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Abstract

We present a comprehensive optical and near-infrared (NIR) spectroscopic study of SN 2024afav, a hydrogen-
poor superluminous supernova (SLSN-I) that peaks at  —20.7 mag and exhibits an unusual multibumped light
curve. Our spec ic observations, spanning phases of —14 to 4160 days, reveal several unusual features: (i)
a narrow (1800 km s~ ') and blueshifted (11,000 kms—") absorption from H starting at +20 days; (ii) persistent
optical and NIR Her lines at all available phases, showing double absorption structure in NIR spectra at +23
days, with a high-velocity component at a similar velocity to H ; (iii) early appearance of nebular [O 1] emission
starting at 450 days; and (iv) a strong [O 11] 4 [Ca1] 7300 A emission complex starting at +110 days. These
unusual features, and their onset at the time of the light-curve bumps, provide compelling evidence of
circumstellar interaction between the SN ejecta and a nearby hydrogen-rich shell, as well as the presence of
helium in both the outer layers of the progenitor star and the circumstellar medium. A comparison of SN 2024afav
to other SLSNe-l1 showing bumpy light curves and similar spectral properties (PTF 10hgi, SN 2017egm,
SN 20119hge) points to a rare subgroup of SLSNe-1 in which circumstellar medium interaction provides an
important modulation to the energy input.

Unified Astronony Thesaurus concepts: Supernovae (1668); Core-collapse supernovae (304); Circumstellar shells
(242); Optical observation (1169); High resolution spectroscopy (2096); Spectroscopy (1558); Transient sources

(1851); Near infrared astronomy (1093); Helium-rich stars (715)
Materials only available in the online version of record: data behind fipures, machine-readable table

1. Introduction

Hydrogen-poor superluminous events are one of the bright-
est stellar explosion events in the Universe, with an absolute
magnitude M < —21 and total radiated energy exceeding
10°°-10~3" erg (L. Chomiuk et al. 2011; R. M. Quimby et al.
2011; A. Gal-Yam 2012; M. Nicholl et al. 2015
D. A. Howell 2017; C. Inserra et al. 2017; R. Lunnan et al.
2018a; M. Nicholl 2021; T. I. Moriya 2024). Typically
discovered in low-metallicity dwarf galaxies (R. Lunnan et al.
2014; D. A. Perley et al. 2016; T.-W. Chen et al. 2017; B. Hsu
et al. 2024), these events exhibit characteristic On and Cn
absorption features in their early-time spectra, indicating high
temperatures, and show no signs of hydrogen (H) lines
(P. A. Mazzali et al. 2016; M. Nicholl et al. 2016;
R. M. Quimby et al. 2018; C. R. Angus et al. 2019;
A. Gal-Yam 2019a, 2019b; A. Aamer et al. 2025). Recent
large-scale sample studies of these events by Z. H. Chen et al.
(2023), 5. Gomez et al. (2024), and A. Aamer et al. (2025a)
have revealed a significant diversity in their light-curve
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behavior and spectral properties, challenging the existing
progenitor models.

The powering mechanism of superluminous supernovae
(SLSNe-I) has been debated over the last few years. Several
models of the SLSN-I powering mechanism have been
proposed, such as a highly spinning, magnetized neutron star
{magnetar) spin-down model (D. Kasen & L. Bildsten 2010
5. E. Woosley 2010; R. Lunnan et al. 2014; B. D. Metzger
et al. 2015; D. A. Perley et al. 2016; T.-W. Chen et al. 2017;
M. Nicholl et al. 2017; G. Hosseinzadeh et al. 2022; 8. Gomez
et al. 2024), interaction between dense ejecta and the
circumstellar medium (CSM; E. Sorokina et al. 2016;
J. C. Wheeler et al. 2017; R. Lunnan et al. 2018b; L. Yan
et al. 2020; A. Fiore et al. 2021), pulsational /pair-instability
supernovae (A. Gal-Yam et al. 2009; A. Kozyreva &
5. Blinnikov 2015; M. Pursiainen et al. 2022; W. Lin et al
2023), or fallback accretion (J. Dexter & D. Kasen 2013;
T. I. Moriya et al. 2018). Among these, magnetar models are
potentially the only ones that can consistently explain the peak
luminosities of SLSNe based on large-scale light-curve fits, as
shown in several recent studies (M. Nicholl et al. 2017; B. Hsu
et al. 2021; 8. Gomez et al. 2024).

While the magnetar spin-down model provides a good fit for
the majority of the events, some SLSNe-I exhibit bumpy light
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curves that deviate significantly from the smooth spin-down
curve of the magnetar model. For example, a well-studied
SN 2017egm shows a chaotic light curve that has been
explained via a complex CSM interaction model (W. Lin
et al. 2023; 1. Zhu et al. 2023). Similar to SN 2017egm, some
other SLSNe-I favor CSM interaction models over magnetars
(E. Sorokina et al. 2016; J. C. Wheeler et al. 2017; R. Lunnan
et al. 2018b; L. Yan et al. 2020; A. Fiore et al. 2021).

