor rule out a core-
collapse origin. We consequently flag these objects as having
Ia-CSM/IIn-like spectral characteristics. We also suggest that,
to establish the true nature of a strongly interacting SN, spectro-
scopic observations should ideally extend into the nebular phase.

4. Modelling

To investigate the physical origin of the observed diversity in this
sample, we use Monte Carlo models to study the effect of shock
and electron scattering on shaping the observed Balmer line pro-
files. We then use the characteristic velocity scale inferred from
these models to obtain order-of-magnitude estimates of the pro-
genitor mass-loss rates.

4.1. Line-profile modelling

The Type IIn-like line profiles observed throughout the sam-
ple can be explained by shock physics and electron scattering.
Fig. 26 shows a schematic illustration of this process. As the
SN ejecta interact with dense CSM, a forward shock propagates
into the unshocked CSM, and a reverse shock propagates back
into the ejecta in mass coordinate. Between the two shocks lies
a thin, dense shell of shocked material, commonly referred to
as the cold dense shell (CDS; e.g. Chugai & Danziger 1994;
Dessart et al. 2009) because the shocked gas radiates efficiently
and cools to relatively low temperatures. The CDS is optically
thick and can obscure emission from material behind it, so pho-
tons that can reach the observer predominantly originate from
regions beyond the CDS. Then, as these photons travel outward,
free electrons in the unshocked, ionised CSM can broaden the
line through Thomson scattering.

escatTER'? is a 1-D Monte Carlo code that computes
electron-scattering line profiles in interacting SNe, with appli-
cations to H-rich SLSNe such as SN 2021adxl (Brennan et al.
2024) and SN 2021aaev (Hu et al. 2026). Like other codes devel-
oped for similar purposes (e.g. Fransson et al. 2014; Taddia et al.
2020), ESCATTER is not a radiation-hydrodynamical code and does
not follow the time evolution of the interaction. Instead, each
model represents a single-epoch snapshot of the line-forming re-
gion. In our setup, a packet of 10° photons is emitted at the rest
wavelength of Ha from region beyond the CDS, with an emis-
sion probability proportional to 7~*. With this emission prescrip-
tion, the model is describing a scenario where most photons are
emitted from a shell right in front of the CDS, as indicated by
the straight black arrows in Fig. 26. This photo-emitting shell
has velocity vs and should be order-of-magnitude similar to the
CDS velocity veps and the forward shock velocity vgpeck, Since
the CDS and forward shock are spatially close. The CSM is as-

10 https://github.com/Astro-Sean/escatter, based on the
scattering treatment of Pozdnyakov et al. (1983)
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Fig. 22: Rest-frame spectral sequences of the Ia-CSM candidate subset in our sample. SEDM spectra are omitted here. Red vertical

lines mark Balmer emission lines.

sumed to be stationary'! and follows a power-law density profile,
p = por~*, between CSM radii r;, and ro,. Motivated by the nu-
merical simulations on Type IIn SNe by Dessart et al. (2015), we
set the electron temperature 7 to decline linearly from 2 x 10* K
at ri, to 10* K at roy. We adopt [#in, ou] = [1.00, 1.011x10'* cm.
In our tests, varying the radial extent of the scattering region pro-
duced only minor changes in the resulting line profiles, so we fix
these radii throughout the model grid. The remaining free pa-
rameters are therefore density exponent s, photon-emitting shell
velocity v, and optical depth 7. We do not explicitly model emis-
sion originating in the unshocked CSM. A self-consistent predic-
tion of its strength relative to the CDS emission would require
calculating the ionising radiation field and the resulting ionisa-
tion and excitation of the CSM, which is beyond the scope of
this work. Including this component would be a useful future
extension of ESCATTER.

' 'What matters to the profile is the relative velocity between CSM and
photon-emitting shell, so setting vegy = 0 is a valid simplification.
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We run escarTer over a grid with s = 0 and 2, vy = 100-
10000 kms~! in steps of 100 kms™', and T = 1-10 in steps
of 0.1, producing a grid of He line-profile models. The result-
ing profiles are nearly insensitive to the choice of density expo-
nent, with negligible differences between s = 0 and s = 2. In
contrast, vs and 7 have distinct effects on the line morphology.
Fig. 27 shows model profiles in which one parameter is varied
while the other is held fixed. Increasing vy primarily enhances
the blue shoulder of the profile. Increasing 7 instead produces
broader exponential wings, with a weaker effect on the overall
profile asymmetry.

