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ABSTRACT

Aims. We present and interpret the data of the nearby hydrogen-deficient but helium-rich superluminous supernova SN 2021bnw, which reached
a magnitude of —20.7 at maximum luminosity in g band.

Methods. We discuss the light curves and spectra of SN 2021bnw based on its spectro-photometric follow-up, exploiting different observational
facilities. We reproduced the near-IR spectrum of SN 2021bnw with TARDIS to inspect the chemical composition at late photospheric phases and
identify helium features. We also used a STELLA model coupling hydrodynamics and radiation transport to constrain the physical parameters of
the explosion assuming a >*Ni+CSM scenario.

Results. We suggest that SN 2021bnw was mainly powered by the interaction of the ejecta with a previously lost He-rich circumstellar material,
coupled with a central power source.

Conclusions. This work expands the data sample of He-rich superluminous supernovae (SLSNe Ib), and for a single-progenitor scenario, it can

constrain the masses and physics of their progenitors.
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1. Introduction

At the end of their life, massive stars (28 Mg, e.g., Smartt
2009) undergo gravitational collapse of their core, and their
outer layers can be ejected in a catastrophic fashion. This
event may be accompanied by a luminous supernova (SN),
whose luminosity is usually comprised between —14 mag and
—19 at maximum in optical bands. A common explanation
for the luminosity of stripped-envelope SNe (Taddia et al.
2018) considers the radioactive decay of <0.1 Mg of S6Ni on
average (Rodriguez et al. 2023; see also Anderson 2019). In
the past two decades, observations of superluminous super-
novae (SLSNe; Gal-Yam 2019) questioned this scenario. It
is challenging for the classical neutrino-driven core-collapse
paradigm to synthesize more °Ni (see, e.g., Ugliano et al. 2012;
Pejcha & Thompson 2015; Sukhbold et al. 2016; Terreran et al.
2017; Suwaet al. 2019, but see also Umeda & Nomoto 2008
for higher estimates of the *°Ni yield). The contribution of
the spindown radiation from a newly born and rapidly spin-
ning neutron star (e.g., Woosley 2010; Kasen & Bildsten 2010;
Nicholl et al. 2017b; Suzuki & Maeda 2019; Dessart 2019;
Suzuki & Maeda 2021) and/or that of the interaction of the SN
ejecta with a previously lost circumstellar material (CSM; e.g.
Chevalier & Fransson 2003; Chevalier & Irwin 2011) are viable
explanations for interpreting SLSNe (e.g. Chatzopoulos et al.

* Corresponding author: achille.fiore@inaf.it

2012, 2013; Vreeswijketal. 2017; Yanetal. 2015, 2017,
Margutti et al. 2023). Upon making reasonable assumptions to
account for the lack of multicomponent features in the spectra of
hydrogen-poor SLSNe (see, e.g., Smith 2017), CSM interaction
also suitably explains the undulations often seen in their light
curves (LCs), which are not naturally predicted by the magnetar
scenario (but see Moriya et al. 2022; Dong et al. 2023; Zhu et al.
2024; Zhang et al. 2025; Farah et al. 2026). For some events, a
combination of these two mechanisms was suggested as pow-
ering mechanism (e.g., Fiore et al. 2021; Hosseinzadeh et al.
2022; Chen et al. 2023b; West et al. 2023). Still, the nature of
SLSNe I remains elusive. Even though the increase in SLSNe-
I data has enabled the community and the search for correla-
tions among physical parameters derived from semi-analytic LC
fits (Nicholl et al. 2015; Chen et al. 2023b; Gomez et al. 2024),
firm conclusions have yet to be reached about their nature. It
remains challenging to unambiguously identify the dominant
power source for these events (see, e.g., Konyves-T6th 2025).
In this regard, the interpretation of SLSN-I nebular spectroscopy
offers a promising tool. A putative central magnetar is expected
to affect the ionization and hydrodynamics of the ejecta at late
epochs (Blanchard et al. 2026), thereby leaving distinct signa-
tures in the nebular spectra (Omand & Jerkstrand 2023; Omand
2026). In addition, the detection of an early LC bump compat-
ible with the breakout of a relativistic jet (e.g., Margalit et al.
2018; Gottlieb & Metzger 2024) can also point to the contribu-
tion of a central compact object. Another possibility would be
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that SLSNe are the result of a pair-instability SN (PISN) explo-
sion, in which a very massive progenitor (with a He-core mass
64 My S Myecore S 133 Mg, Heger & Woosley 2002) collapses
due to the onset of (e~, ™) pair production and allows for a mas-
sive synthesis of *Ni. This mechanism is capable of reproducing
very bright and long-lived SNe in principle, with spectra sup-
pressed on the blue side by the high opacities of the Fe-group
elements (e.g., Mazzali et al. 2019). For these reasons, some
PISN candidates (e.g., Gal-Yam et al. 2009; Nicholl et al. 2013;
Tinyanont et al. 2023) have been reinterpreted under the assump-
tion of the magnetar scenario (Nicholl et al. 2013; Chen et al.
2015; Tinyanont et al. 2023). Conversely, the PISN model has
been invoked by Schulze et al. (2024) to explain the superlumi-
nous SN 2018ibb.