At least 30%, if not more, of the SLSNe-1 exhibit multiple
bumps in their postpeak light curves, unexplained by the
favorite magnetar model (G. Hosseinzadeh et al. 2022). A
few such examples are well-studied events, such as PTF
12dam (A. Tolstov et al. 2017), iPTF 13ehe (L. Yan et al.
2015), SN 2015bn (M. Nicholl et al. 2018), 2017egm (J. Zhu
et al. 2023), PTF 10hgi (L. Yan et al. 2020), SN 2019%hge
(L. Yan et al. 2020), and SN 201%unb (5. J. Prentice et al.
2021), among others. The origin of these bumps has been a
long-standing mystery. For some of the events where bumps
appear to be somewhat periodic, J.-P. Zhu et al. (2024), and
B. Zhang et al. (2025) used a magnetar precession-based
model to explain their origin. Bumps in SN 2017egm,
SN 2017gci, and other similar events were explained through
CSM interaction models (S. Bose et al. 2018; A. Fiore et al.
2021; J. Zhu et al. 2023). J. R. Farah et al. (2025) used a
Lense-Thirring (LT) precession model to explain non-
periodic bumps in some of these events. While these models
attempt to explain the early-time light-curve bumpy beha-
vior, the majority of these events lack sufficient light-curve
coverage to test these models over a longer period, where
well-followed events like SN 2015bn clearly show nonper-
iodic behavior (M. Nicholl et al. 2018), suggesting a need for
detailed follow-up of such events and spectroscopic study to
unveil the mystery of the origin of bumps in SLSNe-1.

A handful of these bumpy events have shown very unusual
spectroscopic signatures that deviate from the SLSNe-I spectra
template. PTF 10hgi and other SLSNe-I present in L. Yan
et al. (2020) are illustrative examples of such a sample. These
objects show signs of helium and, in some cases, hydrogen as
well, in their spectra. L. Yan et al. (2020) associate the
presence of He 1 with bumps, suggesting that CSM interaction
can provide a natural mechanism to excite helium and produce
bumps in the light curves of these events. Similarly, in
SN 2017egm, the presence of helium and [O ] is associated
with a helium-rich CSM interaction with ejecta that is mainly
dominated by oxygen, producing both features (5. Bose et al.
2018; J. Zhu et al. 2023). These events suggest that there exists
a subclass of events where CSM interaction plays a crucial role
in shaping the light curve and spectral featres. These events
may have a different progenitor channel or chaotic mass-loss
history than those of typical SLSNe-1. A deeper understanding
of the correlation between light-curve bumps, the presence of
helium, and other unusual spectral features in the spectra is
crucial for understanding the progenitor and explosion physics
of these events.

We present SN 2024afav, an M —20.7 luminosity
SLSN-1 with multiple bumps in the light curve. In the first
work of a two-part series, we present a precessing magnetar
model that can explain the first few bumps (J. R. Farah et al.
2025). The study sugpgested that the presence of late-time
bumps could be explained by possible interaction with the
CSM. Here, we present a detailed spectroscopic study of
SN 2024afav to investipate the presence of CSM interaction
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and its implications on the light curve. Our extensive
spectroscopic campaign reveals that SN 2024afav exhibits
rare features, including the presence of early [O 111] lines, the
detection of helium, the emergence of a narrow hydrogen
absorption line, and the appearance of late-time [O11] lines.
We provide a detailed discussion on light-curve morphology,
temperature evolution, spectral evolution, and a possible
breakthrough in the detection of CSM interaction in SLSNe-
I. This study represents a significant step toward a more
detailed and systematic analysis of a large-scale sample of
SLSN-1 spectra with bumpy light curves. This Letter is
outlined as follows. In Section 2, we describe the
photometric and bolometric light curve, spectroscopic
observations of SN 2024afav in Section 2. We provide the
light-curve morphology and photometric evolution in
Section 3, followed by spectroscopic evolution in
Section 4. In Section 5, we discuss the unusual features in
2024afav and compare it to objects with similar light curves
and spectral properties, and we discuss the implications of
these features. Finally, we summarize the key results and
outline the future direction of this study in Section 6.

2. Observations and Data
2.1. Discovery

SN 2024afav was discovered by the Asteroid Terrestrial-
impact Last Alert System (ATLAS; J. L. Tonry et al. 2018)
survey on 2024 December 12.71 UT with an ATLAS-orange
me&gniludﬂ of 18.3 at R.A. = 12"49™1255, decl.— —18°06'
12.61 (A. Kumar et al. 2024). 5. de Wet et al. (2025)
classified SN 2024afav as a hydrogen-poor SLSN at a
tentative redshift of z 0.09 using spectra obtained on
2025 January 24. We used our high-quality spectra to refine
the redshift to z = 0.0724 o 0.0001 (d;, 340 Mpc), which
we employ throughout this Letter. The SN is located 075
from the center of a faint galaxy detected in Legacy survey
images, with magnitudes of m, 222, m, 21.7.m; 21.6,

and m, 21.6. At the redshift of the galaxy, the
corresponding absolute magnitudes are M, —15.3,
M, —158 M; —160, and M; —16.0. Using the

Sloan Digital Sky Survey luminosity function from
A. D. Montero-Dorta & F. Prada (2009), we infer a host
luminosity of L,  1.47 x 10° Lo {].Dl]L:, L, 1.50 =

10* L, , = 0.006L%.

2.2, Optical/UV Photometric Observations

We obtained multiband photometric observations using the
Las Cumbres Observatory (LCO) network (T. M. Brown et al.
2013) and the Fred Lawrence Whim]le Dbsawatm]rg 12m
telescope equipped with Keplercam.™ The observations were
performed in the g, r, i, z filters. The LCO data were reduced
using the lcogtsnpipe pipeline (5. Valenti et al. 2018),
while the Keplercam data were reduced using a python-based
photometric pipeline following standard reduction procedures.
In addition to our follow-up observations, we obtained
publicly available photometry from ATLAS.

s https:/ fwrarw cfa harvard edu /facilities-technology / cfa-facilities / fred-
lawrence-whipple-observatory-mt-hopkins-az

" https:/ /pweb.cfa harvard cdu / facilities-technology telescopes-
instruments | 2-meter-48-inch-telescope
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Figure 1. Optical /UV light curves of SN 2024afav with magnitudes in the AB system and corrected for Galactic extinction. The solid vertical ticks on the top axis
mark the epochs of optical (black lines) and NIE (red lines) spectroscopic observations. The light curve rises from discovery to the first peak in - 46 days and peaks

at an absolute magnitude of M,

—20.7. Subsequently, it exhibits a second peak of comparable brightness 38 days later before decaying sharply and displaying

multiple subsequent undulations over the remainder of its evolotion in all bands. The ¢ — r(green) and ¢ — o (blue) colors show an overall evolution from blue to red

but with changes to bluer colors around the hight-curve peaks.