We compare the continuum-subtracted He profiles extracted
in Sect. 3.3 with the model grid. The fitting is performed over the
rest-frame wavelength intervals 6300-6535 A and 6575-6826 10%,
excluding the central region where unresolved host and narrow
CSM emission can dominate. We allow an overall wavelength
shift of up to +10 A and mask additional contaminated regions
where necessary. For each spectrum, we select the model that
minimises the residuals and record its values of vs and 7. The
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fitting result is listed in Appendix D. Fig. 28 shows two exam-
ple applications to the Ha spectral sequence of SNe 2018atq and
2021adxl. For SN 2018atq, the Ha profiles are affected by host
line contamination, and we manually exclude the host line region
from the fitting. For SN 2021adx], there is an additional narrow
component that comes from CSM, and we also manually exclude
the region. For each fitted spectrum, we obtain the best-fit values
of T and v, and use the residuals to assess the quality of the fit.

We apply the same procedure to the rest of the sample and
show the resulting v, evolution in Fig. 29, with the peak r-band
absolute magnitude indicated by colour. The inferred vy evolu-
tion is highly heterogeneous. SN 2020usa, one of the most lu-
minous objects in the sample, shows persistent narrow Balmer
lines for more than 100d and is consistently best fitted by low
values of vs. Within the adopted model, its Ha profile there-

fore requires little contribution from a rapidly expanding photon-
emitting shell. This could indicate substantial shock decelera-
tion by dense CSM, or that emission from faster shocked mate-
rial remains concealed by optically thick material. Several other
luminous objects, including SNe 2018atq, 2020nt, and 2020in,
are also best fitted with v, < 2200 kms™!, although the spec-
tral coverage is limited. In contrast, the fainter SNe 2020jgv
and 2021adx] exhibit prominent blue excesses or blue shoul-
ders and higher fitted velocities at some epochs. SN 2020jgv
has v¢ = 3900 kms™' at 153.5d, while SN 2021adxl declines
from 6400-6900 km s~! at 92 d to 1500 kms~! at 196-198 d and
200 kms~! at 229 d. The broad-lined SN 2022lvm also yields a
high fitted velocity of 6700 kms~! at 174 d, although its position
should be interpreted separately because its Ha profile may be
dominated by kinematic broadening rather than the same elec-
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Fig. 27: Example Ha line profiles generated with EscaTrTer. The
left panel shows the effect of varying vy at fixed 7. The right
panel shows the effect of varying 7 at fixed v,. All profiles are
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tron scattering mechanism as the narrow-lined objects. The Ia-
CSM/IIn-like SN 2018dfa shows a non-monotonic evolution, in-
creasing from a few hundred kms~! near peak to 1600 kms™!
at 172 d before decreasing to 1000 kms~! at 318 d.

We further explore the relations between peak luminosity
and the fitted velocity scale and electron-scattering optical depth
in the wider context of luminous H-rich SNe. For each object,
we compute the day 50-300 median vy. This range avoids early
spectra, which are often dominated by narrow exponential pro-
files with little diversity, and very late spectra, which are diffi-
cult to describe with a single electron-scattering model. Fig. 30
shows the peak absolute magnitude M, as a function of me-
dian v¢ for 18 objects in our sample, together with the well-
studied H-rich SLSNe 2010j1, 2016aps, and 2017hcc from WIS-
EREP. The most luminous objects, SNe 2020usa and 2016aps,
reach M, < —21.5 mag and are characterised by persistent nar-
row lines. A group of luminous objects clusters around M, =
—21 mag and median vy < 2000 kms~', including SN 2018atq
and 2017hce, whose Ha profiles remain relatively narrow and
symmetric. At the fainter, higher-velocity end of the distribution,
SNe 2020jgv, 2021adx]l and 2013L show prominent blue ex-
cess or shoulders and higher inferred velocities. The broad-lined
SN 2022lvm also has a high fitted velocity. A separate group of
fainter, low-velocity objects clusters around M, ~ —20 mag and
vy < 2000 kms~'. They all belong to the objects with Ia-CSM-
like spectral characteristics identified in Sect. 3.5. Interestingly,
under this framework SN 2010jl also belongs to this region. This
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suggests that after removing the Fe contamination blueward of
He in the Ta-CSM/IIn subgroup, their He morphology is com-
parable to SN 2010j1.

