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ABSTRACT

Type Iax supernovae (SNe lax) are one of the most common subclasses of thermonuclear supernova and yet their sample
size, particularly those observed shortly after explosion, remains relatively small. In this paper, we present photometric and
spectroscopic observations of two SNe Iax discovered shortly after explosion, SN 2024bfu and SN 2025ge. Both SNe were
observed by multiple all-sky surveys, enabling tight constraints on the moment of first light and the shape of the early light curve.
Our observations of SN 2025qe begin <2 d after the estimated time of first light and represent some of the earliest observations
of any SN Iax. Spectra show features consistent with carbon absorption throughout the evolution of SN 2025qe, potentially
indicating the presence of unburned material throughout the ejecta. We gather a sample of SNe Iax observed by the Asteroid
Terrestrial-impact Last Alert System (ATLAS), Gravitational-wave Optical Transient Observer (GOTO), and Zwicky Transient
Facility (ZTF) shortly after explosion and measure their rise times and early light curve power-law rise indices. We compare our
results to a sample of normal SNe Ia and find indications that SNe Iax show systematically shorter rise times, consistent with
previous work. We also find some indication that SNe Iax show systematically lower rise indices than normal SNe Ia. The low
rise indices observed among SNe Iax are qualitatively consistent with extended °Ni distributions and more thoroughly-mixed

ejecta compared to normal SNe Ia, similar to predictions from pure deflagration explosions.

Key words: supernovae: general — supernovae: individual: SN 2024bfu —supernovae: individual: SN 2025qe.

1 INTRODUCTION

Type la supernovae (SNe Ia) are widely accepted as arising from
thermonuclear explosions of white dwarfs in binary systems (see Z.-
W. Liu, E. K. Ropke & Z. Han 2023, A. J. Ruiter & I. R. Seitenzahl
2025, and references therein). The increased cadence and depth of
all-sky surveys within the past two decades however has revealed
surprising diversity among thermonuclear explosions (G. Dimitriadis
et al. 2025). An ever-growing zoo of strange and unusual classes of
thermonuclear SNe has been discovered (S. Taubenberger 2017).
Based on a volume-limited sample, G. Dimitriadis et al. (2025)
estimate that 4.5 £ 2.5 percent of SNe Ia fall into the peculiar
type lax (SN Iax; R. J. Foley et al. 2013; S. W. Jha 2017) subclass.
Relative to normal SNe Ia,! SNe Iax can be up to seven magnitudes
fainter at peak and generally evolve over faster time-scales (R. J.
Foley et al. 2009; M. D. Stritzinger et al. 2015; V. R. Karambelkar
et al. 2021). Their near-infrared (NIR) light curves lack the distinct
secondary maximum commonly seen in normal SNe Ia (W. Li et al.

I'We use the term ‘normal’ to indicate ‘Branch-normal’ SNe Ia and do not
consider 91bg- or 91T-like SNe Ia (D. Branch, A. Fisher & P. Nugent 1993).
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2003), which results from the recombination of iron as the ejecta cool
(D. Kasen 2006). Their spectra are dominated by features due to iron
group elements (IGEs) at all epochs (W. Lietal. 2003; D. Branch et al.
2004; D. K. Sahu et al. 2008; R. J. Foley et al. 2016). R. J. Foley et al.
(2013) argue that most, if not all, SNe Iax show evidence of carbon
absorption in their spectra up to maximum light, whereas carbon is
observed in only ~30 per cent of normal SNe Ia (J. T. Parrent et al.
2011; G. Folatelli et al. 2012). Around maximum light, spectra of
SNe Iax typically show lower velocities (~3000-8000kms~'; R.
J. Foley et al. 2013; S. Srivastav et al. 2020) than in normal SNe
Ia. The low luminosity and velocities observed among SNe lax are
indicative of an overall less energetic explosion compared to normal
SNe Ia, while the apparently ubiquitous presence of carbon indicates
incomplete thermonuclear burning is common among the class.
The extreme features of SNe Iax have resulted in a handful of
proposed explosion mechanisms. One scenario that has received
considerable attention is the pure deflagration of a Chandrasekhar
mass carbon-oxygen white dwarf (D. Branch et al. 2004; S. Jha et al.
2006; M. M. Phillips et al. 2007; M. Kromer et al. 2013; M. Long
et al. 2014). Within this scenario, carbon burning is ignited close to
the centre of the white dwarf and propagates as a subsonic, turbulent
flame that imparts a significant degree of mixing on the SN ejecta
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(M. Reinecke, W. Hillebrandt & J. C. Niemeyer 2002a, b; M. Fink
et al. 2014; E. Lach et al. 2022a). Overall, predictions from pure
deflagration models agree with many of the features that define SNe
Tax (M. Kromer et al. 2013; M. R. Magee et al. 2016; F. Lach et al.
2022a), including their low °Ni and ejecta masses (M. Fink et al.
2014; C. McCully et al. 2014; F. Lach et al. 2022a; S. Srivastav et al.
2022) and the low levels of polarization observed (R. Chornock et al.
2006; M. Bulla et al. 2020; K. Maguire et al. 2023). The high level
of mixing produced by pure deflagrations is consistent with the level
of mixing inferred from spectra of SNe lax and the lack of a NIR
secondary maximum (M. M. Phillips et al. 2007; D. K. Sahu et al.
2008; M. R. Magee et al. 2022). Nevertheless, notable differences
remain — pure deflagration models typically show stronger carbon
features than observed in SNe Iax (M. R. Magee et al. 2017, 2022;
B. Barna et al. 2018, 2021) and evolve more quickly (M. Kromer
et al. 2013; M. R. Magee et al. 2016; F. Lach et al. 2022a). A key
prediction from the pure deflagration scenario however is that the
explosion itself is sufficiently weak that it does not completely unbind
the white dwarf, leaving behind a remnant (with masses ranging from
~0.1-1.3 M) that may contribute significantly to the SN luminosity,
slowing the light curve evolution and improving agreement with
observations (G. C. Jordan et al. 2012b; M. Kromer et al. 2013; K.
J. Shen & J. Schwab 2017; F. P. Callan et al. 2024).

Rather than a pure deflagration, models invoking a supersonic
detonation following an initial deflagration phase have also been
proposed (M. D. Stritzinger et al. 2015). The transition from
deflagration to detonation may be driven by multiple mechanisms,
including the collision of deflagration ash around the gravitationally
bound white dwarf core or through a series of ‘pulses’ as the core
begins to contract following the deflagration (A. M. Khokhlov 1991;
P. Hoflich et al. 2002; T. Plewa, A. C. Calder & D. Q. Lamb 2004; F.
Lach et al. 2022b). Such detonation models have been argued to be
consistent with the velocity evolution and late-time features of SN
2012Z, one of the brightest SNe lax observed (M. D. Stritzinger et al.
2015), but struggle to reproduce the overall light curves and spectra
(F. Lach et al. 2022b). Due to the detonation, the ejecta predicted
by these models show layered structures rather than the significant
mixing predicted by pure deflagrations. Layering has been argued for
at least some SNe lax (M. D. Stritzinger et al. 2015; B. Barna et al.
2018, 2021), but similarly it has been argued that this is not required
to match observations of SNe Iax (M. R. Magee et al. 2022).

Both pure deflagrations and deflagration-to-detonation transitions
of Chandrasekhar mass carbon-oxygen white dwarfs appear to
struggle with reproducing the full diversity of SNe Iax, particularly
the fainter members of the class (M. Fink et al. 2014; F. Lach et al.
2022a, b). Alternative scenarios have therefore also been proposed,
including explosions of hybrid white dwarfs (X. Meng & P. Podsi-
adlowski 2014). M. Kromer et al. (2015) invoke pure deflagrations
of hybrid white dwarfs containing a carbon-oxygen core surrounded
by an oxygen-neon mantle. This scenario also produces a significant
amount of mixing within the ejecta and M. Kromer et al. (2015) argue
that synthetic observables are in good agreement with extremely faint
SNe Iax, such as SN 2008ha (R. J. Foley et al. 2009; S. Valenti et al.
2009). R. Kashyap et al. (2018) present a simulation of the merger
between an oxygen-neon primary white dwarf and a carbon-oxygen
secondary white dwarf. In this scenario, the lower mass secondary
becomes disrupted and triggers a carbon detonation resulting in a
small amount of *Ni and ejecta being released, while a significant
amount of the thermonuclear burning products fall back on to the
primary. The presence of burning products in the ejecta and fallback
material indicates at least some amount of mixing is also found in
this scenario. V. R. Karambelkar et al. (2021) argue in favour of this
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scenario for SN 2021fcg, one of the faintest SNe lax observed to
date.

The distribution of *Ni within the ejecta can also provide impor-
tant insights into the level of mixing among thermonuclear SNe and
therefore the explosion mechanism. Following from theory, the early
light curves of SNe la have generally been assumed to increase in
flux proportional to > (A. G. Riess et al. 1999). Observational studies
have found mean rise indices of ~2 among samples of SNe Ia, but also
significant variation and outliers (S. Gonzdlez-Gaitdn et al. 2012; R.
E. Firth et al. 2015; R. P. Olling et al. 2015; S. Papadogiannakis et al.
2019; A. A. Miller et al. 2020; M. M. Fausnaugh et al. 2023). These
variations in early light curve shapes have typically been attributed
to differences in the *°Ni distribution in SNe Ia, with distributions in
which at least some °Ni extends towards the outer ejecta resulting
in brighter light curves at early times and shallower rises towards
maximum light (A. L. Piro & E. Nakar 2013, 2014; U. M. Noebauer
et al. 2017; M. R. Magee et al. 2018, 2020). Detailed studies of
individual SNe Iax have also revealed shallow, or indeed nearly
linear, rises towards maximum light (M. R. Magee et al. 2016; A.
A. Miller et al. 2018; B. Barna et al. 2021; K. Maguire et al. 2023;
W. B. Hoogendam et al. 2025). Such shallow rises may be further
indications of heavy mixing in SNe Iax, but to date there has not yet
been a study to explore the full variation among the class.

In this paper, we present optical photometry and spectroscopy of
two recently discovered SNe Iax: SN 2024bfu and SN 2025qe. Both
SNe were observed by multiple surveys and subject to extensive
follow up campaigns. Inspired by the constraints on the early light
curves enabled through the combination of these surveys, we also
investigate the early light curves of a sample of SNe Iax for the first
time. In Section 2, we discuss the discovery of both SNe and present
their observations. Section 3 presents analysis of the light curves and
spectra of both SNe, while in Section 4 we analyse the early light
curves of SNe Iax and SNe Ia. In Section 5, we discuss our results
and we present our conclusions in Section 6.