We additionally obtained observations with the Neil Gehrels
Swift UV /optical telescope in six filters, UVW2, UVM2,
UVWL, U, B, and V (PI: Kumar), and utilized other publicly
available UVOT data (Pls: Farah, Schulze). We performed
photometry using UvoTSoURCE'!! of BEASoft, a part of the
Swift software suite, with an aperture of 5 radius and standard
aperture corrections.

The entire photometric campaign spans 255 days from the
date of discovery (see Table 2 in the Appendix). A subset of
the optical photometry has been previously presented in
J. R. Farah et al. (2025). The photometric dataset presented
here is in the AB magnitude system for all filters and has been
corrected for Galactic extinction, with E(B — V) = 0L062 mag
(E. E. Schlafly & D. P. Finkbeiner 2011), assuming the
E. L. Fitzpatrick (1999) reddening law with Ry = 3.1. No host

n hitps:/ (oow swift.ac.ok fanalysis (ovot /mag php

extinction correction has been applied. The multiband light
curves are shown in Figure 1. The ¢, o band and pseudobolo-
metric light curves peak at MID = 60703.3, which we use as
phase = 0 throughout this Letter (see Figure 2 and Section 3
for details).

2.3. Optical Spectroscopic Observations

Following the initial classification of SN 2024afav as an
SLSN-I, we obtained an extensive spectroscopic sequence
spanning phases of 420 to 4160 days using LCO, the 6.5 m
MMT, the 6.5 m Magellan telescopes, and the 8.2 m Gemini-
South telescope. Additionally, we included publicly available
spectra on WISeREP' (0. Yaron & A. Gal-Yam 2012)
obtained at —14 and —4 day phases.

1z https: / fwiserep.org
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Figure 2. The pscudobolometric light curve (top), photosphenic temperature
(middle), and photospheric radius (bottom) of SN 2024afav. The gray shaded
regions represent the range of parameters for guantities in the SLSN-I
population, as reported by 5. Gomez et al. (2024). The pseudobolometric light
curve exhibits multiple bumps (marked by vertical lines). The peak luminosity
and width of each peak are provided in Table 1. The temperature and radios
fuctuations closely follow the peaks.

Low-resolution (& 400) spectra were obtained with the
FLOYDS spectrographs mounted on the 2m LCO Faulkes
telescopes North at Haleakald and South at Siding Spring,
Australia. The observations were undertaken as part of the Global
Supernova Project from phase +20 to +Y1 days. We used a 2
slit along the parallactic angle (A. V. Filippenko 1982), covering
a wavelength range of 3400-10,000 A. One-dimensional spectra
were extracted, reduced, and calibrated following standard
procedures  using floyds_plpellneu (5.  Valenti
et al. 2014).

On MM'I', we used the Binospec spectrograph (). Fabricant
et al. E.Ul‘-}]l with the LPFS00 filter in combination with the 2/0
lines mm™' grating and a 1 wide slit covering a wavelength
range of 3825-9200 A with K 1500. T'wo specira were
obtained at phases of +54 and 4139 days.

We uwsed the Low Dispersion Survey Spectrograph 3
(K. B. Stevenson et al. 2016) on the Magellan/Clay 6.5m
telescope with the VPH-AII grism and a 1 wide slit, covering
a wavelength range of 4265-9650 A with R 700, Four
spectra were obtained at phases spanning +30 to +160 days.
Furthermore, we obtained a high-resolution spectrum using the
Magellan Inamori Kyocera Echelle (MIKE), with three
exposures of 1800 s each at 2 » 2 binning and a 1 wide slit
resulting in a resolution of ¥ 19,000 and # 25,000 on the
red and blue sides, respectively, covering a wavelength range
of 3350-9500 A at a phase of +53 days.

3 hitps:/ / github.com/LOOGT /floyds_pipelinc
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We used the GMOS spectrograph ovn the Gemini-South
telescope to obtain a spectrum at a +24 day phase with the
R150 grating, the GG455 filter, and a 1 wide slit, covering a
wavelength range of 47449999 Awith R 300.

The spectra from MMT, Magellan, and Gemini were
reduced uvsing the PypeIt package (J. X. Prochaska et al
2020a) in a standard manner. The one-dimensional specira
were extracted and flux-calibrated using a standard star
observation obtained with the same configuration. Data from
the high-resolution MIKE spectrograph were reduced using a
python-based Carry pipeline (D. D. Kelson et al. 2000;
D. 1. Kelson 2003).

2.4. NIR Spectroscopic Observations

We obtained near-infrared (MNIKR) spectra with FLAMIN-
GOS2 (5. Eikenberry et al. 2006) on Gemini-North and
GNIRS (J. H. Elias et al. 2006) on Gemini-South. The
FLAMINGOS?2 spectra were obtained at phases of —2 and
+3 days using the medium-resolution configuration with a
2 pixel wide slit and an HK filter, covering 1.26-2.50 pm
with R 900. The GNIRS spectrum was obtained al a phase
of +23 days with the short camera, a 32 lines mm™ grahng._,
and a 3 pixel wide slit and cross-dispersed, covering a
wavelength rauge of 0.82-2.52 puu with ¥ 1200, The NIR
spectra were reduced using the Pypeit package, including
flat-fielding using GCALflats and sky subtraction obtained on
the same night as the spectra. Flux calibration was
performed on the extracted spectra using standard star
observations obtained on the same night. Finally, a telluric
correction was applied to account for atmospheric absorption
features.