Combining the clear-blue-excess and exponential-profile
groups (i.e. without the SLSN-II and the Ia-CSM candidates),
we find a positive Pearson correlation between M, and fitted vy
(r = 0.63, p = 0.010). Thus, brighter objects generally have
lower fitted velocity scales, whereas fainter objects have higher
values. If these velocities trace shock motion, this trend would
be consistent with denser or more massive CSM producing both
stronger shock deceleration and more efficient conversion of
ejecta kinetic energy into radiation. However, the fitted veloc-
ity scale is not necessarily a reliable measure of shock velocity
for symmetric, electron-scattering-dominated profiles. The com-
parison also involves a small, spectroscopically selected subset
with heterogeneous phase coverage. The physical interpretation
therefore remains tentative.

The corresponding comparison with median fitted 7 is shown
in Fig. 31. No clear monotonic trend with peak magnitude is ap-
parent, and the clear-blue-excess and exponential-profile groups
overlap substantially. The optical-depth comparison therefore
does not independently support a simple relation between peak
luminosity and CSM density or mass. In particular, T probes the
electron column through the ionised scattering region and also
depends on its geometry and ionisation state.

4.2. Mass-loss rate estimate

We estimate the mass-loss rate following the scaling relation be-
tween the shock luminosity and the kinetic power processed by
the interaction (Chugai & Danziger 1994). For a radiative shock
propagating through a steady wind, the luminosity can be written
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as
1.3
L=zeM_*, )]

where L is the radiated luminosity, € is the conversion efficiency,
M is the progenitor mass-loss rate, v is the shock velocity, and
uy, is the pre-SN wind velocity. Rearranging gives

1="==X @)

For each usable spectrum, we estimate L by integrating the
calibrated and extinction-corrected flux. We fit a blackbody to
continuum regions, and use it to extend the spectrum to 3000
and 20000 A where coverage is missing. The measured spec-
trum is retained within its observed wavelength range. For the
fitted temperatures, 1.8-9.1% of the total blackbody luminosity
lies beyond 20000 A. Radiation below 3000 A is omitted. We
therefore use the resulting 3000-20000 A pseudo-bolometric lu-
minosity as a proxy for L.

Unlike Pessi et al. (2025a), who used peak pseudo-
bolometric luminosities and assumed shock velocities of 2500
and 10000 kms~!, we estimate the luminosity at each spectro-
scopic epoch. For SN 2021adxl, we pair this luminosity with
the fitted velocity v from the previous section. For the remain-
ing objects, we adopt 5000 kms~', a value close to what is in-
ferred from the median v, of SN 2021adxl and 2013L, since in
this case there is no blue shoulder and the fitted velocity does
not generally provide a secure shock-velocity measurement. For
SN 2020jgv, which shows clear blue excess, we additionally con-
sider its fitted velocity of 3900 kms™' to define an assumed
range of 3900-5000 kms™'.

We calculate M separately for each spectrum and report the
per-object median at a fiducial € = 0.5, marked as the circles
in Fig. 32. The error bars show the range obtained by vary-
ing € between 0.25 and 0.75. Since the inferred M scales lin-
early with the assumed wind velocity, we present the results
for three representative choices: u,, = 50 kms~!, appropri-
ate for a red-supergiant-like wind (e.g. van Loon et al. 2005);
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Fig. 32: Estimated mass-loss rates inferred from the pseudo-
bolometric luminosity and the shock velocity measured from the
Ha line-profile modelling for 2021adx1 or 5000 kms~! for the
rest. The < symbol for SN 2020jgv denotes an upper bound un-
der the assumed velocity and efficiency ranges. The main axis
assumes uy, = 50 kms~!, while the additional axes show the
corresponding values for u,, = 100 kms~" and 1000 kms~!, us-
ing the linear scaling M o u,.

uy = 100 kms~!, representative of a slower LBV-like wind (e.g.
Humphreys & Davidson 1994); and u,, = 1000 kms~!, repre-
sentative of a WR-like wind (e.g. Crowther 2007). We estimate
mass-loss rates for 13 objects, and they are shown in Fig. 32.
We report the median value of the per-spectrum mass-loss rates.
Other objects have no spectra with both flux-calibration and
model-inferred vs and are excluded from this estimate.

For u, = 100kms! and € = 0.5, the reference es-
timates span approximately 0.028-0.30 My yr~', with M =
0.045 My yr~!' for SN 2021adxl. These values suggest substan-
tial pre-explosion mass loss under the adopted interaction model.
However, the absolute values depend sensitively on the assumed
conversion efficiency € and the inferred shock velocity, which
is highly model-dependent. The calculation further assumes a
steady and spherically symmetric wind. Therefore, the inferred
mass-loss rates should be regarded as order-of-magnitude es-
timates rather than precise measurements of the progenitors’
mass-loss histories.