2 OBSERVATIONS AND DATA REDUCTION

SN 2024bfu (Fig. 1a) was discovered by the Gravitational-wave
Optical Transient Observer (GOTO; D. Steeghs et al. 2022; M. J.
Dyer et al. 2024) on 2024 January 31 (MJD = 60340.56) as part
of the GOTO-Fast survey (B. Godson et al. 2024; Godson et al.,
in preparation) with an apparent magnitude in the GOTO L-band
(see Section A in the appendix for discussion of the GOTO L-band
and filters used in this work) of m; = 18.35 £ 0.06 (B. Godson
et al. 2024). Subsequent GOTO forced photometry (Jarvis et al., in
preparation) revealed that the SN was also observed before discovery
with the last non-detection occurring on 2024 January 24 (MJD
=60333.54) with a 5o limit of m; >19.75. In addition, SN 2024bfu
was serendipitously observed by the Asteroid Terrestrial-impact Last
Alert System (ATLAS; J. L. Tonry et al. 2018; K. W. Smith et al.
2020) prior to discovery, enabling tighter constraints on the explosion
epoch. Less than one day after discovery (MJD = 60 341.30), SN
2024bfu was classified by the extended Public ESO Spectroscopic
Survey of Transient Objects+ (ePESSTO+; S. J. Smartt et al. 2015)
as a SN Iax at a redshift of z = 0.04 (R. Brivio et al. 2024).

SN 2025qe (Fig. 1b) was discovered in IC 0529 by the Zwicky
Transient Facility (ZTF; E. C. Bellm et al. 2019) on 2025 January 18
(MJD = 60693.26) with an apparent magnitude in the ZTF g-band
of my = 18.67 +0.09 (J. Sollerman et al. 2025). SN 2025qe was also
observed by GOTO approximately six hours earlier with an apparent
magnitude of m; = 18.66 & 0.19. Following its detection by GOTO,
follow up spectroscopic observations were automatically triggered
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Figure 1. Stacked giz-band Pan-STARRS images of SN 2024bfu (Panel a; z = 0.036) and SN 2025qe (Panel b; z = 0.007). The locations of both SNe are

marked by crosshairs.

by the GOTO marshall (Lyman et al., in preparation). Across ATLAS,
GOTO, and ZTF, the last non-detection of SN 2025qge occurred
~1.7d before the first detection with a 5o limit of m, >19.70.
Within ~10 h of the first detection by ZTF, SN 2025ge was observed
and classified as a SN Ia at a redshift of z = 0.007 by the Li-Jiang
One hour per Night observation of Supernovae survey (LiONS; C.-J.
Wang et al. 2019; L. Li et al. 2025), but was later reclassified as a
SN Iax by GOTO (M. Pursiainen et al. 2025).

Appendix B presents the photometry of SN 2024bfu and SN
2025qge. Photometry from ATLAS, GOTO, and ZTF was obtained
using the respective forced photometry services (Jarvis et al., in
preparation; F. J. Masci et al. 2019; L. Shingles et al. 2021). For
both SNe we remove GOTO epochs for which the SN is within
300 pixels of the CCD edge as these can show additional scatter.
Following the method outlined by S. Rest et al. (2025), we increase
the reported flux uncertainties, by estimating scatter in the baseline
flux before the SN, to account for additional noise in the data.
Supplemental photometry was obtained with 10:O on the Liverpool
Telescope (LT; I. A. Steele et al. 2004) in the ugriz bands, the
ptSm (L. K. Hardy et al. 2015) in the BV RI bands, and the
0.8 m telescopes of the Two-metre Twin Telescope (TTT) facility
in the gri bands. 10:O images are automatically reduced using
the standard LT reduction pipeline. Images from pt5Sm are reduced
for bias, dark, and flat-field corrections using a custom pipeline.
TTT data were taken by a CMOS camera and arrived pre-reduced.
These data were subsequently median binned over 3 x 3 pixels
to remove hot pixels and provide a better sampling of the image
quality (unbinned pixels are 0.2 arcsec pix~'). Photometry of LT and
TTT images was performed using a custom seeing-matched aperture
pipeline with difference imaging, and calibrated using a sequence
based on Gaia DR3 synthetic photometry derived from XP spectra
(Gaia Collaboration 2023). Template subtraction was performed
with hotpants (A. Becker 2015), using deep reference images
from the Panoramic Survey Telescope and Rapid Response System
Data Release 1 (Pan-STARRS DR1; K. C. Chambers et al. 2016),
excluding u-band, which was left unsubtracted due to no appropriate
templates being available. Photometry of reduced ptSm images was
obtained using the photometry-sans-frustration (psf) pipeline (M.

Nicholl et al. 2023). Template subtraction was also not applied to
ptSm images due to the lack of suitable templates.

Appendix C gives logs of our spectroscopic observations and
instrumental configurations for SN 2024bfu and SN 2025qe. For SN
2024bfu, in total we obtained six epochs of spectroscopy, including
two epochs as part of the GOTO-Fast survey and four epochs as part
of ePESSTO+-. GOTO-Fast spectra were observed using IDS on the
Isaac Newton Telescope (INT) and reduced using the PYPEIT spectral
reduction package (J. Prochaska et al. 2020a; J. X. Prochaska et al.
2020b) with a custom recipe for IDS. Spectra obtained as part of
ePESSTO + were observed using EFOSC2 on the New Technology
Telescope (NTT) and reduced using the PESSTO pipeline (S. J.
Smartt et al. 2015). For SN 2025qe, we obtained 13 epochs of
spectroscopy with SPRAT on the LT and 1 epoch with CAFOS
on the CAHA 2.2 m telescope. SPRAT and CAHA spectra were also
reduced using PYPEIT with custom recipes. Within our analysis we
also include the public LiONS classification spectrum of SN 2025qe
obtained from the Transient Name Server (TNS).? All spectra of both
SNe were calibrated to an absolute flux level using the observed light
curves interpolated to the time of observation.

2.1 Host galaxies

SN 2024bfu is most likely associated with a faint, irregular galaxy
separated by ~2arcsec (see Fig. 1a). This source is found in the
PS1 catalogue with an apparent magnitude of m, = 20.78 % 0.04,
but no spectroscopic redshift is available. The NASA Extragalactic
Data base (NED) does not contain any galaxies with a spectro-
scopic redshift within 10 arcmin of SN 2024bfu. Based on template
matching of the classification spectrum using SNID (S. Blondin &
J. L. Tonry 2007), SN 2024bfu was originally estimated to have
occurred at a redshift of z =0.04 (R. Brivio et al. 2024). The
classification spectrum also shows a weak feature consistent with
H o from the host galaxy at a redshift of z = 0.036, which we adopt
in our analysis. Throughout this work we assume a flat Universe with

Zhttps://www.wis-tns.org/
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Hy =70kms~! Mpc™! and Qy = 0.3, giving a distance modulus of
©=36.00 £ 0.15 mag.

SN 2025qe is offset by ~22 arcsec from the centre of the spiral
galaxy IC 0529, which has a spectroscopic redshift of z = 0.007 (E.
E. Falco et al. 1999). Using the Tully—Fisher distances provided by
NED we adopt a weighted mean of p = 32.64 £ 0.13 mag. IC 0529
has a PS1 apparent magnitude of m, = 11.66 £ 0.01.

The host galaxies of both SNe appear typical of SNe lax as a
whole, which generally occur in actively star-forming galaxies (J. D.
Lyman et al. 2013). The absolute magnitudes of the hosts however
show significant differences. For the likely host of SN 2024bfu we
find an absolute magnitude of M, = —16.01 and for the host of SN
2025qe we find M, = —21.22. The former is towards the faint end of
the distribution for SN host galaxies, while the latter is more typical
(A. A. Hakobyan et al. 2012).

Unlike normal SNe Ia (P. Lira 1996), SNe lax show significant
variation in their colour evolution, making it difficult to estimate
extinction due to the host galaxy (R. J. Foley et al. 2013). We note
that none of the spectra of SN 2024bfu or SN 2025ge show strong
signs of NaIabsorption, indicating the overall level of host extinction
is low (e.g. M. W. Richmond et al. 1994; U. Munari & T. Zwitter
1997; D. Poznanski, J. X. Prochaska & J. S. Bloom 2012). We
therefore do not apply any corrections for host galaxy extinction and
instead assume only Milky Way extinction of Ay = 0.212 mag and
Ay = 0.074 mag for SN 2024bfu and SN 2025qe, respectively (E.
F. Schlafly & D. P. Finkbeiner 2011).

3 ANALYSIS

3.1 Light curve

Fig. 2 shows the light curves of SN 2024bfu and SN 2025ge. We
perform quadratic fits to each band independently to determine the
time of maximum light, peak magnitude, and decline rate in that
band. The resulting light curve parameters are given in Table 1
for both SNe. We find that SN 2024bfu reached a peak absolute
magnitude of M; = —18.09 £ 0.15 on MJD = 60347.48 £+ 0.17,
which is similar to the well-observed SN 2005hk (My = —18.07 &+
0.25; M. D. Stritzinger et al. 2015) and places it towards the brighter
end of the luminosity distribution for SNe Iax. The ATLAS light
curve of SN 2024bfu shows some structure shortly after maximum
light (MJD ~ 60350-60360), with scatter larger than the typical
uncertainty despite increased uncertainties to account for additional
noise (Section 2). We note that all ATLAS observations included
here pass the suggested quality cuts, difference images during
this time show no significant change, and forced photometry of
nearby bright sources shows no increase in scatter in their light
curves. It is therefore unclear whether this structure is intrinsic or
represents additional, unaccounted for systematic errors. In contrast
to SN 2024bfu, SN 2025qge falls into the poorly-sampled region of
intermediate-luminosity SNe lax with a peak absolute magnitude of
M, = —16.36=£0.13, similar to SN 2019muj (M, = —16.4240.06;
B. Barna et al. 2021).

Both SNe were observed serendipitously by multiple surveys
throughout their evolutions, enabling us to place tight constraints
on the epochs of first light. Following the method outlined by A.
A. Miller et al. (2020), we fit the early light curves as a power-law
given by:

fx(t) = C)c + H[tO,x]Ax(t - ZO,x)axa (1)

where f, () is the flux in band x attime 7; C, is a constant representing
the baseline, pre-explosion flux in that band; H[# . ] is the Heaviside
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function, which is equal to O for r < #, and 1 for t > #y; A, is a
proportionality constant in that band; 7, is the time of first light; «, is
the rise index in that band. Following A. A. Miller et al. (2020), we
assume a single value of 7y across all bands for a given SN. Although it
is unlikely that first light occurs at exactly the same time in all bands,
the sampling of our light curves means that in practice we will not
be able to resolve any difference between them (M. R. Magee et al.
2018; K. Maguire et al. 2023). In addition, by including only a single
value of 7y we are able to simultaneously combine constraints from
all bands. We perform the same parameter transformation described
by A. A. Miller et al. (2020), whereby A’, = A, 10%, and fit the light
curve up to 50 percent of the peak flux, f < 0.5 fpeak.3 We do not
apply any K-corrections to our observations given their uncertainty
during these early phases and the inhomogeneity of SNe Iax. Fits are
performed using nested sampling with ULTRANEST (J. Buchner 2021)
and the resulting rise times and indices are given in Table 1. Random
samples from the posteriors of our ULTRANEST fits are shown in Fig. 2.