3. Light-curve Evolution
3.1. Light-curve Morphology

The multiband light curves of SN 2024afav, shown in Figure 1,
exhibit an unusual evolution. The light curve rises for 46 days
atter discovery and peaks at MJLD  6U/03.3 with M,  —20.70
and M, —20.51 (k-corrected; D. W. Hogg et al. 2002). The
light curve shows a slight dip in brightness following the initial
peak, and then brightens again to a second, equally bright peak at
+41} days, with M, 20,60, M, —20.57, and
M, M, —2050. Following the second peak, the llght curve
shcrws a sharp decline, followed by a third peak at +72 days with
M, —193andM, —19.9. After the first three peaks, the light
curve shows four more low-scale undulations at +94 with
M, —191, at +10Y¥ with M, —185, at +142 with
M, —18.0, and at +175 with M, —17.0. The light curve
starts to show the start of another peak; however, no photometric
coverage is available due to visibility constraints. The peak
absolute magnitude is at the T8th percentile of the SLSN-1
population (S. Gomez et al. 2024).

The g — r and ¢ — o colors are initially —0.2-0mag
during the first two peaks and then redden rapidly after the
second peak to a mean value of +0.6 mag. However, the
densely sampled g — r color curve exhibits changes to a bluer
color at the time of subsequent light-curve peaks.

3.2, Temperature and Radius Evolution

We used the extrabol python package (1. Thornton et al.
2024) tw determine the bolometric light curve, photospheric


https://github.com/LCOGT/floyds_pipeline
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Table 1

The Propertics of Significant Peaks in the Pseudobolometric Light Curve
Peak Number MID Phase Lo FWHM
{days) ferg s~ 1) (dayz)

1 GOTO33 0 TAR = 10% 23.0
2 607457 +40 541 = 10% 206
3 GO781.1 +72 224 = 10% BB

4 GOBO3.T +04 125 = 104 12.1
5 GOEID.B +109 096 = 10% 116
] GOE319 +142 048 = 10% 125

7 GOBDD.S +175 018 = 10% 14.1

temperature, and radius evolution of SN 2024afav, assuming a
blackbody spectrum. The results are shown in Figure 2. We fit
a smooth curve to the overall light curve using a large bin size
of 30 to minimize the effects of undulation on the fitted curve.
This trend was then subtracted from the bolometric light curve,
and the scipy.signal.find peakspython package
was used to get the peaks in the light curve. Including the
primary peak, the light curve shows a total of seven peaks in
the bolometric light curve (see Table 1). We estimate a peak
luminosity of 7.5x10*ergs” for the primary peak. The
positions, peak bolometric luminosity (L, p) and half widths,
for all peaks in the light-curve have been listed in Table 1.
Integrating the light curve, we find a total radiated energy
of 5.1 x 10™erg, on the lower end of the SLSN-I population
(5. Gomez et al. 2024).

The temperature declines from 12, 700K at the first
epoch to 10340 K until the primary peak. Thereafier,
the temperature decreases further to 8500 K around
the secondary peak before showing a sudden decline
to 35900K at the +60 day phase. After this epoch, the
temperature shows a rise to 6870 K, following the third
peak in the light curve at the 470 day phase. After the
third peak, the temperature evolution shows small fluctua-
tions, closely follows the light-curve undulations, and
remains close to 6000 K.

The photospheric radius shows an increase from 10" cm at
first detection to 3 x 10" cm at the primary peak. Subsequently,
the radius continues to rise more gradually past the secondary peak
to a maximum value of 3.9 x 10" cm at +40 days. The radius
then declines back to 10" cm at +180 days. Throughout this
overall evolution, the photospheric radius exhibits smaller
fluctuations during the multiple light-curve peaks.

3.3. X-Ray Observations

We analyzed Swift X-Ray Telescope (XRT; 0.3-10 keV)
observations obtained in conjunction with UVOT observa-
tions and did not detect any emission at the location of
SN 2024afav. We estimate a 3o upper limit using the Swift-
XRT web tool'* (P. A. Evans et al. 2007; P. A. Evans et al.
2009). Using a Milky Way H1 density of 3.71 x 10%
(R. Willingale et al. 2013) and assuming a power-law
spectrum with a photon index of 2, we estimate an
average source unabsorbed flux limit of Fyx = 57 %
107 ¥ergs™ em™2 cmesg:onding to a luminosity limit of
Ly = 78 %= ]D‘berg 5. This limit is not particularly

4 hitps:/ /www swift.ac.uk /user_objects findex.php
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constraining relative to t);pic:al SLSN-1 X-ray detection
luminosities of <10* ergs™! (R. Margutti et al. 2018).

4. Spectroscopic Analysis
4.1. Optical Spectral Evolution Overview

The complete optical spectral sequence from phase —14 to
+160 days is shown in Figure 3, and a detailed identification
of features using SN 2017egm, PTF 10hgi, and median spectra
from A. Aamer et al. (2025) is marked in Figure 4 at the +51
and +112 day phases. The spectral evolution follows a typical
trend observed in SLSNe-I, from a hot, blue continuum with
absorption lines at early times to a cooler, emission-line-
dominated spectrum in the near-nebular phase. The early
prepeak spectra exhibit the typical “w”-shaped broad features
of On in the 3500-5000 A region with a velocity of

11,600 kmos'l. The early spectra also show featres in the
50006000 A region commonly associated with Na1 D and
Sin and sometimes He1 (Z. H. Chen et al. 2023; 5. Gomez
et al. 2024; A. Aamer et al. 2025a).