5. Discussion

5.1. Are SLSNe-IIn spectroscopically distinct from
lower-luminosity SNe IIn?

SLSNe-IIn and SNe IIn are both characterised by narrow Balmer
emission from slowly moving H-rich CSM. This raises the ques-
tion whether SLSNe-IIn form a separate population or simply
represent the luminous end of SNe IIn. Our sample was selected
to have a peak rest-frame absolute magnitude of M < —19.9 mag
in at least one of the ZTF gri bands, while the SN IIn spectro-
scopic comparison sample used in this work is small, hetero-
geneous, and compiled from the literature. We therefore cannot
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compare the distributions or relative frequencies of their spec-
tral properties across the luminosity boundary. We can instead
ask whether the main spectral morphologies found in SLSNe-
IIn also occur in lower-luminosity SNe IIn.

The overall morphology of persistent, narrow and symmet-
ric Ha objects in our sample discussed in Sect. 3.4.1 has clear
counterparts at lower luminosities. Within the Type IIn com-
parison sample by Taddia et al. (2013), SN2005kj shows a
narrow, symmetric Hae component over epochs from +6.8d to
+159.5d and peaked at M, = —18.5mag. SN 1994W peaked
at My = —19.5mag and also retained narrow Balmer cores
with electron-scattering wings throughout its observed bright
phase, lasting from +18d to +121d (Sollerman et al. 1998;
Dessart et al. 2009). Multi-component and asymmetric pro-
files discussed in Sect. 3.4.2 are also not unique to SLSNe-
IIn. SNe2005ip and 2006jd show broad emission underlying
the narrow Ha component (Stritzinger et al. 2012; Taddia et al.
2013), resembling the prominent blue excess that is developed in
SN 2020jgv. The lower-luminosity SN 2013L (M, = —19.0 mag)
developed a prominent blue shoulder similar to those observed
in SN 2021adxl (Taddia et al. 2020). The measured Balmer-line
properties in Sect. 3.3 show a similar qualitative overlap. The
Ha pEW, FWHM, and Balmer-decrement ranges of this sample
overlap with the selected SN IIn comparison objects. The com-
parison SNe IIn even span a wider range of late-time Ho pEW
than our sample, despite their smaller sample size. We therefore
do not identify a Balmer line morphology that occurs only in
SLSNe-IIn. However, the small and heterogeneous comparison
sample does not allow us to determine whether these morpholo-
gies occur at the same relative rates in SNe IIn and SLSNe-IIn.

High-ionisation emission lines of Hell 14686, NIII
A14634,4641, and CIII 14649, discussed in Sect. 3.1.1, oc-
cur in both ordinarily bright SNe IIn and SLSNe-IIn, but can
persist substantially longer in the superluminous events. Bruch
et al. (2023) found that flash features in their ZTF H-rich SN
sample typically last approximately 5d. The rarer events with
features lasting longer than 10d tend to be brighter and rise
more slowly. Hu et al. (2026) reported high-ionisation emission
lasting approximately 24 d in both the SLSN-IIn SN 2021aaev
and the broad-lined SLSN-II SN,2023gpw. Our study adds two
further superluminous events with such high-ionisation fea-
tures, SNe 2020uwl and 2021fmu. High-ionisation emission in
SN 2021fmu persists to approximately 18.2d after detection,
while that in SN 2020uwl is present at least 3.3d after detec-
tion, with no later spectra of sufficient quality to constrain its
disappearance. SN 2021fmu provides additional evidence that
high-ionisation features can persist for several weeks in SLSNe-
IIn. Recent works on SN2019vxm also suggest that this is a
SLSN-IIn flasher peaking at Mz = —20.3mag with flash du-
ration longer than several weeks (e.g. Rameshan et al. 2026; Cai
et al. 2026). Together, these events suggest that SLSNe-IIn can
sustain high-ionisation emission for longer than the few-day du-
rations typical of lower-luminosity Type II(n) flashers. This may
indicate that their dense CSM extends to larger radii.