Observationally, SLSNe are classified as Type II and Type 1
SLSNe depending on whether their spectra show Balmer lines
(Gal-Yam 2012). In this work, we focus on hydrogen-poor
events. Their LCs are very heterogeneous and continuously span
between very slow or very fast evolving timescales (see, e.g.,
De Cia et al. 2018; Inserra 2019; Chen et al. 2023a). In addition,
LCs of SLSNe I can show bumps before and/or after maximum
whose amplitude is usually <1 mag (e.g., Nicholl et al. 2015,
2016; Inserra et al. 2017; Lunnan et al. 2018; Angus et al. 2019;
Fiore et al. 2021; Gutiérrez et al. 2022; Hosseinzadeh et al.
2022; Linetal. 2023; Chenetal. 2023a; Westetal. 2023).
Moreover, spectra of SLSNe I around maximum are usually
hot (~15000—-20000K) and often present prominent absorp-
tions around 30005000 A, which are usually interpreted as
O11 features (Quimby et al. 2018, but see Konyves-Téth et al.
2020, for an alternative explanation). However, SLSNe I do not
always exhibit these features (Konyves-T6th & Seli 2023), but
Saito et al. (2024) and Nicholl (2026) showed that their occur-
rence depends on their photospheric temperature. The spectra of
SLSNe I look remarkably similar to those of SNe Ic at maxi-
mum luminosity at 15-20 rest-frame days after maximum (see,
e.g., Gal-Yam 2019; Inserra 2019). This motivated the quest for
a possible connection between SLSNe I and hypernovae (see e.g.
Mazzali et al. 2016; Modjaz et al. 2016; Nicholl et al. 2017b;
Fiore et al. 2025). Finally, SLSNe I hosts are usually metal-poor
and star-forming dwarfs sharing some similarities with those
harboring long gamma-ray bursts (e.g. Chen et al. 2013, 2017,
Lunnan et al. 2014; Leloudas et al. 2015; Perley et al. 2015;
Schulze et al. 2018, 2021; Taggart & Perley 2021; Cleland et al.
2023).

A fraction of SLSNe I show spectral features of helium.
In some of them, the Hel 110830 line has been identified
in post-maximum near-IR (NIR) spectra, and such SNe were
sometimes classified as SLSNe Ib' (see, e.g., Quimby et al.
2018; Yan et al. 2020; Kumar et al. 2025b, 2026). Interestingly,
Chen et al. (2023b) found that all the best densely sampled
LCs of SLSNe Ib presented in Yan et al. (2020) either showed
LC rebrightenings® (see also Zhu et al. 2023) or were better
described by a hybrid **Ni-decay + CSM interaction model. This
suggests a link between He-line detections, bump occurrence,
and CSM interaction in SLSNe. However, the current sample
remains too small to draw firm conclusions about this. There-
fore, it is crucial to expand and systematically study the sample

' In the case of PTF10hgi, it has been also referred to as SLSN IIb
due to the hydrogen and helium richness of its spectrum (Quimby et al.
2018; Gal-Yam 2019).

2 A similar association has also been seen in some normal stripped-
envelope SNe (see e.g. Sollerman et al. 2020).
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of SLSNe Ib in order to constrain the nature of SLSN I(b) pro-
genitors and their powering mechanisms.

We present and interpret the data of the observational cam-
paign of the SLSN Ib SN 2021bnw, whose helium abundance
was inferred from the analysis of a NIR spectrum observed
87 days after maximum. SN 2021bnw was located at RA =
10753m525.18, Dec = +12°33/29”/12, at a redshift z = 0.0888 +
0.0004 (see Sect. 3) and was discovered by Fremling (2021)
with the Zwicky Transient Facility (ZTF; Graham et al. 2019;
Bellm et al. 2019b) and was classified as a hydrogen-poor SLSN
I by Magee et al. (2021) within the advanced (extended) Public
ESO Spectroscopic Survey of Transient Objects (ePESSTO+,
Smartt et al. 2015). SN 2021bnw is not grouped among the
brightest SLSNe I as its absolute magnitude in the optical bands
is —20.7 mag (see Sect. 2), and it was included by Gomez et al.
(2022) in a sample of luminous SNe, that is, SNe with an abso-
lute peak magnitude between that of classical core-collapse SNe
and the faintest SLSNe. In addition, Pursiainen et al. (2023) and
Poidevin et al. (2023) included SN 2021bnw in two polarization
studies, both of which suggested no significant departure from
spherical symmetry for this event. Finally, Necker et al. (2022)
initially included SN 2021bnw in a sample of possible counter-
parts of the high-energy neutrino IceCube (Aartsen et al. 2014,
2015) Alert IC200109A (Garrappa et al. 2020), but then it was
not recognized as a viable candidate.

Hereafter, in Sect. 2, we discuss the observed and the bolo-
metric LCs of SN 2021bnw. In Sect. 3 we present the optical and
NIR spectra of SN 2021bnw. In Sect. 4 we compare the spectro-
photometric data of SN 2021bnw in the context of SLSNe I, and
we discuss a possible model for its interpretation. We finally
present our conclusion in Sect. 5. Throughout the paper, we
assume a flat Universe with Qy = 0.31 and Q, = 0.69 and with
a Hubble constant Hy = 70.5 +2.37kms™! Mpc™! (Khetan et al.
2021).

2. Observed and bolometric light curves

We obtained the optical-to-NIR photometry of SN 2021bnw
with an extensive photometric follow-up campaign using sev-
eral facilities, and we reduced the imaging data with dedicated
pipelines or the reduction package ecsnoopy (see Appendix A.1
for a detailed description). We estimated the epoch of maximum
luminosity by performing a polynomial fit around the pre- and
post-maximum epochs and found that the maximum luminosity
of SN 2021bnw occurred in g band on MJID = 59269.12+0.01 at
g = 17.38 + 0.01 mag. The errors on the peak magnitude and of
the maximum-luminosity epoch were evaluated by varying the
degree of the polynomial. After measuring the redshift by means
of the narrow emission lines from the host galaxy (see Sect. 3),
we obtained the luminosity distance as di, = 402.5 = 17 Mpc.
As we identified no narrow absorption interstellar line of the Na
ID doublet in the optical spectra, we assumed the host atten-
uation to be negligible (Poznanski et al. 2012). Given the dis-
tance modulus u = 38.02 +0.10 mag and the Galactic absorption
Ay = 0.05mag (Schlafly & Finkbeiner 2011), we derived the
color excess using a reddening law with Ry = 3.1 (Cardelli et al.
1989; Fitzpatrick 1999) and computed an absolute peak g mag-
nitude of M, = -20.70 £ 0.10 mag. Moreover, we obtained
the pseudo-bolometric LC in the following way: for each epoch
and filter, we converted the multicolor photometry into flux,
and we thus retrieved the spectral energy distribution (SED).
We then integrated over the wavelength using the trapezoidal
rule and assumed zero flux outside the integration boundaries.
Finally, for each epoch, we obtained the pseudo-bolometric
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Fig. 1. Left panel: u-, B-, g-, V-, r-, i-, ATLAS cyan-, ATLAS orange-