Postpeak, as the temperature declines to <10°K, the On
lines weaken, and the 3500-5000 A region is dominated by
Fenl and Fem lines with the noticeable presence of a
5169 A feature. The 50006500 A region shows three absorp-
tion features that increase in strength over time, which we
identify as the He 15876 A and Na1 D 5890, 5896 A complex,
016150 A and Sinm 6355 A. In addition to the strong
He15876 A feature, we see the presence of other relatively
weaker [;Ie 16678, 7065, and 7281 A features. Meanwhile,
017774 A appears in the +20 day spectrum and becomes
stronger over time until +63 days, where it staris to show an
associated emission component. From +20 to +74 days, the
velocity decreases from 7500 to  6300kms™!, estimated
using isolated Si1l and O 1 features.

Starting at a phase of +91 days, the spectra begin to exhibit
near-nebular emission lines of Mgi] 4571 Aand the
Can8498, 8542, B662ANIR triplet. Furthermore, the
017774 A feature changes from absorption to emission and
becomes stronger over time until our last spectrum at +160
days. We estimate a velocity of 6000 km s7! at a phase of

100 days using O 16158 and 7774 A. Moreover, we find an
emission feature of [Can] and [On] centered at 7300
A starting at +112 days, which becomes stronger thereafter.
This feature is discussed in detail in Section 4.2.

SN 2024afav spectral features exhibit lower velocities than
the median spectra of SLSNe-I (A. Aamer et al. 2025), as
shown in Figure 3. The spectral evolution, features, and
velocity progression most closely resemble those of the
unusual events SN 2017egm and PTF 10hgi (L. Yan et al
2020; 1. Zhu et al. 2023), which share a few distinctive
features in their optical spectra. We discuss the distinctive
feature in detail in Sections 4.2 and 5. The spectral similarities
from the peak to postpeak phases make SN 2024afav a spectral
analog of PTF 10hgi and SN 2017egm events.

4.2. Unusual Spectral Features

While most of the spectral features in SN 2024afav are
typical of SLSNe-1, some are unusual; we show the evolution
of these features in Figure 5 and discuss them in detail below.
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Figure 3. Left: optical spectra of SN 2024afav covening phases of —14 to +160 days. The carly-time spectra are blue, with charactenstic O 11 features. In the
postpeak phases, we observe other common SLSN-I features of Fe 11, Fe 111, Na 1 D, 5i 11, and O I, along with nnnsnalnanmvfmmmmchas[ﬂ]ll]ﬂnissiunandl{

absorption. The =+ 112 day spectra show a nebolar MIKE Ca n triplet and a |Ca n] + [0 1] complex. The colored spectra are smoothed using the Savitzky—Golay
filter (M. A. Selver et al. 2018). Right: companson of SN 2024afav spectra to SN 201 Tegm, PTF 10hgi, and median SLSN-1 spectra (A. Aamer et al. 2023) at several
phases. SN 2024afav shows remarkable similanty to SN 2001 Tegm, FIF 10hgi, and SN 201%hge, including the unusual |0 ] and [Ca n] + |0 1] complex emission
features. The narmow H - feature in the SN 2024afav spectra is at a similar velocity and width to H  in PTF 10hgi (L. Yan et al. 2020). A detailed identification of all

features in the postpeak phase is provided in Figure 4.
(The data used to create this figure are available in the online article.)

4.2.1. [0 mi] 4969, 5007 A

From +20 days onward, we observe an unusual emission
feature at 494{]Aw1th a possible absorption component
centered at 4880 A. The overall profile of the emission
feature changes with time, with the peak shifting to a
wavelength of 5000 A at later epochs (left panel of
Figure 5). While it is plausible to associate this unusual
absorption and emission feature with Fe 11 4924 A 4 detailed
study of the SLSN-I sample shows that Fe 115169 Ais stronger
than Fe 114924 A at all phases (A. Aamer et al. 2025), but we
do not find a strong Fe 15169 A feature in SN 2024afav. This
and the shitt in the line centroid indicate that this feature is not
predominantly due to Fe 11 4924 A and instead has a significant
contribution from the O 1m1] 4969, 5007 A doublet. Using our
hlgh—resolutmn MIKE spectrum at +33days, we fit the
emission profile and find the definitive presence of [O1]
4969, 5007 A (FWHM 66 A), as well as a contribution from
Fenm4924 A(Flgure 5). Based on the overall evolution from
early to later phases, we conclude that at =450 days, this
feature is a complex of Fen 4929 A and [O 1] 4959, 5007 A.
At =450 days, the [O 1] feature becomes stronger, explaining
the wavelength shift and enhanced strength of this emission
feature compared to typical SLSNe-L

422 H

We observe a narmow absorption feature centered at 6330
A.startmg at +30 days (and potentially even at +20 days;

middle panel of Figure 5). We identify this feature as a
potential high-velocity H absorption using a spectral match
to PTF 10hgi (L. Yan et al. 2020). 'Il'us feature retains a nearly
constant velocity of —11,000kms™" and a narrow FWHM
width of 1800kms~'. Using our high-resolution MIKE
spectrum at +53 days, we fit the profile of this feature and find
that it requires an additional weak emission component on the
bluer side (bottom right panel of Figure 5), which we identify
as a potential O16300 A feature. We conclude that the
absorption feature is narrow, blueshifted H retaining constant
velocity and width throughout the spectral sequence.