It is worth noting that in terms of light-curve comparisons,
the study by Hiramatsu et al. (2024) finds no transition in SN
IIn properties at the conventional M ~ —20 mag boundary and
argues that the SLSN-IIn designation should not be treated as
a separate physical class. Hiramatsu et al. (2024) argues for
a bimodality in the luminosity-timescale space, that there is a
‘luminous-slow’ and a ‘faint-fast’ light-curve morphology group
whose median peak magnitudes are ~ —20.1 mag and —18.2 mag
respectively in optical bands, and that what are commonly re-
ferred to as ‘SLSNe-IIn’ belong to the ‘luminous-slow’ group.
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Our results show that our SLSN-IIn sample, which falls onto
the brighter end of their ‘luminous-slow’ group, is itself spec-
troscopically diverse. While we do see two distinct ends of
Balmer line morphology in our sample, i.e. narrow-symmetric
versus multi-component-asymmetric, the photometric bimodal-
ity found by Hiramatsu et al. (2024) does not correspond to the
same spectroscopic bimodality separated by peak luminosity, as
similar spectroscopic morphology has appeared in our sample
and lower-luminosity Type IIn objects.

Overall, we do not identify a Balmer line morphology unique
to SLSNe-IIn selected by the —19.9 mag cut in the ZTF sample
when compared with lower-luminosity SNe IIn in the literature.
A possible distinction lies in the persistence of high-ionisation
features, which can last substantially longer in many SLSNe-IIn
than in ordinary H-rich flashers, including lower-luminosity SNe
IIn. However, the small number of events prevents us from estab-
lishing a systematic difference between SLSNe-IIn and lower-
luminosity SNe IIn in terms of high-ionisation features. We
therefore suggest future work to treat ‘SLSN-IIn’ as a useful op-
erational label for exceptionally luminous, narrow-lined H-rich
SNe in the search for exceptional explosion and powering mech-
anisms, but the current spectroscopic evidence does not support
the luminosity threshold as a fundamental physical division.

5.2. Mass loss and progenitors of SLSNe-IIn

In our sample, we observe the persistence of narrow Balmer
lines for tens to hundreds of days, which require dense H-rich
CSM capable of sustaining prolonged interaction. The estimates
in Sect. 4.2 provide reference mass-loss rates for 13 objects
with suitable calibrated spectra. For the adopted CSM velocity
of 100kms~! and conversion efficiency of € = 0.5, these esti-
mates span approximately 0.028-0.30 M, yr~!. Most estimates
assume a shock velocity of 5000kms~!. Adopting a CSM ve-
locity of 50kms~! reduces them by a factor of two, but the or-
der of magnitude is unchanged. Line-driven winds of OB stars
typically have mass-loss rates of order 1077-107> My yr~! (e.g.
Muijres et al. 2012), and dusty red-supergiant winds commonly
reach 107°~107* M, yr™! (e.g. van Loon et al. 2005). Our esti-
mates substantially exceed these rates, suggesting that ordinary
steady stellar winds are insufficient under the adopted interaction
model.

There is evidence that enhanced mass loss is a common fea-
ture of Type II SN progenitors shortly before core-collapse (e.g.
Bruch et al. 2021; Bruch et al. 2023; Hinds & Perley 2025). In
discussing the parent sample of our work, Pessi et al. (2025a)
also pointed towards elevated mass loss shortly before explosion
as a possible explanation for the inferred CSM densities. An
LBV-like giant eruption is one possible channel for producing
such material. The nineteenth-century Great Eruption of 1 Cari-
nae expelled an estimated 12-20 M. Smith & Owocki (2006)
reported a lower limit of 0.5 Mg yr~! averaged over approxi-
mately 20 years of eruption, or even several My yr~! for the
model where most of the ejection occurred within 5 yr. Hence,
LBV eruptive episodes can produce much greater mass loss than
ordinary stellar winds. Pulsational pair instability is another pos-
sible channel that can produce massive shell ejections in stars if
the progenitors are very massive stars (~ 70-140 M) with large
helium cores (~ 30—64 M; Woosley et al. 2007; Woosley 2017).
Direct evidence for rapidly expanding CSM shells has been
found in some SLSNe-I. Lunnan et al. (2018); Gkini et al. (2025,
2026) identified SLSNe-I showing Mg II absorption components
tracing CSM shells with velocities of ~ 3000-5000 km s~ ex-
pelled likely decades before explosion, although they do not
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uniquely establish a pulsational pair-instability origin. Due to
limitations in the UV coverage in our sample, it is still unclear
whether SLSNe-IIn can exhibit such features.