, z-, J-, H-, K-filter LCs (green, dark blue, red, purple, blue, magenta,

orange, light green, violet, dark gray, light gray, and yellow symbols) of SN 2021bnw. The LCs are displayed in apparent (left axis) and absolute
magnitude (right axis) and are shifted by a constant (shown in the label). The dashed line shows the polynomial fit used to estimate the maximum
luminosity epoch. The LCs in different filters are colored with different colors as labeled at the right side. The different symbols correspond to
different instruments, as labeled in gray in the top right corner. The magnitudes are reported in the AB magnitude system. Right panel: Residuals
after the subtraction of the best-fit one-dimensional polynomial between 2 and 80 days after maximum luminosity in B, g, V, r bands. The dashed
black line marks the zero-residual level for reference. In this panel, the dots are color-coded as in the left panel, and the detection limits were

removed for clarity.

luminosity by multiplying the integrated flux by 47rdﬁ. The error
bars on the pseudo-bolometric LC were estimated by combining
the photometric error and the error on the luminosity distance.
The pseudo-bolometric LC was computed adopting the epochs
of the g-filter LC as a reference since it is the most densely
sampled (Table B.1), and missing coeval magnitude measure-
ments in other filters were estimated by interpolation (or extrap-
olation, if necessary), assuming constant color. Our calculation
of the pseudo-bolometric LC of SN 2021bnw did not include
UV magnitudes. Because bright stars are lacking in the field,
causing a spacecraft safety issue, it was not possible to trigger
the Swift/Ultra-violet Optical Telescope (UVOT, Gehrels et al.
2004) for SN 2021bnw.

The multiband LCs of SN 2021bnw are shown in Fig. 1. The
pre-maximum detections are scarce, but enabled us to constrain
the rest-frame rise time toward maximum luminosity. Given
the last ZTF-g detection limit at phase ~—40 rest-frame days
MJD = 59225.4) before maximum and the first ZTF detec-
tion at phase ~—38 rest-frame days (MJD = 59227.4) before
maximum, we estimated a rise time for the g-filter LC of about
39 days. Soon after maximum luminosity, the LCs show a lin-
ear declining phase lasting about 80 rest-frame days, during
which the optical LCs presented two possible rebrightenings. In
Fig. 1 (right panel) we subtracted for each of the best-sampled
LCs (B, V, g, r) the best-fit first-order polynomial between 5 and
80 days (excluding the epochs in which the bumps occur), and
we recognized two deviations from the linear trend. The first
deviation peaks at about 35 days, has an amplitude <0.25 mag in
the B filter, and slightly decreases in the redder filters. The sec-
ond deviation is seen in B and V filters only around 70-80 days,
but with a slightly larger amplitude of <0.3 mag in B band and
a comparable one in V band (when we neglect the two V detec-

tions with higher error bars; see the right panel in Fig. 1). After
this phase, the LCs steepened for about 30 days, after which
the SN set behind the Sun, and thereafter, it faded beyond the
detection limit. The pseudo-bolometric LC of SN 2021bnw is
shown in Fig. 2. At about maximum luminosity, it exhibited a
wedge-shaped rise and decline, which is not new among SLSNe
I (see Sect. 4.1), and it reproduced the behavior of the multi-
band LCs in g, r filters overall. The average slope of the post-
maximum declining phase within 80 days of the bolometric LC
of ~0.016 magd™" is faster than the >°Co-decay slope assuming
full y-ray trapping. During this phase, the pseudo-bolometric LC
slightly oscillated at ~40 days, but the second bump at ~75 days
(see Fig. 2) is not evident or might be blended with the declining
knee, after which the LC declined with a slope of ~0.07 magd™".

3. Optical and NIR spectra

We obtained optical spectroscopy of SN 2021bnw with an exten-
sive photometric follow-up campaign using different facilities,
and we reduced the raw spectroscopic frames with standard
IRAF routines or dedicated pipelines (see Appendix A.2 for a
detailed description). The spectral evolution of SN 2021bnw
is shown in Fig. 3. The hot (~14000-17000K) pre-
maximum/maximum spectra show the O1I and the Call H&K
features on the blue side and broad C 11 116580, 7121, O 11 17774
lines on the red side. No O1I lines are seen in the almost fea-
tureless spectrum observed 7 days after maximum, although the
lower signal-to-noise ratio of the blue side does not rule out their
contribution. On day 16, the SiII 16355 line also appears, and on
days 25 and 31, the spectral continuum suddenly becomes bluer
than on day 21, approximately coeval with the first LC bump.
It is not clear whether this also occurred in the spectra observed

A221, page 3 of 14



Fiore. A.. et al.: A&A, 710, A221 (2026)

3°Co-decay slope
<
O~
-~

43.6F

N

R

[oe] o N =y
T T T T

10910 Lpoil1 €rgs=1]

IN

N

o
T

- @
4241 g

O v b b b e e e
42'2—40 =20 0 20 40 60 80 100

Rest-frame phase from g maximum [days]

Fig. 2. Pseudo-bolometric LC of SN 2021bnw. The *Co slope is shown
for comparison.

at 70-80 days, when the second bump appeared in the B, V LCs,
or if this is an artifact of the lower signal-to-noise ratio on the
blue side of the spectrum. As noted in the case of SN 2017gci
(Fiore et al. 2021) showing two bumps in the post-maximum LC,
no noticeable changes are seen in the spectra during the epochs
in which the bumps appear. Then, on day 31, the spectrum lacked
any discernible features and gradually transitioned into a new
phase mirroring the spectrum of an SN Ic at maximum luminos-
ity. This is shown by the emergence of the Mgl at ~4570 A
and Fell features between 4500—5500 A. In particular, in the
spectrum 40 days after maximum, a broad feature at ~5010 A
appeared, which we tentatively interpret as Fe I1 A 5018, although
the other lines of the triplet (1414923, 5018, 5169) are not seen
or might be blended. These features are seen until day 97, when
the spectrum was still photospheric, while the continuum gradu-
ally cooled and the O 11 47774 became more pronounced. Dur-
ing the latest phases, the narrow emission lines from the host
galaxy start to be seen. We measured the redshift of the host
galaxy of SN 2021bnw using the narrow He and obtained z =
0.0888 + 0.0004 by fitting a Gaussian to the line profile.

