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ABSTRACT

We present X-shooter spectroscopic and photometric observations of a sample of 21 hydrogen-poor superluminous supernovae
(SLSNe-I), spanning a redshift range of z = 0.13-0.95, aimed at searching for shells of circumstellar material (CSM). Specifically,
we focused on identifying broad Mg I absorption features that are blueshifted by several thousand kilometers per second relative
to the narrow absorption lines associated with the host galaxy. These broad features have previously been interpreted to arise from
resonance line scattering of the SLSN continuum by rapidly expanding CSM ejected shortly before explosion. Utilizing high-quality
near-ultraviolet spectra, we modeled the region around 2800 A to characterize the Mg1I line profiles, enabling us to either confirm
their presence or place constraints on undetected CSM shells. We identified five objects in our sample that show broad Mg II absorp-
tion features consistent with the presence of CSM. While SN 2018ibb, SN 2020xga, and SN 2022xgc have been previously reported,
we identified previously undiscovered CSM shells in DES1552nr and DES16C3ggu. In the case of DES1552nr, the CSM shell is
located at ~3.4 x 10'® cm and is moving with a maximum velocity of ~4800 kms~'. For DES16C3ggu, the shell lies at ~4.8 x 10" cm
and reaches up to ~4700 kms™!. These shells were likely expelled approximately two and three months before the explosion of their
respective associated SNe on timescales consistent with late-stage eruptive mass-loss episodes. We further found evidence that the
velocities of the CSM shells in all objects lie within 3000-5000km s™', which may reflect an intrinsic property and could hint at a
similar mass-ejection mechanism. We did not find any correlations between the shell properties and the SN properties, except for a
marginal correlation between the light curve decline timescale and the shell velocities. This correlation needs further work; however,
if it applies, it is a powerful link between the late-time mass ejection and eventual explosion. We further demonstrate that CSM con-
figurations similar to the majority of the detected shells would have been observable in spectra with a signal-to-noise >5 per resolution
element, and that the lines from a shell are, in general, detectable except in cases where the shell is either very geometrically and/or
optically thin. Therefore, we conclude that the non-detections are unlikely to arise from selection effects but they may instead point
to the existence of a subclass of SLSN-I progenitors undergoing late-stage shell ejections shortly before explosion.

Key words. supernovae: general — supernovae: individual: DES15S2nr — supernovae: individual: DES16C3ggu —
supernovae: individual: SN2018ibb — supernovae: individual: SN2020xga — supernovae: individual: SN2022xgc

1. Introduction the mass-loss history during the star’s life. Mass loss in mas-

. . . . sive stars can begin as early as the main-sequence phase, driven
"l;lhe evoll ution and fate 02131 asswle s.tars,.ln.clgdmg lth?. ti/(p?j of by stellar winds (e.g., Lucy & Solomon 1970; Castor et al. 1975;
the resulting supernova (SN) explosion, is infimately linked t0 15000y a1 1999; Puls et al. 2008) with rates depending on
factors such as stellar mass (e.g., Smith 2014), metallicity (e.g.,
* Corresponding author: anamaria.gkini@astro.su.se de Jager et al. 1988; Vink et al. 2001; Hovis-Afflerbach et al.
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2025), and rotation (e.g., Maeder & Meynet 2000; Ekstrom et al.
2008; Georgy etal. 2013; Sibony etal. 2024). In addition
to wind-driven mass loss, mass can also be transferred
in binary (or higher-order) systems (e.g., Sanaetal. 2012;
Marchant & Bodensteiner 2024), where interactions with a com-
panion star can strip substantial amounts of material via
Roche-lobe overflow (e.g., de Mink et al. 2013; Petrovic et al.
2005; Gotberg et al. 2017; Laplace et al. 2020; Drout et al. 2023;
Gilkis et al. 2025).

In the late stages of stellar evolution, where evolution-
ary timescales become much shorter than the timescales for
steady mass loss, episodic, violent outbursts can dominate,
expelling significant amounts of material. Such eruptive mass-
loss events have been observed in extreme cases such as 7
Carinae (Westphal & Neugebauer 1969), although the physi-
cal mechanisms driving these outbursts remain poorly under-
stood. Several theoretical scenarios have been proposed. One
possibility is that hydrodynamic instabilities associated with
advanced nuclear burning phases can lead to envelope ejections
(Smith & Arnett 2014). Another mechanism involves wave-
driven mass loss, where convective motions in the C- and
O-burning shells excite acoustic waves that propagate out-
ward, depositing energy in the outer layers and driving mass
loss (Quataert & Shiode 2012; Shiode & Quataert 2014). Erup-
tive mass loss can also result from pulsational pair-instability
(PPI; Woosley et al. 2007; Yoshida et al. 2016; Woosley 2017;
Leung et al. 2019; Marchant et al. 2019; Renzo et al. 2020;
Huynh et al. 2025), which occurs in very massive, metal-poor
stars with He-core masses between 30 and 65 Mg. In this sce-
nario, the production of electron—positron pairs in the CO core
reduces radiation pressure support, leading to contraction, explo-
sive O burning, and subsequent mass ejection. The strength and
the number of pulses increase with the star’s mass, resulting
in more massive and energetic ejections (Renzo et al. 2020).
Eruptive mass-loss episodes can lead to the formation of cir-
cumstellar material (CSM) shells around massive stars, com-
posed of material that is expelled at velocities thousands of
kilometers per seconds (Renzo et al. 2020; Huynh et al. 2025).
Following a SN explosion, these shells can become observable
either through photometric signatures, such as light curve bumps
or undulations (e.g., Leloudas et al. 2012; Fraser et al. 2013;
Gomez et al. 2019; Hosseinzadeh et al. 2022; Chen et al. 2023b;
West et al. 2023), or spectroscopic features indicative of an inter-
action with the CSM (e.g., Ben-Ami et al. 2014; Lunnan et al.
2016; Yan et al. 2017; Pursiainen et al. 2022; Aamer et al. 2024;
Schulze et al. 2024; Gkini et al. 2024).

Such shells have been observed in the spectra of super-
luminous supernovae (SLSNe; Quimby et al. 2011; Gal-Yam
2019), a rare class of stellar explosions thought to originate
from massive progenitor stars (Moriya et al. 2018; Gal-Yam
2012). These events exhibit peak absolute magnitudes ranging
from —20 to —23 mag (De Cia et al. 2018; Lunnan et al. 2018a;
Chen et al. 2023a; Gomez et al. 2024), placing them among the
most luminous transients observed. Recently, a distinctive spec-
troscopic feature has been identified in two SLSNe-I, iPTF16eh
(Lunnan et al. 2018b) and SN 2018ibb (Schulze et al. 2024),
consisting of a second MgII absorption line system blueshifted
by approximately 3000 kms™'. This feature has been attributed
to the resonance scattering of a rapidly expanding CSM shell,
which was likely ejected decades prior to the SN explosion.
In the case of iPTF16¢eh, Lunnan et al. (2018b) also detected a
time- and frequency-dependent MgII in emission that moved
from —1600kms~! to +2900km s~ between 100 and 300 days
after maximum light, and this was attributed to a light echo from
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that shell. The distance and velocity of the CSM matched well
with theoretical predictions of PPI shell ejections. Due to the
lack of ultraviolet (UV) spectroscopic data, such a feature has
never been observed in typical stripped-envelope SNe, highlight-
ing SLSNe as a powerful diagnostic for studying episodic mass
loss in massive stars. However, the detection of these CSM shells
has so far been serendipitous, and it is unclear whether this phe-
nomenon is common or characteristic of the broader SLSN pop-
ulation.

To address this question, we conducted a dedicated observa-
tional campaign using the X-shooter spectrograph (Vernet et al.
2011) on the ESO Very Large Telescope (VLT) at Paranal Obser-
vatory, Chile, with the aim of identifying a Mg II absorption line
system with properties pointing to shell ejections shortly before
the SN explosion. This paper is the second in a series focused
on probing eruptive mass-loss episodes in the progenitors of
SLSNe. The first study by Gkini et al. (2025) examined two
SLSNe-I, SN 2020xga and SN 2022xgc, which were observed
as part of the triggered X-shooter program. In both cases, Mg I
absorption features were detected, revealing high-velocity CSM
(~4300km s~!) was expelled less than a year prior to explosion.
These two detections in Gkini et al. (2025) increased the total
number of SLSNe-I exhibiting CSM signatures to four, estab-
lishing a growing sample for statistical and theoretical analysis.

For this work, we extended the analysis to include both the
non-detections from the X-shooter sample as well as archival
spectra of SLSNe-I from the literature, with the aim of con-
straining the fraction of SLSNe-I that exhibit signatures of erup-
tive mass loss and of establishing upper limits on the presence
of CSM shells. This paper is organized as follows. In Sect. 2,
we present the SLSN-I sample and the photometric and spectro-
scopic data analyzed in this study. In Sect. 3, we describe how we
modeled the near-UV spectra to search for potential CSM shell
signatures hidden within the noise and to place constraints on
the shell properties. The connection between the spectroscopic
findings, photometry, and overall SN properties is explored in
Sect. 4. We discuss our findings in Sect. 5, and summarize our
results in Sect. 6.

Throughout the paper, the photometric measurements are
reported in the AB system and the uncertainties are provided
at 1o confidence. We assume a flat Lambda cold dark mat-
ter cosmology with Hy = 67.4kms~! Mpc™!, Q,, = 0.31, and
Qa = 0.69 (Planck Collaboration VI 2020).

2. The X-shooter sample

Motivated by the discovery of CSM shells in iPTF16eh

(Lunnan et al. 2018b) and SN 2018ibb (Schulze et al. 2024), we

collected a spectroscopic sample of 19 objects with the medium-

resolution (R ~ 5400) X-shooter spectrograph (program IDs:

105.20PN, 106.21L3, 108.2262 and 110.247C), as the spec-

tral resolution of this instrument is essential for distinguishing

between the interstellar medium (ISM) and CSM absorption fea-

tures. The selection criteria for the program focused on objects

that:

1. had been spectroscopically classified as SLSNe-I from other
facilities,

2. were observable from Paranal,

3. had a redshift z > 0.11 to ensure that the MgII resonance
lines were reachable with X-shooter, and

4. were brighter than a magnitude cut-off (18—19.5 mag) to
ensure a S/N > 10.
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We note that the last criterion was not satisfied for all objects
due to weather conditions, and many of the spectra in our sample
have S/N < 10.