Based on our fits, we find a median first light time of £
=60332.87705 for SN 2024bfu. From first light up to maximum, we
find rise times of 14.387)55 d and 19.107}7! d in the GOTO L- and
ATLAS o-bands, respectively. The median power-law indices (o) for
both bands are a; = 0.86"0¢s and o, = 1.247)-2]. While the median
rise index of oy < 1 is likely unphysical, both indices indicate a
shallow rise towards maximum light. These values are generally
consistent with rise indices reported for other SNe lax (see Section 4),
although we note the uncertainties are relatively large and therefore
both the L and o bands are consistent with a single rise index. We
note that we also tested the impact of including a shorter baseline
before explosion and excluding the last ATLAS o-band measurement
from our fit. Neither of these changes had a significant impact on our
results. After peak, we measure a decline rate in the ATLAS o band
of Amjs(0) = 0.70 £ 0.08 mag. We do not attempt to measure a
decline rate in the GOTO L-band due to data gaps around this phase.

The luminosity and coverage of SN 2025qge during the early phases
enable even tighter constraints of less than one day on the time of first
light. We find a first light time of 7y = 60 691.95*( 45, which is <11h
after the previous non-detection by ATLAS on MJD = 60 691.50.
Unfortunately, the peak of the u-band light curve was missed and
therefore we are unable to determine the u-band rise time, but the
available data indicates a rise time of <12.93d. This is generally
comparable to the rise times of other SNe lax in the UV, such as
SN 2020udy (¢, <12d; K. Maguire et al. 2023) and SN 2019muj
(ty = 8.5 £ 0.7d; B. Barna et al. 2021). Across the g to z bands,
we find longer rise times with increasing wavelength, ranging from
approximately two weeks in the g band (¢, = 13.35704% d) to three
weeks in the z band (f, = 20.287033 d). The median power-law
indices across all bands range from ~1.1-1.3, again indicating a
relatively shallow rise in all bands and consistent with other SNe
Iax (Section 4). As was the case for SN 2024bfu, the relatively large
uncertainties on o mean that we are unable to determine whether
SN 2025qe shows any trend in « across wavelength — all bands are
consistent with a single, low «. After peak, we find slower decline
rates with increasing wavelength, ranging from Ams(g) = 1.80 £
0.04 mag to Ams(o) = 0.68 £ 0.02 mag. Again, this is comparable
to SN 2019muj, which showed decline rates of ~2.0-0.7 in the g to
i bands (B. Barna et al. 2021).

3 As noted by A. A. Miller et al. (2020), the choice of a cut-off threshold
is arbitrary and varies within the literature. A. A. Miller et al. (2020) apply
a threshold of f < 0.4 fpeax, but show that other values generally produce
consistent results within the inferred uncertainties.
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Figure 2. Light curves of SN 2024bfu (Panel a) and SN 2025qe (Panel b). Fits to the observations using equation (1) are shown as coloured lines based on

randomly sampling the posterior distributions. Observations included in the fits

are shown as filled points, while those not included are shown unfilled. Offsets

are applied to each filter for clarity and are given by horizontal lines. Observations from different facilities are denoted by different symbols. The epochs of
discovery (dashed) and first light (dotted) are marked as vertical lines. Epochs of spectroscopy are denoted by ‘S’. Phases are given relative to the GOTO L-band

maximum.

3.2 Spectra

In Fig. 3, we show the spectra of SN 2024bfu and SN 2025qe. In both
cases, our spectra cover the optical evolution from pre-maximum to a
few weeks after maximum light. In particular, our spectral sequence
for SN 2025qge includes some of the earliest observations of any
SN Jax at 1.8 and 3.0d after the estimated time of first light. SN
2020udy was observed at 2.3d after first light, but was >1mag
brighter than SN 2025qe (K. Maguire et al. 2023). The combined
photometric and spectroscopic sequence of SN 2025qe therefore
offers a unique look at the early-time properties of SNe Iax and in

particular intermediate-luminosity or faint members of the class. Fig.
3 also includes comparison SNe Iax with comparable luminosities,
SN 2005hk (M. M. Phillips et al. 2007; S. Blondin et al. 2012) and SN
2019muj (B. Barna et al. 2021; M. Kawabata et al. 2021), at similar
phases. All comparison spectra were obtained from WISeREP (O.
Yaron & A. Gal-Yam 2012) and corrected for Milky Way (and
host) extinction where appropriate. Velocities of spectral features are
measured based on Gaussian profile fits to the continuum-normalized
feature, with uncertainties obtained from sampling of the posterior
distributions.
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Table 1. Light curve parameters for SN 2024bfu and SN 2025qe.

Filter Rise time Rise index Maximum light Peak apparent Peak absolute Amis
(days) o (MJD) magnitude magnitude (mag)
SN 2024bfu
g <1841 - <60351.94 <1838 <1785 -
1439758 0.8610:63 60347.77 + 0.25 18.15+0.03 —18.0540.15 -
r <1841 - <60351.94 <17.94 <—18.23 -
0 19.10737 1247032 60352.66 + 0.38 17.8540.02 —1835£0.15  0.70 £ 0.08
i 23.2512:38 - 60356.96 + 1.97 17.95+0.07 —18.1840.16 -
SN 2025qe
u <12.93 - <60704.98 <17.30 <—1544 -
g 13.35704% 1.25%027 60705.41 + 0.04 16.42 £ 0.03 -1629+0.13  1.80 £ 0.04
L 14.137530 1107038 60706.19 £ 0.11 16.34 £ 0.01 —-1636£0.13 098 £ 0.07
r 18.867045 1227035 60710.96 + 0.06 16.21 £ 0.01 —-1650£0.13  0.84£0.02
0 18.12042 L1671 60710.21 £ 0.11 16.34 £+ 0.01 —-1636+£0.13  0.68 £0.02
i 19.897939 - 60711.99 + 0.12 16.37 £ 0.01 -16.31£0.13 -
z 2028793 - 6071239 £ 0.22 16.49 £ 0.01 —16.18£0.13 -
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Figure 3. Spectra of SN 2024bfu (Panel a) and SN 2025qe (Panel b) are shown in black. Comparison spectra of SN 2005hk and SN 2019muj are shown in red.
Phases of SN 2024bfu and SN 2025qe are given relative to GOTO L-band maximum, while SN 2005hk and SN 2019muj are given relative to V band. Spectra
have been corrected for Milky Way and host galaxy extinction, where appropriate, and are vertically offset for clarity. Features discussed in the text are marked
by vertical lines.
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Fig. 3(a) demonstrates that SN 2024bfu shows remarkable similar-
ities to SN 2005hk throughout its pre- to post-maximum evolution.
The earliest spectrum of SN 2024bfu at —6.3 d shows features typical
of bright SNe lax at this epoch — a blue continuum dominated
by strong Felll absorption and weak intermediate mass elements
(IMEs). Such weak features make robust identifications and velocity
measurements challenging, but we find a feature at ~6200 A that
is consistent with Sill 16355 blueshifted by 8300 +1400kms~".
This is comparable to the velocities of other SNe lax measured at
similar phases (R. J. Foley et al. 2013) and the velocities we find
for the strong Fe 111 A4404 (7600 & 200 km s~!) and A5129 (7700 +
400km s~') absorption features. In our —2.8 d spectrum, the likely
Si11 L6355 feature has increased in strength and decreased in velocity
to 4100 & 500km s~!. By +5.1d this feature has further increased
in strength and broadened, likely indicating that it is now blended
with Fe 11 (M. R. Magee et al. 2022), but the relatively low signal-to-
noise ratio of the spectrum means we are unable to robustly identify
multiple absorption troughs. The +5.1d spectrum also shows that
prominent Fe 11 6149 and 16247 absorption features have appeared,
similar to the +9.1d spectrum of SN 2005hk, further supporting
an Fe 11 contribution to the feature at ~6300 A. Progressing to later
times, the spectra of SN 2024bfu follow the typical evolution of SNe
Iax, becoming increasingly dominated by features due to IGEs and
showing a strong Call NIR triplet. While SN 2024bfu continues to
show strong similarities with SN 2005hk throughout its evolution,
beginning with our +26.4d spectrum one of the most notable
differences relative to SN 2005hk occurs in the wavelength region
~5700-6000 A. Within this region, SN 2005hk shows two absorption
features at ~5750 A and ~5900 A, which have been attributed to
Nar and Co 1, respectively (D. Branch et al. 2004; D. K. Sahu et al.
2008). SN 2024bfu however does not show any significant absorption
features within this region and instead shows a relatively flat pseudo-
continuum (particularly in the +26.4 d spectrum). The Nal feature
has begun to develop in our +34.2 d spectrum. By +51.4d it is now
clearly visible with a velocity of 5700 & 200 km s~! (comparable
to the velocities of Fe 1l 16149 and 16247), but the weaker feature
at ~5900 A remains absent. We do not find any strong evidence in
favour of He I absorption features, but we note that we cannot rule out
the presence of helium within the ejecta (M. R. Magee et al. 2019).

As shown in Fig. 3(b), the spectra of SN 2025ge display many
similarities to SN 2019muj. The —12.3d and —11.1 d spectra of SN
2025qe represent some of the earliest spectral observations of any
SN Iax and therefore no spectra of SN 2019muj exist at comparable
phases. As with SN 2024bfu, the early spectra of SN 2025qe show the
characteristic blue continuum, weak features due to IMEs, and strong
Fe 111 absorption of young SNe Iax. Unlike SN 2024bfu however, both
spectra also show strong absorption due to C1I A6580, indicating
unburned material must be present in the outermost layers of the
ejecta, with no obvious signs of Sill 26355 at these epochs. Indeed,
absorption features consistent with C 11 16580, and potentially other
carbon features, persist throughout the spectral evolution up to
maximum light and weeks later, similar to SN 2019muj although
with somewhat higher velocities.