423 [0 nj 7319, 7330 A and [Can] 7292, 7324 A

A distinctive emission profile emerges at 7300 Aat +112
days (right panel of Figure 5). This feature shows some
asymmetry on the bluer end due to the presence of
He17281 A. We fit a multi-Gaussian profile and find three
components in the line profile: a narrow component centered at
7330 A, a wider component at 7300 A, and a broad, lower-
intensity component fitting the continuum. We identify these
features as the [Omn] 7319, 7330 Aand  [Can]
7292, 7324 A doublets. The center of the overall profile is
closer o the [O1] doublet, implying that the feature is
dominated by [Omnj. Additionally, this feature beoomes
stronger at the same time when the [O 1] 5007 A feature
becomes weaker at =+ 100 days, implying a transition from
[Om1] to |On). For our spectra at =+112 days, we estlmale
the L sw/Llesm ratio 4.82 o 1.14 using the 7300 A and
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6300 A features. The Ly3p0/Leapo ratio for SN 2024afav is
greater than the typical values estimated from other SLSNe-1
(M. Nicholl et al. 2019; P. K. Blanchard et al. 2025).
Furthermore, the ratio estimated from the =-+100 day phase
spectra of SN 2024afav exhibits an increasing trend (see
Table 4 in the Appendix), similar to some SLSNe-I such as
SN 2017egm, PTF 10hgi, and LS() 14an that show possible
CSM interaction (M. Nicholl et al. 2019; P. K. Blanchard
et al. 2025).

4.3, NIR Spectroscopic Analysis

We show the NIK spectra of SN 2024afav in Figure 6. The
near-peak NIR spectra obtained at —2 and +3 days cover

1.35-2.3 ym and exhibit a single broad absorption feature,
corresponding to He 1 A2.058 pm (hereafter the He 1 2 ym line)
with a blueshifted velocity of —10,500 kms™', similar
photospheric velocities from optical spectra at these phases.
Mo other features we detected, for example, 51, Mg 1, and 511,
which are commonly observed in Type Ib/c (M. Shahbandeh
et al. 2022).

The next NIK spectrum at +23 days, covering 0.78-2.3 pm,
exhibits the sae He 12 p absorption but with an apparently
bimodal wvelocity structure, with velocities of 7500 and
10,500 kms~' (inset of Figure 6). The strongest feature in
the spectrum, at  1.05 um, is a blend of Mgz u ALO95 um,
He 1 A1.083 pm, and possibly C1A1.069 um (see Figure 6).
This absorption feature also shows two distinctive absorption
troughs at 1.045 and 1.055 pm, mirroring the profile of the
He1 2 pm line. The possible blend of several features in this
wavelength range makes the interpretation of the line profile
complicated, but the similarity to the unblended He 1 2 pun line
suggests that it is dominated by He1A1.083 um at two
different velocities. Additionally, it shows a series of
absorption features centered at §25EI, Y000, Y700 A. These
features correspond to 018446 A, 9263 A with a possible
contribution from C18335 A, 9405 A and Mg 9218, 9244 A
features; however, we do not see conclusive evidence of
carbon lines in the optical spectra and no signs of Mg 1121062

A features, suggesting that the NIR features are likely
dominated by oxygen. Regardless of the interpretation, we
conclusively detect Hel, providing strong evidence of its
presence in ejecta of SN 2024afav.

5. Discussion
5.1. Spectroscopic Evidence for Postpeak CSM Interaction

The presence of namow and blueshitted H - absorption and
persistent He 1 optical and NIR lines and the early appearance
of forbidden high-ionization oxygen line emission ([0 11] and
[O m]) are highly unusual for SLSNe-1. By definition, these
events do not show signatures of hydrogen, with the
exception of a few events that, unlike SN 2024afav, showed
hydrogen only at a very late time (L. Yan et al. 2017). The
He1 features have similarly only been detected in a few
SLSNe-I to date, generally near peak, when a small amount
of helium retained by the progenitor is nonthermally excited
by the central magnetar (P. A. Mazzali et al. 2016;
M. Nicholl et al. 2019; 5. Gomez et al. 2024). These
features weaken in the postpeak phase when the ejecta
expand and the engine energy input declines, as seen recently
in SN2024rmj (H. Kumar et al. 2025). The late-time
presence of Hel in SN 2024afav requires a different
excitation mechanism, likely CSM interaction (e.g., L. Yan
et al. 2020; L. Dessart 2024a). Similarly, when detected, the
[Om] and |O 1] lines are generally observed only in the late
nebular phase, indicative of ionization of the inner ejecta by
the central engine (M. Nicholl et al. 2019; P. K. Blanchard
et al. 2025). In a few cases, the early appearance of [ 111]
has been interpreted as a signature of CSM interaction
(A. Aamer et al. 2024; S. Schulze et al. 2024). We thus
conclude that the appearance and properties of these features
are indicative of CSM interaction in the postpeak phase.

The narrow width, large blueshift, and appearance starting at
only +20 days of H absorption are distinct trom other
spectral features in SN 2024afav (Figure 4), suggesting that
hydrogen is not part of the initial SN ejecta and was instead
swept up by the fast ejecta from the surrounding CSM. The
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lack of a H emission component further indicates that the such as SN IIn (L. Dessart et al. 2016; R. A. Chevalier &
hydrogen was most likely present in a narrow shell rather C. Fransson 2017; L. Dessart & D. J. Hillier 2022; L. Dessart
than in a diffuse CSM, commonly seen in interacting SNe 2024b).

4850 4000 4930 A0DO HOGO 6300 6350 6400
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(The data used to create this figure are available in the online article.)

The broad optical and NIR helium in the pre- and near-peak
spectra (before the appearance of narrow H  absorption)
indicates that the bulk of the helium is present in the ejecta and
therefore that the progenitor star retained a helium layer prior
to explosion. On the other hand, the clear postpeak bimodal
velocity structure of Hel A2.058 ym, with an emerging
component at the same velocity as H and at the same phase,
indicates that helium is also present in the CSM. The optical
helium features persist until our last spectrum at +160 days,
indicating that the CSM interaction-based excitation continues
to this late phase.