Six objects from our initial triggered sample of 19
were excluded from the analysis. Among them, two objects,
SN 2021aaev (Hu et al. 2025) and SN 2021adxl (Brennan et al.
2024), were classified as SLSNe-II and are therefore not
included in the present H-poor SLSN sample. One event,
SN 2021yfj, was identified as the first Type Ien SN, almost
reaching the luminosity of a SLSNe (Schulze et al. 2025). In
addition, SN 2022czy (Blanchard et al. 2022) and SN 2022csn
(Arcavi & Pellegrino 2022) were subsequently reclassified as
tidal disruption events, while SN 2023ayq (Schulze et al. 2023)
was reclassified as a SN Ia-CSM. From the remaining trig-
gered sample of 13, we identified 11 SLSNe-I in which Mgl
absorption features from the CSM are not clearly detected (see
Sect. 3.2), and two events where such absorption systems from
the CSM shell are observed and analyzed in detail by Gkini et al.
(2025).

Out of the 46 SLSNe-I that occurred during the observational
window of our X-shooter program (October 2020—March 2023),
26 were accessible from Paranal at an airmass below 2 and had
redshifts z > 0.11. However, due to a number of selection con-
straints, including technical factors such as program availability
in a given semester, interruptions caused by the COVID-19 shut-
down, sources becoming too faint by the time of classification,
and the requirement for prior classification by other facilities, we
ultimately triggered 13 SLSNe-I. In conclusion, while the final
triggered sample of 13 objects is not complete, it still provides a
robust dataset for investigating the presence of CSM in SLSNe-1.

The sample is supplemented with SLSNe-I that have high-
quality X-shooter spectra available in the literature and ESO
archive!. To identify these objects, we conducted a thorough
review of all publicly available SLSN-I spectra in the WISeREP
and ESO archive? (Yaron & Gal-Yam 2012) up to October 2024.
Although the first SLSN-I discovered to exhibit a CSM shell was
observed with the LRIS instrument mounted on the Keck I tele-
scope, the Mg II absorption lines associated with the CSM were
unresolved in that dataset. Thus, we restrict our analysis to X-
shooter spectra. Out of a total of 281 known SLSNe-I (reported
in TNS), we identified 20 objects with publicly available X-
shooter spectra, 19 of which fulfill our redshift limit.

A signal-to-noise (S/N)-based quality cut was applied to the
full sample of 32 (13 + 19) SLSNe-I. For each spectrum, the S/N
was computed as the median of the flux divided by the associated
error at each wavelength within the 2675-2875 A interval. We
excluded all spectra with S/N < 3 per resolution element at the
expected location of MgTI, as spectra below this threshold do
not yield reliable or informative results regarding the presence or
absence of a CSM. After implementing the quality cut criteria,
the final sample comprises 11 SLSNe-I from our initial triggered
observations (SN 2021txk and SN 2021oes are excluded due to
S/N of 1.2 and 1.5 per resolution element, respectively) and 10
SLSNe-I from the literature, resulting in a total of 21 objects.
The final sample is presented in Table 1.

2.1. Spectroscopy

All the X-shooter observations were carried out using ultraviolet
(UVB), visible (VIS), and near-infrared (NIR) arms using 1”70,
079, and 079 wide slits, respectively. The observations were con-

' Program ID: 105.20CB.002, PI: Annalisa De Cia.
2 https://www.wiserep.org/

ducted in nodding, stare, or offset mode, covering a wavelength
range from 3000 to 24 000 A. Since the all data were reduced
in different ways, we retrieved the raw data of all objects from
the ESO archive and performed our own data reduction. The
reduction process began with the removal of cosmic rays using
the astroscrappy’ package, which implements the algorithm
of van Dokkum (2001). Next, the data were reduced with ver-
sion 3.6.3 of the X-shooter pipeline using the ESOReflex work-
flow engine (Goldoni et al. 2006; Modigliani et al. 2010). For the
objects that were observed in the nodding mode, the UVB and
VIS-arm data were reduced in stare mode to boost the S/N within
the wavelength range relevant to our analysis. This step proved to
be essential, as an improved S/N significantly increases sensitivity
to weak spectral features, which is critical for detecting the pres-
ence of a CSM shell (see Sect. 3). The corrected two-dimensional
spectra were then co-added using the reduction tools developed by
Selsing et al. (2019)*. To achieve proper skyline subtraction, the
NIR-arm data were processed in nodding mode. The wavelength
calibration of all spectra was adjusted to account for barycentric
motion. The spectra from the different arms were combined by
averaging the overlapping regions. Each spectrum was flux cali-
brated against standard stars. All spectra used in this study were
corrected for Milky Way extinction and are absolutely calibrated
using contemporaneous photometric measurements. The spectra
are presented in Fig. 1. A log of the spectroscopic observations
is provided in Table A.1, and the fully reduced spectra have been
uploaded to the WISeREP archive.

2.2. Photometry

Photometric measurements of our triggered X-shooter sam-
ple were conducted with the Zwicky Transient Facility (ZTF;
Bellm et al. 2019; Graham et al. 2019; Dekany et al. 2020) sur-
vey. The ZTF forced point spread function-fit photometry was
retrieved from the Infrared Processing and Analysis Center
(IPAC; Masci et al. 2019) for the gri bands. To construct rest-
frame light curves, we followed the ZTF data processing guide-
lines®, which include baseline correction, validation of flux
uncertainties, nightly co-addition of measurements, and conver-
sion of differential fluxes to the AB magnitude system. A 30
quality cut was applied to the photometric data. We note that
among our triggered sample, only SN 2020rmv is included in
the ZTF sample presented by Chen et al. (2023a) due to the time
threshold in October 2020.

For the objects in our triggered sample where ZTF pho-
tometry was not available, we retrieved forced photometry
from the ATLAS forced photometry server® (Tonry et al. 2018;
Smith et al. 2020; Shingles et al. 2021) for both ¢ and o filters.
The clipping and binning, with a bin size of 1 day, of the ATLAS
data were done using the plot_atlas_fp.py’ python script.
Similarly to the ZTF data, we removed the measurements with
<30 significance and converted the resulting fluxes to the AB
magnitude system.

For the ten supplemented objects, we used the photometric
data reported in the original studies referenced in Table 1, with
the exception of iPTF15cyk and SN 2021gch. For iPTF15cyk,

3 https://github.com/astropy/astroscrappy

4 https://github.com/jselsing/XSGRB_reduction_scripts
> https://irsa.ipac.caltech.edu/data/ZTF/docs/ztf_
zfps_userguide.pdf

® https://fallingstar-data.com/forcedphot/

7 https://gist.github.com/thespacedoctor/
86777£a5a9567b7939e8d84fd8cf6a76
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Table 1. SLSN-I X-shooter sample.

Name RA Dec z E(B-V)yw Discovery® Classification Reference
(J2000.0) (J2000.0) (mag) Group
SN2020rmv ~ 00:40:00.19 —14:35:25.03 0.26 0.019 ATLAS Terreran (2020) Chen et al. (2023a)
SN 2020xga 03:46:39.37 —11:14:33.90 0.43 0.049 PS1 Gromadzki et al. (2020) Gkini et al. (2025)
SN 2020zbf 01:58:01.67 —41:20:51.84 0.20 0.014 ATLAS Thanec et al. (2020) Gkini et al. (2024)
SN 2020abjx  02:15:02.31 -08:37:43.61 0.39 0.022 ZTF Yan et al. (2020) Gomez et al. (2024)
SN 2020abjc  09:28:00.28 +14:07:16.60 0.22 0.028 ZTF Blanchard et al. (2020) Gomez et al. (2024)
SN 2021ek 03:23:49.90 -10:02:41.44 0.19 0.053 ZTF Gillanders et al. (2021) Gomez et al. (2024)
SN 2021fao 10:28:42.55 -11:02:34.27 0.28 0.048 ATLAS Gkini (2025) This paper
SN 2021hpx 09:31:06.26 —19:31:04.86 0.21 0.046 ATLAS Gonzalez et al. (2021) Gomez et al. (2024)
SN2022abdu  03:06:04.89 -46:43:16.90 0.13 0.012 ATLAS Gromadzki et al. (2022) Gomez et al. (2024)
SN2022acch  09:24:01.91 -13:31:29.06 0.42 0.040 ZTF Gkini et al. (2022) This paper
SN 2022xgc 07:12:41.81 +07:18:59.95 0.31 0.061 ZTF Gromadzki et al. (2022) Gkini et al. (2025)
LSQl12dif 01:50:29.80 —21:48:45.40 0.26 0.011 LSQ Inserra et al. (2012) Nicholl et al. (2014)
SN2013dg 13:18:41.38 +07:04:43.10 0.26 0.048 CSS Smartt et al. (2013) Nicholl et al. (2014)
iPTF13ajg 16:39:03.95 +37:01:38.40 0.74 0.012 iPTF Vreeswijk et al. (2014) Vreeswijk et al. (2014)
iPTF15cyk 07:42:14.87 +20:36:43.40 0.54 0.051 iPTF Kasliwal et al. (2016) Kasliwal et al. (2016)
OGLE15qz 03:08:35.88 —70:30:41.7 0.59 0.028 OGLE  Kostrzewa-Rutkowska et al. (2015)  Aryan et al. (in prep.)
DES15S2nr 02:40:44.62 —00:53:26.40 0.22 0.030 DES Angus et al. (2019) Angus et al. (2019)
DES16C3dmp 03:31:28.35 -28:32:28.30 0.57 0.007 DES Angus et al. (2019) Angus et al. (2019)
DES16C3ggu  03:31:12.00 -28:34:38.70 0.95 0.007 DES Angus et al. (2019) Angus et al. (2019)
SN 2018ibb 04:38:56.95 —-20:39:44.10 0.16 0.030 ATLAS Pursiainen et al. (2018) Schulze et al. (2024)
SN2021gch  10:27:25.276 +20:27:15.92 0.51 0.018 ZTF Lunnan et al. (2024) This paper

Notes. The upper half of the table lists all the objects triggered through our X-shooter programs, while objects in the lower half are from the
literature and ESO archive. ® The LSQ stands for La Silla-QUEST survey, CSS for Catalina Sky Survey, and OGLE for Optical Gravitational

Lensing Experiment.

we retrieved the light curves in the BRgiz filters from IPAC
(Laher et al. 2014). The data were reduced using the PTFID
pipeline® for the P48 instrument and the reduction pipeline
described by Fremling et al. (2016) for the P60 instrument. For
SN2021gch we retrieved the ZTF data from IPAC in the gri
bands and we followed the same procedure as for our triggered
X-Shooter sample.