In Fig. 4, we show a zoom-in of the wavelength regions sur-
rounding tentative carbon features. C 111 14647 has been potentially
identified in a handful of SNe Iax spectra during the very earliest
phases and our earliest spectra show an absorption feature at ~4550 A
that is consistent with this identification. From our —12.3 d spectrum
we measure a velocity of 7400 & 600 km s~!. This is consistent with
the velocities measured for the Fenn 14404 (8700 + 700kms™")
and Si I A4553 (6800 & 200 km s~!) absorption features at ~4270
and ~4450 A, respectively. At —5.1d the CIn velocity decreases
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Figure4. Zoom-in of the region surrounding C 111 24647 (left) and C 11 A6580
and 17234 (right) for SN 2025qe (black) and SN 2019muj (red). Shaded
regions indicate velocity offsets in steps of 2000km s~!

to 4000 & 1000km s~!, again consistent with Fe 11 14404 (5000 +
600kms~") and Simr 24553 (4000 & 400km s~'). Similar features
are also observed in SN 2019muj, although in this case these persist
until approximately maximum light and show little evolution in later
spectra. At —12.3 d, we measure a velocity of 8300 & 100 km s~ for
C 1116580, which rapidly drops to 7400+ 100km s~ at —11.1 d and
5900 4+ 200 km s~ at —5.1d. These velocities are also comparable
to, albeit slightly higher than, the potential CIl A4647 features
identified. By maximum light, the C 11 A6580 velocity has decreased
by a factor of ~2, compared to the —12.3d, spectrum to 4200 +
800km s~!. At this phase, a feature consistent with C I 17234 begins
to appear with a similar velocity. This feature is not clearly apparent in
SN 2019muj at a similar epoch. Post-maximum the difference in the
C11 A6580 velocity relative to SN 2019muj becomes more apparent,
with the former showing a velocity of 3300 £ 300 km s~! more than
one week after maximum light. By our +28.5d spectrum, the C11
16580 feature has decreased to a velocity of ~800 & 400kms~!,
which is lower than the velocities we measure for Fell 16149 and
16247 at this epoch (3700 £ 200kms~' and 3500 & 200kms~!,
respectively). Low carbon velocities relative to other species have
been identified in other SNe Iax (M. D. Stritzinger et al. 2015; L.
Tomasella et al. 2016, 2020). At +56.4d, the C11 A6 580 feature is
no longer visible. Section 5.1 provides further discussion of the iden-
tification of carbon features and implications for explosion models.
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In addition to higher velocity C1I features, the pre-maximum
spectra of SN 2025ge also show generally higher velocity (and
stronger) features due to IGEs (in particular Fe 111 244404 and 1.5129)
and a somewhat redder continuum than observed in SN 2019muj at
similar phases (Fig. 3). Indeed, we find the g — r colour of SN 2025qe
is ~0.2 mag redder than SN 2019muj up to shortly after maximum
light. The Si1t 16355 feature has emerged in SN 2025qge by the time
of our —5.1d spectrum and persists up to maximum light, showing
a slight velocity decrease from 5500 4 300to 5100 4= 100 km s~ ! at
—0.2 d (comparable to the velocities we measure for the C 1l features).
This feature continues to broaden post-maximum, again indicating
increased contamination from Fe I absorption. The 4-6.7 and 4-8.7d
spectra of SN 2025ge show a broad and complex absorption feature
centred around ~6300 A that is both higher velocity than in SN
2019muj and has a stronger Fe Il component. The Fe1r 16149 and
16247 features are also notably stronger and higher velocity than
SN 2019muj at this phase. Again as with SN 2024bfu, SN 2025qe
becomes increasingly dominated by features due to IGE at later
epochs and we find no evidence in favour of Hel absorption, but
cannot rule out the presence of helium in the ejecta.

4 EARLY LIGHT CURVES

SN 2024bfu and SN 2025ge were both observed by multiple surveys
around the time of first light. Inspired by this coverage, we select a
sample of SNe lax with similar or better coverage around these times,
perform fits to their early light curves, and analyse the properties of
SNe Iax as a class. We also include a sample of normal SNe Ia
analysed in the same way as reference.

We begin by selecting SNe discovered from 2018 January 01 to
2025 February 01 and publicly classified on the TNS as ‘SN Iax’. In
total, this initial sample includes 44 SNe Iax. As our sample is based
on public spectroscopic classifications it is inevitably incomplete.
Many SNe lax are likely not spectroscopically classified or not
classified explicitly as ‘SN lax’. Instead they may be classified as
‘SN Ia-pec’, as in the case of SN 2024bfu, or indeed even ‘SN
Ia’, as in the case of SN 2025qe initially. Nevertheless, by limiting
our analysis to only those objects that have been spectroscopically
classified as SN Iax we reduce the impact of contamination from
other classes, including other peculiar SNe Ia. Light curves of this
sample were obtained from the ATLAS, GOTO, and ZTF forced
photometry services, including quality cuts and increases to flux
uncertainties outlined in Section 2. We fit the light curves of each
SN following the method described in Section 3.1. Our final sample
includes only those SNe that have at least four detections in a given
band included in the fit after the estimated time of first light (i.e. four
detections wherein the flux f < 0.5 fyca). This selection cut is made
to limit any potential bias towards low (or indeed linear) « arising
from fitting only two or three data points. Finally, to further reduce
contamination we remove any SNe with peak absolute magnitudes
M < —18.5 (SN 2021afcp). In total this gives us a final sample of
14 SNe Iax. The results of our fits are given in Appendix D.

To produce a reference sample of SNe Ia we select all objects
classified on the TNS by ePESSTO+ within the past two years as
‘SN Ia’ up to z < 0.08 — totalling 323 SNe. By selecting our sample
from only those SNe classified by ePESSTO+ we ensure a uniform
sample in which all classification spectra were obtained with the
same instrument and classified in the same way, again limiting the
possibility of contamination from other peculiar thermonuclear SNe
that were, for various reasons, classified and announced simply as
‘SN Ia’. We note that by selecting SNe Ia classified by ePESSTO+,
most of our targets occurred in the southern hemisphere. This
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introduces a bias towards redder filters (such as the ATLAS o band)
as only ~25 percent of our sample were observed by ZTF and
therefore most lack the bluest band (ZTF g band). The choice of a
redshift limit of z < 0.08 was also made to ensure our SNe Ia sample
covers a similar redshift range as our SNe lax sample. Light curves
were again obtained from the survey forced photometry services. To
further reduce contamination and remove over or underluminous SNe
Ia sub-types, we apply a luminosity cut and select only those SNe Ia
for which the peak magnitude is —18.5 < M < —20. Applying the
same criteria of requiring four detections included in the fit after the
estimated time of first light, this gives a final sample of 87 SNe Ia.

We note that for both SNe Ia and SNe Iax we find no significant
correlation between the number of detections and the rise index.
Indeed, SN 2018cxk has some of the lowest rise indices (o ~ 1) in
both the g and r bands despite having >20 detections in each band
— more than any other SN in our sample (Fig. D1). These values
are also in agreement with the rise indices found by A. A. Miller
et al. (2020). We also note that A. A. Miller et al. (2020) and M. M.
Fausnaugh et al. (2023) report an observational bias in which the rise
index and rise time are both correlated with redshift — higher redshift
(fainter) SNe are discovered later and biased towards smaller rise
times. These correlations disappear when limiting the sample to the
highest quality SNe. Similar to A. A. Miller et al. (2020) and M.
M. Fausnaugh et al. (2023), we find no similar correlation, which is
likely related to the selection criteria (public classification spectrum),
quality cuts (number of detections), and redshift limit (SNe Ia with
z < 0.08) used for our sample.

In Fig. 5, we present the distributions of peak absolute magnitudes
and rise times for our samples of SNe Iax and normal SNe Ia. Fig. 5
shows the broad range of peak absolute magnitudes expected of SNe
lax, which are systematically fainter than normal SNe la. Using a
sample of SNe la observed by ZTF as part of a high cadence survey,
A. A. Miller et al. (2020) found a broad range of rise times, with
no evidence in favour of a single rise time, for SNe Ia. We find that
the rise times of SNe Iax show a similarly broad and heterogeneous
distribution. For the extremely faint SN 2024vjm (M, = —13.19 +
0.15) we measure a rise time of 7, = 9.66704 d in the GOTO L
band, while the much brighter SN 2018cxk (M, = —17.06 & 0.15)
has a similar short rise time of #, = 11.06703 d in the ZTF g-band.
In general, our results show that the rise times of SNe Iax may be
systematically shorter than normal SNe Ia, which is consistent with
previous studies (M. M. Phillips et al. 2007; R. J. Foley et al. 2009,
2013; C. M. McClelland et al. 2010). The difference between rise
times of SNe Iax and normal SNe Ia is most striking in the bluer bands
(ZTF g and GOTO L bands), while we find a trend of longer rise
times in redder bands. Robustly assessing the statistical significance
of these trends however requires a larger homogeneous sample of
both SNe Iax and normal SNe Ia.

Based on rise time measurements of a literature sample of SNe
lax, M. R. Magee et al. (2016) suggested the possibility of a
correlation between peak absolute magnitude and rise time in the
r/R bands, with brighter SNe lax typically taking longer to reach
maximum. We investigate the possibility and significance of such a
correlation among our SNe lax by randomly sampling the population
and posteriors 10000 times. From this we find a median Spearman
correlation coefficient of —0.64 for the ZTF r band, indicating a
strong correlation. This is comparable to the correlation coefficients
found by M. R. Magee et al. (2016) (~—0.5-—0.7 depending on
which objects are included). Unfortunately however, the smaller
sample size (7 SNe Iax cf. 12 in M. R. Magee et al. 2016) and
relatively large measurement uncertainties mean that this is less
statistically significant (median p-value 0.12 cf. ~0.02-0.08 in M.
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Figure 5. Peak absolute magnitudes and rise times for normal SNe Ia (squares) and SNe lax (circles). Predictions from pure deflagration models (M. Fink et al.
2014; M. Kromer et al. 2015; F. Lach et al. 2022a) are shown as triangles, while predictions from pulsationally assisted gravitationally confined detonations are
shown as pentagons (F. Lach et al. 2022b). Each band is given by a different colour. Cumulative-density histograms for peak absolute magnitude and rise time
are shown in the top and right-hand side panels, respectively. Within these panels, normal SNe Ia are given by a dashed line, while SNe Iax are given by a solid
line. Distributions are shown based on randomly sampling the SNe within each band and the posteriors of our ULTRANEST fits 10 000 times, with prominent lines

showing the median and shaded regions showing the 1o deviation.

R. Magee et al. 2016). We perform the same test for the ZTF g
and ATLAS o bands and find similar correlations (~—0.50 and
—0.43, respectively), but again with low significance. We note that
the ATLAS ¢ and GOTO L-band samples contain only two SNe
Iax. Our results therefore generally support the correlation reported
by M. R. Magee et al. (2016), but larger samples and more precise
rise time measurements are needed. We find no similar correlations
between peak magnitude and rise time among SNe Ia in any band
(correlation coefficients ~0), but we note that our SNe Ia sample
does not include fainter sub-types such as 91bg-like SNe. We also
note that our SNe Iax sample is heavily skewed towards the brighter
end of the distribution, with only two SNe in our sample having peak
magnitudes fainter than —16.5 (compared to approximately half in
M. R. Magee et al. 2016). Given that these bright SNe lax tend to have
longer rise times, this will also bias our rise time distributions and
therefore impact whether SNe Iax are statistically different as a whole
compared to normal SNe Ia. A more representative distribution of
SNe lax may show larger differences between the two populations.