The [ 11] 7320, 7330 A feature is rare and observed in some
SLSNe-1 only in the nebular phase when the ejecta is nearly
transparent, revealing the inner regions (M. Nicholl et al.
2019). Moreover, the [0 1m] 4959, 5007 A feature is seldom
seen and requires an excitation mechanism to produce a higher
ionization state and a low-density region in the ejecta. In
SN 2024afav, the early appearance of [O 1] starting at about
+50 days and [O 1] at +110 days requires such a region in the
outer part of the ejecta, as the rest of the spectrum suggests that
the ejecta has not reached a nebular state. Such a low-density
and high-ionization region in the outer ejecta can be produced
by the interaction of ejecta with the CSM, explaining these
features at such early epochs (A. Aamer et al. 2024).

Finally, we note that in addition to the emergence of the
various interaction-dominated spectral features at about +20
days, the light curve begins to exhibit its first bump and the
photospheric temperature exhibits an increase at the same
phase—indicators of the same CSM interaction.

Combining the available spectroscopic and photometric
information, we can provide a rough picture of the C5M. The
multiple bumps (and lack of H emission) point to a patchy or
shell-like CSM rather than a smooth wind-like CSM. ‘The
CSM is hydrogen- and helium-rich. Using the fastest velocity
of 12,000kms™' for H at 420 days and an explosion date
at  —49days (J. R. Farah et al. 2025), we estimate that the

nearest CSM shell is located at 7 x 10" cm; for a CSM
velocity of 1000 kms™", this shell would have been ejected

2.2 yr before explosion. The CSM shell is swept by the
gjecta, producing a forward shock (N. Smith 2017) that
accelerates the CSM to the ejecta velocity, thereby creating the
blueshified wwrow H  absorption (and high-velocity comp-
onent of Hel) as the shocked region is viewed above the
photosphere. This layer encounters no obstacles in the absence
of a diffuse CSM until another shell is encountered, at which
point it maintains the same velocity (and produces additional
bumps in the light curve). The reverse shock produced during
the CSM interaction ionizes the outer layers of the ejecta,
which are primarily composed of oxygen and helium. This
helps to sustain the excitation of helium; moreover, low-
density regions in these layers produce the |0 11| emission.
Subsequently, as the ejecta expand, the low-density regions
transition to a lower ionization state, explaining the emergence
of [On] at a later phase than [0 m1].

lT'o summarize, postpeak CSM interaction provides a
consistent explanation for the unusual spectral features and
light-curve bumps and their temporal correlation. The inter-
action-induced forward shock explains the presence of narrow
H (and Her), while the reverse shock provides a source of
helium excitation and vxygen ionization in the outer ejecta.

5.2, Comparison to Previous Multipeaked SL.5Ne-1

Inspired by the spectral similarity of SN 2024afav to PTF
10hgi and SN 201 /egm, we searched for similar events in the
SLSN-I sample (5. Gomez et al. 2024; A. Aamer et al. 2025)
that satisfy the following criteria: (i) the optical light curve
exhibits more than two bumps, and (ii) the spectral coverage
extends to =+100 days. We find four SLSNe—5SN 2017egm,
SN 201/ge, SN 2019hge, and LSQ,14an—that satisty these
criteria. We also include PTF 10hgi in the comparison sample,
despite its limited photometric coverage (until phases of <
+100days) and the absence of significant bumps in its light
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+112 days with the SLSN-1 population from A. Aamer et al. (2025a) and SLSNe-1 with

multiple bumps and spectral coverage at similar epochs. These objects represent a small sample of SLSNe-1 with multiple bumps in their light curves and a strong
presence of the 7300 A feature. We obscrve that PTF 10hgi, SN 201%hge, and SN 2024afav show the presence of [0 1], Hel features at all epochs, and
7300 A emission features at the 4112 day phase. The spectral similanty and bumpy light curves of these objects imply a common progenitor. The other two

objects in the spectra exhibit bumpy light curves and 7300 A

emission features, indicating CSM interaction and a potential connection between bumps and CSM

interaction in SLSNe-1. Both SN 200 7egm and SN 2017gci do not show a strong presence of [0 11] features; however, they show [0 1] features at late times,

implying weaker ionization in ejecta compared to other objects in the sample.

curve, as it exhibits close spectral similarity to SN 2024afav.
We caution that this sample is by no means comprehensive, as
the identification is limited to visual inspection with the goal of
finding similar events, rather than creating a complete sample.
The r-band light curves of SN 2024afav and the five
comparison events are shown in Figure /.

We compare the spectra of SN 2024afav with the five
comparison events at  +50 and 4110 days in Figure 8. The

10

median SLSN-I spectrum at these phases from A. Aamer et al.
(2025a) is shown tor reterence. lhe comparison reveals that
three of the five events (SN 2017egm, SN 2019hge, and PTF
10hgi) exhibit similar spectral features and evolutionary
patterns to SN 2024afav. These events show a remarkably
different 5000 A region compared to median SL.SN-1 specira
due to the presence of [Omi] features. In the +110day
spectra, these four evenis exhibit a very weak [O1] line and a
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stronger 7300 A feature centered at [Om]. Another noticeable
aspect is the presence of strong absorption at the locations of
the Hel lines. In SN 2024afav (and possibly SN 2019hge;
L. Yan et al. 2020), the presence of helium is demonstrated
with NIR spectra. In SN 2017egm and PTF 10hgi, previous
claims of helium have relied on the optical spectra (L. Yan
et al. 2020; J. Zhu et al. 2023); the similarity to SN 2024afav
confirms these claims. We conclude that the spectral and light-
curve similarities of these four events suggest that they share a
similar progenitor configuration.