Binary interaction is another channel to reach enhanced mass
loss (Langer 2012; Ercolino et al. 2026). Case B Roche-lobe
overflow begins after core hydrogen exhaustion but before core
helium ignition, whereas Case C begins after core helium ex-
haustion, when the donor undergoes renewed expansion (Ercol-
ino et al. 2026). In the calculations of Tsai et al. (2026), Case B
transfer briefly reaches ~ 10 Mg, yr™!, but occurs at ~ 10° yr be-
fore core collapse, too early to explain the interaction observed
in our sample. Their Case C model undergoes mass transfer dur-
ing all of the final ~ 10*yr before collapse, reaching a peak
rate of approximately 1021073 M, yr~! and sustaining approx-
imately 103-10"* M, yr~! until collapse. This Case C model is
more consistent with the lower end of estimated mass-loss rates
and timing in our sample, but cannot explain the higher mass
loss estimated for objects reaching 107! Mg yr='.

5.3. A hidden la-CSM population in SLSNe-lin

Six of the 105 narrow-lined objects in our sample (Sect. 3.5),
approximately 6%, exhibit Ia-CSM-like spectral characteristics.
This is despite the filtering done in Pessi et al. (2025a) using
SLSN-II labels in Fritz and GROWTH marshal. This implies that
the original classifications in interacting SNe do not necessarily
distinguish thermonuclear explosions from core-collapse events,
especially when this classification relies on a single early-time
spectrum. Although the six objects’ thermonuclear origin re-
mains unconfirmed, their presence suggests that samples of lu-
minous SNe IIn (above —19 mag) and SLSNe-IIn without exten-
sive spectroscopic follow-up may contain a hidden SN Ia-CSM
contamination. Such objects could affect population-level con-
clusions about the mass-loss processes and progenitors of H-rich
interacting SNe.

The six Ia-CSM/IIn objects identified in Sect. 3.5 demon-
strate the challenges of inferring the underlying explosion mech-
anism for H-rich interacting SNe. Strong interaction features can
overwhelm the observed spectrum and lead to the formation of
a photosphere in the CSM which hides SN ejecta features be-
neath. From our sample and literature, if the interaction feature
kicks in at early times (e.g. SNe 2018bwr, 2019npx, 2005gj), the
spectrum is typically indistinguishable from a Type IIn spec-
trum, with exceptions such as SN 2020mad where ejecta fea-
tures had already appeared before peak. This also implies that,
for SNe brighter than approximately —19.0 mag, a Type IIn clas-
sification based solely on pre-peak spectra does not securely es-
tablish a core-collapse origin. If strong interaction develops at
later phases, SN Ia ejecta features may remain visible. Hence,
we encourage late-time spectroscopic follow-up of SNe classi-
fied as Type IIn and brighter than approximately —19.0 mag to
help identify and characterise a potentially hidden Ia-CSM pop-
ulation.

6. Conclusions

In this work, we presented and analysed 304 optical spectra of
106 H-rich SLSNe observed by ZTF. The objects were selected
from the parent photometric sample by Pessi et al. (2025a) to
reach a peak rest-frame absolute magnitude of M < —19.9 mag
in at least one of the ZTF gri bands, excluding 13 events with
only broad Balmer emission lines in Kangas et al. (2022). We
examined their spectroscopic evolution, measured their Balmer-
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line properties, and modelled their He profiles to investigate the
conditions of CSM interaction. Our main findings are:

1. Objects with narrow Balmer emission overwhelmingly dom-
inate our sample. 105 out of 106 objects show narrow Balmer
lines and can be classified as SLSNe-IIn. Only one ob-
ject shows exclusively broad Balmer emission lines with
FWHM> 5000 kms~! and can be classified as SLSN-II.

2. Six narrow-lined objects show additional Ia-CSM-like spec-
tral characteristics. These Type Ia-CSM candidates comprise
~ 6% of our SLSN-IIn sample and suggest a possible hid-
den [a-CSM population within samples selected as luminous
SNe IIn.

3. Three objects show high-ionisation features of He II 14686,
NIII 214634,4641, and/or CIII 24649. SN 2021aaev has
an estimated high-ionisation emission duration of approxi-
mately 24 d, while tentative features in SN 2021fmu are de-
tected 18.2 d after discovery. SN 2020uwl shows such feature
3.3d after discovery, but its disappearance is unconstrained.

4. Our SLSN-IIn sample shows substantial diversity in Balmer-
line morphology post peak. Of the 45 objects with spec-
tra of sufficient quality between peak and +200d, 64%
show narrow, approximately symmetric He profiles without
a clear blue excess, 22% show a very mild blue excess, 11%
show a more extended, slanted blue excess, and one object
(SN 2021adxl1) shows a broad blue shoulder.