Fig. 6 shows the rise indices measured for our SNe Iax and normal
SNe Ia samples against their respective rise times. A. A. Miller et al.
(2020) find a mean rise index of ~2 in both the ZTF g and r bands,
but also significant variation with rise indices extending from ~0.5—
2.5. Based on our fits, we find similar means and spreads in rise
indices for normal SNe Ia. Likewise, our SNe Iax sample also shows
a broad range of rise indices. We find some evidence in favour of
SNe Iax rise indices being systematically lower than normal SNe Ia.
Indeed, our fits indicate weighted mean rise indices of ~1.4-1.5 in
the ZTF g and r bands for SNe Iax. As with the rise times, the ZTF
g and GOTO L bands show the most prominent differences relative
to the normal SNe Ia sample. Again we note however that robustly
testing the statistical significance of this requires a larger and more
homogeneous sample.

A. A. Miller et al. (2020) argue in favour of a correlation between
rise time and rise index for their sample of 51 SNe Ia, with those
SNe Ia having longer rise times also showing sharper rises (higher o)
towards maximum light. Based on our sample of 11 and 15 SNe la in

the ZTF g and r bands, respectively, with both rise time and rise index
measurements we find no strong evidence for a similar correlation.
This likely arises from both the smaller sample used in this work
and the overall poorer sampling of our light curves relative to the
high cadence sampled used by A. A. Miller et al. (2020) resulting
in larger uncertainties, particularly on the rise index. While our rise
time measurements benefit from the combined constraints on first
light across all bands, the precision of the rise index is still limited by
the cadence in each band. A. A. Miller et al. (2020) also include some
SNe Ia at the extremes of the luminosity or stretch distribution that
would be removed by our magnitude cut, which could also contribute
to the differences found between samples. Similarly, we do not find
evidence in favour of a correlation in either the GOTO L band or
ATLAS bands. For our SNe lax sample we find the ZTF g band
and ATLAS o band show weak evidence of correlations (coefficients
~0.4), but these are not statistically significant. Similarly, SNe Iax
show some correlations between the peak absolute magnitude and
rise index, with brighter SNe typically having larger rise indices, but
none are statistically significant. Normal SNe Ia show no correlation.

In summary, we find a broad range of rise times and rise indices
among both SNe Iax and normal SNe Ia. Overall, our results
highlight the need for increased spectroscopic classification and
higher cadence surveys. Across seven years of observations, only
44 SNe Iax were spectroscopically classified as such and publicly
announced on the TNS. It is likely however that at least some SNe
Iax have been misidentified or not recognised. The inclusion of light
curve and velocity information during classification, rather than
purely template matching, would aid in producing more complete
samples and also subsequently increasing the number of templates.
Furthermore, even with light curves combined across three different
surveys (each one with a typical cadence of ~2-3d), only 14 of
these SNe had sufficient data (i.e. four detections after first light
and before 0.5 fyeax) to be included in our analysis. The combined
light curve quality also varied greatly, limiting our ability to assess
statistical trends. Future surveys with higher cadence are required to
fully assess the significance of the trends identified in our analysis,
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Figure 6. As in Fig. 5 for the rise index and rise time of SNe in our samples.

particularly in redder bands. Alternatively, a consistent set of filters
across multiple surveys could potentially achieve a similarly higher
cadence or better sampled light curve. More work and larger samples
may show whether the correlations and trends identified in this and
previous works are significant or insignificant.

5 DISCUSSION

5.1 Carbon in SN 2025qe

The —12.3 and —11.1d spectra of SN 2025qe represent some of the
earliest spectral observations of any SN lax, occurring only 1.8 and
3.0d after the estimated time of first light. Both spectra (and indeed
most spectra of SN 2025ge) show features consistent with carbon
absorption. Carbon features have been at least tentatively identified
in a number of SNe Iax, including C 11 and C 111 (L. Tomasella et al.
2016; M. R. Magee et al. 2017; S. Srivastav et al. 2020; L. Tomasella
et al. 2020; B. Barna et al. 2021; S. Srivastav et al. 2022; K. Maguire
et al. 2023; W. B. Hoogendam et al. 2025). Indeed, R. J. Foley et al.
(2013) argue that every SN lax with a spectrum before or around
maximum shows some indication of carbon absorption.

In our +28.5d spectrum of SN 2025qe, we identify a feature
consistent with C11 16580 at ~800 & 400 kms~!, which is lower
than the velocities we find for Fen features (~3000-4000km s™!)
at the same epoch. Likewise, if the feature around ~7200 A were
solely due to C11 A7234, by +28.5d this would indicate a velocity
of ~0kms~!. While lower velocities of C1I relative to Si Il and Fe 11
have been suggested for a few SNe Iax (M. D. Stritzinger et al.
2015; L. Tomasella et al. 2016, 2020), this raises the possibility
of misidentification. K. Maguire et al. (2023) argue the potential
carbon features in SN 2020udy may be contaminated by Fell.
Assuming a velocity of ~3000-4000kms~!, a number of Fel
transitions could be responsible for the absorption at ~6560 A that
we identify as C11 16580. In all cases however, these transitions are
populated by much higher energy levels than the Fell 16 149 &
16247 features. Conversely, the tentative CII 17234 absorption
could instead be due to Fel1 A7 321 at ~3500km s~! as this feature
shares the same electron configuration as Fell A6149 and A6247.
While this identification is perhaps more likely than CI1 17234 at
~0kms~!, some C II absorption may still be present and the lack of
a convincing alternative identification for C11 16580 indicates that
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we cannot rule out the presence of at least some carbon absorption
with low velocities at later times.

The presence of features consistent with carbon in our earliest and
latest spectra indicates that carbon may be found throughout most,
or indeed the entirety, of the ejecta in SN 2025qge. Qualitatively,
this is in agreement with predictions from pure deflagration models,
in which unburned material is entrained by the turbulent flame
as it propagates throughout the white dwarf (J. C. Niemeyer, W.
Hillebrandt & S. E. Woosley 1996; M. Reinecke et al. 2002a, b; M.
Fink et al. 2014; F. Lach et al. 2022a). We note that similar features
(at slightly lower velocities) are also observed in the spectra of SN
2019muj, which was the subject of detailed spectroscopic analysis
by B. Barna et al. (2021). Using TARDIS (W. E. Kerzendorf & S. A.
Sim 2014) simulations, B. Barna et al. (2021) find that the strengths
of C1I features are too strong in their maximum light spectra when
a uniform abundance model is used and argue instead that excluding
carbon below 6500kms~! produces more favourable agreement.
From our spectra, although some features may be contaminated by
Fe 11, we cannot exclude carbon from the low velocity region of SN
2025qe. Assuming density profiles from the M. Fink et al. (2014)
pure deflagration models, these velocities correspond to the inner
~0.01-0.06 Mg, of ejecta. Together with the presence of carbon in
our earliest spectra (i.e. the outermost regions of the ejecta), this
would indicate a potentially well-mixed structure. Previous studies
have shown that while carbon is predicted throughout the ejecta
of pure deflagration models, the features are indeed stronger than
observed in SNe Iax (M. Kromer et al. 2013), with mass fractions
ranging from ~30-60 per cent (G. C. Jordan et al. 2012a; M. Fink
etal. 2014; F. Lach et al. 2022a). The initial composition and ignition
conditions of the progenitor white dwarf clearly can have an impact
on the resulting ejecta. It is unclear however whether these factors
are significant enough to produce the apparent reduction in carbon
in the ejecta required by observations of SNe Iax.

5.2 Rise times

Studies of individual SNe Iax have highlighted their short rise times
(M. M. Phillips et al. 2007; R. J. Foley et al. 2009; C. M. McClelland
et al. 2010; S. Srivastav et al. 2022). R. J. Foley et al. (2013) note
that the rise times of SNe Iax range from ~10 to >20d and may be
systematically shorter than normal SNe Ia. In agreement with this,
our sample of 14 SNe Iax observed by ATLAS, GOTO, and ZTF



includes rise times ranging from 9.7-26.2d across various filters.
Furthermore, also in agreement with previous work, we find some
evidence in favour of a correlation between rise time and peak
absolute magnitude, with brighter SNe lax typically taking longer
to reach maximum light. Normal SNe Ia do not appear to show a
similar correlation.

Analytical modelling of the bolometric light curves of SNe lax
indicates a lower ejecta mass compared with normal SNe Ia (C.
McCully et al. 2014; S. Srivastav et al. 2022), but the differences in
rise times among different bands highlights there could be significant
opacity effects also playing a role. Our results show that redder bands
have longer rise times compared with bluer bands for SNe Iax. This
is consistent with detailed studies of individual SNe Iax (e.g. W. Li
et al. 2003; M. M. Phillips et al. 2007; M. D. Stritzinger et al. 2015;
K. Maguire et al. 2023) and most other types of SNe, but in contrast
to normal SNe Ia, which generally reach maximum first in the redder
NIR (/J HK-) bands and at similar times in the optical V R bands
a few days later (e.g. G. Contardo, B. Leibundgut & W. D. Vacca
2000; A. Pastorello et al. 2007; R. Pereira et al. 2013; R. Cartier
et al. 2017). Of the 14 SNe Iax included in our final sample analysis
(Section 4), nine have rise time measurements in at least two bands.
The time between ZTF g and r-band maxima range from ~3-5d.
SN 2021jun is the only SN Iax for which we measure a ZTF i-band
rise time and we find it takes ~1 week longer to reach maximum
than the ZTF g band (14 d cf. 21 d).

We note that our rise time measurements are from the moment of
first light (i.e. when the first photons escape the SN) to maximum and
therefore do not include a dark phase (A. L. Piro & E. Nakar 2013).
The length of the dark phase is proportional to the distribution of 3Ni
within the ejecta, with more mixed ejecta having shorter dark phases
(A.L.Piro & E. Nakar2014; A. L. Piro & V. S. Morozova 2016; M. R.
Magee et al. 2020). Therefore if SNe Iax contain well-mixed ejecta,
the rise times measured in this work will be relatively unaffected, but
the rise times of normal SNe Ia could be systematically longer by up
to afew days if their ejecta is more stratified. This would likely further
increase the differences in the rise time distributions of SNe lax and
normal SNe Ia. Verifying this speculation however requires detailed
radiative transfer modelling of each SN to determine the true time of
explosion, but this is beyond the scope of the work presented here.