3. Spectral modeling

To date, four SLSNe-I have been reported in the literature
(Lunnan et al. 2018b; Schulze et al. 2024; Gkini et al. 2025) that
exhibit a MgII absorption line system that move slower than
the SN ejecta (~4000 vs. ~10000km s!) but has broader lines
than those originating from gas in the host ISM (250-500 km s~
VS. <100kms_1; Kriihler et al. 2015; Arabsalmani et al. 2018).
These characteristics suggest that the blueshifted features arise
from fast-moving material that is physically distinct from both
the SN ejecta and the host ISM. For a more detailed discussion of
these features, see Lunnan et al. (2018b) and Gkini et al. (2025).

Modeling of the CSM MgII lines in these four objects
revealed that the CSM shells exhibit a broad range of proper-
ties: velocities v, between 3300 and 4400 kms™!, inner radii
R, spanning from 1.8 to 48.1 Ry, where Ry is the photo-
spheric radius of the SN, outer radii from 2.0 to 50.7 Ry, and
optical depths 7 ranging from 0.5 to 10. These variations in
shell parameters are reflected in the diversity of the line pro-
files (see Gkini et al. 2025, their Fig. 14). In the specific case of
SN 2020xga (Gkini et al. 2025), the shell was only marginally
detected, prompting a discussion of the necessary physical con-
ditions for a CSM shell to be discernible above the noise level in

8 https://web.ipac.caltech.edu/staff/fmasci/ptf/masci_
iPTFworkshop2014_ptfide.pdf
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the SN spectrum. This consideration, along with the absence of
such a Mg1I absorption system in the majority of the observed
SLSNe-I, motivated a systematic investigation of the detectabil-
ity limits of CSM shells in SN spectra.

3.1. Monte-Carlo scattering code

The modeling of the CSM MgIl lines in SN 2018ibb,
SN 2020xga, and SN 2022xgc was performed using the Monte
Carlo scattering code described by Gkini et al. (2025), that is
based on Fransson et al. (2014) and Taddia et al. (2020). As
mentioned in Gkini et al. (2025), the code assumes homologous
expansion of a shell with velocity v = vy (r/Royut), Where vpmax
denotes the maximum shell velocity and R, is the shell’s outer
radius. This velocity structure is appropriate for modeling mate-
rial expelled in a short-duration, eruptive mass-loss episode. This
assumption would break down if the SN ejecta was interacting
with the shell, but in the absence of any observational signa-
tures of such interaction, in both the spectra and multiwavelength
photometry, the homologous assumption remains the most self-
consistent choice. Indeed, the MgII absorption profiles in all
SLSNe with putative CSM were best modeled under the homol-
ogous hypothesis. In this regime, the blue and red velocity edges
of the shell absorption, vpe and veeq respectively, map directly
onto the shell’s inner and outer radii as follows:

Ublue = ~Umax

(B[ (Ben)
B e Rout Rin

Thus, determining the blue and red velocities of the absorption
we can estimate the radius R;, and R, of the shell relative to the
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Fig. 1. Near-UV spectroscopic observations of the 21 SLSNe-I in the final X-shooter sample analyzed in this study. Each panel shows the observed
spectrum of a single object around the 2800 A region, with the corresponding 1o uncertainty shaded in gray. All spectra have been corrected for
Milky Way extinction. The objects are presented in order of descending S/N.

photospheric radius:

1/2
R

Ublue Rout
We modeled the CSM shell with a uniform optical depth 7,

which under the Sobolev approximation (Sobolev 1957) is given
by

Rin
Roul

G B Arinyt
=T 1)
g1
Here, Ay, = 2.8 x 108s™! is the transition rate between the

upper level 2 and lower level 1, n; is the number density in
the ground state, A the wavelength, g; = 2 and g, the statistical
weights of the lower and upper levels, respectively, and ¢ the time
from the eruption. Given the shells’ narrow geometry, plausible
density gradients such as a wind profile (o « r~2) would only
marginally affect the absorption signatures. Although this uni-
form 7 assumption is a simplification, it is a reasonable choice
given the significant uncertainties in the progenitor’s mass-loss
history. Alternative density profiles or nonspherical geometries
could certainly be explored, but doing so is beyond the scope of

this study. It would require dedicated modeling of different mass-
loss prescriptions, the ionization and the temperature structure.
Moreover, the well-characterized, spherically symmetric shell
inferred for iPTF16eh (Lunnan et al. 2018b) motivates our con-
tinued use of a spherical geometry in this analysis.

Finally, using Ar = (vmax — vin) ? for a homologous shell we
can estimate the column density of MgII, N = n;Ar,

Umax ) ( Rin ) =)
I 1- TCcm “.
103 kms Rout

In the highly optically thick regime, this equation no longer
provides an absolute column density measurement but instead
yields only a lower limit.

In this study, while the core functionality of the code remains
unchanged, it has been adapted for this work to allow exploration
of a significantly broader parameter space. The code requires as
input a set of parameters: vmax, Rin, Rout, and 7 along with a pre-
scribed “continuum” spectrum, and outputs the resulting Mg1I
line profile emerging from a spherically symmetric CSM shell
defined by the input parameters. The “continuum” represents
photons produced near 2800 A in the SN photosphere that are
scattered by the expanding shell. Whereas in Gkini et al. (2025)

N=22x 1014( ®)
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the background continuum was shaped by the broad Mg1I fea-
tures originating in the SN ejecta, in this work we assume a flat
continuum. This approach enable us to run a large (~200 000
models) parameter grid reducing the computational expense.
Although this simplification neglects the evolution of tempera-
ture and velocity of the ejecta, which primarily shape the over-
all continuum itself, it has no impact on the CSM Mgn P-
Cygni absorption profiles. Since each synthetic absorption pro-
file is ultimately multiplied by the object-specific continuum (see
Sect. 3.2), the modeling assuming a flat continuum does not
affect our ability to detect the CSM signatures.

3.2. Modeling of the full X-Shooter sample
3.2.1. Grid of parameter space

To investigate the properties of CSM shells that may be hidden in
the noise in the spectral region around 2800 Ain our sample, we
conducted a parameter survey exploring a range of shell config-
urations. Specifically, we varied vmax, Rin, thickness (Ar (Rpp)),
and 7. To systematically explore this parameter space, we con-
structed a grid defined by:

vmax (kms™) € (500, 5500)
Rin (Rpn) € (1,60)
Ar (Rpp) € (0.04,59)
7€ (0.05,6).

We set the lower limit of vy to 500kms™! to avoid overlap
between potential CSM features and the host galaxy’s MgII
absorption system. Velocities above 5500 km s~ were excluded,
as they begin to approach SN ejecta velocities. For R;,, we
explored a range starting from shells attached to the SN pho-
tosphere, extending up to 60 Ry, to also include cases such as
iPTF16¢h, where the shell was located at approximately 50 Rpp.
Rather than setting the outer radius directly, we define the shell
thickness Ar, so that Ry, = Rj, + Ar. This setup enables the
exploration of a wider range of shell sizes. For T we imposed
an upper limit of 6, beyond which the results show negligible
change. To optimize computational efficiency in this parameter
grid exploration, we sampled both Ar and the T logarithmically.
This logarithmic sampling allows a more thorough investigation
of the effects of optically and/or geometrically thin shells.

To understand how each of the modeled parameters, vmax,
Rin, Ar, and 7, influences the synthetic spectra and visualize
these effects, we present a series of example synthetic spec-
tra for SN 2020rmv in Fig. 2, varying one parameter at a time
while keeping the others fixed. As shown in Fig. 2a, increas-
ing the optical depth 7 (at fixed vpax, Rin, and Ar) enhances the
depth and the prominence of the absorption features. At the same
time, the shell begins to contribute significantly to the emis-
sion, modifying the shape of the underlying continuum. In con-
trast, shells with low optical depths have a negligible impact on
the spectrum and remain largely consistent with the SN contin-
uum, since the contribution from the shell is minimal. In Fig. 2b,
varying the velocity of the CSM shell shifts the absorption fea-
tures to higher velocities and broadens the lines. This effect is
due to the definition of the homologous expansion, expressed as
Umax — Uin = Umaxl1l — (Rin/Rout)]. When the ratio R;, /Ry 1s held
constant, increasing vpy.x leads to broader absorption features,
and as a result the doublet is blended.

Varying the shell width Ar also has a significant impact on
the shape of the synthetic Mg 1 CSM lines as shown in Fig. 2c.
Broader shells, extending well beyond the photospheric radius,
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span a wider range of velocities (from —vp,y to nearly zero). In
these cases, the absorption features appear sharper, with the max-
imum absorption primarily originating from the slower-moving
inner regions of the shell. The associated emission component
becomes narrower, as most photons are scattered out of the line
of sight. In contrast, shells with widths comparable to the photo-
spheric radius sample a more limited velocity range (depending
on the R,y,) and produce wider absorption features. In such nar-
row shells, the Mgl doublet often blends into a P Cygni-like
profile, resembling those commonly observed in expanding SN
ejecta. The line profiles are also sensitive to variations in the
inner shell radius R;, when the other parameters are held con-
stant (see Fig. 2d). As Rj, increases, placing the shell farther
from the photosphere, the absorption features become narrower.
This is because the shell’s inner edge moves faster (closer to
Umax) due to its greater distance while vy, remains constant. At
the same time, the shell contributes little to the emission compo-
nent, resulting in a flatter profile that remains consistent with the
continuum level.

3.2.2. Observational constraints on CSM properties

To assess the statistical significance of the Mg CSM features
predicted by the Monte Carlo code and to evaluate which regions
of parameter space are ruled out from the observed spectrum at a
given confidence level, we employed a Bayesian framework. In
this framework the log-likelihood log L is given by:

1 [ i — i)
_ i 1 2
logL = -3 ?:1 [T +1In(270?) 3)

i

where y is the observed data, u is a given model and o is the
uncertainty in the observed data, under the assumption that the
observational errors are independent and Gaussian distributed
with known variances.