5. Beyond rest-frame +200 d, most objects retain prominent Ha
emission. None shows significant [O 1] 116300, 6364 emis-
sion.

6. The Hae pEW and FWHM evolution of our SLSN-IIn sam-
ple overlaps with the lower-luminosity SN IIn comparison
sample, but is more diverse than in the SLSN-II comparison
sample.

7. Excluding the six SN [a-CSM candidates, the median Balmer
decrement in our SLSN-IIn sample increases from 2.85 be-
fore +100d to 4.40 after. Both medians are lower than those
of the comparison Type Ia-CSM sample. The early median
value is close to the Case B recombination value, but a frac-
tion of objects has Balmer decrement significantly lower than
the Case B recombination value.

8. Balmer-line modelling yields higher photon-emitting shell
velocities for objects with blue excesses and lower veloci-
ties for those with symmetric profiles. The former tend to
be fainter, peaking near M, ~ —20mag, while the latter are
brighter, near M, ~ —21 mag. Assuming comparable explo-
sion energies, this trend may reflect differences in shock de-
celeration and the conversion of kinetic energy into radiation.

9. Our sample objects have estimated mass-loss rates span-
ning ~ 0.028-0.3 M, yr~!. Although sensitive to the as-
sumed shock velocities, these estimates suggest enhanced
pre-explosion mass loss beyond ordinary stellar winds, and
would require very extreme mass loss processes, such as ex-
treme cases in binary mass transfer, LBV-like eruptions or
pulsational pair instability explosions.

10. We identify no Balmer-line morphology unique to SLSNe-
IIn defined by the —19.9mag cut compared with lower-
luminosity SNe IIn. However, SLSN-IIn showing high-
ionisation features tend to have longer durations than lower-
luminosity SN IIn flashers.

Our study presented the largest spectroscopic sample of H-
rich SLSNe to date, revealing substantial diversity within the
dominant SLSN-IIn population and in the inferred properties of
the CSM interaction powering them. Nevertheless, our study is
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limited by the small SN IIn comparison sample and uneven spec-
troscopic coverage at very early and late phases. Future studies
should extend spectroscopic comparisons across the wider SN
IIn population, without imposing a fixed magnitude cut. Two
observational priorities are to search for flash-ionisation features
shortly after discovery and to obtain late-time spectra to reveal
the underlying ejecta. The latter can also help identify Type Ila-
CSM events hidden among objects initially classified as SNe IIn.
Our work provides a starting point for connecting the spectro-
scopic diversity of H-rich SLSNe to their CSM and progenitor
systems.
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Appendix A: Logs of observations

Observation log for the ZTF hydrogen-rich SLSN sample. There are 304 spectra of 106 objects. The full table is available in the
supplementary material.

Table A.1: First 10 rows of the spectroscopic observation log of the sample.

IAU name ZTF name MIJD Telescope/Inst.  Exp. time [s] Grism/grating  Sources

2018atq ZTF18aahmhxu 58230.4 P60/SEDM 3300 - Fritz marshall

2018atq ZTF18aahmhxu 58237.0 LT/SPRAT 300 - Fritz marshall

2018atq ZTF18aahmhxu 58255.2 P200/DBSP 600 blue+red Fritz marshall

2018atq ZTF18aahmhxu 58316.2 P200/DBSP 900 Dblue+red Dahiwale & Fremling (2020e)
2018atq ZTF18aahmhxu 58465.5 P200/DBSP 1200  blue+red Fritz marshall

2018bwr ZTF18aavskep 58271.2 P60/SEDM 1600 - Fremling & Sharma (2018a)
2018bwr ZTF18aavskep  58279.0 LT/SPRAT 300 - Fritz marshall

2018bwr  ZTF18aavskep  58503.3 NOT/ALFOSC 1200 Gri#4 Fritz marshall

2018ddq ZTF18aavjcpf 58286.3 Keck I/LRIS 325 blue+red Fritz marshall

2018ddq ZTF18aavjcpf 58316.2 P200/DBSP 600 blue+red Fremling & Sharma (2018b)

Appendix B: Calculated properties of spectra

Table B.1: First 10 rows of the sample spectroscopic properties. Phases are measured in the rest frame relative to r-band maximum,
or the g/i-band maximum if necessary. The full table is available in the supplementary material. Unavailable measurements are
marked with —.