We used the absorption minima of O1I P-Cygni profiles to
estimate the O 11 velocity of SN 2021bnw (see Fig. 4). In detail,
we fit a Gaussian to the absorption profiles and measured the
shift compared to the rest-frame emission wavelength. In addi-
tion, we estimated the expansion velocity from the blackbody
radius (see Sect. 4.2), which approximately follows a power law
with an index —2/3 (see Fig. 4). The two velocities agree within
~20days after maximum and are consistent with that of the
SLSN Ib SN 2024afav (see also Sect. 4.1). After this, the O1I
velocity remained nearly constant at ~7500kms~!, while the
blackbody velocity still followed the power-law behavior. From
this comparison, we broadly constrained the initial photospheric
velocity to ~10000-7000kms™! at pre-maximum/maximum
epochs.

The NIR spectrum (see Fig. 5, left panel) shows five absorp-
tions between 0.9-1.3 um that are usually seen in the NIR
spectra of stripped-envelope SNe (e.g., Shahbandeh et al. 2022).
However, given the high expansion velocities, some features
are likely blended, and their identification can be challenging.
This is true in particular for the prominent P-Cygni feature at
~1.1 um. A Gaussian fit of its emission component is peaked at
A =~ 1.095 um and indicates a contribution of MgIr 4 1.0927 um
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(see Fig. 5, right panel). A closer inspection of the blue wings
of the emission (Fig. 5, right panel) draws attention to a possi-
ble inflection about ~1.08 um, likely attributable to the contri-
bution of the HeT A 1.083 um P-Cygni profile. Moreover, in the
red wing of the emission component at 1.1 um, we tentatively
identify the weak bump as OII 41.1290 um and the following
absorption as MgI A 1.1828 um, while blueward of it, we iden-
tify the contribution of O 11 10.9264 ym + Mg 11 10.9227 pm and
Mg1r 41.0092 um. Finally, the identification of the Hel line is
corroborated by the weaker absorption at ~2.02 um, which is
compatible with He1 12.0581 um (see also Sect. 3). However,
optical HeT lines such as the 15876 line usually seen in SNe Ib
are not clearly distinguished in the spectra of SN 2021bnw, but
they are likely blended with iron/magnesium features (see also
Sect. 3). In any case, the relative weakness of the HeT 45876
feature does not necessarily invalidate the He I identification in
the NIR spectrum (see, e.g., Teffs et al. 2020).

To test the proposed line identifications in the NIR spectrum
of SN 2021bnw, we computed a synthetic spectrum using the
Monte Carlo radiative-transfer code TARDIS (Kerzendorf & Sim
2014). The open-source one-dimensional code TARDIS is widely
used for the rapid spectral synthesis of supernovae. Despite some
simplifying assumptions such as spherical symmetry and homol-
ogous expansion, TARDIS is capable of consistently describing
the plasma state and handling radiation-matter interactions. It
defines a computational domain in velocity space with a fixed
inner boundary, representing the SN photosphere. From this
boundary, a blackbody radiation field propagates and interacts
with the overlying ejecta.

In detail, we used the TARDIS built-in power-law density
profile p(v,1) = po(t/t))>(v/ve)™ to calculate the spectrum.
We inferred @ = 4 from the velocity evolution (see Sect. 3)
using a formalism similar to that by Nicholl (2026, see Eq. (4)
therein), vy = 10000 km s~ and fixed po =34X% 1072 g cm™3.
The last two parameters were varied to obtain a TARDIS ejecta
mass lower than or similar to that reported in Sect. 4.3. The
other TARDIS simulation parameters were set up following
Williamson et al. (2021) and Boyle et al. (2017), and they are
summarized in Table 1. We adopted a homogeneous abun-
dance profile and the latest version (March 2025) of the TARDIS
atomic-data file (Kurucz 2017). In addition to helium, we input
the chemical elements that cause the lines identified in the opti-
cal spectra and varied their abundances to fit the NIR spectrum
of SN 2021bnw. To do this, we also used the optical spectrum
at 85 days as an additional reference and explored the TARDIS
parameter space to provide a good compromise between the opti-
cal and NIR spectral regions. Good spectral fits were obtained
with a helium mass of ~0.10-0.15M, by varying the outer
TARDIS integration boundary. However, while our He-mass esti-
mate might be quite uncertain due to the simplifying TARDIS
assumptions described above, it is comparable to the threshold
of non-hidden helium estimated by Teffs et al. (2020) for optical
He features to become visible in the spectra of stripped-envelope
SNe, and it is about two/three times the upper limit on the He
mass found by Kumar et al. (2025a) from the He-devoid NIR
spectrum of the SLSN I SN 2024ahr. We emphasize that we
did not attempt to model the entire spectrum, but only tested the
helium line identification.

The observed NIR spectrum is compared with the synthetic
TARDIS spectrum in Fig. 6. The TARDIS spectrum predicts the
contribution of HeI to the absorption at 1.05 um, although it
partly overlaps with Mg II. By contrast, helium alone reproduces
the absorption at 2 um reasonably well (see Fig. 6, right panel).
Since this region is expected to be very little contaminated
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Fig. 4. Velocities of SN 2021bnw measured by fitting a Gaussian to the
absorption minima of the O 11 A 7774 (red dots) and from the blackbody
radius Rpp (blue triangles; see Fig. 11). For comparison, we also plot
the OII 27774 velocity of SN 2024afav (gold triangles; Kumar et al.
2026) and a ot~ curve (dashed black line).

by other features (Shahbandeh et al. 2022), we can more con-
fidently attribute contributions in the NIR spectrum of SN
2021bnw to helium.