First, we defined the underlying continuum by fitting the
observed spectrum with a spline function. We applied a 3o clip-
ping to remove residual artifacts and cosmic rays. To ensure that
potential weak CSM features would not bias the continuum fit,
we then interpolated across regions corresponding to host galaxy
Mg 11 absorption and the expected CSM feature locations (which
is different for each model). To assess the effect of observational
noise on the continuum fit, we applied a Monte Carlo approach.
We generated multiple realizations of the observed spectrum by
perturbing it according to the measurement uncertainties and
for each realization, the continuum was refit. For each contin-
uum, we computed the log L using Eq. (3), where u represents
the continuum model. This process generates a distribution of
log Leontinuum Values that represent how well a continuum-only
model can explain the observations under the observed noise.

Second, the synthetic spectra, generated by the Monte Carlo
code, were degraded to match the spectral resolution of the X-
shooter instrument, using the arm in which the Mg1I feature is
observed. As these synthetic spectra assumed a flat continuum
(see Sect. 3.1), they were then multiplied by the underlying con-
tinuum defined in the first step, producing realistic model spectra
that include possible CSM absorption features. Using Eq. (3), we
computed the 10g Leeature, Where p now corresponds to the model
with CSM shell (feature model), quantifying how well the fea-
ture model reproduces the observed data.

Third, to provide a measure of how strongly the data sup-
port the continuum model relative to the absorption model, we
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Fig. 2. Synthetic spectra generated using the Monte Carlo scattering code, where three of the four parameters were held fixed while the fourth was
varied: optical depth 7 in panel (a), maximum velocity vm.y in panel (b), shell width Ar in panel (c), and inner radius R;, in panel (d). The colorbar
indicates the value of the parameter being varied in each case, while the values of the fixed parameters are noted in the title of each panel. The Ar
and Ry, are in units of photospheric radius Ry, and the colorbars are in logarithmic scale for better visualization. For clarity, the host galaxy Mg 11
lines (black dashed lines) have been excluded from the model spectra. The gray curve shows the observed spectrum of SN 2020rmv, with the light

blue shaded region indicating the 10~ uncertainty.

calculated:

— (10g Lcontinumm) - 10g Lfeature
o 10g Lcontinuum

which directly indicates the confidence level of the detection.
We adopt a So threshold to determine whether the model with a
CSM shell is preferred over the continuum-only model (i.e., no
CSM shell). In cases where the significance exceeds +50, the
continuum-only model is strongly favored by the observed data
and the corresponding CSM absorption models are ruled out.
Conversely, when the significance falls below —50, the model
with a CSM is significantly preferred over the continuum-only
model, indicating the detection of a CSM shell in the observed
spectrum. For significance values between —50 and +50, we
cannot distinguish between the models and cannot rule out or
confirm the presence of a CSM shell.

For objects in which the model with a CSM shell is never
favored by the data, and thus no CSM absorption is detected
in the observed spectra, we show the excluded parameter space
for four objects in Fig. 3. Similar diagnostic plots for the other

AlogL

12 objects without detections are shown in Appendix B. The
results are shown as a function of increasing S/N to illustrate
how the excluded parameter space evolves with improving data
quality. While no combination of the four parameters can be
entirely ruled out at any S/N level, certain combinations are
clearly disfavored. The most notable result is that models char-
acterized by both large CSM shell thickness and high optical
depth are strongly disfavored. As shown in Figs. 2a and 2c, such
configurations would produce strong and deep Mg II absorption
features that would almost certainly have been detected in all
objects. Additionally, shells with high optical depth and small
inner radius (i.e., located close to the photosphere) tend to be
excluded more readily. This is expected, as shown in Fig. 2d;
nearby shells give rise to broad P-Cygni-like profiles with promi-
nent emission components, which, when combined with high
optical depth, result in highly conspicuous spectral features.
With increasing S/N, we are able to place progressively
stricter constraints on the properties of potential CSM shells,
as fewer configurations can remain hidden within the noise of
the spectrum. As shown in Fig. 3, for events with low S/N, the
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Fig. 3. Corner plots for four of the 16 events in our sample without CSM detections, illustrating the percentage of CSM models ruled out as a
function of an increasing S/N. The colorbar indicates the fraction of excluded models. The parameters correspond to the maximum velocity vyax,

inner radius R;,, shell thickness Ar and optical depth 7.

ruled-out parameter space is relatively limited, and much of the
model space remains viable due to the limited ability of low-
quality spectra to constrain subtle MgII absorption features. At
high S/N, the vast majority of the parameter space is excluded,
permitting only configurations involving shells that are both opti-
cally and geometrically thin, i.e., those producing weak features
that could plausibly remain undetected even in high-quality data.

3.2.3. Physical constraints for undetected CSM shells

To constrain the physical properties of the CSM shells that
are ruled out, we estimate lower limits on their column den-
sities using Eq. (2), above which the shells would have been
detectable. In Fig. 4, we plot these column density limits as a
function of the spectral S/N. As expected, the column density
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threshold shows an exponentially declining trend with increas-
ing S/N, indicating that higher-quality data enable the detection
of weaker CSM shells. This plot further illustrates that shells
with properties similar to those of SN2018ibb, SN 2022xgc,
DES16C3ggu, and DES15S2nr would be detectable for S/N > 5
per resolution element, whereas weaker shells, such as that
observed in SN 2020xga, would require S/N > 25 per resolution
element for detection.

Determining corresponding limits on the mass of these
shells, which would provide stronger constraints on the nature of
the ejections, remains challenging in the case of non-detections.
Since no MgII absorption systems are observed, there are no
specific shell parameters to anchor a mass estimate; the same
column density could correspond to a range of shell masses
depending on the assumed shell geometry.
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Fig. 4. Column density of the CSM shells as a function of the spec-
trum’s S/N. Triangular markers denote the lower limits for objects with
no detected shell, representing the column density above which a shell
would have been detectable given the noise level. The dashed line shows
the best-fit relation, and the shaded region marks the parameter space
where a CSM shell would remain undetectable at the given S/N. Star
symbols indicate the measured column densities (or lower limits) for
objects with detected CSM shells.

We also investigated whether two distinct populations exist
in the inferred ejection times, depending on whether the CSM
shell is detectable or not. In principle, such a distinction could
provide clues as to whether shells expelled immediately prior
to explosion are swept up by the SN ejecta, while those located
at somewhat larger radii remain observable. However, no clear
separation is evident among the non-detection cases. Thus, the
detectability of a shell likely depends on its density; shells
ejected only a few days before explosion could be detectable if
sufficiently dense, but would remain unseen if too optically thin.
Moreover, even a dense but geometrically thin (Ar < 1) shell
would be quickly overtaken by the SN ejecta, erasing its spec-
tral signature within days. Similarly, shells expelled decades to
hundreds of years prior may be observable if dense enough, but
diffuse, low-density shells would produce no detectable absorp-
tion features at the time of observation.

3.2.4. CSM shell detections

We identified five objects (DES15S2nr, DES16C3ggu,
SN 2018ibb, SN 2020xga and SN 2022xgc) for which some of
the models with a CSM shell are statistically preferred over
the continuum-only models by the data with >50 significance.
The favored regions of the parameter space are shown in
Fig. 5. In three of these events, SN2018ibb, SN2020xga,
and SN 2022xgc, previously discussed by Gkini et al. (2025),
broad MgIl absorption features have been directly observed
at velocities of 3200—4400kms~!. As shown in Fig. 5, the
models favored by our analysis fall within these velocity ranges,
consistent with the derived shell properties from Gkini et al.
(2025).

In this work, we also identify DES15S2nr and DES16C3ggu
in which there are models with CSM shells that are favored by
the data. In both cases, the preferred models lie in the velocity

mmm DES15S2nr mmm DES16C3ggu mmm SN2018ibb mmm SN2022xgC SN2020xga
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Fig. 5. Boxplots for DES15S2nr, DES16C3ggu, SN2022xgc,
SN 2018ibb, and SN 2020xga. The colored boxes indicate the parameter
space where models with CSM are statistically favored over continuum-
only models at a confidence level exceeding >50-. The white horizontal
lines within each box mark the best-fit values. The parameters explored
are the maximum velocity (v, ), the inner radius (Ry,), the shell thick-
ness (Ar), and the optical depth (7).

range of ~4000—5000 kms™' suggesting the presence of a CSM
shell within this velocity range. Indeed, inspection of the spectra
of DES15S2nr and DES16C3ggu reveals a second Mg IT absorp-
tion system at velocities close to 5000 km s~'. This confirms that
our method has successfully identified two more objects exhibit-
ing fast-moving CSM at >50 confidence level. We further note
that the permitted velocity range is tightly constrained relative
to the other parameters, as it dictates the specific spectral region
where the CSM absorption is located.

We note that the boxplots presented in Fig. 5 illustrate only
the presence of models with CSM shells that are favored over
continuum-only models in the observations. They do not imply
that these models provide good absolute fits to the observed
CSM absorption lines. This is because our method is designed
as a model comparison tool to detect the existence of CSM
features in the observed spectrum and not to find the best-fit
model. Given the coarse, gridded nature of the parameter space
and the constraints on computational time, extracting the exact
shell properties of an observed CSM line is not feasible with
the current approach. Incorporating a full Bayesian inference
framework could enable a more rigorous parameter estimation,
but implementing such a methodology is a future work focusing
on the code development. Accurate measurements of the CSM
properties therefore require a dedicated line-profile modeling
method, which we discuss further in Sect. 3.3 for DES15S2nr
and DES16C3ggu.

3.3. CSM shells around DES1552nr and DES16C3ggu

We modeled the CSM shells of the two new objects, DES15S2nr
and DES16C3ggu, for which our method indicated the pres-
ence of a CSM absorption feature. To refine the best-fit param-
eters, we first limited the parameter space to the regions in
which CSM models are favored over the continuum mod-
els. We then employed a Monte Carlo sampling approach to
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generate 10 000 models centered around this region of parameter
space. After determining the maximum-likelihood model from
this first sampling, we further narrowed the parameter space and
repeated the process, generating an additional 10000 models
within the refined region. To estimate the 10~ uncertainty region,
we selected all models whose likelihood values fell within 1o~ of
the best fit. The observed spectra, along with the best-fit models
and lo associated uncertainties, are presented in Fig. 6.