TAU name MID Phase SNR Ly, Lyg PEWi, pEWHs FWHMy,
[d] 104 [erg s™'] 10*! [erg s™!] [A] [A] [kms™]

2018atq  58230.4 -25.8 19.7 -

2018atq  58237.0 -20.2 3.3 - -

2018atq 582552 -4.6 189 1.19+0.11 - 142+06 -

2018atq  58316.2 47.7 187 5.66+0.69 083+0.15 743+25 98+14 383
2018atq  58465.5 175.6 2277 390+0.70 041+0.09 1662+3.0 142+1.7 1857
2018bwr 58271.2 -14.5 50.8 2.84+0.15 1.14+0.17 162.1+3.5 27.8+4.5 -
2018bwr 58279.0 -7.1 244 3.12+027 1.65+0.14 1043+43 273+1.2 627
2018bwr 58503.3 207.4 153 590+0.39 0.45+0.07 524.8 +16.6 23.3+3.9 1922
2018ddq 58286.3 -153 195 340+0.13 153+0.06 98.8+2.7 24.0+0.7 447
2018ddq 58316.2 102 9.6 2.88+0.36 - 598+29 - 323

Appendix C: la-CSM Classification
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Fig. C.1: SNID template comparisons for SNe 2018bwr, 2018dfa, 2019npx, 2020kro, 2020mad, and 2020vfu, ordered from left to
right and top to bottom. Observed spectra are shown in black and template spectra in red.
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Appendix D: Electron-scattering model parameters

Table D.1: Adopted escarTer parameters for the 52 fitted spectra of 18 objects in the sample. Phases are measured in the rest
frame relative to the adopted photometric peak, as defined in the text. The optical depth 7 is dimensionless, and vy is the best-fit
photon-emitting shell velocity.

IAU name MID  Phase T Vg

[d] [kms™']
2018atq 58316.2 477 1.3 2200
2018atq 58465.5 175.6 4.3 1000
2018bwr 58279.0 -7.1 1.0 500
2018bwr 58503.3 2074 1.2 1400
2018dfa 58334.2 215 1.0 200
2018dfa 58337.9 248 1.0 600
2018dfa 58338.3 252 1.0 200
2018dfa 58348.9 346 1.1 500
2018dfa 58355.9 40.8 1.0 200
2018dfa 58379.8 62.0 3.0 500
2018dfa 58391.8 726 3.0 600
2018dfa 58481.2 1519 2.3 1300
2018dfa 585042 1722 1.5 1600
2018dfa 58668.3 317.7 1.2 1000
2018dfa 58668.5 3179 1.0 1000
2018ffs 58397.3 18.8 1.1 100
2018ffs 58666.5 2547 1.1 700
2018hxe 58509.5 695 1.2 1600
2019aavb  58904.2  -30.5 1.0 400
2019aavb  59107.0 131.3 2.2 2000
2019avv 58666.4 103.1 3.4 500
2019npx 58718.1  -20.1 1.0 300
2019npx 59046.4 290.8 1.6 800
2019vas 58910.5 588 3.7 800
2019vme 591344 2369 3.0 900
2020in 58868.0 -39.6 1.0 600
2020in 59234.6 291.2 34 1600
2020jgv 58904.2 -233 1.0 1600
2020jgv 59107.0 1535 3.9 3900
2020nt 58891.5 -252 1.0 600
2020nt 59256.6 2824 3.8 1200
2020usa 59165.1 44 1.0 600
2020usa 59170.0 05 1.1 100
2020usa 59171.1 03 1.0 1000
2020usa 59190.1 154 1.1 100
2020usa 59347.5 1400 1.0 600
2020vfu 59144.3 -69 1.0 100
2020vfu 59221.3 614 2.6 300
2021adxl 59615.0 91.8 39 6400
2021adxl 59615.1 919 2.7 6900
2021adxl 59624.0 100.6 4.2 5900
2021adxl 59632.0 108.5 4.2 5900
2021adxl 59639.3 1157 3.4 6100
2021adxl 59664.1 1400 4.1 5200

2021adxl 59668.1 1440 5.0 4000
2021adxl  59693.0 1684 5.0 3800

2021adxl 597209 1958 5.0 1500
2021adxl 597232 198.1 5.0 1500
2021adxl 597359 2106 5.0 1400
2021adxl 597549 2292 5.4 200
2022lvm 59969.0 1740 39 6700
2022opm  59818.2 100 1.0 600
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