4. Discussion

4.1. Photometric and spectroscopic comparisons with other
SNe

We selected a sample of SLSNe Ib to compare the photom-
etry and spectra of SN 2021bnw with those of analogous
objects with post-maximum He-rich NIR spectra: PTF10hgi,
SN 2012il (Inserraetal. 2013), SN 2017egm (Nicholl et al.
2017a; Bose et al. 2018; Hosseinzadeh et al. 2022; Zhu et al.
2023), SN 2019hge (Yan et al. 2020), SN 2024rmj (Kumar et al.
2025b), and SN 2024afav (Kumar et al. 2026). We also added
the SLSN I SN 2020wnt (Gutiérrez et al. 2022) to the compari-
son sample, which has possible HeI detections at about ~5000
and ~7000 A and a similar steepening in the LC. We com-
pared the K-corrected absolute LCs in all available filters for
the SNe of the comparison sample (Fig. 7). For SN 2021bnw,
we used the K-correction following Fiore et al. (2021, see our
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Table 1. TARDIS configuration used for the synthetic spectrum in Fig. 6.

luminosity requested  1.65 x 10*3 ergs™!

time_explosion 126 days

£0 34x10%gem™
v 10000 km ™'
to 1 day
exponent -4
ionization nebular
excitation dilute-lte
radiative rates type dilute-blackbody
line interaction type downbranch

helium treatment recomb-nlte

Table B.3), while for the other SNe, we used the approxima-
tion K = —-2.51og;,(1 + z) (Hogg et al. 2002), which is reason-
able for SLSNe I (Chen et al. 2023a). Interestingly, the LCs of
SN 2021bnw and SN 2017egm are remarkably similar in terms
of absolute magnitude around the pre-maximum/maximum and
early post-maximum epochs (<20 days), in which they present
a wedge shape that is sharper in g and broader in other filters.
However, the LC of SN 2017egm rises faster toward maximum
than that of SN 2021bnw (see Fig. 7). After ~20 days, the follow-
up of SN 2017egm was interrupted, but soon after ~85 days, their
g LCs were still similar until ~100 days. Compared to them, the
LCs of SN 2012il, PTF10hgi, and SN 2020wnt evolved faster
after maximum, while the LC of SN 2024rmj, the brightest of
the sample, reached a plateau-like phase after maximum. More-
over, the LCs of SN 2019hge and SN 2024afav exhibited sharp
bumps after maximum.

To further characterize SN 2021bnw, we reproduced the
analysis of Chen et al. (2023a) by measuring the time intervals
corresponding to fractional flux levels of x = 0.1 and x = ¢!
relative to the peak absolute g flux during its rising and declin-
ing phases (fisex and Zgeclinex). We fitted a fifth-order polyno-
mial to the entire LC and assigned conservative error bars to
tise, €qual to the time interval between the estimated f#, and
the preceding or subsequent detections because data before max-
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imum are scarce. Next, we reproduced Fig. 6 of Chen et al.
(2023a) by plotting the K-corrected peak magnitude, M,, against
tise.10% (Fig. 8). We note that the position of SN 2021bnw
(trise.10% = 31.98f§3 days, M, = —-20.65 + 0.1 mag) falls well
within the region populated by other SLSNe Ib. Furthermore,
while it follows the fise 1/ VErsus tse 109 correlation within
0.240 (0.68 days, assuming loo = 2.84 days as in Chen et al.
2023a), SN 2021bnw is a clear outlier in the #ecline,1/. VErsus
tise,1/e Parameter space due to its slow post-maximum decline of
~0.016 mag d™! (see Sect. 2 and further discussion in Sect. 4.3).

We also compared four representative spectra of
SN 2021bnw with those of the SNe of the comparison
sample in comparable phases (see Figs. 9, 10) after cor-
recting them for redshift and Galactic extinction following
Schlafly & Finkbeiner (2011). The spectra were obtained
via Wiserep® (Yaron & Gal-Yam 2012). The spectra of
SN 2021bnw look more similar in terms of features and
spectral continuum to those of SN 2019hge, SN 2017egm, and
SN 2012il. However, SN 2012il evolved faster than SN 2021bnw
and reached the featureless phase before SN 2021bnw (see
Fig. 3). The spectra of SN 2020wnt are redder and with stronger
features in post-maximum epochs. Finally, we compared the
NIR spectrum of SN 202 1bnw with two spectra of SN 2017egm
and SN 2012il, although in different rest-frame phases with
respect to maximum. In the three spectra (see Fig. 10), a
feature is seen at about ~1.1 um, although with different char-
acteristics. While it looks like a pure emission feature for SN
2012il, a P-Cygni profile is present for SN 2021bnw and SN
2017egm with a blue wing broader than the red one. The O 11
10.9264 um+Mg11 10.9227 um feature is probably present in
the NIR spectra of SN 2012il and SN 2017egm, while the O 11
and Mg features are identified in that of SN 2017egm alone
because this wavelength range is not covered by the spectrum
of SN 2012il. However, due to the low signal-to-noise ratio of
the spectrum of SN 2012il and the considerable phase shift with
respect to maximum, we cannot exclude that these SNe shared
more or fewer spectral properties at coeval epochs.

3 https://www.wiserep.org
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Fig. 7. Comparisons of the K-corrected g-band absolute LCs of
SN 2021bnw with those of the comparison sample. The LCs of the
selected SNe are marked differently, as explained in the caption at the
top. The gray region denotes the range encompassed by the g mean
absolute LC of the SLSN-I sample analyzed by Gomez et al. (2024).

4.2. Blackbody temperature and radius

We compared the blackbody radius and temperature of
SN 2021bnw with those of the other SNe of the sample we con-
sidered and with those of the SLSN-I sample of Gomez et al.
(2024). For consistency, we used the same script to integrate the
multiband photometry and retrieve the blackbody temperature
and radius adopted for SN 2021bnw. We computed the evolution
of the blackbody temperature and radius by fitting a Planck law
to the SED (see Fig. 11, top and bottom panel, respectively) and
using the Stefan-Boltzmann law.