For DES15S2nr, we find good agreement between the model
and the observed spectrum for a shell with inner radius R;, =
1.79*032 Ryp and outer radius Rey = 1.997035 Ryh, where Ry,
is the photospheric radius. The best-fit maximum velocity of the
CSM shell is vpex = 4823*27 kms™'. These values are within
the permitted region in Fig. 5. From the observed spectrum, cor-
rected for Milky Way extinction and calibrated against photo-
metric data, we derived a blackbody radius of 1.88 + 0.08 X
10" cm. Using this, we estimate that the CSM shell is located at
3.37f8:g§ x 10" cm and extends to 3.74f8gg x 10" cm. Based on
the derived shell location and velocity, we estimate that the shell
was ejected 90.0f:1:g days prior to the epoch of the observed
spectrum. As no well-constrained non-detections exist prior to
the first detection of the SN, we adopt the first detection date
(MJD 57252.3; D’ Andrea et al. 2015) as a proxy for the explo-
sion time. Assuming a constant expansion velocity (as inferred
for SN 2018ibb), we estimate that the CSM shell was expelled
approximately 2.0f8:2 months before the core collapse.

For DES16C3ggu, the best-fit model corresponds to a CSM

shell with inner and outer radii of R;, = 1.83f8:82 Rphot and

Ry = 1.98f8'(1)(7) Rphot» TESpectively, and a maximum expansion

velocity of vmax = 4718f‘1% kms~!. These values are consistent
with the regions where models with CSM are favored by the
data. These values translate into a physical shell that extends

from 4.81*073x 10" cm t0 5.21*(37x 10" cm. Assuming that the

shell has not experienced significant deceleration, we estimate
that it was ejected 3.4f8:% months prior to the SN’s first detection
(MJD 57763.1; Angus et al. 2019), based on the inferred expan-
sion velocity.

We emphasize that the uncertainties in the estimated ejec-
tion time for DES15S2nr and DES16C3ggu reflect only the
statistical uncertainties from the spectral modeling. Systematic
uncertainties, such as those arising from the poorly constrained
explosion date or the blackbody fit to the spectrum which is
notably noisy, are not accounted for. This is particularly severe
for DES16C3ggu, which lies at a higher redshift and for which
early-time photometric coverage is limited. Consequently, for
both DES15S2nr and DES16C3ggu, we treat the estimated time
between CSM ejection and the SN explosion as an upper limit.
Nonetheless, the derived timescales are consistent with the sce-
nario in which the CSM is expelled within the final year before
the core collapse in SLSNe-I with detected CSM shells detected.

The relative depth of the blue and red Mg1I doublet in both
DES15S82nr and DES16C3ggu indicate an optical depth of 7 = 3.
Using Eq. (2) we estimate the column density of the CSM Mg
of DES15S2nr and DES16C3ggu. Since the lines are saturated
in both cases, we only find a lower limit of N(Mg1) > 3.2 X
10 cm™2 and N(Mg11) > 2.4 x 10'* cm™2 for DES15S2nr and
DES16C3ggu, respectively.

For DES16C3ggu, only a single X-shooter spectrum was
obtained, owing to the limited brightness and larger distance of
the event. In the case of DES15S52nr, additional X-shooter spec-
tra were acquired at later epochs; however, the UV region of
these data is too noisy to reliably detect any potential signatures
from the CSM shell.
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4. Light curve properties
4.1. Detections versus non-detections

To estimate the light curve properties in the rest-frame g band for
the SLSNe-I in our sample, we selected the appropriate observed
photometric bands that correspond to the rest-frame g band at
various redshifts. Specifically, we used g-band light curves for
objects with z < 0.17, r band for z > 0.17, i band for z > 0.56,
and z band for z > 0.86. The peak of each rest-frame g-band light
curve was estimated using the method described by Angus et al.
(2019), which involves light-curve interpolation and Gaussian
Process regression, implemented with the GEORGE Python pack-
age (Ambikasaran et al. 2015) using a Matern 3/2 kernel. To
convert the peak apparent magnitudes to peak absolute magni-
tudes, we applied the relation M = m — u — Amw — Kcorr, Where
m is the apparent magnitude, u is the distance modulus, Ay
is the Milky Way extinction, and K, is the K-correction. For
the K-correction, we used the formula from Hogg et al. (2002)
along with spectra near peak. In objects where peak spectra
were unavailable, we applied the term —2.5log(1 + z), which
has been found to agree within 0.1 mag of the full K-correction
(Chen et al. 2023a). The resulting rest-frame g-band absolute
magnitudes are reported in Table A.2.

In Fig. 7, we compare the light curve properties of our final
X-shooter sample to those of the homogeneous ZTF SLSN-I
sample presented by Chen et al. (2023a), which analyzed the
photometric characteristics of 78 H-poor SLSNe-I. Each panel
displays the kernel density estimates (KDEs) for the ZTF sam-
ple, derived from a Monte Carlo simulation that incorporates the
asymmetric uncertainties in the measured parameters. First, to
assess whether our initial triggered sample selection introduces
a bias toward intrinsically brighter SNe, we compare the peak
magnitudes of our initially triggered sample to those of the ZTF
sample in Fig. 7a (top panel). We find that the median peak mag-
nitude of our initial sample, —21.3 +£0.1 (the mean absolute devi-
ation value is reported), is consistent with the ZTF median of
—21.5 £ 0.2, indicating that our selection does not preferentially
favor brighter SNe. Next, we divide the final X-shooter sam-
ple into events with and without Mg CSM detections, shown
in Fig. 7a (bottom). The median peak magnitude of the non-
detection subsample, —21.5 + 0.3, is consistent with that of the
ZTF sample. For the detection subsample, which contains only
six objects, we do not plot a KDE, as it would not reliably reflect
the underlying distribution. Instead, we present the individual
measurements along with their associated uncertainties. On aver-
age, the detection subsample appears somewhat more luminous
than both the non-detections and the ZTF sample. However, two
events with a CSM from the DES sample exhibit peak magni-
tudes that are fainter than the ZTF median, suggesting that the
presence of detectable CSM absorption features is not strictly
correlated with the intrinsic brightness of the SNe.

A comparative analysis of the temperature evolution between
the detection and non-detection subsamples reveals no signif-
icant differences between the two groups. However, since this
analysis was based solely on three optical photometric bands and
the blackbody peak lies in the UV, we also use the rest-frame g—r
color at peak brightness as an additional diagnostic. To estimate
this, we used the rest-frame peak magnitudes inferred from the
interpolated rest-frame g- and r-band light curves. The resulting
values are reported in Table A.2. As shown in Fig. 7b, the g — r
colors at peak are consistent with the median of —0.2 + 0.1 mag
the ZTF sample, supporting our earlier conclusions regarding the
temperature evolution. Due to the relatively higher redshifts of
the events in our X-shooter sample and the lack of observations
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Fig. 6. Modeling of the Mg II doublets originating from the CSM shell (broad features) and the host galaxy’s interstellar medium (narrow features)
for DES15S2nr (left) and DES16C3ggu (right). The observed spectra in the 2800 A region are shown in gray, while the best-fit model and
associated 1o~ uncertainty range are overplotted in purple. The titles of each panel indicate the CSM shell parameters corresponding to the best-fit

model.

in redder photometric bands and/or spectra at peak, this analysis
could only be conducted for the detection events where data are
available.

We investigated whether a CSM shell is more likely to be
detected in spectra of SLSNe with a brighter apparent magni-
tude. For objects with ZTF photometry available at the time of
spectroscopic observations, we used the observed g-band mag-
nitudes. For those lacking ZTF coverage, we derived the syn-
thetic g-band magnitude by absolutely calibrating the spectra,
and convolving with the ZTF g-band transmission curve. The
resulting observed magnitudes are listed in Table A.2. As shown
in Fig. 7c, the observed magnitudes of the detection events span
the full range of the observed magnitude distribution, indicating
no significant correlation between apparent brightness and the
presence of CSM absorption features. Additionally, we investi-
gated whether the detectability of CSM features correlates with
the observed phase (relative to the time of first detection), under
the hypothesis that such features may be more prominent at early
phases before the SN ejecta overtakes the CSM shell. Our anal-
ysis revealed no clear trend between phase and detectability.
Notably, in the case of SN 2018ibb, the Mg IT absorption remains
visible in a spectrum obtained approximately 127 days after first
detection, suggesting that such features can persist well beyond
the early phase.

We used the interpolated rest-frame g-band light curves to
define the rise and decline timescales based on fractional flux
thresholds (e.g., tise,1/e 1s defined as the time interval between
Joeak/e and fyear), following the methodology of Nicholl et al.
(2015). All timescales are reported in rest-frame days. As shown
in Fig. 7d and Fig. 7e, the median rise 31.1 + 12.2 days and
decline timescale 36.8 + 13.3 days of the non-detection subsam-
ple are in agreement with that of the ZTF sample of 29.3 + 7.8
and 38.0+ 12.1, respectively. We note that five objects had insuf-
ficient light curve data (see Table A.2) and were not included
in this comparison. In contrast, the majority of the detection
events exhibit, on average, longer rise times and significantly
longer decline timescales compared to both the ZTF and the non-
detection subsamples. These longer diffusion timescales may
potentially reflect explosions of more massive progenitor stars
and/or lower expansion velocities. However, a larger sample

is required to draw statistically robust conclusions. Finally, in
Fig. 7f, we compare the redshift distribution of the detection sub-
sample to that of the ZTF SLSN-I sample. We find that the detec-
tions span the full redshift range of the ZTF sample, indicat-
ing that CSM interaction signatures are not confined to higher-
redshift events.

To better illustrate the diversity in the photometric proper-
ties of the six objects exhibiting CSM interaction signatures, we
present their rest-frame g-band light curves in Fig. 8. All abso-
lute magnitudes are K-corrected and corrected for Milky Way
extinction. Among the sample, SN 2018ibb stands out due to its
markedly slow-evolving light curve, which features prominent
bumps and undulations, in contrast to the smoother evolution
observed in the other five SLSNe-I with MgII absorption sys-
tems. No signs of post-peak bumps or wiggles are evident in
the light curves of SN 2020xga, DES15S2nr, DES16C3ggu, and
iPTF16eh, while SN 2022xgc shows a possible flattening in the
gcr bands beginning approximately 80 days after peak bright-
ness (see Gkini et al. 2025). Additionally, SN 2022xgc exhibits
a clear pre-peak bump in the rest-frame g band shortly after
explosion, and SN 2020xga shows a possible early-time bump
at around —30 days. We note that DES15S2nr does exhibit a pre-
peak bump immediately after first detection in the rest-frame u-
band light curve, as discussed by Angus et al. (2019) and inter-
preted within the shock breakout model for an extended CSM
shell proposed by Piro (2015). However, the current data are
insufficient to draw definitive conclusions regarding the origin
of such pre-peak bumps in SLSNe-I. Moreover, such bumps are
not observed in all events with CSM detections, as Angus et al.
(2019) rule out the presence of a pre-peak bump in DES16C3ggu
down to limiting magnitudes of M ~ —16 mag.