The rise times predicted by various pure deflagration (M. Fink
et al. 2014; M. Kromer et al. 2015; F. Lach et al. 2022a) and
pulsationally assisted gravitationally confined detonation (PGCD)
models (F. Lach et al. 2022a) are also given in Fig. 5. The rise times
of both explosion scenarios are generally faster than observed among
SNe lax, although in the case of pure deflagrations the inclusion of
the bound remnant may improve agreement with observations (F. P.
Callan et al. 2024). Pure deflagration models follow the same general
trend observed in SNe lax of longer rise times in redder bands and
lack a prominent secondary maximum. The light curves predicted
by PGCD models show a more complicated morphology reflecting
their more complicated ejecta structure and as such do not necessarily
show the same trend (F. Lach et al. 2022b). Pure deflagration models
also show a strong correlation between peak absolute magnitude and
rise time (Fig. 5), which qualitatively matches the observed SNe lax
sample. Conversely, the PGCD models generally show a trend only
in the bluest (ZTF g) and reddest (ZTF i) bands, while all other
bands do not show a strong correlation and instead generally predict
similar rise times.

R. Kashyap et al. (2018) show that the bolometric rise time for
their white dwarf merger model is ~6 d, which is shorter than the rise
times we find in our SNe lax sample. Although not included in their
light curve calculation, some amount of fallback material may also
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contribute to the luminosity and could lead to longer rise times (K.
J. Shen & J. Schwab 2017). R. Kashyap et al. (2018) speculate that
larger oxygen-neon primaries could also lead to higher ejecta and
%6Ni masses. This could produce peak luminosities and rise times
more similar to fainter members of the class such as SN 2024vjm
(Fig. 5). We encourage further exploration of this merger scenario
to determine the range of possible light curves and whether they are
consistent with trends observed among SNe lax.

5.3 Rise indices

Studies of individual SNe Iax have typically found rise indices
ranging from ~1.0-1.4 (A. A. Miller et al. 2018; K. Maguire et al.
2023; W. B. Hoogendam et al. 2025). Consistent with this, our light
curve fits show similar shallow rises and indicate that the rise indices
of SNe Iax are systematically lower than in normal SNe Ia, with
mean weighted rise indices of ~1.4-1.5 in the ZTF g and r bands
compared to ~2 for SNe Ia.

In addition to producing a shorter dark phase, an extended °Ni
distribution also produces a shallower rise towards maximum light
(i.e. lower a; A. L. Piro & E. Nakar 2014). M. R. Magee et al. (2018)
present radiative transfer models of different *°Ni distributions, with
those containing *°Ni throughout the ejecta showing an average B-
band rise index of ~1.6 while the most compact *°Ni distributions
show an average of ~2.8. The °Ni mass fraction for the most
extended models presented by M. R. Magee et al. (2018) decreases
~90 percent from the inner to outer ejecta. This is more extreme
than the change in the (angle-averaged) *°Ni distributions predicted
by pure deflagration models, which typically only vary by up to a few
tens of per cent throughout the ejecta. Therefore, pure deflagrations
and more vigorously mixed models may show even lower rise indices,
similar to those observed among SNe Iax.

U. M. Noebauer et al. (2017) calculate synthetic U BV R light
curves for a handful of specific explosion models from 10* s after ex-
plosion up to 10 days later. These models include pure deflagrations
(N5def and N1600Cdef; M. Fink et al. 2014), the delayed detonation
of a Chandrasekhar-mass white dwarf (N100; I. R. Seitenzahl et al.
2013), the pure detonation of a 1.06 M white dwarf (S. A. Sim et al.
2010), and the violent merger of 1.1 and 0.9 Mg carbon-oxygen
white dwarfs (R. Pakmor et al. 2012). We apply the method outlined
in Section 3.1 to measure the rise indices of these models, but we
note that they do not extend up to maximum light and therefore we
fit only up to half the peak flux available (i.e. half the flux at 10d
post-explosion). For the pure deflagration models this is close to
the time of maximum, but significantly shorter for all other models.
As such, the rise indices measured are not directly comparable to
our observed SNe lax sample although they are nevertheless useful
reference points. For the N5def and N1600Cdef pure deflagration
models, we find B-band rise indices of ~1.4. All other scenarios show
rise indices of >1.6. Both deflagration models show dark phases of
<0.1d, while the other scenarios have dark phases of 21 d. The low
rise indices predicted by pure deflagration models are qualitatively
consistent with our findings for SNe lax. It is unclear however
whether this scenario can produce the full range of rise indices
measured here or indeed the nearly linear rises observed among
some SNe. Indeed, the N5def model shows a nearly uniform angle-
averaged *°Ni distribution and hence its rise index is unlikely to be
reduced further by additional mixing. The viewing-angle dependence
of the rise index has yet to be fully explored and therefore it is unclear
whether this could account for even lower rise indices or indeed the
level of variation expected. Additional models covering the earliest
moments after explosion for a range of deflagration strengths are
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needed to fully test the viability of this scenario in reproducing the
early light curves of SNe Iax.

6 CONCLUSIONS

In this study, we presented photometric and spectroscopic observa-
tions of two new members of the SN Iax class, SN 2024bfu and SN
2025qge. Both SNe were discovered shortly after explosion and our
data set for SN 2025qe in particular includes some of the earliest
spectroscopic observations of any SN Iax, beginning only 1.8 d after
the estimated time of first light.

Spectra of SN 2025ge show features consistent with carbon
absorption throughout its evolution. From our earliest spectra, we
identified features consistent with C111 A4647 moving at similar
velocities to those of Silll and Fell. All spectra show tentative
signs of C 11 16580. Approximately one month after maximum light,
the tentative C11 A6580 feature may be contaminated partially or
fully by Fe1I absorption, but we are unable to identify a plausible
alternative identification. C1I 17234 has also been suggested for
some SNe lax and we identified a similar feature in our later spectra
of SN 2025qe. Based on the low inferred velocities however, we
proposed an alternative identification of Fe 11 A7321, which would
imply similar velocities to other Fe 1 features. The presence of carbon
features throughout the spectral evolution would indicate that carbon
cannot be excluded from the inner ejecta of SN 2025qe and therefore
some amount of unburned material is well-mixed throughout.

Both SN 2024bfu and SN 2025ge were observed by multiple all-
sky surveys (ATLAS, GOTO, or ZTF) around explosion. As such,
we were able to place tight constraints on their early light curves,
including the epoch of first light and rise indices in various bands. We
found that both SNe showed relatively shallow rises up to maximum
light. Inspired by these constraints and the possibilities afforded by
combining multiple surveys, we gathered a sample of 14 SNe lax
that were publicly classified on the TNS and obtained their forced
photometry light curves from these surveys. For comparison purposes
we also gathered a sample of 87 normal SNe Ia. Consistent with
previous work, we found that SNe Iax may show systematically
shorter rise times than normal SNe Ia. In addition, we also found that
SNe lax may show systematically lower rise indices (shallower rises
to maximum). These differences are most pronounced in the bluer
bands, but more work and larger samples may show whether or not
this is statistically significant. Our results generally support previous
suggestions in the literature of a correlation between peak absolute
magnitude and rise time, but we do not see strong evidence in favour
of a correlation between rise time and rise index, which has also
been claimed in the literature. This likely arises from the smaller
sample size and larger uncertainties used in this work. Although
combining multiple surveys, our results were still limited by small
sample sizes and relatively large uncertainties. In particular rise index
measurements are specific to each band and therefore do not benefit
from the combination of multiple surveys observing with their own
unique filters. Higher cadence surveys will enable tighter constraints
on the rise index in particular, which will help to assess the statistical
significance of trends found here. Alternatively, consistent filter sets
across multiple surveys will also naturally lead to better-sampled
light curves and tighter constraints.

The low rise indices observed among SNe lax, and the longer rise
times in redder bands, are consistent with expectations for a well-
mixed ejecta as more extended distributions of *°Ni typically result
in shallower rises towards maximum light. These properties are also
consistent with predictions from the pure deflagration scenario, but in
contrast to some PGCDs. Therefore, our analysis generally supports
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the conclusion that significant mixing, similar to that predicted by
pure deflagration models, is imparted on the ejecta of SNe Iax. It is
unclear however, whether this scenario can explain the variation in
rise indices observed or indeed the nearly linear rises measured for
some SNe lax. Merger scenarios have also been proposed as a viable
mechanism for SNe lax however the level of mixing predicted by
such mergers is currently unclear. We encourage further exploration
of mergers to determine whether this scenario can reproduce the
observed photometric and spectroscopic features of SNe Iax and the
trends identified here.
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APPENDIX A: FILTERS

Fig. Al shows the filters used throughout this work. The GOTO L
band is a broad filter extending from ~4000-7000 A and covers a
similar wavelength range as the ZTF g and r bands. To demonstrate
the properties of this filter we calculate light curves for both normal
SNe Ia and SNe lax in the L-band and more standard BV bands. In
both cases, we find that the GOTO L band is most similar to the V
band.

We use SALT2 (J. Guy et al. 2007) to generate synthetic light
curves of normal SNe Ia for arange of x; values (—2-2). We find only
minor changes in both the time and magnitude of peak. In the GOTO
L band, the SALT2 model produces a peak approximately 1.3-1.6d
after B-band maximum and ~0.5 d before V-band maximum. The
peak magnitude in the GOTO L band is between 0-0.03 mag fainter
than in the B or V bands.

For SNe Iax we use the PLASTICC templates presented by R.
Kessler et al. (2019) to generate synthetic light curves. Again, we
find only minor changes in both the time and magnitude of peak,
although these are more pronounced than in normal SNe Ia. The
PLASTICC templates typically peak in the GOTO L band 2-3d
after B-band maximum and 0.7-1day before V-band maximum.
The peak magnitudes show only minor variations, with the GOTO
L band being ~0.05mag brighter/fainter than the B/V bands,
respectively.
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Figure A1. Normalized transmission curves for filters used in this work.
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APPENDIX B: PHOTOMETRIC LOGS

Table B1. Survey photometry of SN 2024bfu.