The early measurements of the blackbody temperature and
radius of SN 2021bnw agree well with those of SN 2017egm.
The apparent plateau behavior before maximum of SN 2021bnw
is not reliable. These epochs are not even very well sampled
except in the g and cyan filters (see Fig. 1), where the SED
was extrapolated assuming constant color when coeval magni-

-231

r ——i, o, ———
r -— =—Fn
-2z o —§5—6—
[ *%—‘
: g —e—e— e
-21F —e— —e——
[ o1
L —_——
[ ool —e—
—20F —o—+& o o
=) [
© L
E —19j & Q
Em L o o
_1sf o1 ® o o o
[ o
F fop B
L o) [e]
=17 r o 00 o
o (9(83 @ SLSN-I
L eoo & SLSN-Ib
-16 Y% SN 2021bnw
[ O SNIc
t 0 SN Ic-BL
-1 0 P U S e Sy S
> 0 20 40 60 80

trise, 10% [days]

Fig. 8. tis 0% vs. M, (g-band), adapted from Chen et al. (2023a).
SN 2021bnw is shown as a yellow star. SLSNe I/Ib (light blue/red cir-
cles) are plotted alongside SNe Ic/Ic BL from Taddia et al. (2019) and
Barbarino et al. (2021).

tude measurements in the other bands were lacking. The same is
true for SN 2012il. After maximum, the blackbody temperatures
of all the SNe smoothly declined at comparable rates toward
an almost constant plateau. This 7000-8000K temperature
floor (Inserra et al. 2013; Nicholl et al. 2017b) is quite common
among SLSNe I and has been ascribed to oxygen recombina-
tion. This interpretation might be questioned for SN 2020wnt,
as it also presents a temperature floor, but shows no prominent
We-shaped O 11 features around its maximum-luminosity epoch.
Similarities are also seen in the evolution of the blackbody radius
(see Fig. 11, bottom panel), which, in the case of SN 2021bnw,
culminates its expansion phase about three days after maximum
luminosity, and like the temperature, broadly agrees with the
blackbody radii of SN 2017egm and SN 2012il up to ~40 days
after maximum. We caution that the measurements of black-
body temperatures and radius for SN 2021bnw might be inaccu-
rate due to the lack of UV photometry. However, the blackbody
radius and temperature of SN 2021bnw agree reasonably well
with those of the SLSNe I analyzed by Gomez et al. (2024).

A221, page 7 of 14
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Fig. 9. Comparison of optical spectra of SN 2021bnw with those of
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maximum (top panel), post-maximum (within 15 days after maximum,
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4.3. Exploring a scenario for SN 2021bnw

Several properties deduced for SN 2021bnw in Sects. 2, 3, and
4.2, such as luminosity, spectral evolution, blackbody radius,
temperature, and photospheric velocity, are consistent with those
of the bulk SLSN-I population (Figs. 7, 11, 9, 10; see also the
photospheric velocities presented in Aamer et al. 2025). How-
ever, SN 2021bnw deviates from the fgecline,1/¢ VS. frise,1/e cOIrela-
tion, similar to four out of five SLSNe Ib analyzed by Chen et al.
(2023a). Chen et al. (2023a) suggested that the LCs of these
SLSNe Ib might be shaped by interaction with a He-rich CSM,
thus departing from a more standard LC shape that produces this
correlation. Following this idea, we considered the combination
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Fig. 10. Same as Fig. 9 but for NIR spectra. The spectra of SN 2012il
and SN 2021bnw are smoothed with a Savitzky-Golay filter. The spec-
trum of SN 2021il was also rebinned for clarity because its signal-to-
noise ratio is low.

of a central heating source and CSM interaction*. This hypoth-
esis is supported in both cases by the sudden decline ~80 days
after maximum, which might mark the breakout of the forward
shock from the CSM (e.g. Chevalier 1982; Chatzopoulos et al.
2012).

Considering a *Ni+CSM scenario, Wheeler et al. (2017)
found for SN 2017egm a Ni mass M(*Ni) = 0.15M,, an
ejecta mass Mejecia = 10.7 M, and a CSM mass Mcsm = 2.7 Mg
using the module csmrads® of TigerFit (Chatzopoulos et al.
2013). This code computes synthetic SN LCs exploiting the dif-
fusion scheme introduced by Arnett (1980, 1982) for a variety of
power mechanisms. Similarly, Zhu et al. (2023) used the same
tool, but on a more extended pseudo-bolometric LC, and found
ME®Ni) = 1Mo, Mejecta = 30Mo, and Mcsy = 0.8 Mo. We
did not perform a fit with csmrads@ as the LCs of SN 2017egm
and SN 2021bnw almost overlap around maximum (Fig. 7), and
we expect similar parameter estimates. However, although semi-
analytic diffusion schemes can capture the general features of
the observed LCs, their inferred physical quantities may substan-
tially differ from those obtained with detailed radiative-transfer
calculations (see e.g., Moriya et al. 2013). Kozyreva et al. (2026)
presented radiative-transfer calculations with the code STELLA
(Blinnikov et al. 1998, 2000) to improve the reliability of the
predictions on the physical parameters of the explosion. They
also discuss in more detail the model and a systematic explo-
ration of the parameter space for SN 2021bnw. In detail, their
calculations converged on an ejecta mass of x15-20 Mg, a CSM
mass of ~7 Mo, an explosion energy of ~5 x 10! erg, and a °Ni
mass of =1.7 M.

We show in Fig. 12 the STELLA model he90d5he1m6X1W1
computed by Kozyreva et al. for a *Ni+He-rich CSM sce-
nario. This model was computed assuming M(*°Ni) = 1.7 My,
Mejecta = 15Mo, Mcsm = 6.5 Mo, and a kinetic energy Eyj, =
3.8 x 10°" erg.

While the STELLA LC is able to capture the maximum/post-
maximum epochs of the pseudo-bolometric LC of SN 2021bnw,
it does not predict the two initial detections. Further investi-

4 This scenario was also used to model its close sibling SN 2017egm
(see Sect. 4.1).
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Fig. 12. Pseudo-bolometric LC of SN 202 1bnw (open circles) compared
with the STELLA model he90d5he 1m6X1W1 (solid purple line).

gation of these early-time observations, as well as of the pro-
genitor properties of SN 2021bnw within a single-star evolu-
tionary framework, are presented in Kozyreva et al. (2026). We
mention that the choice of Ni as the central heating source
is not supported by specific observational evidence and might
be replaced by an alternative energy-injection mechanism, such
as the spin-down radiation lost by a newly born magnetar (see

Poidevin et al. 2023, for the application of this scenario to the
case of SN 2021bnw).