4.2. SN properties versus CSM properties

To investigate potential correlations between the SN and CSM
properties, we compared the photometric characteristics of the
six detections, including peak magnitude, rise and decline
timescales and color at peak, with the inferred CSM parame-
ters such as maximum velocity, radius, shell thickness and col-
umn densities. Owing to the absence of extensive multi-band
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Fig. 7. Comparison of the photometric properties of the final X-shooter
sample with the ZTF SLSN-I sample from Chen et al. (2023a). Panel a
(upper): KDE distributions of M, peak magnitudes for 78 ZTF SLSNe-
I and the triggered X-shooter sample. Panel a (bottom): KDE distribu-
tions of M, peak magnitudes for the ZTF sample, with the X-shooter
detections and non-detections shown separately. Panel b: KDE distri-
bution of (g — r)peax for the ZTF sample, overlaid with individual mea-
surements and 1o uncertainties (purple lines and shaded regions) for
the detection events. Panel c: KDE distributions of observed m, magni-
tudes for the non-detection subsample and individual measurements of
the detection events. Panels d and e: KDE distributions of the rise and
decline timescales for the ZTF and non-detection subsamples, along
with individual measurements for the detection events. Panel f: KDE
distribution of redshifts for the ZTF sample, with overlaid redshift val-
ues of the detection events. Vertical dashed colored lines indicate the
median of each distribution.

photometric coverage and the wide range of redshifts of the
detected events, estimates of peak bolometric luminosities and
radiated energies do not yield meaningful constraints. Further-
more, the lack of high-quality spectroscopic data around peak
light, combined with the limited spectral coverage for several of
the objects, prevents us from examining potential connections
between spectroscopic SN properties (e.g., ejecta velocities) and
the inferred CSM shell properties.

In Fig. 9, we show the maximum velocity of the CSM
shells, as inferred from our modeling of the detection sam-
ple, plotted against key photometric properties of the SNe. We
do not find any correlation between the CSM velocity and the
peak magnitude, rise time or color at peak. Similarly, no cor-
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Fig. 9. Photometric supernova properties as a function of the maximum
CSM shell velocity. Panels show absolute g-band peak magnitude (top
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r) color at peak (bottom right).

relation is observed between the SN properties and the CSM
radius, thickness, or column density. However, we identify a pos-
sible negative correlation between the CSM maximum veloc-
ity and the decline timescale, with a Spearman coefficient of
p = —0.90 and a null-hypothesis probability of p = 0.04. If gen-
uine, this trend could suggest that SLSNe-I with faster-declining
light curves tend to host faster-moving CSM shells, potentially



Gkini, A., etal.: A&A, 707, A338 (2026)

linking the SN explosion to the preceding mass-ejection episode.
We caution, however, that this is a simplistic picture. The decline
timescale may also be influenced by other factors, such as the
powering mechanism of the SLSNe. Given the limited number
of detections (six in total), these results cannot be considered
statistically robust. A larger sample will be required to establish
whether any meaningful connection exists between the ejection
of CSM shells and the subsequent SN explosion.

5. Discussion
5.1. The mass of the detected CSM shells

To estimate a lower limit on the mass of the CSM shells which
have been detected both in this work and in Gkini et al. (2025),
from the optical depth of MgII, we adopt the Sobolev approxi-
mation (Eq. (1)) for a homologous expanding medium and solve
for the mass of the shell Mgpey:

Umax

(o) 01
1000kms™') \month/ X(MgII)

Mgpen T
Mo 6.5 x 1012

where ¢ is the time since ejection, X(MgII) is the MgII abun-
dance by number, and y is the mean molecular weight of the
dominant element in the shell.

Assuming that these shells were ejected very close to the
explosion, they are likely among the last shells expelled and
therefore dominated by heavier elements (such as O). To set a
lower limit on the shell mass, we used the Mg abundances pre-
dicted in the PPI ejection models for H- and He-poor material
of Yoshida et al. (2016) for the most massive progenitor stars,
corresponding to a number of X(MgIl) ~ 3.5 x 1072 (see their
Fig. 11). Under the assumption that all Mg is present as MgT1I,
we derive shell masses in the range of 1078~107% M,,. Although
these values should be considered strict lower limits, they are
still very small and inconsistent with the shell masses predicted
by PPI models.

The discrepancy between these estimated mass limits and
theoretical predictions may arise from several factors. First, the
detected shells might not be O-dominated but instead H- or He-
dominated. To explore this scenario, we adopted the solar abun-
dance of Mg (X(MglII) ~ 4 x 107 by number) as a proxy and
derive shell masses of of 10°°—107 My. While these values
are two orders of magnitude higher than those estimated from
an O-dominated shell, they remain low. In addition, as noted
by Schulze et al. (2024) and Gkini et al. (2025), the shells are
unlikely to be H-dominated, since H must have been removed
prior to these eruptions. This interpretation is further supported
by SN 2018ibb, where the absence of H and He lines throughout
the spectral evolution, combined with the presence of prominent
O lines, suggests that the CSM shell is indeed O-dominated, with
any residual H or He likely confined to much larger radii.

Alternatively, some of the other assumptions may be invalid,
such as spherical symmetry of the shell, the adopted Mg abun-
dance, or the ionization state of Mg (e.g., a significant fraction
in Mgl or higher). The latter is particularly important (if not
dominant) since the ionization can be strongly influenced by
extreme-UV and X-ray emission. This is a natural consequence
of any circumstellar interaction model, including PPI eruptions
(e.g., Tolstov et al. 2017, their Fig. 13). In this scenario, the
inferred shell mass could increase by several orders of magni-
tude. Thus, in the absence of a complete physical model, esti-
mates of the shell mass remain highly uncertain and depends on
the underlying mass-ejection mechanism.

5.2. The origin of the CSM shells

In Sect. 3.2, we reported the detection of CSM shells in
DES15S2nr and DES16C3ggu at 5o confidence levels. These
findings increase the number of SLSNe-I with detected CSM
shells from four (as of 2024) to six. However, a key open ques-
tion remains: what physical mechanism drives the ejection of
CSM shells to the inferred radii and velocities, given that the
material appears to have been expelled only a few months to less
than a year prior to core collapse.

Motivated by the inferred ejection velocities and timescales,
we examine potential ejection mechanisms within the frame-
work of eruptive mass loss. One plausible scenario for the
origin of the detected CSM shells could be giant eruptions
similar to those seen in luminous blue variable (LBV) stars.
The best-studied case is the “Great Eruption” of 5 Cari-
nae in 1843, during which 12-20Mg (or possibly more;
Smith et al. 2003; Morris et al. 2017) of material was expelled
over the course of a decade, with ejecta velocities up to
20000km s~ (Davidson et al. 2001; Currie et al. 2002; Smith
2002; Smith & Morse 2004; Smith 2008; Smith et al. 2018).
Observations of LBV nebulae, such as that around n Cari-
nae, show that the geometry of the ejecta can be highly
anisotropic. Although the physical mechanisms driving LBV
eruptions remain uncertain, several possibilities have been pro-
posed, including envelope instabilities, binary interactions, and
wave-driven mass loss (e.g., Davidson 1987; Owocki et al.
2004; Smith et al. 2003; Smith 2006, 2008; Woosley 2017,
Akashi & Kashi 2020; Cheng et al. 2024). For events such as
iPTF16eh, SN 2020xga, and SN 2022xgc, Lunnan et al. (2018b)
and Gkini et al. (2025) suggested that an LBV-like eruption
could not be excluded as the origin of the observed CSM
shell. Nonetheless, Lunnan et al. (2018b) highlighted that the
detached, roughly spherical shell observed in iPTF16eh is incon-
sistent with the typically asymmetric CSM morphology associ-
ated with LBV eruptions, which tend to produce material span-
ning a broad range of velocities (see Fig. 1 in Smith 2008). In
addition, the CSM masses inferred in Sect. 5.1 are significantly
smaller than that observed in 7 Carinae. Despite these inconsis-
tencies, the inferred shell velocities of ~5000 km s’l, combined
with the high uncertainties in the CSM mass estimates and the
poorly constrained shell geometry, prevent us from definitively
ruling out eruptive mass-loss events analogous to those observed
in LBV eruptions.

The LBV-like eruptions have also been proposed as poten-
tial outcomes of the PPI mechanism (Woosley 2017). He stars
with masses between 30-65 Mg, can experience recurrent pair-
instabilities that can lead to the ejection of massive shells
of material. In these models, the key parameter that governs
the time interval between shell ejections and the final col-
lapse, is the He core mass My, (Woosley 2017; Leung et al.
2019; Marchant et al. 2019; Huynh et al. 2025). As discussed by
Gkini et al. (2025), we consider the PPI scenario primarily as
a mechanism capable of producing the observed CSM shells,
rather than as the power source of the SLSNe themselves. We
compare our results with the PPI models because these currently
provide the only theoretical predictions available in the literature
that can be directly confronted with the inferred properties of the
detected shells, particularly the shell velocities, which fall within
the relatively narrow range predicted by PPI models. Indeed,
SN 2018ibb, which is considered the best pair-instability can-
didate, cannot be be placed within the PPI framework. Instead,
Schulze et al. (2024) discussed this event in the context of an
LBV-like eruption, analogous to n Carinae.
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A comparison with PPI models from Woosley (2017),
Marchant et al. (2019), Renzo et al. (2020) and Huynh et al.
(2025) can set a lower limit on the stellar mass, assuming
that the models must have at least one pulse on a timescale
equivalent to the ejection time of the CSM shell we observed.
For DES15S2nr and DES16C3ggu, given that the CSM shells
were expelled ~2 and ~3.5months, respectively, before the
first detection, the mass of the progenitor is estimated to be
>45Mg. For SN2020xga and SN 2022xgc, the correspond-
ing estimates are >47Mg and >46 Mg. These limits could
be higher if the observed shell ejections correspond to the
second pulse (Renzo et al. 2020; Huynh et al. 2025). The dif-
ferences between these estimates arise from variations in
the treatment of shocks and convection (Leungetal. 2019)
in the different models, as well as from differing assump-
tions regarding metallicity, binarity, rotation and other stellar
parameters.