Early light curves of SNe lax

Date MJD Phase® L c 0
(days) (uJy) (1Jy) (uJy)

2024 01 21 60330.24 —16.92 - - 10.25 £ 8.72
2024 01 21 60330.58 —16.59 1.15+£7.48 - -

2024 01 22 60331.54 —15.67 11.92 + 10.44 - -

2024 01 23 60332.54 —14.70 —14.83 +12.50 - -

2024 01 24 60333.24 —14.03 - - —15.50 +19.94
2024 01 24 60333.54 —13.74 10.80 £ 9.06 - -

2024 01 25 60334.25 —13.05 - - 38.75 £ 19.75
2024 01 25 60334.56 —12.75 42.88 +10.46 - -

2024 01 27 60336.54 —10.84 155.43 £+ 120.74 - -

2024 01 28 60337.26 —10.14 - - 96.50 £ 12.97
2024 01 28 60337.53 —9.88 84.61 £+ 15.25 - -

2024 01 29 60338.22 -9.22 - - 120.00 £ 12.19
2024 01 31 60340.01 —7.49 - - 155.00 £ 11.98
2024 01 31 60340.55 —6.97 151.71 £+ 8.82 - -

2024 01 31 60340.56 —6.96 175.83 +9.89 - -

2024 02 01 60341.21 —6.33 - — 173.33 £ 10.12
2024 02 01 60341.49 —6.06 150.35 4+ 4.56 - -

2024 02 01 60341.57 —5.98 164.81 £ 5.66 - -

2024 02 01 60341.66 -5.90 160.49 £ 10.21 - -

2024 02 02 60342.21 —5.37 - - 189.50 + 8.04
2024 02 02 60342.47 —5.12 169.85 & 6.90 - -

2024 02 02 60342.58 —5.01 172.45 £9.09 - -

2024 02 02 60342.64 —4.95 173.20 & 14.42 - -

2024 02 03 60343.11 —4.50 - - 191.67 £+ 16.32
2024 02 03 60343.47 —4.15 176.70 & 6.33 - -

2024 02 05 60345.22 —2.46 - - 215.75 £ 31.19
2024 02 06 60346.20 —-1.52 - - 238.50 4 14.61
2024 02 07 60347.94 0.16 - - 234.00 £+ 9.39
2024 02 09 60349.19 1.37 - - 236.50 £ 7.98
2024 02 09 60349.47 1.64 191.25 + 8.66 - -

2024 02 10 60350.94 3.06 - - 233.25 £+ 6.98
202402 11 60351.92 4.01 - - 249.25 + 6.68
2024 02 12 60352.46 4.53 178.66 + 8.14 - —

2024 02 12 60352.63 4.69 178.46 +5.20 - -
202402 13 60353.20 5.24 - - 286.00 £ 8.73
202402 13 60353.45 5.48 167.08 + 7.37 - -
202402 13 60353.62 5.65 167.64 + 7.06 - -

2024 02 14 60354.18 6.19 - - 272.50 + 7.50
2024 02 17 60357.10 9.01 - - 272.25 £9.60
2024 02 18 60358.55 10.41 - - 229.00 £+ 5.59
2024 02 19 60359.92 11.73 - - 217.25 £ 8.59
2024 02 21 60361.17 12.93 - - 218.00 £ 14.30
2024 02 22 60362.57 14.29 - - 208.17 £ 15.81
2024 02 23 60363.68 15.36 - - 169.75 + 17.22
2024 02 25 60365.19 16.81 - - 121.00 £ 28.72
2024 02 26 60366.57 18.15 - - 142.88 £+ 10.51
2024 02 27 60367.95 19.48 - - 143.25 +£11.84
2024 02 29 60369.27 20.75 - - 129.25 +£9.41
2024 03 01 60370.93 22.36 - - 134.00 £ 7.60
2024 03 02 60371.93 23.32 - - 122.75 £ 8.70
2024 03 05 60374.89 26.18 - 41.50 £+ 4.84 -

2024 03 06 60375.93 27.18 - 47.00 4 5.80 -

2024 03 09 60378.14 29.31 - - 78.75 £7.07
2024 03 09 60378.89 30.04 - 46.75 + 4.73 -

2024 03 10 60379.86 30.97 - 44.00 £+ 5.35 -

2024 03 12 60381.14 32.21 - - 89.75 + 6.79
2024 03 12 60381.47 32.53 40.70 £+ 3.58 - -

2024 03 13 60382.13 33.17 - - 105.75 + 8.74
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Table B1 - continued

Date MJD Phase® L c ]
(days) (nJy) (uJy) (1Jy)

2024 03 13 60382.46 33.48 28.50 £4.11 - -

2024 03 13 60382.90 33.91 - 4375 £4.87 -

2024 03 14 60383.89 34.86 - 34.00 + 5.52 -

2024 03 15 60384.86 35.80 - 34.33 £5.51 -

2024 03 17 60386.40 37.29 - - 66.86 £+ 12.90

2024 03 18 60387.88 38.72 - - 86.25 + 7.62

2024 03 19 60388.45 39.27 29.69 + 5.55 - -

2024 03 20 60389.13 39.92 - - 74.00 £ 26.21

2024 03 21 60390.48 41.23 - - 65.12 £ 9.05

2024 03 22 60391.44 42.15 3227 £17.25 - -

2024 03 25 60394.44 45.05 44.04 + 15.90 - -

2024 03 25 60394.61 45.21 - - 44.00 £ 11.89

2024 03 26 60395.43 46.00 39.55 + 8.22 - -

2024 03 26 60395.90 46.46 - - 27.67 £ 18.28

2024 03 27 60396.43 46.97 27.89 + 13.57 - -

2024 03 29 60398.46 48.93 - - 57.57 £8.73

2024 03 30 60399.91 50.33 - - 71.50 £21.82

“Phases are given relative to GOTO L-band maximum, MJD = 60 347.77.

Table B2. LT photometry of SN 2024bfu.

Date MJD Phase® g r i

(days) (1Jy) (nJy) (uJy)

2024 02 06 60346.96 —0.78 - - 205.68 +4.74

2024 02 11 60351.94 4.03 161.14 £2.52 242.55 £3.13 228.88 +2.32

2024 02 13 60353.99 6.00 139.83 £2.19 236.37 £ 3.05 238.34 +£2.41

2024 02 16 6035691 8.82 112.93 £ 12.27 227.61 £ 12.58 240.10 £ 8.40

2024 02 18 60358.93 10.77 83.41 £ 14.21 198.61 £+ 12.44 237.03 +7.64

“Phases are given relative to GOTO L-band maximum, MJD = 60 347.77.
Table B3. Survey photometry of SN 2025qe.
Date MJD Phase® g c L r o

(days) (uJy) (nJy) (wly) (1Jy) (ndy)

202501 10 60685.46 —-20.59 - — — — —23.75 £21.94
202501 11 60 686.04 —20.01 - - 41.12 +27.88 - -
202501 12 60687.34 —18.72 - - - —2.21 £ 13.62 -
202501 12 60687.49 —18.57 - - — — 14.00 £+ 24.44
202501 13 60 688.02 —18.04 - - —44.34 £ 30.93 - -
202501 14 60689.30 —16.77 - - - —29.32 £ 19.64 -
202501 16 60691.01 —15.07 - — —18.00 £+ 31.94 — -
202501 16 60691.38 —14.71 - - - —6.28 £ 6.31 -
202501 16 60691.51 —14.58 - - - - 0.43 £9.57
202501 18 60 693.00 —13.10 - - 121.13 £22.29 - -
202501 18 60693.26 —12.84 117.85 +£5.07 - - - -
202501 18 60693.37 —12.73 - - - 119.40 + 4.87 -
202501 18 60 693.46 —12.64 - - - - 110.50 +£9.38
202501 19 60694.94 —11.17 - - 333.49 + 12.13 - -
202501 20 60695.20 —10.91 373.93 +4.62 — — — -
2025 01 20 60695.37 —10.74 - - - 359.28 +4.83 -
202501 20 60695.47 —10.65 - - - - 333.75 £ 10.14
202501 22 60697.42 —8.71 - - — — 541.25 + 10.69
202501 23 60698.14 —-7.99 670.99 £+ 10.58 - - - -
202501 23 60698.33 —7.81 - - - 662.86 + 7.20 -
202501 24 60699.45 —6.69 - 819.50 +6.33 — — -
202501 25 60700.15 —6.00 - - 824.46 + 18.42 — -
202501 26 60701.98 —4.18 - - 940.97 + 13.19 - -
202501 28 60703.98 —-2.19 - - 1065.15 + 18.73 - -
2025 01 30 60705.30 —0.88 - - - 1038.14 £ 7.38 -
202502 02 60708.96 2.75 - — 990.32 + 14.55 — -
202502 03 60709.44 3.23 - - - - 1043.25 £9.39

MNRAS 543, 3731-3753 (2025)



Table B3 - continued

Early light curves of SNe lax 3747

Pate MJD Phase® g c L r o
(days) (1Jy) (rJy) (nJy) (ndy) (1Jy)

2025 02 04 60710.19 3.97 - - - 1169.68 + 7.23 -

2025 02 04 60710.33 4.11 - - - 1254.62 4+ 39.76 -

2025 02 04 60710.42 4.20 - - - - 1048.00 + 18.00
2025 02 04 60710.96 474 - - 907.80 & 17.98 - -

2025 02 05 60711.60 5.37 - - - - 1058.25 + 10.89
2025 02 06 60712.10 5.87 - - 848.45 + 21.62 - -

2025 02 06 60712.88 6.64 - - 784.13 & 27.24 - -

2025 02 07 60713.14 6.90 - - 781.12 4 20.42 - -

2025 02 09 60715.44 9.19 - - - - 963.25 £ 61.11
2025 02 10 60716.38 10.12 279.63 4 7.99 - - - -
202502 11 60717.45 11.18 - - - - 867.25 + 15.38
202502 11 60717.99 11.72 - - 536.97 + 38.06 - -
202502 13 60719.45 13.17 - - - - 772.33 £ 16.14
202502 13 60719.87 13.58 - - 435.76 & 20.82 - -

2025 02 14 60720.85 14.56 - - 407.69 & 39.18 - -
202502 15 60721.52 15.22 - - - - 657.50 & 12.53
2025 02 16 60722.03 15.73 - - 462.41 4+ 23.08 - -

2025 02 16 60722.29 15.99 145.80 £ 7.02 - - - -
202502 17 60723.44 17.13 - - - - 626.75 + 8.88
202502 18 60724.33 18.01 - - - 576.89 & 6.37 -
202502 19 60725.48 19.16 - - - - 558.88 + 7.04
202502 19 60725.91 19.58 - - 328.68 + 11.38 - -

2025 02 20 60726.31 19.98 - - - 545.06 & 5.76 -
202502 20 60726.35 20.02 132.74 £ 3.50 - - - -
202502 21 60727.45 21.11 - - - - 507.75 4+ 9.29
202502 21 60727.92 21.58 - - 311.28 £ 10.69 - -

2025 02 22 60728.21 21.87 - - - 471.96 + 6.16 -

2025 02 22 60728.29 21.95 123.52 4 4.00 - - - -

2025 0222 60728.51 22.16 - - - - 497.25 + 8.88
2025 02 23 60729.41 23.06 - - - - 464.67 4+ 9.83
2025 02 23 60729.92 23.57 - - 268.90 + 15.48 - -

2025 02 24 60730.22 23.86 - - - 452.80 + 5.68 -

2025 02 24 60730.31 23.95 109.83 + 4.82 - - - -

2025 02 24 60730.47 24.11 - - - - 47525 + 8.77
2025 02 25 60731.42 25.05 - - - - 447.60 & 8.36
2025 02 25 60731.90 25.53 - - 277.83 £ 15.48 - -

2025 02 26 60732.20 25.83 109.11 & 3.59 - - - -
202502 26 60732.26 25.89 - - - 427.96 £5.23 -