We caution that the 3®Ni mass and the kinetic energy required
by the STELLA models imply a significant departure from an
ordinary core collapse (see Introduction), motivating the con-
sideration of alternative explosion channels, such as the col-
lapsar scenario (e.g. MacFadyen & Woosley 1999) or magneto-
rotational core collapse (e.g. Winteler et al. 2012; Mosta et al.
2018; Reichert et al. 2023). In principle, a PISN is also able to
yield much more 3°Ni than an ordinary core collapse, but PISN
theory predicts a very slowly evolving LC, which does not match
the observed LC of SN 2021bnw.

While we are not able to draw any conclusions in this regard,
we note that under the assumption that CSM interaction played
a significant role in shaping the LC of SN 2021bnw, the absence
of its clear spectroscopic signatures (see e.g. Smith et al. 2010)
in the spectra of SN 2021bnw (and in general, of SLSNe I)
might indicate asymmetry in the ejecta—CSM configuration (e.g.
Smith 2017; Andrews & Smith 2018). Such asymmetries arise
naturally in explosion scenarios involving strong rotation and
magnetic fields, as expected in the aforementioned alternative
core-collapse pathways.

5. Conclusions

The supernova SN 2021bnw joins the number of SLSNe I that
exhibit helium lines in their spectra, otherwise known as SLSNe
Ib. We have presented the outcome of the extensive optical/NIR
spectro-photometric follow-up campaign we led for it. Specif-
ically, its g-filter LC reaches an absolute peak magnitude of
—20.7 mag, placing it on the faint wing of the SLSN-I luminosity
function. The optical spectra of SN 2021bnw follow the typical
spectral evolution of SLSNe I, and the late NIR spectrum, taken
87 days after maximum luminosity, revealed A 1.1 pym and 12 um
He features (see Sect. 3). We further investigated and confirmed
this identification with the radiative-transfer software TARDIS.
Based on the step-like abruptly evolving LC, we ascribed the
He spectral features to the interaction of the SN ejecta with H-
devoid and He-rich CSM, as was suggested for its sibling SLSN I
SN 2017egm. We therefore modeled the LC of SN 2021bnw with
the hydrodynamics radiative-transfer code STELLA as a combi-
nation of two events: (i) the ejection of 6—7 M, of a H-free and
He-rich shell of the outermost layers of a massive star prior to
the terminal explosion, and (ii) the actual SN explosion with
an energy of 5 x 107! erg, yielding 1.7Ms of *°Ni and eject-
ing 15-20M, after the core collapse (Kozyreva et al. 2026).
However, we were not able to confirm these estimates against
a thorough stellar evolution study, and we note that a binary-
progenitor scenario might also provide a viable explanation for
SN 2021bnw.

Data availability

Table B.1 is available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/710/A221. Spectra
are available via Wiserep at https://www.wiserep.org/
object/17556
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Appendix A: Observations and data reduction
A.1. Photometry

Optical/NIR photometry of SN 2021bnw was obtained exploiting several observational facilities: i) New Technology Tele-
scope (NTT) with the EFOSC2 (ESO Faint Object Spectrograph and Camera, Buzzoni et al. 1984) and SOFI (Son of ISAAC,
Moorwood et al. 1998) Camera, La Silla Observatory, Chile via ePESSTO+; ii) the 2.56m Nordic Optical Telescope (NOT) via the
NOT Unbiased Transient Survey (NUTS2, Holmbo et al. 2019) + the Alhambra Faint Object Spectrograph and Camera (ALFOSC),
La Palma Observatory, Spain; iii) with the camera Sinistro built for the 1-m class telescopes of the Las Cumbres Observatory’
(LCO) telescope network under the Global Supernova Project (GSP) collaboration; iv) the 1.82m Copernico+ AFOSC and Schmidt
telescopes operated by INAF Osservatorio Astronomico di Padova at Asiago-Cima Ekar. In addition, we used the ATLAS (Aster-
oid Terrestrial-impact Last Alert System, Tonry et al. 2018a,b) o-, c-filters photometry and the ZTF g- and r-filters photometry.
ZTF uses the Samuel Oschin 48-inch (1.22 m) Schmidt telescope at Palomar Observatory on Mount Palomar (USA), utilizing the
Fritz Marshal System (van der Walt et al. 2019; Coughlin et al. 2023). The Samuel Oschin Schmidt telescope is equipped with a
47-square-degree camera (Dekany et al. 2020) and monitors the entire northern hemisphere every 2-3 days in the g and r bands to
a depth of ~ 20.7 mag (50; Bellm et al. 2019b; Graham et al. 2019) as part of the public ZTF Northern Sky Survey (Bellm et al.
2019a). We retrieved the host-subtracted photometry via the Infrared Processing and Analysis Center ZTF forced-photometry ser-
vice (Masci et al. 2023). This service uses the data-reduction techniques outlined in Masci et al. (2019). We cleaned and calibrated
the data following Masci et al. (2023).

We performed magnitude measurements with the ecsnoopy package® (Cappellaro 2014). Background contamination was
removed from the SN light by performing template subtraction with the hotpants tool (Becker 2015). u-, g-, r-, i-, z-filters tem-
plates were obtained via the Sloan Digital Sky Survey (SDSS) and B-, V-filter templates were observed at the NOT telescope on
2023 May 5, that is, 833 days after maximum. We assume that at this epoch SN 2021bnw faded well below the detection limit. J-,
H-, K-filter templates were obtained via the Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006). Then, we calibrated the
instrumental u-, g-, r-, i-, z- and J-, H-, K-filters magnitudes against a series of non-saturated field stars present in the Pan-STARRS
(Panoramic Survey Telescope and Rapid Response System Chambers et al. 2016) and the 2MASS catalogs, respectively, while the
B-, V-filters magnitudes were calibrated following the color transformations of Chonis & Gaskell (2008). The reduced optical and
NIR photometry is listed in Tables B.1, B.2.