We emphasize that our comparison with PPI models is
focused solely on the properties of the ejected CSM shells,
and we do not attempt to directly link these models to the
light-curve or spectral characteristics of the SNe with detected
shells. Nevertheless, several SLSNe-I discussed in the litera-
ture in the context of PPI, as well as PPI models (Tolstov et al.
2017; Woosley 2017; Huynh et al. 2025) exhibit smooth light
curves without prominent bumps or undulations, while showing
timescales broadly consistent with those inferred for the objects
with detected CSM shells. Moreover, for several of the SLSNe-I
with detected CSM shells analyzed in this work, the light curves
are poorly constrained and only a single spectrum is available,
limiting our ability to determine whether signatures of late-time
shell-ejecta interaction might emerge and thereby provide tighter
constraints on the shell ejection mechanism. Thus, an ejection
mechanism analogous to PPI remains a plausible origin for the
observed shells — although it is not considered as a power source
in this study — and a qualitative comparison with PPI models pro-
vides useful constraints on the progenitor masses. Comparisons
with future predictions from binary evolution models would
be a valuable complement, as binary interactions represent an
additional channel that may produce CSM shells shortly before
explosion (e.g., Laplace et al. 2021, 2026; Fang et al. 2025).
However, current binary models do not predict mass ejection at
velocities comparable to those observed in our objects. Deter-
mining the chemical composition of the detected CSM shells
from, for example, UV observations of different absorption or
emission lines, could also provide critical clues about their
ejection mechanism, but current observations are insufficient to
constrain this.

We therefore conclude that, although some open issues
remain between currently available eruptive mass-loss mod-
els (e.g., PPI or LBV-like eruptions) and the observed prop-
erties of SLSNe, the inferred shell characteristics require an
eruptive mass-loss mechanism, and existing models can repro-
duce several key aspects of the shell observations. In partic-
ular, the velocities and timescales of the eruptions in the PPI
models are consistent with what we infer from the observa-
tions in this work. Alternatively, explaining both the SLSN and
CSM shell properties may require a different physical scenario
that is currently unexplored or unknown. While the present
work cannot definitively identify the mechanism responsible
for these ejections, these results underscore the need for more
detailed theoretical models, capable of simultaneously account-
ing for both pre-explosion eruptions and the subsequent SN
explosions.
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5.3. Intrinsic CSM shell properties versus observational
biases

When we compare the properties of the CSM shells in the objects
with detections, we find that the shells are located at R;, ~
1.8-2.9 Ry, with thicknesses of Ar ~ 0.05—0.20 Ry, and veloc-

ities spanning 3200-4800 kms™!. Although these shells are not
identical, they display broadly similar characteristics, which may
hint at a common physical origin. In particular, they all lie within
a relatively narrow velocity range and are located at comparable
radii. As illustrated in Fig. 3 the number of ruled-out models is
similar across the full velocity grid, indicating that the detec-
tions are not biased toward specific velocities. This suggests that
the presence of shells at these relatively high velocities is likely
a genuine property rather than a selection effect. As discussed
in Sect. 5.2, such high velocities may be indicative of an erup-
tive mechanism, capable of expelling such fast-moving shells.
Indeed, Huynh et al. (2025) predict shell velocities reaching up
to 4500 km s~!, consistent with the values inferred in the objects
with CSM shells.

Figure 3 also shows that shells located closer to the photo-
sphere are more frequently ruled out than those farther away,
indicating that the apparent clustering of detected shells at small
radii could reflect an observational bias. Likewise, all inferred
ejection times are less than a year before the SN explosion. Since
Sect. 3.2.2 shows no evidence for two distinct populations, we
cannot determine whether this short ejection timescale is intrin-
sic to the eruption mechanism or primarily a selection effect.
The main exception is iPTF16eh, whose distinct properties are
discussed separately in Sect. 5.4.

5.4. When do we see a light echo?

Among the six objects in which CSM was detected, only
iPTF16eh exhibited the emergence of MgII emission line
between 100 and 300days after maximum light. During this
period, the line shifted from —1600 to +2900 km s7!, and was
attributed to a light echo from the CSM shell. This shell was
located at 48.1 Ry, and inferred to have been ejected approxi-
mately 30 years prior to the SN explosion. Its properties there-
fore lie outside the parameter range derived for the other five
objects with CSM shells. We note that the shell characteristics of
iPTF16eh were not constrained through the absorption-line mod-
eling that was carried out in GKini et al. (2025) and this work, as
the absorption features were unresolved at the instrumental res-
olution, but instead from modeling the temporal evolution of the
emergent Mg IT emission line.

The unique case of iPTF16eh raise the question of under
what conditions a light echo becomes observable. Light echoes
occur when radiation emitted during the explosion is scattered by
surrounding material and redirected toward the observer, arriv-
ing with a time delay due to the longer light path. The condi-
tion for observing an echo is that the characteristic duration of
the exciting radiation satisfies #,g << Rgpen/c. This requirement
was clearly met in the best-studied SN 1987A, where the shock
breakout, lasting only minutes, served as the source of radia-
tion for the CSM ring located at a distance of ~200 light days,
resulting in a clearly observed echo. In this case the ring expan-
sion was ~10kms~! and thus, the wavelength shift with time
was marginal (Lundqvist & Fransson 1996). For iPTF16eh, the
shell was located at ~120 light days, and the light curve declined
by ~2 mag in less than 100 days. Under these conditions, a light
echo was detectable, and the higher shell velocity allowed the
wavelength shift to be tracked over ~200 days.



Gkini, A., etal.: A&A, 707, A338 (2026)

For the remaining five objects with CSM, the shells inferred
from our modeling are located at distances of 1.5-5 light days,
which is significantly shorter than the duration of the light
curves. As a result, no observable effects of a light echo would be
expected in these cases. Nevertheless, the presence of additional
CSM shells at larger radii (3100 light days) could, in princi-
ple, produce observable light echoes, if the emission lines were
brighter than the background continuum. Such distant shells
would give rise to MgII emission features, whose wavelength
shifts with time would depend on the shell velocity. However, the
lack of high-quality late-time observations, comparable to those
obtained for iPTF16eh, prevents us from confirming the pres-
ence of such features in our detection sample. The only object
with late-time spectral coverage is SN 2018ibb. Schulze et al.
(2024) analyzed the spectra of SN 2018ibb taken between +230
and +378 days after peak brightness and reported a MgII emis-
sion. Yet, due to significant rebinning of the data, it remains
uncertain whether this emission is associated with a light echo
from a CSM shell. Consequently, we are unable to track the evo-
lution of the Mg I line profiles, which would otherwise provide
valuable constraints on the geometry and kinematics of the CSM.
To date, iPTF16eh remains the only SLSN-I for which a spectro-
scopic light echo has been firmly identified, offering a rare win-
dow into the structure and evolution of the surrounding mate-
rial. This does not, however, exclude the possibility of additional
CSM shells at distances comparable to iPTF16eh in the other
five objects with CSM detections.

5.5. Why do CSM shells remain undetected in most SLSNe?

Among the 21 SLSNe-I modeled in this work, we find evidence
for a Mgl feature originating from a CSM shell in only five
cases with more than 5o significance. If we also include the
detection in the case of iPTF16eh, which was not modeled here
due to its unresolved MgII absorption doublet, the total num-
ber of SLSNe-I exhibiting this feature increases to six. This cor-
responds to an observed fraction of ~30% of the total sample.
We emphasize, however, that this fraction does not represent an
intrinsic occurrence rate, since no volume correction has been
applied and not all SLSNe-I discovered to date have been stud-
ied with sufficient spectral coverage or resolution. Nevertheless,
our findings highlight the open question of whether such features
are intrinsic to all SLSNe-I but remain undetected due to obser-
vational limitations, or whether they reflect a genuine physical
diversity in which only a subset of progenitors eject such mate-
rial prior to explosion.

Our final X-shooter sample comprises spectra with S/N rang-
ing from 3 to 32. For each object, this analysis allows us to place
a lower limit on the column density of a CSM shell (see Fig. 4)
above which an absorption feature would have been detectable
given the noise level. Shells with properties comparable to those of
SN 2022xgc, SN 2018ibb, DES15S2nr, and DES16C3ggu would
have been detected in spectra with S/N > 5, allowing us to exclude
the presence of such shells in the remaining objects. However, the
absorption lines detected in our sample are not identical across all
objects, exhibiting variations in velocity, width, and strength. The
most striking example is SN 2020xga, in which our method yield
a >50 detection, yet a shell with similar properties would only
be detectable in spectra with S/N > 25 (see Fig. 4). As a result,
non-detections do not necessarily imply the true absence of CSM;
weaker lines arising from different CSM configurations may fall
below the detection threshold.

Additional evidence for the presence of CSM around
SLSNe-I comes from objects that show late-time H emission

features in their spectra (Yan et al. 2015, 2017; Pursiainen et al.
2022; Gkini et al. 2024). These lines are interpreted as signa-
tures of interaction with H-rich shells located at distances of
10°-10'® cm, likely expelled a few years prior to explosion
(Yan et al. 2017). Among these objects, only SN 2020zbf has
spectral coverage around 2800 A and was modeled in this work.
However, no Mg1I absorption was detected, which may imply
that the column density of the H-rich shell lies below our detec-
tion threshold. However, the existence of a few SLSNe-I with
late-time Ha emission clearly demonstrates that shells do exist
around some SLSNe-I, even if they cannot always be revealed
through the Mg II absorption.