2025 0227 60733.52 27.14 - - - - 428.50 & 8.40
2025 0227 60733.89 27.51 - - 234.53 £ 10.91 - -

2025 02 28 60734.31 27.92 101.75 £+ 4.73 - - - -

2025 02 28 60734.33 27.94 - - - 373.79 + 8.45 -

2025 03 01 60735.41 29.02 - - - - 398.25 +7.51
2025 03 02 60736.30 29.90 - - - - 384.25 + 8.82
2025 03 03 60737.40 30.99 - - - - 374.50 £ 7.75
2025 03 05 60739.24 32.82 - - - 361.51 £ 7.11 -

2025 03 05 60739.30 32.88 100.04 + 4.10 - - - -

2025 03 05 60739.41 32.99 - - - - 372.25 £ 10.62
2025 03 06 60740.41 33.98 - - - - 336.25 + 10.52
2025 03 07 60741.40 34.97 - - - - 319.12 £7.20
2025 03 09 60743.43 36.98 - - - - 297.00 =+ 124.46
202503 10 60744.13 37.68 80.93 £ 8.20 - - - -

2025 03 10 60744.28 37.83 - - - 292.31 + 6.98 -

2025 03 10 60744.99 38.53 - - 177.62 +21.99 - -
202503 11 60745.56 39.10 - - - - 317.00 £ 16.64
202503 11 60745.89 39.42 - - 215.75 £ 36.56 - -

2025 03 13 60747.24 40.76 - - - - 256.00 =+ 82.00
202503 14 60748.39 41.91 - - - - 293.50 & 17.13
202503 15 60749.39 42.90 - - - - 279.75 + 8.49
202503 17 60751.22 44.72 91.60 + 9.04 - - - -
202503 17 60751.27 44.77 - - - 269.25 & 5.02 -
202503 17 60751.39 44.89 - - - - 252.71 & 8.56
202503 20 60754.30 47.78 78.91 +4.07 - - - -

2025 03 20 60754.36 47.84 - - - 239.32 £ 5.05 -

2025 03 21 60755.38 48.85 - 151.67 &+ 21.24 - - -

2025 03 22 60756.24 49.70 86.61 +3.73 - - - -

2025 03 22 60756.30 49.76 - - - 233.55 & 4.59 -

2025 03 23 60757.41 50.86 - - - - 242.00 + 8.51
2025 03 24 60758.26 51.71 88.38 + 3.42 - - - -

2025 03 24 60758.32 51.77 - - - 231.98 & 4.27 -
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Table B3 - continued

Pate MJD Phase® g c L r 0
(days) (nJy) (wJy) (wly) (1Jy) (nJy)
202503 25 60759.38 52.82 - 149.25 + 7.64 - - -
202503 26 60760.25 53.68 87.29 £3.02 - - - -
2025 03 26 60760.53 53.96 - - - - 221.00 + 12.13
202503 27 60761.36 54.79 - - - - 227.25 + 8.65
“Phases are given relative to GOTO L-band maximum, MJD = 60 706.19.
Table B4. LT photometry of SN 2025qe.
Date MJD  Phase u g r i z
(days) (uJy) (uJy) (uJy) (uJy) (uJy)
20250129 60704.98 —1.20 437.32 £5.64 1033.71 £6.66 1077.46 £5.95 884.71 £3.26 778.39 &+ 12.90
202501 30 60705.98 —0.21 384.06 £6.72 1019.53 £7.51 1098.50 £ 7.08 902.82 £3.33 796.53 £ 3.67
2025 01 31 60706.97 0.77 32779 £6.04 97544 £7.19 1109.69 +6.13 941.02 +3.47 827.18 +4.57
2025 02 02 60708.96 275 223.87 £5.77 86537 £7.17 1130.32 £6.25 982.65 +3.62 887.97 +4.09
2025 02 03 60709.95 3.74 180.14 =498 815.83 +£7.51 1101.54 £6.09 1001.84 £3.69 912.01 +£4.20
202502 04 60710.96 473 142.30+4.98 697.59 +£6.43 1108.66 & 6.13 1024.24 +3.77 928.11 +4.27
20250205 60711.99 576 115.13 £6.79 627.48 +8.09 1081.43 £6.97 1031.81 £2.85 939.29 £+ 3.46
20250206 60712.95 6.72 90.03 £6.14 556.67 £7.69 1054.87 +6.80 1035.62 +£3.82 920.45 +4.24
202502 08 60714.94 8.69 41.11 £9.66 440.96 & 10.97 955.87 £9.68 1015.78 +4.68 894.54 £+ 9.89
202502 10 60716.94 10.67 - 32539 +£8.39 84723 +£7.80 947.11 £5.23 855.85+7.88
20250212 60718.96 12.68 41.80+ 11.82 238.56 + 14.94 748.17 £8.96 843.33 +28.74 792.87 +37.97
20250213 6071998 13.70 31.83 +8.03 234.86+9.52 700.81 £7.10 809.84 + 35.06 755.09 + 46.60
20250215 60721.94 15.64 21.144+4.97 200.08 £5.71 628.64 £5.21 734.51 +£12.85 682.97 &+ 39.63
20250216 6072293 16.63 22.06+396 180.14+5.14 589.39+4.89 701.46+3.88 657.66+ 50.88
“Phases are given relative to GOTO L-band maximum, MJD = 60 706.19.
Table BS. pt5Sm photometry of SN 2025qe.
Date MJD Phase? B 14 R 1
(days) (uJy) (1Jy) (1Jy) (uJy)
20250125 60700.88 —5.27 - 870.20 £ 125.00 - -
20250126 60701.99 —4.17 940.20 £ 70.10 - - -
20250127 60702.00 —4.16 - 967.40 £+ 64.20 - -
20250127 60702.02 —4.15 - - 929.90 £ 73.70 -
20250127 6070292 —3.25 899.60 £+ 116.80 - - -
20250127 60702.93 —3.23 - 942.80 £ 63.40 - -
20250127 6070294 —3.22 - - 933.30 £ 65.30 -
20250128 60703.93 —2.25  968.30 4 243.50 - - -
20250128 60703.94 —2.23 - 1007.50 £ 92.80 - -
20250128 60703.96 —2.22  850.40 + 117.50 1006.50 + 84.40 1031.90 & 57.00  1181.50 £ 59.90
20250129 6070492 —1.26 772.70 £ 70.50 - - -
20250202 60708.89 2.68 541.00 £ 66.80 - - -
20250203 60709.91 3.69 539.00 £ 50.10 1086.50 & 196.10  1231.50 £ 90.70  1364.00 £ 93.00
20250205 60711.97 5.74 358.10 £ 52.40 767.80 £ 66.50 - -
“Phases are given relative to GOTO L-band maximum, MJD = 60 706.19.
Table B6. TTT photometry of SN 2025qe.
Date MJD Phase® g r i
(days) (1Jy) (1Jy) (1Jy)
202501 24 60699.83 —6.32 833.30 + 26.86 813.58 £35.97 631.54 £47.12
2025 01 25 60700.83 —5.32 917.06 £ 25.34 882.27 £ 34.13 -
202501 26 60701.83 —4.33 950.60 £+ 27.14 999.08 + 38.65 741.31 £51.21
2025 01 28 60703.83 —2.34 996.32 £ 25.69 1075.47 + 36.65 869.36 + 48.84
202501 29 60704.83 —1.35 1041.36 + 28.77 1085.43 4+ 38.99 935.84 £ 56.89
2025 02 01 60707.15 0.95 930.68 £ 28.29 1111.73 + 38.91 930.68 £ 55.72
202502 01 60707.90 1.70 878.21 + 28.31 1117.89 + 38.10 923.85 £51.90
2025 02 05 60711.02 4.80 633.87 £21.02 1103.57 + 34.56 -

“Phases are given relative to GOTO L-band maximum, MJD = 60 706.19.
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Table C1. Spectroscopy of SN 2024bfu.

Early light curves of SNe lax
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APPENDIX D: SAMPLE PROPERTIES AND

PLOTS

L L

SN2018cxk

- Discovery Date

B8

EEr

IILIIIIlIIlIII_
58290 58300 58310

MJD

Figure D1. As in Fig. 2 for SN 2018cxk.

Date MJD Phase? Instrument Grism Wavelength coverage (10&) Resolution (10&)
2024 Jan 31 60341.30 —6.25 NTT + EFOSC2 Grll 3400-7500 4.08
2024 Feb 04 60344.84 —2.83 INT + IDS R150V 3800-10000 4.11
2024 Feb 13 60353.04 5.09 INT + IDS R150V 3800-8400 4.10
2024 Mar 05 60375.13 26.41 NTT + EFOSC2 Grll + Grl6 3400-10 000 4.21
2024 Mar 13 60383.17 34.17 NTT + EFOSC2 Grll + Grl6 3400-10000 4.21
2024 Mar 31 60401.04 51.42 NTT + EFOSC2 Grl3 3700-9300 5.52

“Phases are given relative to GOTO L-band maximum, MJD = 60 347.77.

Table C2. Spectroscopy of SN 2025qe.

Date MJD Phase“ Instrument ‘Wavelength coverage (10&) Resolution (10&)
2025 Jan 18 60693.80 —12.30  Lijiang-2.4m 4+ YFOSCP 3600-8900 2.86
2025 Jan 20 60695.01 —11.10 LT + SPRAT 4000-8100 4.65
2025 Jan 26 60701.03 —5.12 LT + SPRAT 4000-8100 4.65
2025 Jan 28 60703.98 —2.19 LT + SPRAT 4000-8100 4.65
2025 Jan 30 60705.99 —0.20 LT + SPRAT 4000-8100 4.65
2025 Feb 02 60708.97 2.76 LT + SPRAT 4000-8100 4.65
2025 Feb 04 60710.97 4.75 LT + SPRAT 4000-8100 4.65
2025 Feb 06 60712.97 6.73 LT + SPRAT 4000-8100 4.65
2025 Feb 08 60714.95 8.70 LT + SPRAT 4000-8100 4.65
2025 Feb 10 60716.94 10.68 LT + SPRAT 4000-8100 4.65
2025 Feb 12 60718.97 12.69 LT + SPRAT 4000-8100 4.65
2025 Feb 15 60721.95 15.65 LT + SPRAT 4000-8100 4.65
2025 Feb 20 60726.95 20.62 LT + SPRAT 4000-8100 4.65
2025 Feb 28 60734.90 28.51 LT + SPRAT 4000-8100 4.65
2025 Mar 28  60762.99 56.41 CAHA2.2 + CAFOS 3800-8700 4.50
“Phases are given relative to GOTO L-band maximum, MJD = 60 706.19.

bObtained from the TNS.
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Figure D4. As in Fig. 2 for SN 2021jun.
Figure D7. As in Fig. 2 for SN 2023umr.
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Figure D11. As in Fig. 2 for SN 2024pxl.
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