The other two events in the comparison sample, L5() 14an
and SN 2017gci, exhibit different spectral properties. LSQ
1dan exhibits an early presence of the 7300 A feature (+48
days), which appears asymmeiric and centered on the [Ca ]
lines and shows no signs of helium features. However, LSQ
14an shows a P Cygni feature at 6300-6400 A, similar to
SN 2024afav, SN 2019hge, and PTF 10hgi, and exhibits strong
[Om]. The presence of strong [O 1] and 7300 A features but
lack of helium in LS() 14an indicates that its progenitor may
have been completely stripped of its helium layer, and
potentially some of its oxygen layer, contributing to the
CSM. SN 2017¢gci has a much weaker 7300 A feature, centered
on the [Can] lines, He 1 features, and no unusual feature in the

63006400 A region. The differences in spectral features
between SN 2024afav and LS(Q) 14an and SN 2017gci suggests
that the light-curve bumps do not necessarily require hydrogen
or helium in the CSM.

6. Conclusions

We presented detailed optical /NIR spectroscopic observa-
tions of SN 2024afav, spanning —14 to +160 days, covering
the main peak and multiple postpeak light-curve bumps. The
key findings are as follows.

1. SN 2024afav has an unusual light curve compared to the
majority of SLSNe-1, exhibiting seven significant bumps
in the postpeak phase.

2. The prepeak spectra exhibit typical SLSN-I features and
closely match the early spectra of SN 2017egm and PTF
10hgi.

3. Postpeak, the spectra show several unusual features
indicating CSM interaction with narrow hydrogen and
helium shells.

a. A narrow, high-velocity H  absorption feature
starting at 420 days.

b. Persistent optical and NIR He1 lines at all available
phases. At +23 days, the NIR spectrum showed a
high-velocity component of helium at a similar
velocity to that of hydrogen, suggesting the presence
of helium in both the ejecta and the CSM.

c. Early appearance of [O 11] emission starting at 450
days. ~Additionally, a strong [Ou] + [Can]
?3mhcumplex starting at 4110 days.

These spectroscopic features indicate that
SN 2024afav underwent CSM interaction with narrow
shells that primarily consist of hydrogen, with a
possibly small amount of helium.

4. We compare SN 2024afav with a subset of SLSNe-I that
exhibit bumpy light curves with late-time spectral
coverage. These objects exhibit some combination of
the early presence of [Om1], an excess of the [O1] +

Kumar et al.

[Ca1] complex, and persistent helium features until late
phases, suggestive of CSM interaction. Our comparison
sample sugpesis that the bumps in the light curves and
these unusual features are potentially correlated.

In the vpcoming era of the Rubin Observatory /[LSST,
detailed late-time light curves of SLSNe-I will be available in
abundance. Systematic follow-up of events with multiple
bumps will elucidate the fraction of events in which CSM
interaction can significantly modify the postpeak light curves
and spectra.
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Appendix

Data Tables
This section contains additional data used in the Figures.
Table 2 contains all photometry used in Figure 1. Table 3
contains velocity evolution measurements using features of
Sill6355A, O, 1, 6158 A, and 017774 A features at all

spectroscopic epochs. Table 4 lists Lyzpg,/ Lgspoestimated using
[O 1], [OII], and [O III] features.

Tahble 2
Photometry of SN 2024afav
MID Filter Magnitude o e magnitude Telescope
60665.33 o 1853 a 0.09 ATLAS
B0666.34 o 1857 « 0.09 ATLAS
BO6T2.65 o 1803 o 0.05 ATLAS
60674.33 o 1792 o 0.4 ATLAS
B06T6.06 c 17.70 o 0.03 ATLAS
B06TT.31 o 1785 o 0.4 ATLAS
HO6TE3] o 17.71 o 0.03 ATLAS
606T9.05 c 1756 a 0.02 ATLAS
HO6R0.04 c 1754 o 0.03 ATLAS
6068132 o 1755 a 0.03 ATLAS

Notes. All magnitudes are in the AB system and comected for Galactic extinction.

(This table 1= available in its entirety in machine-readable form in the online article.)
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Table 3

Velocity Evolution Measurement Using the Spectral Sequence of SM 2024afav. The entries marked have a poor profile fit and therefore are less reliable.
Phasc Velocity (km s~)
{days) Si116355 A 016158 A 017774 A
-14 11,707 483 6720 o 2427
S 0]l 395 6340 o 547 T037T o 543
+20 TE5E o 41 Ell6 o 972 T190 o 141
+24 TIEE o 39 T473 o 49 6E00 o 43
+27 7417 & 33 T38T o 46 T3 o 133
+30 TI71 & 25 6418 o 95 6683 a T4
+47 6282 o 64 6411 o 126 6335 a 68
+51 543 o 43 6415 o 66 634] o 108
+353 3076 o 76 6426 o 37
+54 M3 a B3 6392 o 105 507l o 71
+63 4790 o 75 6663 a 231 5685 a 211
+74 4786 o B4 6284 o TR 4254 o 1000
+91 4131 o 566 6355 o 444 5006 o 127
+112 3657 a 57 48379 o 162 5434 o 222
+139 5851 o 140° 5008 o 51
+1&0 6140 o 437 5224 o 14 6603 o 32807

Table 4
Area in Unit of Flux Density for the [0 1], [O11], and [ 1] Featores, Estimated Using Line Profile Fitting
Area

Phase - - Lravo/ Leano
{days) [0 ] 4959 A [Om1] 5007 A [O1] 6300 A [O1] 7319, 7330 A [Call] T291, 7324 A
+112 92 o 225 4851 o 386 532 a 057 1426 o 394 1140 o 421 482 o 1.14
+139 10.8] o 1.95 4431 a 316 312 o 015 6566 a 592 4350 o 487 3499 o 250
+1&0 470 092 3472 a 153 607 o 5.18 120049 o 540 206.05 a 1549 5380 o 46.24

Note. We estimated the Lrapo) Lesoo ratio for each epoch and found an increasing ratio trend.
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