To explore whether the SLSNe-I in our work with detected
CSM are unique, we performed a photometric analysis of the
CSM-detected sample in comparison with the broader SLSN-I
population. This comparison shows that objects with detected
CSM shells do not stand out in terms of either peak bright-
ness or light-curve timescales. Although most lie toward the
more luminous end of the distribution, two objects are compara-
tively less luminous, indicating that the presence of CSM is not
restricted to the brightest events. Furthermore, no clear correla-
tion is observed between the vast majority of the SN properties
and their inferred CSM characteristics. A possible trend between
CSM velocity and light-curve decline time, which could provide
insights into the progenitor, is hinted by the data; however, the
limited sample size precludes drawing firm conclusions. These
findings suggest that, the SN properties of our limited sample
are insufficient to predict the properties of the CSM expected for
a given SN. It therefore remains uncertain whether such CSM
ejections occur in only a subset of progenitors or represent a
more general phenomenon. However, the fact that the detected
shells lie within a relatively narrow velocity range hints that
a distinct physical mechanism may be responsible for driving
these eruptions.

We conclude that the diagnostic developed in this work can
identify detections of CSM features at >50 significance and
place meaningful limits on CSM shells that are ruled out by
the noise of the spectrum at the same confidence level. Weaker
or intrinsically different CSM features (as in SN 2020xga) may
remain hidden below our observational limits, underscoring that
detections require very high quality data. Although SLSN-I pro-
genitors are expected to undergo mass ejections following the
stripping of their H and He envelopes prior to explosion, the
diversity of these ejections could account for the presence of
absorption lines in the observed spectra. The timing of such ejec-
tions, the density and structure of the CSM shells may determine
whether the features rise above the noise level of the spectra. The
absence of a direct connection between the properties of the SNe
and the inferred CSM characteristics prevents us from determin-
ing whether the observed fraction of SLSNe-I with detectable
CSM shells reflects an intrinsic physical diversity among SLSN-
I progenitors. Nevertheless, the detection of CSM-related fea-
tures in six events demonstrates that at least a subset of SLSNe-I
originate from massive progenitors that undergo substantial mass
ejections, with velocities of 3000—5000km s~!, occurring within
months to years before core collapse. Identifying and charac-
terizing such cases provides rare and valuable insights into the
poorly understood final stages of massive stellar evolution.

6. Conclusions

For this work, we presented a dedicated analysis of the near-
UV spectra of 21 SLSNe-I to search for signatures indicative
of CSM shells ejected shortly before core collapse, and we
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developed a diagnostic tool to quantify the detection significance
of such CSM shells. Our key findings are summarized as follows:

— Out of the 21 objects in our sample, five (SN 2018ibb,
SN 2020xga, SN 2022xgc, DES15S2nr, and DES16C3ggu)
show robust detections of a CSM feature at the >50 level.

— Modeling the broad MgIl absorption indicates a CSM
shell for DES15S2nr located at ~3.4 x 105 c¢m and for
DES16C3ggu at ~4.8 x 10" cm, expanding at maximum
velocities of ~4800kms™' and ~4700kms™!, respectively.
These CSM shells were likely expelled only a few months
prior to core collapse as a result of eruptive mass loss,
although the exact mechanism cannot be securely deter-
mined.

— Comparison with PPI models implies He-core masses
>45 Mg, for both DES15S2nr and DES16C3ggu.

— The photometric properties of the detection sample are con-
sistent with those of the broader SLSN-I population.

— We did not find correlations between the SN and CSM prop-
erties, except for a marginally significant correlation between
the light curve decline time and the CSM shell velocity.
However, a larger sample is needed to draw firm conclusions.

— The velocities of the detected shells are confined to a rela-
tively narrow range of ~3000—5000kms~!, which may be
indicative of a particular eruption mechanism.

— Shells with properties similar to those observed would have
been detectable in spectra with a S/N > 5, except in the case
of geometrically and/or optically thin configurations. There-
fore, the non-detections are unlikely to arise from selec-
tion effects and may instead suggest that only a subclass
of SLSN-I progenitors experience such late-stage shell ejec-
tions shortly before explosion.

Looking ahead, facilities such as the Rubin Observatory’s
Legacy Survey of Space and Time (LSST) will revolutionize
the studies of SLSNe-I. LSST is expected to discover and mon-
itor thousands of SLSNe-I, greatly expanding sample sizes and
enabling robust, population-level analyses of progenitor diver-
sity. Although high-quality UV spectroscopy will remain chal-
lenging for high-redshift objects, deeper photometric observa-
tions of nearby SLSNe-I could reveal precursor events and
potentially link the CSM shells to the progenitor properties and
explosion mechanisms. Furthermore, our study underscores the
need for more accurate stellar and mass-loss models specifically
tailored to the observations. Together, these developments will
help disentangle observational limitations from intrinsic physi-
cal diversity, offering critical insights into the nature of SLSN-I
progenitors.
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Appendix A: Properties of the X-shooter sample

Table A.1. X-Shooter spectroscopic observations of the sample.

Object UT date MIJD Phase S/N’  Exposure
(days)  (days) (s)
SN 2020xga 20201107 59160.6 16.5 30.8 3600
SN 2020abjx 20201208 59191.5 745 22.6 3600
SN 2018ibb 20190110 58493.1 126.5 21.8 1800
SN 2020zbf 20201118 59170.8 28.5 20.8 2400
OGLEI15qz 20151213  57369.1 18.5 20.0 2400
iPTF13ajg 20130417 56399.4 21.0 17.0 4800
SN 2020rmv 20201015 59137.6 703 16.8 3600
SN 2021hpx 20210508 59342.6 52.6 16.7 2400
SN 2021ek 20210116  59230.6 16.6 15.1 2400
SN 2022xgc 20221207 59930.6 63.8 13.8 3600
SN2022acch 20221224 59937.8 27.3 12.6 2400
SN 2021gch 20210416  59320.1 18.8 12.3 1500
SN 2020abjc 20210313 59286.6 135.0 12.2 2400
SN2022abdu 20221215 59928.6 44.7 8.9 2400
LSQ12dIf 20120912 56182.5 50.7 5.7 1300
SN 2013dg 20130626 56469.9 35.5 5.6 1300
DES16C3ggu 20170225 57809.0 23.6 5.1 4500
DES16C3dmp 20161221 577432 26.9 5.0 4500
SN 2021fao 20210320 59293.8 31.2 35 2400
iPTF15cyk 20151013 57308.5 16.6 32 4800
DES15S2nr 20150919 572843 26.3 3.1 4500

Notes. @ Rest-frame days relative to the first detection. © In the rest-frame region of 2675 — 2875 A.

Table A.2. Light curve properties of the X-shooter sample.

ObjeCt Mg,peak mga Peak trise,l/e tdecline,l/e (g - r)peak
(mag) (mag) (J2000) (days) (days) (mag)

SN2020xga ~ —22.37+0.10 1932003 59172.5%%¢  32.4%9 29684  —0.23£0.05
SN2020abjx ~ -21.89+0.10 19.55+0.03 592182%%7  61.0%0% 443172 -
SN2018ibb ~ -21.80+0.02 17.97 +0.01 58458.0%3 68.3’:%% 102.0j§~g -0.12£0.02
SN2020zbf  -20.96+0.01 18.72+0.05 59164.8*T0  159*10 419720 _0.16 £0.12
OGLEISqz ~ -21.98+0.11 2041£0.06 57373.23> 54.9ti;§ 61.6742  —0.13+0.03
iPTF13ajg -22.36+0.11  20.70 + 0.09 56406.8f§;§ 23875 36.0%5] -
SN2020rmv ~ -21.61£0.10 18.94+0.02 59117.477%  39.8+%2 - -
SN2021hpx  -21.89+0.10 18.50 +0.04 59335.3f§f§ 34.8f§f{ — -
SN2021ek -21.01£0.12 18.80+0.03 59237.4*3%2  20.9*3% 16.9j§;§ -
SN2022xge  -21.99+0.10 19.23+0.03 59901.9*1-1  33.7+[L6 58,6705 —0.24 +0.05
SN2022acch  —22.26£0.12 19.50+0.06 59953.3*01  38.1+62 - -
SN2021gch  -21.69+0.13 20.56+0.07 <59291.8 - - -
SN2020abjc ~ -21.09 £0.03 18.96+0.04 59284.9*%7 103.8*14 57.4*21  —0.35+0.03
SN2022abdu  —20.78 +0.10  18.96 +0.09 59914.8j§;§ 11.8439 22.5%3 -
LSQI2dIf 21142011 20442005 561382775 - 30.6%:% -

SN 2013dg -2127+0.12 19.84+0.06 56449.1*43 - 28.577%  —0.18 +0.08
DES16C3ggu  -21.43+0.11 21.66+0.30 > 57803.0  13.3%02 - -
DES16C3dmp -20.48 +0.10 21.83+£0.20 57743.0*2% 22.7j3f§ - -0.09 £ 0.03
SN2021fa0  -21.89+0.10 18.95+0.03 59308.9j§;§ 29.3j§;§ 30.7%;5 -
iPTF15cyk -21.69£0.10 21.35+0.30 < 57283.0 - 49.1+0 -
DES15S2nr 2031 +0.10 2045+0.10 57322573 38.6'32 41.1f§3§ -0.06 + 0.02

Notes. All measurements are reported in the AB system. ® Observed magnitude at the time the spectra were taken.
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Appendix B: Spectroscopic modeling of the X-shooter sample
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Fig. B.1. Continued: Corner plots showing, in a colorbar, the percentage of CSM models ruled out for nine out of the 16 events in our sample
without CSM detections, shown as a function of an increasing S/N. The parameters correspond to the maximum velocity vp.x, inner radius Ry,
thickness Ar and optical depth 7.
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Fig. B.2. Continued: Corner plots showing, in a colorbar, the percentage of CSM models ruled out for three out of the 16 events in our sample

without CSM detections, shown as a function of an increasing S/N. The parameters correspond to the maximum velocity v, inner radius Ry,
thickness Ar and optical depth 7.

A338, page 20 of 20



	Introduction
	The X-shooter sample
	Spectroscopy
	Photometry

	Spectral modeling
	Monte-Carlo scattering code
	Modeling of the full X-Shooter sample
	Grid of parameter space
	Observational constraints on CSM properties
	Physical constraints for undetected CSM shells
	CSM shell detections

	CSM shells around DES15S2nr and DES16C3ggu

	Light curve properties
	Detections versus non-detections
	SN properties versus CSM properties

	Discussion
	The mass of the detected CSM shells
	The origin of the CSM shells
	Intrinsic CSM shell properties versus observational biases
	When do we see a light echo?
	Why do CSM shells remain undetected in most SLSNe?

	Conclusions
	References
	Properties of the X-shooter sample
	Spectroscopic modeling of the X-shooter sample