A.2. Spectroscopy

We obtained optical spectroscopy of SN 2021bnw at NTT+EFOSC2 via ePESSTO+, at NOT+ALFOSC via NUTS2, at 1.82m
Copernico+AFOSC at INAF, Osservatorio Astronomico di Padova at Asiago-Cima Ekar and LCO 1.0m telescopes+Sinistro and at
the Palomar 60-inch telescope+SEDM (Spectral Energy Distribution Machine, Blagorodnova et al. 2018). We also obtained a NIR
spectrum at 87 days after maximum luminosity at Keck+NIRES (Near-Infrared Echellette Spectrometer, Wilson et al. 2004). The
log of the spectroscopic observations is shown in Table B.3.

Raw optical NTT+EFOSC?2 spectroscopic frames were initially corrected for overscan, bias and flat field. Then the extracted
trace was calibrated in wavelength with HeAr (for the NTT+EFOSC2), HeNe (for NOT+ALFOSC spectra), NeHgCd (for the
1.82m- Copernico+AFOSC spectra) lamps and in flux using the spectrum of a spectrophotometric standard star observed on the
same night and with the same instrumental set-up of each scientific observation. Moreover, we account for the cosmic-ray contam-
ination with the python package lacosmic’, based on the Laplacian edge detection (L. A. Cosmic) algorithm by van Dokkum
(2001). NTT+EFOSC2 spectra were processed with IRAF (Image Reduction and Analysis Facility, Tody 1986, 1993). For Asiago
and NOT spectra, the same procedures were called via the graphical user interface foscgui®. SEDM spectra are reduced with the
tool pysedm (Rigault et al. 2019).

Appendix B: Tables

5 http://lco.global

6 ecsnoopy is a python package for SN photometry using PSF fitting and template subtraction developed by E. Cappellaro. A package description
can be found at http://sngroup.oapd.inaf.it/.

7 https://lacosmic.readthedocs.io/ .

8 foscgui is a python/pyraf based graphic user interface aimed at extracting SN spectroscopy and photometry obtained with FOSC-like
instruments. It was developed by E. Cappellaro. A package description can be found at http://sngroup.oapd.inaf.it/foscgui.html .

A221, page 13 of 14



Fiore, A., et al.: A&A, 710, A221 (2026)

Table B.1. Optical magnitudes measurements for SN 2021bnw.

MJD u B g \% r i instrument | log;, Lpol
59219.44 - - 19.69* - - - ZTF -
59219.48 - - - - 19.82* - ZTF -

Notes. Magnitudes are AB (B, V in Vega), uncorrected for K correction or Galactic extinction. Errors are in parentheses; asterisks denote detection
limits. The full table is available at the CDS.

Table B.2. z, J, H, K magnitudes measurements.

MID z J H K instrument
59264.08 - 17.27(0.25) - - NOTCAM
59264.09 - - - 16.69(0.29) NOTCAM
5927823 - 17.42(0.43) - - SOFI
5927824 - - - 17.81* SOFI
59278.26 - - 15.92(0.46) - SOFI
5929190 17.01* - - - ALFOSC
59308.07 - 17.26(0.03) - - SOFI
59308.09 - - - 16.74* SOFI
59308.11 - - 16.0(0.33) - SOFI
59315.00 - 17.18(0.18) - - SOFI
59315.02 - - - 17.0* SOFI
59315.03 - - 16.23(0.06) - SOFI

Notes. zis AB, J, H, K in Vega, uncorrected for K correction or Galactic extinction. Errors are in parentheses; asterisks denote detection limits.

Table B.3. Log of the spectroscopic observations and K corrections in B, g, V, r, i filters computed on each spectrum.

MID Instrumental set up Resolution[A] Kp K, Ky K, K;
59249.29 NTT+EFOSC2 18.3 -0.03 -0.04 0.00 0.00 -0.00
59251.57  1.0m+Sinistro 14.7 -0.03 -0.04 0.03 0.05 0.04
59255.24 NTT+EFOSC2 - -0.02 -0.04 -0.00 0.01 0.00
59260.13 NOT+ALFOSC 18.8 -0.02 -0.05 -0.01 0.08 0.06
59263.03 1.82m+AFOSC - -0.05 -0.06 -0.03 -0.03 -0.01
59276.21 NTT+EFOSC2 - -0.04 -0.06 -0.06 -0.05 -0.01
59286.17 NTT+EFOSC2 - -0.14 -0.16 -0.15 -0.16 -0.02
59288.87 1.82m+AFOSC - -0.12  -0.13 -0.08 -0.10 -0.07
59292.40 1.0m+Sinistro - -0.13 -0.14 -0.09 -0.07 -0.07
59296.13 NTT+EFOSC2 - -0.05 -0.06 -0.07 -0.05 -0.04
59303.44  1.0m+Sinistro - -0.06 -0.02 -0.05 -0.11 -0.08
59312.90 1.82m+AFOSC 16.7 -0.13 -0.12 -0.07 -0.12 0.52
59322.86 NOT+ALFOSC 14.4 -0.19 -0.17 -0.07 0.07 -0.03
59333.45 1.0m+Sinistro - -020 -0.16 -0.16 -0.13 -0.11
59337.37 1.0m+Sinistro - -0.14 -0.10 -0.10 -0.11 -0.09
59338.92 NOT+ALFOSC 14.6 -0.21 -0.19 -0.12 -0.15 -0.09
59347.00 SEDM - -0.31 -023 -0.18 -0.18 -0.11
59348.90 NOT+ALFOSC 18.1 -0.24 -0.21 -0.15 -0.18 -0.15
59359.37  1.0m+Sinistro 21.9 -0.19 -0.05 -0.04 -0.12 -0.13
59362.88 NOT+ALFOSC 14.9 -0.27 -023 -0.15 -0.13 -0.08
59364.00 Keck+NIRES - - - - -

59370.34  1.0m+Sinistro 15.0 -0.37 -023 -0.09 -0.15 -0.25
59375.93 NOT+ALFOSC 16.7 -0.33 -0.28 -0.18 -0.20 -0.17
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